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�-Synuclein (�-syn) plays a prominent role in the degeneration of midbrain dopaminergic (mDA) neurons in Parkinson’s disease (PD).
However, only a few studies on �-syn have been performed in the mDA neurons in vivo, which may be attributed to a lack of �-syn
transgenic mice that develop PD-like severe degeneration of mDA neurons. To gain mechanistic insights into the �-syn-induced mDA
neurodegeneration, we generated a new line of tetracycline-regulated inducible transgenic mice that overexpressed the PD-related �-syn
A53T missense mutation in the mDA neurons. Here we show that the mutant mice developed profound motor disabilities and robust
mDA neurodegeneration, resembling some key motor and pathological phenotypes of PD. We also systematically examined the subcel-
lular abnormalities that appeared in the mDA neurons of mutant mice and observed a profound decrease of dopamine release, the
fragmentation of Golgi apparatus, and the impairments of autophagy/lysosome degradation pathways in these neurons. To further
understand the specific molecular events leading to the �-syn-dependent degeneration of mDA neurons, we found that overexpression of
�-syn promoted a proteasome-dependent degradation of nuclear receptor-related 1 protein (Nurr1), whereas inhibition of Nurr1 deg-
radation ameliorated the �-syn-induced loss of mDA neurons. Given that Nurr1 plays an essential role in maintaining the normal
function and survival of mDA neurons, our studies suggest that the �-syn-mediated suppression of Nurr1 protein expression may
contribute to the preferential vulnerability of mDA neurons in the pathogenesis of PD.

Introduction
Parkinson’s disease (PD) is pathologically characterized by a
preferential loss of midbrain dopaminergic (mDA) neurons and

the presence of �-synuclein (�-syn)-positive intracytoplasmic
inclusions named Lewy bodies (LBs) and Lewy neurites (Scha-
pira, 1997; Spillantini et al., 1997). Whereas both missense and
multiplication mutations of �-syn cause the early-onset auto-
somal dominant familial form of PD, the �-syn gene locus also
associates with the more common sporadic PD (Polymeropoulos
et al., 1997; Singleton et al., 2003; Satake et al., 2009; Simón-
Sánchezet al., 2009). Together, these genetic and pathological
studies clearly point out an important role of �-syn in the patho-
genesis of PD.

Extensive studies have been performed to understand the un-
derlying pathogenic mechanisms of �-syn-induced cell loss. It
has been shown that overexpression of both wild-type (WT) and
PD-related mutant �-syn leads to a variety of cytotoxicity, in-
cluding the impairment of proteasome and lysosome activities
(Stefanis et al., 2001; Tanaka et al., 2001; Cuervo et al., 2004; Chen
et al., 2006), the disruption of ER/Golgi transport (Gosavi et al.,
2002; Cooper et al., 2006; Lin et al., 2009), the perturbation of the
mitochondrial function (Hsu et al., 2000; Song et al., 2004; Mar-
tin et al., 2006; Nakamura et al., 2011), and the inhibition of
synaptic transmission (Nemani et al., 2010). However, most of
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these results were obtained from cell lines and non-mDA neu-
rons. It remains to be determined whether these pathogenic path-
ways are pathophysiologically relevant to the degeneration of
mDA neurons.

Although the loss of nigral dopamine (DA) neurons under-
lie the main motor syndrome of PD, the progress of PD re-
search has been especially hindered by a lack of an effective
mouse genetic model that carries PD-related genetic muta-
tions and develops progressive degeneration of mDA neurons
(Hisahara and Shimohama, 2010). Many lines of PD-related
mutant �-syn transgenic mice have been generated previously;
however, few of them exhibited robust and progressive degen-
eration of mDA neurons (van der Putten et al., 2000; Kahle et
al., 2001; Matsuoka et al., 2001; Lee et al., 2002; Richfield et al.,
2002; Gispert et al., 2003; Thiruchelvam et al., 2004; Chesselet,
2008; Harvey et al., 2008; Wakamatsu et al., 2008; Lin et al.,
2009). Noticeably, only scarce or low levels of transgenic �-syn
expression were observed in the mDA neurons of these mutant
mice, in which the transgenic �-syn is often under the tran-
scriptional control of pan-neuronal promoters or a rat tyrosine
hydroxylase (TH ) promoter.

To investigate the pathogenic mechanism of �-syn-
dependent dopaminergic dysfunction in vivo, we generated a new
line of �-syn transgenic mice by driving the expression of
PD-related A53T �-syn in the mDA neurons using a binary
tetracycline-dependent inducible gene expression system. The
mutant mice developed profound movement disorders as well as
robust and progressive mDA neurodegeneration, which thereby
may provide a valuable mouse genetic model to investigate how
�-syn induces the degeneration of mDA neurons. Toward this
direction, we systematically examined the �-syn-mediated sub-
cellular abnormalities in the mDA neurons of mutant mice.
Moreover, we identified nuclear receptor-related 1 protein
(Nurr1), a master transcription factor for the development and
maintenance of mDA neurons, as a key downstream molecular
target for the �-syn-induced preferential degeneration of mDA
neurons.

Materials and Methods
Generation of PITX3-IRES2-tTA mice
A 7.2 kb SacI/SacI mouse genomic DNA fragment carrying the pituitary
homeobox 3 (PITX3) gene was isolated from the RPCI-22 (129S6/
SvEvTac) Mouse BAC Library (BACPAC Resources Center). The IRES2-
tTA-LNL cassette was inserted into the SacII site after the stop codon in
exon 4 of the PITX3 gene. The IRES2 DNA fragment subcloned from the
pIRES2-EGFP vector (BD Biosciences) was inserted in front of the start
codon of the tetracycline transactivator (tTA) coding region derived from
the pTet-tTAk vector (Invitrogen), which was followed by a LoxP-
flanked neomycin (LNL) expression cassette (Mombaerts et al., 1996).
The targeting vector was linearized and transfected into 129/SvJ ES cells,
which were later subjected to G418 selection for 7 d. The G418-resistant
ES clones were picked and screened by Southern blot analysis for the
correctly targeted clones.

Two positive ES clones were expanded and injected into blastocysts.
The resulting male chimera mice were bred with wild-type C57BL/6J
female mice to obtain PITX3 �/IRES2-tTA-LNL mice. PITX3 �/IRES2-tTA-LNL

mice were then crossed with Cre transgenic mice (Lakso et al., 1996) to
generate PITX3 �/IRES2-tTA mice in which the LNL cassette was deleted by
Cre-mediated DNA recombination. The PITX3 �/IRES2-tTA mice were
backcrossed with C57BL/6J mice to generate PITX3 �/IRES2-tTA congenic
mice on a C57BL/6J strain background. A mouse whole genome scan,
which examined 96 microsatellite markers across 19 mouse autosomes,
was performed to identify the offspring with the highest C57BL/6J ge-
nome content. The PITX3 �/IRES2-tTA mice with �95% C57BL/6J strain
background were crossbred with tetO-A53T transgenic mice.

The mice were housed in a 12 h light/dark cycle and fed regular diet ad
libitum. All mouse work followed the guidelines approved by the Insti-
tutional Animal Care and Use Committees of the National Institute of
Child Health and Human Development, NIH.

Genotyping
Genomic DNA was prepared from tail biopsy using DirectPCR Lysis Re-
agent (Viagen Biotech) and subjected to PCR amplification using specific
sets of PCR primers for each genotype, including PITX3-IRES2-tTA trans-
genic mice (PITX3-F, GACTGGCTTGCCCTCGTCCCA; PITX3-R, GTGC
ACCGAGGCCCCAGATCA), �-syn A53T transgenic mice (PrpEx2-F, TA
CTGCTCCATTTTGCGTGA; SNCA-R, TCCAGAATTCCTTCCTGTGG),
and tetO-H2Bj-GFP mice (H2BGFP0872F, AAGTTCATCTGCACCACCG;
H2BGFP1416R, TCCTTGAAGAAGATGGTGCG).

Doxycycline treatment
Regular diet was replaced with DOX-containing (200 mg/kg of diet) food
pellets (Bio-Serv) for the DOX treatment. To suppress the expression of
transgene from the early embryonic stages to the weaning age, DOX diet
was provided to the breeders. The new weanlings were then continually
fed with DOX diet for any chosen time period.

Behavior tests
Rotarod test. As described previously (Chandran et al., 2007), mice were
placed onto a rotating rod with auto-acceleration from 0 to 40 rpm for 1
min (San Diego Instruments). The length of time the mouse stayed on
the rotating rod was recorded.

Open-field test. As described previously (Chandran et al., 2007), the
ambulatory and rearing activities of mice were measured by the Flex-
Field activity system (San Diego Instruments). Flex-Field software was
used to trace and quantify mouse movement in the unit as the number of
beam breaks per 30 min.

Grip strength measurement and gait analyses followed the same exper-
imental procedures we described previously (Lai et al., 2007).

Immunohistochemistry and light microscopy
As described previously (Cai et al., 2005), mice were killed and perfused via
cardiac infusion with 4% paraformaldehyde in cold PBS. To obtain frozen
sections, brain tissues were removed and submerged in 30% sucrose for 24 h
and sectioned at 40 �m thickness using a cryostat (CM1950; Leica). Anti-
bodies specific to glial fibrillary acidic protein (GFAP; 1:400; Sigma-Aldrich),
ionized calcium-binding adaptor molecule-1 (Iba1; 1:500; Wako Chemi-
cals), tyrosine hydroxylase (TH; 1:1000, Dynal Biotech; 1:200, Santa Cruz
Biotechnology), �-synuclein (C20, 1:1000; Santa Cruz Biotechnology), hu-
man �-synuclein (syn211, 1:500; Santa Cruz Biotechnology), mitochondrial
cytochrome C oxidase subunit I (MTCOI) (1:500; Invitrogen), ubiquitin
(1:2000; Dako), GM130 (1:500; BD Biosciences), GM160 (1:2000; Sigma-
Aldrich), calnexin (1:1000; Sigma-Aldrich), dopamine transporter (DAT;
1:5000; Millipore), LAMP1 (1:100; Assay Designs), LAMP2 (1:100, Abcam),
LC3B (1:200; Sigma-Aldrich), p62 (1:100; Sigma-Aldrich), and Nurr1 (1:
200; Sigma-Aldrich) were used as suggested by manufacturers. Alexa 488- or
Alexa 568-conjugated secondary antibody (1:500; Invitrogen) was used to
visualize the staining.

