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A53T Human �-Synuclein Overexpression in Transgenic
Mice Induces Pervasive Mitochondria Macroautophagy
Defects Preceding Dopamine Neuron Degeneration

Linan Chen (陈), Zhiguo Xie, X Susie Turkson, and Xiaoxi Zhuang
Department of Neurobiology, University of Chicago, Chicago, Illinois 60637

In vitro evidence suggests that the inefficient removal of damaged mitochondria by macroautophagy contributes to Parkinson’s disease
(PD). Using a tissue-specific gene amplification strategy, we generated a transgenic mouse line with human �-synuclein A53T overex-
pression specifically in dopamine (DA) neurons. Transgenic mice showed profound early-onset mitochondria abnormalities, character-
ized by macroautophagy marker-positive cytoplasmic inclusions containing mainly mitochondrial remnants, which preceded the
degeneration of DA neurons. Genetic deletion of either parkin or PINK1 in these transgenic mice significantly worsened mitochondrial
pathologies, including drastically enlarged inclusions and loss of total mitochondria contents. These data suggest that mitochondria are
the main targets of �-synuclein and their defective autophagic clearance plays a significant role during pathogenesis. Moreover, endog-
enous PINK1 or parkin is indispensable for the proper autophagic removal of damaged mitochondria. Our data for the first time establish
an essential link between mitochondria macroautophagy impairments and DA neuron degeneration in an in vivo model based on known
PD genetics. The model, its well-defined pathologies, and the demonstration of a main pathogenesis pathway in the present study have set
the stage and direction of emphasis for future studies.
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Introduction
Mitochondrial homeostasis and proper mitochondria quality
control are crucial for cell survival (Nunnari and Suomalainen,
2012), and mitochondria impairments have been the central
theme in Parkinson’s disease (PD) research (Schon and Przed-
borski, 2011). A more specific hypothesis regarding the role of
mitochondria impairment in PD has emerged with the discover-
ies that loss-of-function mutations in parkin or PTEN-induced
putative kinase 1 (PINK1) cause autosomal recessive PD, and
both genes are central in selectively eliminating damaged mito-
chondria through a macroautophagic pathway (known as mi-
tophagy) (Narendra et al., 2008; de Vries and Przedborski, 2013).

Although the hypothesis implies that the inefficient removal
of damaged mitochondria may contribute to some forms of fa-

milial PD (Luoma et al., 2004; Bender et al., 2006; Baloh et al.,
2007), two important links are missing in the current literature.

First, existing lines of evidence for the parkin/PINK1-
dependent mitophagy are mostly based on in vitro non-neuronal
preparations using nonselective respiratory chain decoupling
drugs. Those studies do not selectively probe the parkin/PINK1
pathway, and mitophagy mechanisms might be different in neu-
rons (Van Laar et al., 2011; Cai et al., 2012; Grenier et al., 2013;
Rakovic et al., 2013). Moreover, parkin/PINK1-independent mi-
tophagy mechanisms further complicate the interpretations (Al-
len et al., 2013; Fu et al., 2013), consistent with the lack of
mitophagy impairments in parkin or PINK1-null mice (Youle
and Narendra, 2011). Therefore, the relevance of parkin/PINK1-
dependent mitophagy to PD needs to be assessed in in vivo PD
models.

Second, whether and how �-synuclein, the central player in
both sporadic and familial PD (Lee and Trojanowski, 2006), im-
pairs mitochondria and their macroautophagic removal is less
clear, despite some, albeit limited, evidence. �-Synuclein may
translocate to mitochondria, associate with mitochondrial inner
membranes, and inhibit complex 1 function, which is worsened
by the PD-linked A53T mutation (Devi et al., 2008; Kamp et al.,
2010; Nakamura et al., 2011). In addition, �-synuclein drives
mitochondrial fission and leads to mitochondria fragmentation,
which can be rescued by PINK1, parkin, and DJ-1, in cultured
cells and in Caenorhabditis elegans (Kamp et al., 2010; Nakamura
et al., 2011). However, there is little evidence on whether mito-
chondria or their macroautophagy are impaired by �-synuclein
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and its mutants in dopamine (DA) neurons in vivo (Chinta et al.,
2010; Choubey et al., 2011).

Although various transgenic mice with �-synuclein overex-
pression have been well documented, few recapitulate DA neu-
ron loss and mitochondria dysfunction, and none assesses the
hypothesized roles of parkin/PINK1 in mitophagy (Dawson et al.,
2010). In the present study, we used a “positive feedback” gene
expression amplification system and overexpressed the human
�-synuclein A53T mutant specifically in DA neurons. We found
widespread intracellular mitochondrial inclusions, positive for
the macroautophagic markers, in nearly all DA neurons, which
were followed by DA neuron loss. Remarkably, genetic deletion
of either parkin or PINK1 in these mice significantly increased the
size of these inclusions and reduced mitochondria mass. Our
studies provide the first in vivo evidence that mitochondria dam-
age and their macroautophagic clearance impairment in DA neu-
rons are major pathologies in a PD mouse model.

Materials and Methods
Transgenic mice
We used a tetracycline inducible system-based “PF” strategy with ampli-
fied expression limited to DA neurons. Similar “PF” gene amplification
designs have been reported previously (Shockett et al., 1995; Chen et al.,
1998; Götz et al., 2001; Vanrell et al., 2011). However, those systems lack
cell type specificity. We used a gene targeting strategy instead in the
present study. As shown in Figure 1A, the Tet operator (tetO)- tetracy-
cline responsive transactivator (tTA) “PF” cassette was inserted between
the DA transporter (DAT) gene promoter and the coding sequence via
gene targeting. With this “PF” design, the tetO promoter directs the
expression of tTA, which in turn activates the tetO promoter. However,
the “PF” cassette by itself has no transcription activity unless it is initiated
by tTA expression from another promoter. Therefore, an additional tTA
was inserted right downstream of the DAT promoter and upstream of the
“PF” cassette. The gene targeting construct also contains a transcrip-
tional “stop” and a floxed PGK-neo cassette for selection during embry-
onic stem (ES) cell culture. In this DAT-PF-tTA line, the DAT promoter
initiates and directs tTA expression only in DA neurons. tTA expression
level is then further amplified by the “PF” cassette.

Primogenix PRX-129/S6 ES cells were used for targeting. Male chime-
ras were crossed with a germ line deleter, Meox2-cre (The Jackson Lab-
oratory), to remove the PGK-neo cassette. The resulting DAT-PF-tTA
line was crossed with the Tg(tetO-SNCA�A53T)E2Cai/J line obtained
from The Jackson Laboratory (Lin et al., 2009) to generate DASYN53

double-transgenic mice. The parkin knock-out mice were originally gen-
erated in Dr. Jie Shen’s laboratory (Goldberg et al., 2003) and purchased
from The Jackson Laboratory. The PINK1 knock-out mice that have
exons 4 –7 and part of exon 8 deleted were generated in our laboratory
and previously published (Xiong et al., 2009).

Most mice were fed with a regular lab chew. For some experiments,
mice were fed with 200 mg/kg doxycycline (DOX) pellets (Custom Ani-
mal Diets) for 3– 6 months to suppress the transgene expression as indi-
cated in the manuscript.

All animal procedures were approved by the Institutional Animal Care
and Use Committee at the University of Chicago.

Stereological counting of DA neuron and measuring striatal
tyrosine hydroxylase (TH) staining intensity
TH catalyzes the rate-limiting step of DA synthesis and was used as a
marker for DA neurons in the substantial nigra pars compacta (SNc).
The number of TH-immunoreactive (THir) cells was assessed using an
unbiased stereological procedure (Chen et al., 2005). Briefly, mice were
anesthetized with isofluorane (99.9%) and transcardially perfused with
1� PBS and then 4% PFA. Tissues were postfixed for 12–16 h and cryo-
protected in 30% sucrose/PBS. Frozen tissues were sectioned serially (40
�m) on a cryostat and stored in anti-freeze medium at �20°C until use.
Every third section was immunohistochemically processed for TH stain-
ing and counterstained with cresyl violet. Free-floating sections were

blocked in PBS supplemented with 4% serum, 0.3% Triton X-100, and
0.01% thimerosol, and then incubated with primary antibodies over-
night at 4°C. For TH staining, rabbit anti-mouse TH antibody (1:1000,
Pel-Freez), biotinylated donkey anti-rabbit IgG (1:500; Jackson Immu-
noResearch Laboratories) and peroxidase conjugated avidin-biotin com-
plex (VECTASTAIN Elite ABC kit, Vector Laboratories) were used. The
reaction was visualized by using Sigmafast DAB tablets (Sigma). After
sections were mounted on slides, cresyl violet staining (FD NeuroTech-
nologies) was used as a counterstaining.