Fluorescence images were captured using a laser-scanning confocal
microscope (LSM 510; Zeiss). The paired images in all the figures were
collected at the same gain and offset settings. Postcollection processing
was applied uniformly to all paired images. The images were presented as
either a single optic layer after acquisition in z-series stack scans at 0.8 �m
intervals from individual fields or displayed as maximum-intensity pro-
jections to represent confocal stacks.

Image analysis
For the quantitative assessment of various marker protein accumulations
and distributions in the soma or nucleus, images were taken using identical
settings and exported to ImageJ (NIH) for imaging analyses. Images were
converted to an 8-bit color scale (fluorescence intensity from 0 to 255) using
ImageJ. Areas of interest were first selected by the polygon or freehand selec-
tion tools and then subjected to measurement by mean optical intensities or
area fractions. The mean intensity for the background area was subtracted
from the selected area to determine the net mean intensity.

Lin et al. • �-Synuclein Dopaminergic Neuron Mouse Model J. Neurosci., July 4, 2012 • 32(27):9248 –9264 • 9249



Stereology
According to the mouse brain in stereotaxic coordinates, a series of cor-
onal sections across the striatum (every eighth from bregma, 1.18 to
�0.82 mm) and midbrain (every fourth section from bregma, �2.92 to
�3.88 mm) were processed for TH and Nissl staining and visualized
using the Vectastain ABC kit (Vector Laboratories). The number of TH-
and Nissl-positive neurons was assessed using the Optical Fractionator
function of Stereo Investigator 8, an unbiased stereological procedure
(MicroBrightField). The length of TH-positive fibers was estimated us-
ing the Space Balls function (Stereo Investigator 8). Three or more mice
were used per genotype at each time point. Counters were blinded to the
genotypes of the samples. The sampling scheme was designed to have a
coefficient of error of �10% to get reliable results. The stereological analyses
of cell numbers and TH-positive fibers in the striatum were performed un-
der the 100� objective of a Zeiss Axio microscope (Imager A1).

Measurement of dopamine content in the striatum by HPLC
After obtaining the wet weight of the tissue, per 100 mg of tissue, 500 �l
of a solution that contained 9.2 ml of glacial acetic acid and 460 �l of
phosphoric acid per liter of water was added. The tissue was sonicated,
and after centrifugation, the supernatant was frozen and stored at �70°C
or colder until assayed for catechols by liquid chromatography with elec-
trochemical detection after batch alumina extraction (Holmes et al.,
1994). Briefly, mobile-phase solution containing octanesulfonic acid as
an ion pairing agent was pumped isocratically through a reverse-phase
liquid chromatographic column. Catechols were quantified by the cur-
rent produced after exposure of the eluate to a flow-through electrode set
to oxidizing and then reducing potentials in series, with recordings from
the last electrode reflecting reversibly oxidized species.

In vivo microdialysis
Six pairs of 3- to 4-month-old A53T and littermate nTg mice were used
for microdiaylsis. Microdialysis guide cannulas (CMA/7 guide cannula;
CMA/Microdialysis) were stereotaxically implanted, in the right dorso-
lateral striatum (anterior, �1.2 mm; lateral, �2 mm; vertical, �1.5 mm),
relative to bregma and dura surface. Concentric microdialysis probes
(membrane length, 2 mm; CMA/7, CMA/Microdialysis) were implanted
in freely moving mice 24 h after surgery. The probes were perfused with
artificial CSF (148 mM NaCl, 2.7 mM KCl, 1.2 mM CaCl2, 0.85 mM MgCl2,
pH 7.4) at a constant flow rate of 1.0 �l/min. Samples were collected
every 20 min and analyzed for dopamine by HPLC coupled to electro-
chemical detection. Microdialysis data were calculated as concentration
(nanomolars) in every sample collected (20 �l). Baseline concentration
was defined as the last of three consecutive stabled samples (at least 2 h).
The effect of potassium (60 mM) perfusion on extracellular concentra-
tion of dopamine in the dorsolateral striatum area was assessed by two-
way ANOVA for repeated measures (genotype as the between-subject
factor and time as the within factor). Every time point was compared by
the Bonferroni post hoc test, in case of significant interaction of the main
factors. X-intercept values in net gain/loss of extracellular dopamine
concentration were averaged and compared by the Student’s t test. Val-
ues of *p � 0.05 and **p � 0.01 were considered statistically significant.

Fast-scan cyclic voltammetry
Fast-scan cyclic voltammetry was used to investigate the levels and kinet-
ics of DA release evoked by electrical stimulation in dorsal striatum.
Coronal brain slices (400 �m) containing the dorsal striatum from 3- to
4-month-old mice (A53T, 6; nTg, 6) were prepared as described previ-
ously (Mateo et al., 2005). Slices were kept in oxygenated modified Krebs’
buffer (in mM: 126 NaCl, 2.5 KCl, 1.2 NaH2PO4, 2.4 CaCl2, 1.2 MgCl2, 25
NaHCO3, 11 glucose, 20 HEPES, 0.4 L-ascorbic acid) at room tempera-
ture until required. Recordings were made at 34°C in a chamber perfused
at a rate of 1 ml/min. Cylindrical carbon-fiber microelectrodes (50 –100
�m of exposed fiber) were prepared with T650 fibers (6 �m diameter;
Goodfellow) and inserted into a glass pipette (Cahill et al., 1996). The
carbon-fiber electrode was held at �0.4 V, and the potential was in-
creased to �1.2 V and back at 400 V/s every 100 ms. DA release was
evoked by a rectangular, electrical pulse stimulation (50 – 600 �A, 0.6 ms
per phase, biphasic) applied every 4 min. Data collection was done using

LabVIEW software (National Instruments). Ten cyclic voltammograms
of charging currents were recorded as background before stimulation,
and the average was subtracted from data collected during and after
stimulation. Maximum amplitudes of extracellular DA responses were
obtained from the input/output function (I/O) curves. I/O curves were
constructed by plotting stimulus current versus concentration of DA
response amplitude over a range of stimulus intensities. The data were
analyzed using the Demon Voltammetry and Analysis software suite
(Yorgason et al., 2011).

Tissue homogenization and Western blot
Brain tissues were homogenized in RIPA buffer (Sigma-Aldrich) sup-
plemented with protease inhibitors (Roche Applied Science). After a
15 min incubation on ice, protein extracts were clarified by centrifu-
gation at 15,000 � g for 30 min at 4°C. The supernatants were quan-
tified for protein content using an assay kit based on bicinchoninic
acid (Thermo Fisher Scientific) and separated by 4 –12% NuPage
BisTris-PAGE (Invitrogen) using MES running buffer (Invitrogen).
After transfer to nitrocellulose membranes, the membranes were im-
munoblotted with the appropriate dilutions of the primary antibody:
human �-synuclein (1:1000; Santa Cruz Biotechnology) and �-actin
(1:3000; Sigma-Aldrich) at 4°C. Signals were visualized by enhanced
chemiluminescence development (Thermo Fisher Scientific) and
quantified on a Scion Image System.

Laser capture microdissection and quantitative reverse
transcriptase-PCR assay
Brains of PITX3/H2BjGFP control double-transgenic and PITX3/
H2BjGFP/A53T triple-transgenic mice were quickly dissected out and
sectioned at 16 �m thickness by a cryostat. The midbrain coronal sec-
tions (from bregma, �2.92 to �3.88 mm) were collected consecutively
onto a PAN membrane frame slide (Applied Biosystems) and stored at
�80°C until laser capture microdissection (LCM). The GFP-positive
cells in both the substantia nigra pars compacta (SNC) and ventral teg-
mental area (VTA) were isolated and captured by an ArturusXT micro-
dissection system with fluorescent illumination (Applied Biosystems) at
the following working parameters: spot size, 7 �m; power, 50 –70 mW;
duration, 20 �s. The GFP-positive neurons from SNC and VTA were
isolated and captured onto LCM Macro Caps (Applied Biosystems). The
total RNA was extracted with the PicoPure Isolation kit (Applied Biosys-
tems) after the protocol provided by the manufacturer. The cDNA was
synthesized from 160 ng of RNA by the First Strand kit (QIAGEN CA)
after genomic DNA elimination.

The SYBR Green real-time PCR detection method was used to com-
pare gene expression in mDA neurons between PITX3/H2BjGFP control
double-transgenic and PITX3/H2BjGFP/A53T triple-transgenic mice us-
ing primers specific for mouse Nurr1, PITX3, TH, DAT, vesicular mono-
amine transporter 2 (VMAT2), and Ret, respectively. All the primers were
tested by the manufacturer for an accurate and scalable measurement of
multiple gene expression (QIAGEN). The primers for �-syn were de-
signed to amplify both mouse and human �-syn, and their sequences
are AAATGTTGGAGGAGCAGTGG and GAAGGCATTTCATAAGC-
CTCA, respectively. The amplification of PCR was normalized by
GAPDH expression.