The estimation of the total number of THir neurons in the SNc was
determined using the computerized optical fractionator probe (Stereo
Investigator 7, MicroBrightField), which allowed for the stereological
estimation of THir cells in the entire structure independent of size, shape,
orientation, tissue shrinkage, or anatomical level. The numbers of THir
neurons were counted by experimenters blind to genotypes and treat-
ments of transgenic mice. The 100 � 100 �m grid, 40 � 40 �m counting
frame, and 3 �m guard zones were used. Sections were counted in ros-
tral– caudal order. The absolute THir neuron number was directly calcu-
lated without estimating reference volume. The Gundersun’s CE
(coefficient of error) was 0.06 (m � 1) in this study. Nissl-positive neu-
rons in SNc were counted using the same method.

Stereological cell counting for DA neurons in midbrain ventral tegmental
area (VTA) was not performed because abundant neuronal fibers in VTA
make it technically difficult to accurately determine the guard zones.

The above sections containing striatum were scanned and striatum
were outlined in ImageJ (National Institutes of Health). After back-
ground staining was subtracted, the total gray value of TH staining in
striatum was measured with ImageJ.

Immunofluorescence staining and antibodies
Sections were processed as above and then incubated overnight at 4°C
with one or more of the antibodies where indicated. Leica SP5-II-
STED-CW confocal microscope was used. For some images, the decon-
volution feature in Leica LAS AF was used to increase resolution. Imaris
7.1 software was used for 3D reconstruction.

The following antibodies were used: rabbit polyclonal tyrosine hy-
droxylase (1:1000, Pel-Freez Biologicals), mouse monoclonal tyrosine
hydroxylase (1:1000, BD Transduction Laboratories), guinea pig poly-
clonal p62/SQSTM1 (1:1000; American Research Products), rabbit poly-
clonal LC3 (1:200; Novus Biologicals), rabbit polyclonal �-synuclein (1:
1000, Cell Signaling Technology), mouse monoclonal �-synuclein
(SYN1) (1:2000, BD Transduction Laboratories), rabbit polyclonal hu-
man �-synuclein (1:1000, Enzo Life Sciences), mouse monoclonal human
�-synuclein (SYN211) (1:2000, Santa Cruz Biotechnology), mouse mono-
clonal anti-OxPhos Complex IV Subunit I (1:2000, Invitrogen), rabbit poly-
clonal Mn-SOD(SOD2) (1:100, Millipore), mouse polyclonal PINK1 (1:
400, Abnova), mouse monoclonal parkin (1:200, Covance), mouse
monoclonal GM130 (1:500, BD Transduction Laboratories), mouse mono-
clonal KDEL (1:2000, Enzo Life Sciences), and rabbit polyclonal ubiquitin
(1:100, Thermo Scientific, RB9203).

Measuring mitochondria length and mass
Three midbrain sections per mouse (three mice in each genotype) were
double-fluorescence-stained for COX I and TH. Leica SP5-II-STED-CW
confocal microscope was used for capturing single neuron using a 100�
objective lens with 6� digital zoom. The measurements of mitochondria
were performed by experimenters blind to genotypes and treatments of
transgenic mice. For mitochondria length, the average length of total
mitochondria was automatically determined using Fiji (http://fiji.sc) as
described here. Briefly, pictures containing only one neuron were first
converted to 8-bit gray scale, then background was removed by choosing
the appropriate threshold value, and noise was removed by applying a
3 � 3 median filter (“Despeckle”). Images were then inverted and mito-
chondria were skeletonized to one-pixel-wide lines (skeletons) by a
“Skeleton” plugin. Each individual skeleton represented a single mito-
chondrion, and the length of each skeleton represented the length of its
corresponding mitochondrion. As the final step, “Analyze particles” was
used to automatically measure the length of all skeletons. Of note, be-
cause the skeletons were one-pixel-wide, the area reported in “Analyze
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particles” represented the length of skeletons. The average length of mi-
tochondria in a neuron was calculated by dividing the total length of
skeletons by the total number of skeletons. Unpaired two-tailed Stu-
dent’s t test was used to reveal the statistic difference of average mito-
chondria length between genotypes. The skeletonized mitochondria
were represented as overlay layers on actual mitochondrial images (see
Fig. 5A). For mitochondria mass, COX I staining intensity (excluding
mitochondrial inclusions) was measured using ImageJ (National Insti-
tutes of Health).

Conventional and immunogold transmission electron microscopy
For conventional electron microscopy (EM), mice were perfused with
4% PFA and 2.5% glutaraldehyde in 0.1 M Na cacodylate, pH 7.4. All
reagents were purchased from Electron Microscopy Sciences. Under dis-
secting microscope, 1 mm � 1 mm � 3 mm tissue strips containing SNc
and VTA regions were dissected from each side of brain and substantia
nigra pars reticulata (SNr) region was discarded. Then blocks were pro-
cessed by osmium tetroxide, dehydrated, and embedded in Epoxy resin.
The 70 nm sections were cut and examined under Tecnai F30 scanning
transmission electron microscope.