Transfection and cycloheximide treatment
Human embryonic kidney (HEK293) cells were cultured in DMEM
supplemented with 10% heat-inactivated fetal bovine serum (Invit-
rogen) and penicillin/streptomycin (Sigma-Aldrich). Transfection of
HEK293 cells was performed using Fugene 6 Transfection Reagent
(Roche Applied Science) according to the manufacturer’s instruc-
tions. Six micrograms of the cDNAs for WT and A53T �-syn in
pcDNA3 vector were transfected in all cases. Thirty-six hours after
transfection with empty vector, WT or A53T �-syn HEK293 cells were
incubated with cycloheximide (100 �g/ml; Sigma-Aldrich) for 2, 5,
and 8 h. The cells were lysed in SDS buffer (50 mM Tris-HCl, 150 mM

NaCl, 2 mM EDTA, pH 7.6, and 2% SDS), and Nurr1 protein levels
were determined by Western blot analysis.
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Midbrain neuronal culture and treatment
Primary midbrain neuronal cultures were prepared from postnatal
day 0 pups of breeding pairs fed with DOX. Briefly, individual mid-
brain containing SNC and VTA was subjected to papain digestion (5
U/ml; Worthington Biochemicals) for 40 min at 37°C. The digested
tissue was carefully triturated into single cells using increasingly
smaller pipette tips. Cells were then centrifuged at 250 � g for 5 min
and resuspended in warm basal medium Eagle supplemented with 5%
heat-inactivated fetal bovine serum, 1� B27 (Invitrogen), 1� N2
(Invitrogen), 1� GlutaMAX, 0.45% D-glucose (Sigma-Aldrich), 10
U/ml penicillin (Invitrogen), and 10 �g/ml streptomycin (Invitro-
gen). Dissociated cells from each midbrain were equally divided,
plated onto four 12-mm-round coverslips precoated with poly-D-
lysine and laminin (BD Biosciences), and maintained at 37°C in a 95%
O2 and 5% CO2 humidified incubator. Twenty-four hours after seed-
ing, the cultures were switched to serum-free medium supplemented
with 5 �M cytosine �-D-arabinofuranoside (Sigma-Aldrich), which
was used to suppress the proliferation of glia.

Cells in two sister coverslips were maintained in the presence of 1
�g/ml DOX after plating. After 5 DIV, DOX-treated or nontreated cells
were exposed to 10 nM MG132 (Sigma-Aldrich) or DMSO vehicle con-
trol for another 48 h. Then, cells were fixed with 4% paraformaldehyde
and 4% sucrose in PBS for 15 min, permeabilized by 0.1% Triton X-100
for 5 min, and blocked in 10% nonimmune donkey serum for 1 h at room
temperature. Cells were then double labeled with primary antibodies

against TH (monoclonal, 1:1000; Santa Cruz Biotechnology) and Nurr1
(rabbit polyclonal, 1:1000; Sigma) overnight at 4°C in a humidified
chamber. After three washes with PBS, donkey-derived secondary anti-
bodies conjugated to Alexa Fluor 488 and Alexa Fluor 546 (1:1000; In-
vitrogen) were applied and incubated for 1 h at room temperature in the
dark. After extensive washes, nuclei were stained with Topro3 iodide
(1:1000; Invitrogen). Finally, coverslips were mounted on glass slides
with Prolong Gold antifade reagent (Invitrogen), and fluorescence sig-
nals were detected using a laser-scanning confocal microscope (LSM 510;
Zeiss). The total number of all TH-positive neurons on each of the four
sister coverslips was counted under a 25� objective. The survival rate of
TH-positive neurons of each midbrain was calculated by dividing the
number of TH-positive neurons on the non-DOX-treated coverslip with
the number of TH-positive neurons on the DOX-treated coverslip from
the same midbrain preparation. For quantification of the nuclear Nurr1
level, the confocal settings for image acquisition were maintained for all
cells. Image stacks were flattened into a single image by maximum pro-
jection and analyzed with ImageJ.

Statistical analysis
Statistical analysis was performed using GraphPad Prism 5 (GraphPad
Software). Data were presented as mean � SEM. Statistical significance
was determined by comparing means of different groups using the t test
or ANOVA followed by the post hoc test (*p � 0.05; **p � 0.01; ***p �
0.001).

Figure 1. Generation of PITX3-IRES2-tTA knock-in mice. A, The schematic diagram depicts the generation of PITX3-IRES2-tTA knock-in mice in which the IRES2-tTA expression cassette was
inserted into the SacII site of PITX3 exon 4 immediately after the stop codon (asterisk) of the PITX3 gene. B, Southern blot of genomic DNA isolated from mouse embryonic stem (ES) cell clones shows
a correct gene targeting of the PITX3 gene locus in ES cell clones 1E2 and 1F1. As predicted, the insertion of the IRES2-tTA-LNL gene-targeting cassette into the PITX3 gene locus generated a new 3.7
kb AflII fragment in clones 1E2 and 1F1 (arrowhead). C, A PCR assay shows the correct modification of the PITX3 allele through amplification of genomic DNA prepared from mouse tail biopsy. D, The
quantification of PITX3 mRNA expression in the midbrain tissues dissected from 6-month-old nTg and PITX3-IRES2-tTA (tTA) heterozygous knock-in mice. The level of PITX3 mRNA expression was
measured by qRT-PCR. Six or more mice were used for each genotype. E, The schematic diagram depicts the generation of PITX3-IRES2-tTA/tetO-H2Bj-GFP (H2GFP) double-transgenic mice.
Sample images show the distribution of the nuclear localized H2Bj/GFP fusion protein in the midbrain coronal sections of 1-month-old H2GFP double-transgenic mice. The mDA neurons
in both the SNC and VTA were revealed by immunostaining with an antiserum against TH. Scale bars: top, 100 �m; bottom, 50 �m. F, H2GFP (green) and TH (red) costaining in different
brain regions. Scale bar, 100 �m.
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Results
Targeted expression of transgene in the
mDA neurons by a binary tetracycline-
dependent gene expression system
To selectively express transgenes in the
mDA neurons, we developed a line of tTA
mice, in which the expression of tTA is
under the same transcriptional control of
PITX3. PITX3 is predominantly expressed
in the mDA neurons starting from embry-
onic day 11.5 (E11.5) and throughout
adulthood (Smits and Smidt, 2006). In-
terestingly, the onset of endogenous �-syn
gene expression in the SNC also starts on
E11.5 (Zhong et al., 2010).

To minimize a potential impact on the
expression of PITX3, which is involved in
the development and survival of mDA neu-
rons (Smits and Smidt, 2006), we used a
knock-in approach to insert an IRES2-tTA
expression cassette into the 3�-untranslated
region of PITX3 (Fig. 1A). The targeted
modification of the PITX3 gene locus was
verified by Southern blot and PCR analysis
(Fig. 1B,C). In addition, the insertion of
tTA did not influence the expression of
PITX3 mRNA in the PITX3-IRES2-tTA
heterozygous knock-in (�/tTA) mice com-
pared with that of littermate controls (�/�)
(Fig. 1D).

The functionality of the PITX3-
IRES2-tTA gene regulation unit was
verified in PITX3-IRES2-tTA/ tetO-H2Bj-
GFP double-transgenic mice, in which the
histone-GFP fusion protein was restricted
to the nucleus of TH-positive mDA
neurons in both the SNC and VTA of
midbrain (Fig. 1E,F). Meanwhile, no tTA-
induced GFP expression was detected in
neurons of other brain regions, including the
TH-positive norepinephrine neurons in the
locusceruleus(Fig.1F).Therefore,thePITX3-

Figure 2. Target expression of PD-related human A53T �-syn in mDA neurons. A, The diagram depicts the generation of A53T
inducible transgenic mice through crossbreeding PITX3-IRES2-tTA and tetO-A53T mice. Immunofluorescent images show the
selective expression of human �-syn (h�-syn) in the mDA neurons at both the SNC and VTA regions of 1-month-old PITX3-IRES2-
tTA/tetO-A53T (A53T ) mice. The expression of human A53T �-syn (green) was revealed by an antiserum (syn211) specifically
against h�-syn. The mDA neurons were visualized by TH immunostaining (red), and the nucleus was marked by Topro3 staining
(blue). Scale bars: low-magnification images, 100 �m; high-magnification images, 10 �m. B, Western blot determines the level
of �-syn overexpression in the midbrain homogenate from 1-month-old A53T transgenic mice compared with littermate nTg mice
using an antiserum (C20) recognizing both human and mouse �-syn. A dilution series of midbrain homogenates from A53T mice
were used for Western blot analysis. �-Actin (actin) and TH were used as the loading control. The Bar graph estimates the level of
�-syn overexpression (normalized against the TH expression) in the midbrain of 1-month-old A53T mice compared with that of
age-matched littermate nTg mice (n � 3 per genotype). Data were presented as mean � SEM. ***p � 0.001. C, qRT-PCR
determines the levels of �-syn mRNA expression in isolated mDA neurons from 2-week-old H2GFP and littermate PITX3-IRES2-tTA/
tetO-H2Bj-GFP/tetO-A53T (H2GFP/A53T ) transgenic mice (n � 1000 cells per genotype). The primers for �-syn were designed to
amplify both mouse and human �-syn. GAPDH was used to normalize the gene expression from different samples. Data were

4

presented as mean � SEM. **p � 0.01. D, E, qRT-PCR deter-
mines the levels of �-syn and PITX3 mRNA expression in iso-
lated mDA neurons from the SNC and VTA of 2-week-old
H2GFP/A53T transgenic mice (n � 1000 cells from SNC and
VTA, respectively). GAPDH was used to normalize the gene ex-
pression from different samples. Data were presented as
mean � SEM. *p � 0.001. F, Regional distribution of h�-syn
in the brain, eye, and skeletal muscle of 6-month-old A53T
transgenic mice using a human �-syn-specific antibody
(syn211). An equal amount of protein was loaded into each
lane. GAPDH was used as the loading control. G, Images show
staining of h�-syn (red), TH (green), and Topro3 (blue) in the
sagittal section of 1-month-old tetO-A53T single-transgenic
and A53T double-transgenic mice. Scale bars: top, 1 mm; bot-
tom, 400 �m. H, Suppression of exogenous h�-syn expres-
sion in striatum homogenate from 1-month-old A53T mice
treated with DOX starting from early embryonic stages. CX,
Cerebral cortex; CB, cerebellum; BS, brainstem; SC, spinal cord;
ST, striatum; HP, hippocampus; OB, olfactory bulb; EY, eye;
MU, skeletal muscle; SNR: substantia nigra pars reticulate.
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IRES2-tTAmiceprovideausefulgenetic tool todeliver transgenesselec-
tively into the mDA neurons.