For postembedding immunogold EM, mice were perfused with 4%
PFA and 1.5% glutaraldehyde in PBS, pH 7.4. SNc and VTA tissues were
dissected as above and postfixed for 1 h before embedding. The 80 nm
sections were cut and mounted on formvar-coated 200 mesh nickel grids.
A rabbit polyclonal human �-synuclein (1:100, Enzo Life Sciences) and a
mouse monoclonal anti-OxPhos Complex IV Subunit I (COX1, 1:200,
Invitrogen) were used. A 15 nm gold particle-conjugated anti-rabbit
secondary antibody and 10 nm gold particle-conjugated anti-mouse sec-
ondary antibody (Electron Microscopy Sciences) were used to visualize
the antigens. Stained sections were examined under Tecnai F30 scanning
transmission electron microscope.

HPLC assessment of brain tissue contents of DA and
other neurotransmitters
Dissected striata of adult mice were stored at �80°C until use. The con-
tents of DA, DOPAC, homovanillic acid (HVA), serotonin (5-HT),
5-hydroxyindoleacetic acid (5-HIAA), and norepinephrine (NE) were
measured by HPLC through Pronexus Analytical AB (Solna, Sweden), a
contract research organization. The HPLC assessment was performed by
experimenters blind to genotypes of transgenic mice.

Western blot
Mice were killed by cervical dislocation. Brains were dissected and cut
into 1 mm slices on Mouse Brain Blocker (David Kopf Instruments) on
ice. Tissues from different brain regions (ventral midbrain, striatum, and
cortex) were dissected on ice and stored in �80°C until use. Frozen
brains were lysed in NTE buffer (150 mM NaCl, 50 mM Tris, pH 8.0, 5 mM

EDTA, 0.25 mM PMSF, 1% protease inhibitor mixture, Sigma; 1% SDS),
and 50 �g protein was subjected to SDS-PAGE. Proteins were electro-
phorectically transferred to PVDF membrane and nonspecific sites
blocked in 5% nonfat dry milk in TBS (135 mM NaCl, 2.5 mM KCl, 50 mM

Tris, 0.1% Tween 20, pH 7.4). Membranes were then incubated with
various primary antibodies in TBS with 5% nonfat dry milk: rabbit poly-
clonal anti-mouse TH antibody (1:2000, Pel-Freez), rabbit polyclonal
�-synuclein (1:1000, Cell Signaling Technology), mouse monoclonal
�-synuclein (SYN1) (1:2000, BD Transduction Laboratories), rabbit
polyclonal human �-synuclein (1:1000, Enzo Life Sciences), mouse
monoclonal human �-synuclein (SYN211) (1:2000, Santa Cruz Biotech-
nology), and mouse anti-mouse GAPDH antibody (1:200,000, Abcam).
Signals were then detected by HRP-conjugated secondary antibodies
(Jackson ImmunoResearch Laboratories) and enhanced chemilumines-
cence (Pierce).

Behavioral studies
All mice were kept on a 06:00 –18:00 light cycle with ad libitum food and
water. Behavioral tests were performed during the light period. The be-
havioral studies were performed by experimenters blind to genotypes
and treatments of transgenic mice.

Open field test. Each mouse was placed in an open field chamber (40 cm
long � 40 cm wide � 37 cm high, Med Associates). Illumination of open

filed was set to 20 lux. No background noise was provided. They were
monitored by infrared beams that recorded the animal’s location and
path (locomotor activity) as well as the number of rearing movements
(vertical activity). Data were collected in 5 min trials for 6 trials, and the
average was reported.

Rotarod test. Mice were first trained to stay on the rod of the rotarod
(Columbus Instruments) at a constant speed of 5 rpm for at least 1 min.
After training, mice were tested for a total of three trials with an acceler-
ating speed of 0.2 rpm/s, starting at 5 rpm. The latency to fall was re-
corded for each trial, and the average of three trials was reported.

Gait analysis. Gait pattern was studied using DigiGait gait analysis
system (Mouse Specifics). Stride length (mm), stance (mm), and swing
(mm) were measured for each paw. The treadmill speed was set to 20
cm/s and recoded for 5 s. The 3 s video was analyzed. Stride is defined as
the length of belt movement as the cycle of body movements that begins
with the contact of one paw and ends when the same paw again contacts
the belt. Stance phase is defined as the length of belt movement while the
paw stands on the belt. Swing phase is defined as the length of belt
movement while the paw is in the air.