Target expression of PD-related A53T �-syn in the mDA
neurons of A53T inducible transgenic mice
To investigate the molecular pathology of PD-related mutant �-syn-
induced degeneration of mDA neurons in vivo, we generated PITX3-
IRES2-tTA/tetO-A53T inducible transgenic mice by crossbreeding
PITX3-IRES2-tTAheterozygousknock-inmicewiththeE2lineof tetO-
A53T transgenicmicethatwehadpreviouslydeveloped(Linetal.,2009;
Gu et al., 2010) (Fig. 2A). For simplicity, the PITX3-IRES2-tTA/tetO-
A53T double-transgenic mice were later referred as A53T transgenic
mice without specification.

The presence of A53T �-syn in the mDA neurons of A53T trans-
genic mice was visualized by immunostaining with an antibody spe-
cific against human �-syn (Fig. 2A). The �-syn signals appeared in

the cytosol, nucleus, and processes of both
the SNC and VTA mDA neurons (Fig. 2A).
Western blot analysis revealed a twofold to
fourfold increase of �-syn protein expres-
sion in the midbrain homogenate from
1-month-old A53T mice using an antibody
that recognizes both mouse and human
�-syn (Fig. 2B). Consistent with the West-
ern blot results, quantitative reverse
transcriptase-PCR (qRT-PCR) analysis us-
ing primers that are conserved between
mouse and human �-syn transcripts
showed a proximal fourfold increase of
�-syn mRNA expression in the mDA neu-
rons isolated from the SNC region of
2-week-old A53T mice compared with lit-
termate controls (Fig. 2C). In addition, the
expression level of human �-syn mRNA in
the SNC mDA neurons was approximately
twofold higher compared with that of VTA
mDA neurons (Fig. 2D), which correlates
with a differential expression of PITX3 gene
in these two regions (Fig. 2E).

The transgenic human �-syn protein
was also detected in other brain regions, in-
cluding the cerebral cortex, cerebellum,
brainstem, spinal cord, striatum, hip-
pocampus, and olfactory bulb, as shown by
Western blot analysis of 1-month-old
A53T mice (Fig. 2 F). We also examined
the distribution of exogenous �-syn
protein in the brain of 1-month-old
A53T single- (tetO-A53T ) and double-
transgenic mice by coimmunostaining
TH and human �-syn. Intensive trans-
genic �-syn staining was found in the
molecular layer of cerebellum, the CA3
region of the hippocampus, and the
ventral parts of the midbrain and stria-
tum of both A53T single- and double-
transgenic mice (Fig. 2G). These data
indicate a PITX3-tTA-independent
“leaky” expression of transgenic �-syn
protein in these areas. In contrast, the
upregulation of human �-syn protein
expression was only observed in the
soma and neurites of mDA neurons in

the A53T double-transgenic mice, which further confirms the
selective targeting of transgene expression in the mDA neu-
rons by the PITX3-tTA driver line (Fig. 2G). The overexpres-
sion of transgenic �-syn protein in the dorsal striatum may
reflect the intensive innervation from the mDA neurons to this
region, because of the enrichment of �-syn protein in the axon
terminals (Maroteaux et al., 1988).

In addition to its neuronal expression, the PITX3 gene is also
expressed in the lens and skeletal muscles during development
(Smidt et al., 2004). Accordingly, human �-syn was found in the
eyes at a fairly high level, whereas it was barely detectable in the
skeletal muscles of 1-month-old A53T mice (Fig. 2F). Finally, in
this “tet-off” inducible gene expression system (Kistner et al.,
1996), the expression of human �-syn could be significantly sup-
pressed (�75%) in A53T mice after being fed with DOX-
containing chow for 3 weeks (Fig. 2H).

Figure 3. A53T �-syn inducible transgenic mice display profound motor disabilities. A, B, The horizontal movement (A) and
vertical movement (B) of male A53T (n � 14) and control nTg (n � 12) mice as well as tetO-A53T (n � 13) and PITX3-IRES2-tTA
(tTA; n�13) single-transgenic mice were measured using the open-field test at 1, 2, 6, and 12 months of age. Data were presented
as mean � SEM. *p � 0.05; ***p � 0.001. C, The latency to fall was quantified by the rotarod test at 1, 2, 6, and 12 months of age
for the same cohort of A53T and control mice used in A. Data were presented as mean � SEM. *p � 0.05; ***p � 0.001. D, The
stride length of 1-month-old male A53T and control mice (n � 5 animals per genotype; n � 20 strides per animal) was measured
using the automatic TreadScan gait analysis system. Data were presented as mean � SEM. *p � 0.05; **p � 0.01. E, Male A53T
transgenic and control mice (n � 10 animals per genotype) were weighed monthly for 20 months. Data were presented as
mean � SEM. ***p � 0.001. F, Vertical movements of 2-month-old A53T (n � 8) and control (Ctrl; including nTg, tTA, and
tetO-A53T; n � 7) mice with regular chow compared with age-matched A53T (n � 6) and control (n � 5) mice with DOX-
containing chow starting from earlier embryonic stages. Data were presented as mean � SEM. *p � 0.05; **p � 0.01. G, The bar
graph shows the grip strength of both the forelimb and hindlimb of 1-month-old male A53T (n�10) and age-matched control nTg
(n � 6) mice as well as tTA (n � 8) and tetO-A53T (n � 4) single-transgenic mice.
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A53T transgenic mice developed
profound motor disabilities
A53T transgenic mice developed nor-
mally and survived for the full expected
life span but displayed profound posture
and motor abnormalities during both
resting and moving states. To characterize
the motor abnormalities, we measured
the motor alterations of A53T mice at 1, 2,
6, and 12 months of age using open-field,
rotarod, and gait tests. In the open-field
test, A53T mice displayed only a moderate
decrease in horizontal movement starting
at 2 months of age but showed a dramatic
reduction in vertical movement (rearing)
at 1 month of age (Fig. 3A,B). In the ro-
tarod test, A53T mice exhibited signifi-
cant impairment at 2 months of age (Fig.
3C). In the automatic gait test, A53T mice
displayed significant unsteady and shorter
gaits at as early as 1 month of age (Fig.
3D). Additionally, A53T mice started to
gain less body weight at 2 months of age
(Fig. 3E). Interestingly, treatment with
DOX starting from embryonic stages pre-
vented the mutant mice from developing
any rearing impairment when tested at 1
month of age (Fig. 3F).

The expression of human A53T �-syn
in muscles seemed not to compromise the
muscle strength of A53T mice, which per-
formed equally well as the littermate con-
trols in both the forelimb and hindlimb
grip strength tests (Fig. 3G). In addition,
although a significant leaky expression of
transgenic �-syn was observed in the cer-
ebellum and other brain regions of tetO-
A53T single-transgenic mice (Fig. 2F,G),
these mice did not develop any significant
motor impairments in both the open-field
and rotarod tests (Lin et al., 2009). To-
gether, these findings demonstrate that
the mDA neuron-specific expression of
human A53T �-syn causes profound mo-
tor impairments in mice and suggest that
A53T �-syn may exert a significant impact
on the function and survival of mDA
neurons.

A53T transgenic mice developed robust
and progressive degeneration of
mDA neurons
To determine whether the expression of
A53T �-syn in the mDA neurons causes
neuronal loss, we counted the numbers of
TH-positive mDA neurons in the SNC,
VTA, and retro-rubral field (RRF) of A53T
mice at 1, 6, 12, and 20 months of age using
an unbiased stereological approach (Chan-
dran et al., 2007). A robust and progressive
loss of mDA neurons was observed in the
SNC and VTA of A53T mice (Fig. 4A–E).
There was approximately 15% mDA neu-

Figure 4. A53T �-syn inducible transgenic mice develop progressive and robust degeneration of mDA neurons. A, TH staining
(brown puncta) of the midbrain coronal sections of 12-month-old A53T and littermate nTg mice. Scale bar, 100 �m. B, D, E,
Numbers of TH-positive neurons remaining in the SNC (B), VTA (D), and RRF (E) of A53T and control nTg mice as well as tTA
single-transgenic mice at 1, 6, 12, and 20 months of age (n � 3 per genotype per time point). B, The number of TH-positive neurons
in the SNC of 20-month-old littermate tetO-A53T single-transgenic mice (n � 3) was also counted. Data were presented as
mean�SEM. *p�0.05; **p�0.01; ***p�0.001. C, Numbers of Nissl-stained neurons in the SNC of 8- and 18-month-old A53T
and nTg mice (n � 3 per genotype). Data were presented as mean � SEM. *p � 0.05; **p � 0.01. F, Western blot analysis shows
the expression levels of �-syn in the striatum homogenates of 12- and 20-month-old nTg and A53T mice using an antibody specific
to human �-syn. G, Total length of TH-positive neurites in the striatum (STR) of A53T and nTg mice at 1 and 12 months of age (n �
3 per genotype). Data were presented as mean � SEM. ***p � 0.001. H, Steady levels of DA in the striatum of 6-month-old nTg
(n � 9), tTA (n � 8), and A53T (n � 11) mice. Data were presented as mean � SEM. **p � 0.01. I, GFAP (green) and TH (red)
costaining in the midbrain coronal sections of 20-month-old nTg and A53T mice. Scale bar, 100 �m. The bar graphs show the areas
of SNC and substantia nigra pars reticulate (SNR) in 20-month-old nTg and A53T mice occupied by GFAP staining (n � 3 per
genotype). Data were presented as mean � SEM. *p � 0.05; **p � 0.01. J, Iba1 (green) and TH (red) costaining in the midbrain
coronal sections of 20-month-old nTg and A53T mice. The arrowhead points to an activated microglia. Scale bar, 10 �m.
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ron loss in the SNC of A53T mice at 1 month of age, and by the time
the mice were 12 months of age, approximately 40% were lost in the
SNC (Fig. 4A,B). A significant neuronal loss in the SNC of 8- and
18-month-old A53T mice was also shown by Nissl staining, which
also confirmed the physical loss of mDA neurons in these mice (Fig.
4C). Intriguingly, there was no significant difference in the loss of
mDA neurons between 12- and 20-month-old A53T mice (Fig. 4B),
even though the levels of A53T �-syn expression were comparable at
these two time points when normalized against TH expression (Fig.
4F). In addition, no significant loss of TH-positive mDA neurons
was found in the SNC of 20-month-old tetO-A53T single-transgenic
mice, indicating that the leaky expression of transgenic �-syn pro-
tein is not sufficient to cause TH-positive neurodegeneration in
these mice (Fig. 4B).

Besides neuronal loss, we also found that the length and com-
plexity of TH-positive neurites were significantly reduced in the
striatum of 12-month-old A53T mice (Fig. 4G). The steady-state
level of dopamine was also decreased in the striatum of 6-month-
old A53T mice (Fig. 4H).

Finally, a significant increase in astrocytosis and microgliosis
was also observed in the midbrain of 20-month-old A53T mice
(Fig. 4 I, J). Together, these newly developed A53T mice perhaps
represent the most robust PD-related mouse genetic model for
A53T �-syn-mediated mDA neurodegeneration to date. They
may serve as a useful in vivo system to investigate the pathogenic
mechanisms of �-syn-induced mDA neurodegeneration.

Abnormal accumulation of �-syn in the soma and neurites of
mDA neurons from the A53T mice
We conducted a series of immunohistochemical and biochemical
analyses to identify potential subcellular phenotypes in the mDA
neurons from A53T mice. A dramatic increase in �-syn accumu-
lation was observed in the cytosol and nucleus of mDA neurons
in the A53T mice at both 12 and 18 months of age compared with
controls, in which �-syn staining was mainly presented as small
puncta in the neurites (Fig. 5A). The �-syn appeared to form
aggregates as evidenced by the appearance of �-syn-positive
high-molecular-weight (HMW) bands in the Western blot anal-
ysis (Fig. 5B). However, no typical LB-like spherical �-syn-
positive inclusions were found in the soma of mDA neurons from
A53T mice. Instead, �-syn-positive aggregates were found mainly
in the axons and axon terminals (Fig. 5C,D). The �-syn-positive
aggregates also costained with TH and seemed to form large vac-
uolar structures (Fig. 5C,D, arrowheads). The occurrence of this
widespread abnormal accumulation of �-syn in the cytosol, nu-
cleus, and axons of mDA neurons may trigger the downstream
pathogenic cascades leading to the dysfunction and eventual loss
of mDA neurons in the A53T mice.

The perturbation of Golgi apparatus in the mDA neurons of
A53T mice
Overexpression of either WT or PD-related mutant �-syn has
been shown to disrupt the Golgi structures in cultured cells and

Figure 5. Subcellular distribution of A53T �-syn in the mDA neurons. A, �-syn (green) and TH (red) staining in the SNC of 12- and 18-month-old A53T and 12-month-old nTg mice. Topro3 (blue) staining
was used to mark the nucleus. Scale bar, 10 �m. B, Western blot analysis shows the formation of �-syn-positive HMW bands in the midbrain homogenate of 1- and 18-month-old A53T and littermate control
nTg mice. The bar graph indicates an increase of accumulation of HMW�-syn in the brain of A53T mice. Data were presented as mean�SEM. **p�0.01. C, Human�-syn (green) and TH (red) staining in the
sagittal sections of globus pallidus of 1- and 12-month-old A53T and 12-month-old nTg mice. Arrowheads point to the swelling axon fragments. The nucleus was visualized by Topro3 (blue) staining. Scale bars:
top, 50�m; bottom, 10�m. D,�-syn (green) and TH (red) staining in the striatum of 12-month-old nTg mice as well as 1- and 12-month-old A53T mice. The�-syn in A53T mice was revealed by staining with
a human �-syn-specific antiserum (syn211). Arrowheads point to a swelling axon terminal. The nucleus was visualized by Topro3 (blue) staining. Scale bar, 10 �m.
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striatal neurons (Gosavi et al., 2002; Lin et
al., 2009). We then examined the struc-
ture of the Golgi apparatus in the mDA
neurons of 12-month-old A53T trans-
genic mice using the cis-Golgi marker
GM130 and trans-Golgi marker GLG1 as
described previously (Lin et al., 2009). In
the nTg mice, GM130 staining revealed
elaborated tubular structures primarily
stacked at one side of mDA neurons (Fig.
6A, asterisks). The GM130-positive tu-
bules, however, appeared thinner and
fragmented in the mDA neurons of A53T
mice (Fig. 6A,B, asterisks). Similarly,
GLG1 staining revealed smooth vesicular
structures clustered around the nucleus of
mDA neurons in nTg mice (Fig. 6C). In
contrast, GLG1 staining was significantly
weakened and fragmented in the mDA
neurons of A53T mice, correlated with a
significantly reduced occupancy of GLG1
staining in the soma (Fig. 6C,D). These
observations together demonstrate that
overexpression of A53T �-syn signifi-
cantly disrupted the normal structure of
the Golgi network in the mDA neurons,
which may impair the ER/Golgi traffick-
ing and contribute to the abnormal accu-
mulation of �-syn in the soma of mDA
neurons.

The impairment of
autophagy/lysosome pathways in the
mDA neurons of A53T mice
Overexpression of A53T �-syn has been
shown previously to impair the autophagy
and lysosome activities in cell lines and
neuronal cultures (Stefanis et al., 2001;
Cuervo et al., 2004; Rockenstein et al., 2005). However, it remains
to be determined whether A53T �-syn affects the autophagy/
lysosome-mediated degradation pathway in the mDA neurons in
vivo. We examined the intensity, size, and distribution of typical
marker proteins of the autophagy/lysosome pathways in the
mDA neurons of A53T mice by immunostaining and Western
blot analysis.

P62 is involved in the initiation of preautophagosomal struc-
tures, which in turn binds to microtubule-associated protein 1
light chain 3 (LC3) for the formation of autophagosome (Bjørkøy
et al., 2005). By immunostaining midbrain sections, we found
that the expression of P62 was significantly elevated in the mDA
neurons of A53T mice at both 1 and 18 months of age (Fig. 7A,B).
A similar increase of P62 expression was also observed in the
midbrain homogenate of 1-month-old A53T mice by Western
blot analysis (Fig. 7C). Interestingly, an extensive overlap of P62
and �-syn staining was observed in the soma of mDA neurons
(Fig. 7A, arrowheads).

After the activation of the autophagy pathway, LC3 is lipi-
dated and translocated from cytosol to the autophagosome mem-
brane (Kabeya et al., 2000). In line with this notion,
overexpression of �-syn seemed to increase the intensity and size
of LC3-positive puncta in the soma of mDA neurons from the
A53T mice (Fig. 7D,E). Western blot analyses revealed a signifi-
cant increase in LC3B levels in the midbrain homogenate of

1-month-old A53T mice; however, no significant increase of the
lipidated LC3 (LC3B-II) accumulation was detected (Fig. 7F).

Autophagosome eventually fuses with the lysosome for deg-
radation, in which lysosomal protein LAMP2 serves as an adaptor
for the chaperone-mediated autophagy (CMA) pathway (Cuervo
and Dice, 2000). Interestingly, we observed a significant increase
in the density of LAMP2-positive puncta in the soma of mDA
neurons of A53T mice at both 1 and 18 months of age (Fig. 7G–I).
In support of these findings, the level of LAMP2 protein was also
significantly upregulated in the midbrain homogenate of
1-month-old A53T mice (Fig. 7I). In contrast, the expression
level and distribution pattern of LAMP1, another lysosomal
marker protein, was not significantly altered in the mDA neurons
of A53T mice (data not shown). Together, these observations
indicate that overexpression of A53T �-syn may impair the au-
tophagy/lysosome pathway in the mDA neurons, in which the
P62-mediated nucleation of preautophagasomal structures and
LAMP2-involved CMA may be particularly affected.

Overexpression of A53T �-syn modestly affected the
ubiquitin proteasome system pathway in mDA neurons
Previous reports suggest that the ubiquitin proteasome system
(UPS) is compromised by overexpression of �-syn in cell lines
and neurons (Betarbet et al., 2005; Chen et al., 2006; Lin et al.,
2009). To investigate whether �-syn-induced impairment of UPS

Figure 6. Overexpression of A53T �-syn perturbs the normal morphology of Golgi apparatus in the mDA neurons. A, GM130
(green), human �-syn (red), and TH (blue) costaining in the midbrain sections of 12-month-old nTg and A53T mice. Asterisks label
TH-positive neurons. Arrows point to non-TH-positive cells. Scale bar, 10 �m. B, Percentage of cytoplasm area of TH-positive
neurons covered by GM130 staining (n � 3 animals per genotype; n � 18 neurons per animal). Data were presented as mean �
SEM. ***p � 0.001. C, GLG1 (green) and TH (red) costaining in the midbrain sections of 12-month-old nTg and A53T mice. Topro3
(blue) staining marked the nucleus. Scale bar, 10 �m. D, Percentage of cytoplasm area of TH-positive neurons covered by GLG1
staining (n � 3 animals per genotype; n � 18 neurons per animal). Data were presented as mean � SEM. ***p � 0.001.
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Figure 7. Overexpression of �-syn alters autophagosome and lysosome marker protein expression in the mDA neurons. A, P62 (green), �-syn (red), and TH (blue) costaining in the midbrain
sections of 18-month-old nTg mice as well as 1- and 18-month-old A53T mice. Arrowheads point to areas with substantial overlap of P62 and �-syn staining. Scale bar, 10 �m. B, Quantification of
P62 staining intensity in the TH-positive neurons of 1-month-old nTg and A53T mice (n � 3 animals per genotype; n � 20 neurons per animal). Data were presented as mean� SEM. ***p � 0.001.
C, Western blot analysis shows the expression of P62 in the midbrain homogenate of 1-month-old A53T and littermate nTg mice. TH was used as loading control. The bar graph depicts the P62
expression levels normalized with TH in the midbrain homogenate of 1-month-old A53T and littermate nTg mice (n � 3 per genotype). Data were presented as mean � SEM. *p � 0.05. D, LC3
(green), human �-syn (red), and TH (blue) costaining in the midbrain section of 1-month-old nTg and littermate A53T mice. Scale bars: low-magnification images, 50 �m; high-magnification
images, 10 �m. E, The size of LC3-positive puncta in the TH-positive neurons of 1-month-old nTg and A53T mice (n � 3 animals per genotype; n � 20 neurons per animal). (Figure legend continues.)
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leads to the deposition of ubiquitin-positive protein aggregates,
we examined the ubiquitin staining in the mDA neurons of A53T
mice at different time points. Ubiquitin-positive clusters were
observed in a few mDA neurons of 18-month-old A53T mice
(Fig. 8A, arrowheads, arrowheads). However, the overall inten-
sity and occurrence of ubiquitin-positive aggregates were com-
parable between the mDA neurons of 18-month-old nTg and
A53T mice (Fig. 8B,C). Moreover, Western blot analysis showed
no significant difference in the levels of HMW ubiquinated pro-
teins from the midbrain homogenates of A53T and age-matched
nTg mice (Fig. 8D). These results suggest that the overall UPS
activities might not be significantly affected in the mDA neurons
of A53T mice.

Overexpression of A53T �-syn affected the size and density of
midbrain axonal terminals
It has been shown that overexpression of �-syn impairs the neu-
rotransmitter release in cortical and hippocampal neurons (Clayton
and George, 1999; Nemani et al., 2010). We decided to investigate
whether overexpression of A53T �-syn also inhibited the dopamine
release of mDA neurons. The axon terminals of mDA neurons were
visualized by DAT staining at the striatum, shown as small puncta
surrounding the striatal neurons (Fig. 9A). It appeared that the size
of DAT-positive staining was significantly enlarged in the 1-month-
old A53T mice compared with littermate control nTg mice (Fig.
9A,B). Meanwhile, the density of DAT-positive staining was signif-
icantly decreased in the striatum of A53T mice compared with
control nTg animals (Fig. 9A,C). Occasionally, large-swelling TH-
positive staining with multiple DAT-positive small puncta was ob-
served in the striatum of A53T mice (Fig. 9A, arrowhead). These
observations are correlated with previous findings about reduced
length and complexity of mDA axons in the striatum of 12-month-
old A53T mice (Fig. 4G), suggesting a potential deficiency in dopa-
minergic transmission in these mice.

Dopamine release was severely impaired at the striatum of
A53T mice
In addition to the alterations of size and density of DAT staining,
microdialysis and voltammetry experiments showed drastic im-
pairment in dorsolateral striatal dopaminergic extracellular con-
centration and release (Fig. 10). The basal extracellular DA
concentration in the dorsolateral striatum of 3- to 4-month old
A53T mice and their wild-type littermates was measured using
the no-net flux microdialysis technique in vivo (Chefer et al.,
2006; Chandran et al., 2007). The basal extracellular DA level in
the dorsolateral striatum of A53T mice was significantly lower
than the controls (Fig. 10A; p � 0.05).

We next investigated whether A53T mDA neurons would
show alterations in evoked DA release. Depolarizing concentra-
tions of KCl (60 mM) were perfused through the microdialysis

probe implanted in the dorsolateral striatum, and DA overflow
was quantified. A significant decrease of evoked DA release was
also observed in the striatum of A53T mice compared with the
controls (Fig. 10B; p � 0.05).

Finally, after the microdialysis experiment, we also quantified the
DA release in striatal slices of this cohort of A53T and littermate
control nTg mice using an ex vivo voltammetry approach. The rep-
resentative DA traces (with cyclic voltammograms; Fig. 10D, inset)
and color plots after one single-pulse stimulation revealed a signifi-
cant reduction of DA releases from the striatum of A53T mice com-
pared with the nTg controls (Fig. 10D). The input/output curve also
demonstrated a dramatic reduction of DA release in A53T mice (Fig.
10E; p � 0.01). In addition, a similarly significant reduction of
evoked DA release was also observed in the dorsal striatum of
1-month-old A53T mice (data not shown). Together, the severe de-
crease of dopamine release in A53T mice may profoundly compro-
mise the functions of mDA neurons and contribute to the early
motor phenotypes developed in these mice.

Overexpression of A53T �-syn suppressed the expression and
function of Nurr1 in the mDA neurons
The functional properties and survival of mDA neurons rely on
the constitutive transcriptional activities of Nurr1, also known as
nuclear receptor subfamily 4, group A, member 2 (NR4A2) (Per-
lmann and Wallén-Mackenzie, 2004). Nurr1 controls the tran-
scription of TH, dopamine transporter (DAT), receptor tyrosine
kinase Ret, and other genes essential for the function and main-
tenance of mDA neurons. Genetic ablation of Nurr1 after the
terminal differentiation of mDA neurons leads to a PD-like pro-
gressive loss of mDA marker proteins and eventually the death of
mDA neurons (Kadkhodaei et al., 2009). Interesting, these Nurr1
conditional knock-out mice also exhibit profound rearing im-
pairments, whereas the locomotion is less affected when exam-
ined at 4 months of age, a phenomenon similar to the A53T mice
(Fig. 3A,B). More interestingly, in postmortem PD brains the
expression of Nurr1 is significantly decreased in the mDA neu-
rons, which also coincidentally contain �-syn-positive inclusions
(Chu et al., 2006). However, these observations in PD brains do
not address whether the decreased Nurr1 levels are just an end-
stage consequence or a more dynamic �-syn-dependent patho-
genic mechanism directly involved in the disease.

To explore a potential pathogenic interplay between �-syn
and Nurr1 in the degeneration of mDA neurons in PD, we
examined the expression and function of Nurr1 in the mDA
neurons of A53T mice. Nurr1 staining was located mainly in
the nucleus but with a faint presence in the cytosol of mDA
neurons (Fig. 11 A, D). Nurr1 was also expressed by non-DA
cells in the midbrain area (Fig. 11 A, D, arrowheads). Interest-
ingly, a dramatic reduction of nuclear Nurr1 expression was
observed in a subset of mDA neurons in the SNC of 1-month-
old A53T mice compared with control nTg mice (Fig. 11 A–C,
asterisks). Approximately 10% of TH-positive mDA neurons
displayed almost complete loss of Nurr1 nuclear staining (Fig.
11 A, C,D, asterisks). Intriguingly, a few TH-positive mDA
neurons showed stronger Nurr1 staining (Fig. 11 A, arrows).
The administration of DOX did not reverse the overall de-
crease in Nurr1 staining (Fig. 11 B). However, it did signifi-
cantly reduce the percentage of TH-positive neurons with
severe loss of Nurr1 (Fig. 11 A, C). A similar reduction in
Nurr1 expression was also observed in the VTA of 1-month-
old A53T mice (data not shown). In contrast, the levels of
Nurr1 nuclear staining were not affected in the midbrain

4

(Figure legend continued.) Data were presented as mean � SEM. *p � 0.05. F, Western blot
shows the expression of LC3BI and LC3BII in the midbrain homogenate of 1-month-old A53T
and nTg mice. G, LAMP2 (green), �-syn (red), and TH (blue) costaining in the midbrain sections
of 1-month-old nTg and littermate A53T mice. Scale bar, 10 �m. H, Density of LAMP2-positive
puncta in the TH-positive neurons of 1-month-old nTg and A53T mice (n � 3 animals per
genotype; n � 20 neurons per animal). Data were presented as mean � SEM. ***p � 0.001.
I, Western blot analysis shows the expression of LAMP2 in the midbrain homogenate of
1-month-old A53T and littermate nTg mice. TH was used as the loading control. The bar graph
depicts the LAMP2 expression levels normalized with TH in the midbrain homogenate of
1-month-old A53T and littermate nTg mice (n � 3 per genotype). Data were presented as
mean � SEM. *p � 0.05.
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non-DA cells of 1-month-old A53T mice (Fig. 11 A, D,
arrowheads).

The presence of excess somatic �-syn seemed to correlate with
the reduction of Nurr1 nuclear accumulation in the mDA neurons

of 1-month-old A53T mice (Fig. 11D, aster-
isks). In contrast, TH-positive mDA neu-
rons in the absence of somatic accumulation
of �-syn (Fig. 11D, arrow) displayed nor-
mal Nurr1 nuclear staining compared with
control nTg mDA neurons (Fig. 11D).
Therefore, the heterogeneity of A53T �-syn
accumulation in the soma of mDA neurons
may contribute to the variation in the degree
of reduced Nurr1 expression in the nucleus.
Furthermore, concomitant with the decrease
of Nurr1 nuclear expression, the levels of
Nurr1-regulated TH expression were also sig-
nificantly reduced in the soma of mDA neu-
rons of 2-week-old and 1-month-old A53T
mice (Fig. 11E,F). We also examined the lev-
els of TH, DAT, and Ret protein expression by
Western blot in the striatum homogenate
from 1-month-old A53T and control mice.
We also found a significant decrease of TH,
DAT, and Ret expression in the A53T mice
(Fig. 11G). Moreover, mRNA expression
levels of TH, DAT, VMAT2, and Ret in the
SNC DA neurons of 2-week-old A53T mice
were also significantly decreased compared
with those in the littermate control mice
(Fig. 11H). The expression levels of Nurr1
and PITX3 mRNA, however, were compa-
rable in these two groups of SNC DA
neurons (Fig. 11H). Together, these obser-
vations demonstrate that overexpression of
A53T �-syn in the mDA neurons suppresses
the expression of Nurr1 protein, resulting in
the downregulation of dopaminergic genes
transcriptionally controlled by Nurr1.

Overexpression of �-syn promoted the
proteasome-dependent degradation of
Nurr1 protein
Because the expression of Nurr1 mRNA
was comparable in the mDA neurons
isolated from A53T and littermate nTg
mice (Fig. 11 H), we suspect that this
�-syn-mediated suppression of Nurr1
expression may likely happen at the
posttranslational level. A recent report
in neural progenitor cells demonstrates
that Nurr1 protein is subject to
proteasome-dependent protein degra-
dation during neuron development (Jo
et al., 2009), which raises the possibility
that �-syn may suppress the expression
of Nurr1 protein by promoting Nurr1
protein degradation. In support of this
notion, we found that transient expres-
sion of both WT and A53T �-syn in
HEK293 cells suppressed the expression
of endogenous Nurr1 protein, whereas
inhibition of proteasome activities by
the pan-proteasome inhibitor MG132

increased the expression of Nurr1 protein (Fig. 12 A, B). More-
over, overexpression of both WT and A53T �-syn significantly
reduced the half-life of Nurr1 protein (Fig. 12C,D), suggesting

Figure 8. Ubiquitination in the midbrain of 18-month old nTg and A53T mice. A, Representative images show ubiquitin (Ubi,
green), �-syn (red), and TH (blue) staining of midbrain coronal sections of 18-month-old nTg and A53T mice. Arrowheads point to
TH-positive neurons with apparent accumulation of Ubi-positive aggregates. Asterisks indicate a TH-positive neuron with little Ubi
staining. Scale bar, 10 �m. B, C, Bar graphs depict the measurement of Ubi staining intensity (B) and surface area (C) covered by
Ubi staining in the mDA neurons of 18-month-old nTg and A53T mice (n � 3 animals per genotype; n � 24 mDA neurons per
animal). D, Western blot shows the Ubi-positive HMW bands in the Triton X-100 soluble (TX-sol) and insoluble (TX-insol) fractions
of midbrain homogenates of 1- and 20-month-old nTg and A53T mice.

Figure 9. Overexpression of A53T �-syn alters the morphology of mDA axon terminals. A, DAT (green) and TH (red) costaining
in the striatum coronal sections from 1-month-old nTg and littermate A53T mice. Tropro3 was used to stain the nucleus (blue).
Arrowheads marks a large swelling axon terminal. Scale bar, 10 �m. B, C, Size (B) and density (C) of DAT-labeled axon terminals
in the striatum of 1-month-old nTg and A53T mice (n � 3 animals per genotype; n � 4 sections per animal). Data were presented
as mean � SEM. *p � 0.05; ***p � 0.001.
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that �-syn plays an active role in regu-
lating the stability of Nurr1 protein
through a proteasome-dependent pro-
tein degradation pathway.

Inhibition of proteasome-dependent
degradation of Nurr1 ameliorated the
A53T �-syn-induced loss of mDA
neurons
To investigate whether this �-syn-
induced and proteasome-dependent deg-
radation of Nurr1 is responsible for the
loss of TH-positive neurons, we treated
A53T and littermate control midbrain
cultures with MG132 or vehicle (DMSO)
after 5 d in vitro and counted the numbers
of remaining TH-positive neurons 2 d af-
ter the treatment. An approximate 40%
loss of TH-positive neurons was found in
the A53T cultures compared with litter-
mate controls (Fig. 12E,F). The applica-
tion of MG132 at a 10 nM final
concentration did not affect the survival
of control TH-positive neurons but sig-
nificantly increased the survival of TH-
positive neurons in A53T cultures (Fig.
12E,F). Moreover, the levels of nuclear
Nurr1 staining in TH-positive neurons
were also significantly increased in the MG132-treated A53T cul-
tures compared with the vehicle-treated counterparts (Fig.
12E,G). Together, these data demonstrate that the stabilization
of Nurr1 protein levels by proteasome inhibition may ameliorate
�-syn-induced degeneration of mDA neurons.

Discussion
In this study, we presented a new line of �-syn A53T conditional
transgenic mice to specifically investigate the underlying subcel-
lular and molecular pathogenic pathways leading to �-syn-
mediated dysfunction and degeneration of mDA neurons. These
A53T mice developed profound movement impairments, espe-
cially the rearing activities, perhaps reflecting a severe dysfunc-
tion of the nigrostriatal dopaminergic system. Indeed, substantial
reduction of dopamine release was observed in the dorsal stria-
tum of 1-month-old A53T mice. Moreover, robust and progres-
sive mDA neurodegeneration was apparent in the 6-month-old
mutant mice. Perhaps more interestingly, we identified Nurr1 as
an important downstream molecular target of �-syn, in which
�-syn promoted a proteasome-dependent degradation of Nurr1
protein, resulting in a preferential dysfunction and loss of mDA
neurons. Conversely, a modest suppression of proteasome activ-
ities in the mDA neurons ameliorated the �-syn-induced Nurr1
degradation and mDA neuronal loss. Together, our studies of this
line of �-syn transgenic mice provide important mechanistic in-
sights into the �-syn-mediated preferential degeneration of mDA
neurons in PD.

The A53T mice developed substantial loss of mDA neurons in
both the SNC and VTA regions, but more neuronal loss was
found in the SNC. Interestingly, greater loss of mDA neurons has
been also documented in the SNC compared with the VTA in the
PD cases (German et al., 1992). The additional neuronal loss in
the SNC of A53T mice, however, could be attributed to a rela-
tively higher level of human �-syn expression in the SNC mDA
neurons under the PITX3 promoter. But, it may not preclude the

involvement of other intrinsic risk factors associated with the
SNC DA neurons, which may subject these neurons to more
susceptible �-syn-mediated genetic insults. Future studies may
need to detail the gene expression alterations in the SNC and VTA
DA neurons to identify the potential genetic components attrib-
utable to the additional loss of SNC mDA neurons in the A53T
mice. In addition to the differential loss of mDA neurons in the
SNC and VTA of A53T mice, a biphasic rate of mDA neuronal
loss was also observed in these mice. A rapidly progressed loss of
mDA neurons was detected in the mutant mice from 1 to 12
months of age, whereas the progression of mDA neurodegenera-
tion was greatly slowed down after 12 months of age. This in-
triguing finding, however, resembles a previous report from
human PD cases, in which an exponential loss of SNC DA neu-
rons is found in the first decade after the onset of disease, fol-
lowed by a slow and linear rate of neurodegeneration similar to
that seen in normal aging (Fearnley and Lees, 1991). However,
the underlying molecular mechanism is unclear. This A53T
mouse model may be useful to investigate this rather intriguing
phenomenon.

Well before the onset of widespread neuronal loss in the A53T
mice, a severe depression of dopamine release was found in the
dorsal striatum of 1-month-old A53T mice. This drastic decrease
of dopamine release may contribute to the severe reduction of
rearing activities of 1-month-old A53T mice as demonstrated by
previous dopamine depletion experiments, in which the
6-hydroxydopamine-induced DA depletion at dorsolateral stria-
tum results in significantly reduced rearing behavior in rat (Jicha
and Salamone, 1991). A similar reduction of dopamine release
was also reported recently in the striatum of adult rats transduced
with human WT �-syn expressing recombinant viruses (Lund-
blad et al., 2012). Transmitter release can be regulated by a num-
ber of mechanisms along the signaling pathway of synaptic
transmission (Sudhof, 2004). The �-syn has been shown to mod-
ulate the SNARE-complex assembly in the glutamatergic presyn-

Figure 10. Overexpression of A53T �-syn impairs DA release. A, The graph shows the no-net-flux plot of gain/loss of dialysate
DA concentration (Cin � Cout) related to DA concentration in the perfusate (Cin). n � 6 per genotype. B, The no-net-flux
X-intercept, considered as an average basal extracellular DA concentration, is reduced significantly in A53T mice. n � 6 per
genotype. *p � 0.05. C, Effect of high potassium (60 mM KCl) perfusion on DA release differs significantly between groups. n � 6
per genotype. **p � 0.05. D) Representative DA traces (with cyclic voltammograms in inset) and color plots after a single-pulse
stimulation (600 �A). In the color plots, the voltammetric current is encoded in color in z-axis and plotted against the applied
potential ( y-axis) and time (x-axis). E, The input/output curve of ex vivo voltammetry experiments shows a dramatic reduction of
evoked DA release in A53T mice compared with nTg controls. n � 6 per genotype. *p � 0.05; **p � 0.01.
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Figure 11. Exogenous expression of A53T �-syn suppresses the nuclear accumulation of Nurr1 and the expression of Nurr1-controlled dopaminergic genes. A, Nurr1 (green) and TH (red)
costaining in the SNC coronal sections of 1-month-old of nTg, A53T, and DOX-treated A53T (A53T/DOX) mice. Asterisks indicate TH-positive neurons with severe loss of Nurr1 staining. Arrows mark
the mDA neurons with intensified Nurr1 staining. Arrowheads point to non-DA cells stained with Nurr1. Scale bar, 20 �m. B, Intensity of Nurr1 signals in the nucleus of SNC mDA neurons from
1-month-old nTg, A53T, and A53T/DOX mice (n � 3 animals per genotype; n � 40 neurons per animal). Data were presented as mean � SEM. ***p � 0.001. C, The distribution of TH-positive mDA
neurons with expression of various levels of Nurr1 in the SNC of 1-month-old nTg, A53T, and A53T/DOX mice (n � 3 animals per genotype; n � 40 neurons per animal). D, Nurr1 (green), �-syn (red),
and TH (blue) costaining in the midbrain sections of 1-month-old nTg and A53T mice. Asterisks mark TH-positive neurons with substantial somatic accumulation of �-syn. Arrowheads point to the
Nurr1-expressing non-DA cells. Arrows indicate TH-positive neurons with little accumulation of �-syn in the soma. Scale bar, 10 �m. E, Nurr1 (green) and TH (red) costaining in the midbrain sections
of 1-month-old nTg and A53T mice. Asterisks mark neurons with reduced expression of both Nurr1 and TH. Arrows point to neurons with increased Nurr1 and TH staining. F, The levels of TH staining
in the soma of TH-positive mDA neurons of 1-month-old nTg and A53T mice. The line graph shows the distribution of TH signal intensities in the mDA neurons of 1-month-old nTg and A53T mice.
Data were presented as mean � SEM. ***p � 0.001. G, Western blots show TH, DAT, and Ret expression in the striatum homogenate from 1-month-old nTg and A53T mice. Bar graphs quantify the
relative expression levels of TH, DAT, and Ret in the striatum homogenate of 1-month old nTg and A53T mice. Data were presented as mean � SEM. *p � 0.05; **p � 0.01. H, qRT-PCR determines
the levels of Nurr1, TH, DAT, VMAT2, and Ret mRNA expression in isolated mDA neurons from 2-week-old H2GFP and littermate H2GFP/A53T transgenic mice (n � 1000 cells per genotype). GAPDH
was used to normalize the gene expression from different samples. Data were presented as mean � SEM. *p � 0.05; **p � 0.01.
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aptic terminals (Burré et al., 2010).
Although it is unclear whether the dopa-
minergic terminals share the same ma-
chinery involving in the synaptic vesicle
release as the glutamatergic terminals,
�-syn may very likely play a dynamic role
in regulating the synaptic vesicle release or
reuptake at the dopaminergic terminals.
In addition, the �-syn-induced substan-
tial reduction of Nurr1-controlled TH,
VMAT2, and DAT expression in the A53T
mice may further compromise the dopa-
mine release, because these dopaminergic
proteins are critical for the synthesis,
transport, and reuptake of dopamine in
the mDA neurons.

In addition to the impaired neu-
rotransmitter release, previous studies
have also revealed many other subcellular
abnormalities in cells overexpressing ei-
ther wild-type or PD-related mutant
�-syn (Auluck et al., 2010). Our observa-
tions of the alterations of P62, LC3, and
LAMP2 expression in the mDA neurons
of A53T mice confirm the previous stud-
ies about the involvement of �-syn in the
autophagy/lysosome-dependent degrada-
tion pathways (Cuervo et al., 2004). The
presence of A53T �-syn may impair the
LAMP2- and chaperon-mediated au-
tophagy pathway that leads to the abnor-
mal accumulation of P62-positive
preautophagosomal structures and LC-3-
assocated autophagosomes (Cuervo et al.,
2004). Meanwhile, a similar disruption of
the Golgi network was found in the mDA
neurons of A53T mice as reported by the
previous studies in yeast, cell lines, and
striatal neurons (Gosavi et al., 2002; Cooper
et al., 2006; Lin et al., 2009). The �-syn
may impair the structure and function of
the Golgi apparatus through interruption
of vesicle trafficking or microtubule dy-
namics (Gosavi et al., 2002; Cooper et al.,
2006). These common subcellular pheno-
types induced by �-syn in both the mDA
neurons and other cell types may indicate
that the dysfunction of the autophagy/
lysosomal-mediated degradation pathway and impairment of
ER/Golgi-involved vesicle trafficking perhaps represent the more
conserved subcellular targets affected by the overexpression of
�-syn.

Overexpression of �-syn also compromises the UPS activities
in cell lines and neurons, which leads to the increased accumula-
tion of ubiquitin-positive HMW bands revealed by Western blot
analysis (Betarbet et al., 2005; Lin et al., 2009). However, no
significant increase of ubiquitin-positive HMW bands were de-
tected in the midbrain homogenate of A53T transgenic mice,
suggesting that the UPS activities may not be significantly dis-
turbed in these mDA neurons. This apparent discrepancy from
previous findings may be attributed to the unique cellular envi-
ronment of the mDA neurons or the transgenic �-syn expression
level. We previously observed a significant upregulation of

ubiquitin-positive HMW products in the brain of the CaMKII
series of �-syn inducible transgenic mice (Lin et al., 2009), in
which a �30-fold overexpression of transgenic �-syn was de-
tected. Considering that there was only threefold overexpression
of �-syn in the mDA neurons of PITX3-A53T mice, it may con-
tribute to a lack of significant ubiquitin phenotype in the mDA
neurons. A previous study also reports deficits in the 20S
proteasome-mediated proteolytic activity in the frontal cortex,
midbrain, and striatum homogenates prepared from a different
line of �-syn transgenic mice (Chen et al., 2006). Intriguingly, the
levels of ubiquitin-positive HMW products are rather decreased
in the mutant mouse brain compared with the controls (Chen et
al., 2006). Therefore, we have to be cautious in assessing the UPS
activity solely based on the accumulation of ubiquitinated pro-
teins. Meanwhile, to precisely evaluate the pathogenic function of

Figure 12. A53T �-syn promotes proteasome-dependent degradation of Nurr1 and inhibition of proteasome activities ame-
liorates A53T �-syn-induced loss of mDA neurons. A, Expression of endogenous Nurr1 protein in the HEK293 cells transfected with
human WT or A53T �-syn cDNA. The transfected HEK293 cells were treated with either DMSO or 10 �M MG132 for 12 h before being
lysed for Western blot analysis. �-Actin was used as the loading control. B, The bar graph summarizes the expression of endoge-
nous Nurr1 in �-syn-transfected HEK293 cells treated with DMSO or MG132, from three independent experiments. Data were
presented as mean � SEM. *p � 0.05; **p � 0.01. C, Expression of Nurr1 in human WT or A53T �-syn-transfected HEK293 cells
treated with cycloheximide (CHX) for 2, 5, or 8 h before being subjected to Western blot analysis. �-Actin was used as a loading
control. D, The line graph traces the decay of endogenous Nurr1 protein in empty vector or �-syn-transfected HEK293 cells from
four independent experiments in which CHX was used to block protein synthesis for 2, 5, and 8 h. Data were presented as mean �
SEM. ***p � 0.001. E, Expression of Nurr1 (green) and TH (red) in the A53T midbrain cultures, treated with either DMSO or 10 nM

MG132. Scale bar, 10 �m. F, Survival rate (percentage) of TH-positive neurons treated with DMSO or 10 nM MG132. Seven pairs of
control and four pairs A53T cultures were analyzed for DMSO or MG132 treatment, respectively. For each culture, 200 –500
TH-positive neurons were counted from four independent experiments. Data were presented as mean � SEM. **p � 0.01. G,
Levels of Nurr1 expression in the nucleus of TH-positive neurons in the A53T (n � 145 for DMSO; n � 140 for MG132) and
littermate control (n � 117 for DMSO; n � 106 for MG132) cultures treated with either DMSO or MG132. Data were presented as
mean � SEM. *p � 0.05; **p � 0.01; ***p � 0.001.
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�-syn on the UPS activity, it remains critical to determine the
exact molecular interaction between �-syn and UPS components
(Ciechanover and Brundin, 2003).

Similarly, no apparent abnormality of mitochondrial mor-
phology was observed in the mDA neurons of A53T mice (data
not shown). The �-syn-induced alteration of mitochondrial
morphology and functions have been widely reported in various
cells, including neurons in the midbrain (Hsu et al., 2000; Martin
et al., 2006; Lin et al., 2009; Nakamura et al., 2011). We speculate
that the distinct cellular environments of mDA neurons or the
transgenic �-syn expression level may contribute to the lack of
significant mitochondrial morphological phenotypes in this line
of A53T mice. In addition, it will be interesting to determine
whether overexpression of �-syn affects the mitochondrial activ-
ities in the mDA neurons.

A contribution of Nurr1 dysfunction in PD has been proposed
previously (Chu et al., 2002; Baptista et al., 2003; Le et al., 2003).
We extended these previous studies and demonstrated that over-
expression of both wild-type and A53T �-syn promoted a
proteasome-dependent degradation of Nurr1. We also demon-
strated that inhibition of proteasome-mediated degradation of
Nurr1 ameliorated �-syn-induced loss of mDA neurons. These
data suggest that the suppression of Nurr1 protein expression by
�-syn is a key molecular determinant for the preferential dys-
function and loss of mDA neurons in PD. In line with this notion,
a conditional deletion of Nurr1 in the mDA neurons results in
very similar rearing impairments and mDA neurodegeneration
compared with the A53T conditional transgenic mice (Kadkho-
daei et al., 2009). Multiple posttranslational modifications have
been found to modulate the stability and function of Nurr1 pro-
tein, including phosphorylation, ubiquitination (Jo et al., 2009),
sumoylation (Galleguillos et al., 2004), and acetylation (Kang et
al., 2010). The �-syn may regulate the degradation of Nurr1 pro-
tein through various molecular cascades. In addition, it remains
to be determined whether other PD-related genes also affect the
expression and stability of Nurr1 protein in PD.

In summary, this study describes a new line of �-syn A53T
transgenic mice that display robust and progressive degeneration
of mDA neurons. The dynamic regulation of Nurr1 protein sta-
bility by �-syn in the mDA neurons may not only help to address
the molecular mechanism of the preferential susceptibility of
mDA neurons in PD, but may also provide new therapeutic tar-
gets for the treatment of the disease.
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