Data analysis
Data were analyzed using StatView 5.0.1. Data are presented as mean �
SEM. Unpaired two-tailed Student’s t test was used when genotype was
the only grouping variable. ANOVA was used when genotype was not the
only grouping variable and when data were collected in a single trial.

Results
�-Synuclein A53T overexpression in DA neurons via
controlled genetic amplification
Missense mutations of �-synuclein, including A53T mutant, and
duplication/triplication of �-synuclein have been causally linked
to familial PD (Polymeropoulos et al., 1997; Singleton et al., 2003;
Chartier-Harlin et al., 2004). To model gain of function, we have
designed a novel cell type-specific “PF” strategy to overexpress
human �-synuclein A53T in DA neurons under the transcrip-
tional control of the endogenous DAT promoter and generated a
DAT-“PF”-tTA driver line (DAT-PF-tTA) (Fig. 1A,B) (see Ma-
terials and Methods).

The DAT-PF-tTA driver line was crossed with a Tet operator
(tetO) responder mouse line, tetO-human �-synuclein A53T
(tetO-SYN) (Lin et al., 2009). The double-transgenic (DASYN53)
mice did not have detectable transgenic �-synuclein protein ex-
pression at 1 week after birth, later than endogenous DAT expres-
sion (E15–E17), suggesting that the transgene amplification
through “PF” may increase gradually. This postnatal transgenic
�-synuclein expression works to our advantage as it avoids com-
plications in phenotype interpretation due to early developmen-
tal effects of the transgene overexpression, especially during
embryonic development. At 6 weeks, the DASYN53 mice had
transgenic �-synuclein expression in �95% DA neurons in mid-
brain, detected by human-specific SYN-211 antibody (Fig. 1C).
In addition, transgenic �-synuclein expression was also detected
in other DA neuron groups in addition to SNc and VTA, including
retrorubral area, hypothalamus, and olfactory bulb, but not in
non-DA neurons, such as the locus ceruleus (data not shown),
suggesting that the “PF” cassette-mediated gene amplification
was well under the control of endogenous DAT promoter. Trans-
genic �-synuclein expression was also seen in cerebellum of both
tetO-SYN single-transgenic mice and DASYN53 double-transgenic
mice, consistent with the reported leaky expression in limited tissues
at low levels, which is tTA-independent in the tetO-SYN single-
transgenic line (Lin et al., 2012).

Using an antibody recognizing both human and mouse forms
of �-synuclein, we estimated that �-synuclein transgene expres-
sion level was fivefold of the endogenous �-synuclein in nigral
tissue homogenate (Fig. 1D). Because transgenic �-synuclein ex-
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pression was restricted to DA neurons in the midbrain, we were
able to quantify its expression in individual DA neurons by immu-
nofluorescence. We estimated that overexpression was eightfold of
endogenous �-synuclein expression in DA neurons (Fig. 1E). To our
knowledge, the level of �-synuclein overexpression in DA neurons
of DASYN53 mice is among the highest compared with existing
�-synuclein transgenic mice (Chesselet, 2008; Kuo et al., 2010; Lin et
al., 2012).

To determine the effectiveness of amplification by the “PF”
mechanism, a DA neuron-specific tTA line without the “PF” cas-

sette (DAT-tTA), but otherwise identical
to the DAT-PF-tTA (Fig. 1F) (Cagniard et
al., 2006), was crossed with the same tetO-
SYN responder line. The double-transgenic
mice (DAT-tTA:tetO-SYN) only showed
detectable transgenic �-synuclein expres-
sion in a fraction of DA neurons (Fig. 1G),
supporting the effectiveness of the “PF”
strategy in amplifying transgene expression
in DA neurons.

Time course of DA neuron
degeneration in DASYN53 mice
Both �-synuclein gene multiplication and
A53T point mutations are causal for late-
onset PD (Polymeropoulos et al., 1997;
Singleton et al., 2003; Chartier-Harlin et
al., 2004). We asked whether overexpres-
sion of the human A53T �-synuclein in
DA neurons in the DASYN53 mice is suffi-
cient to cause DA neuron degeneration.
At 6 weeks, there was no obvious mid-
brain DA neuron loss in DASYN53 mice. At
3 months, there was �21% DA neuron
loss and at 6 months there was �35% DA
neuron loss in SNc of DASYN53 mice com-
pared with wild-type (Fig. 2A). There was
no significant difference of DA neuron
number in SNc between wild-type, tetO-
SYN and DAT-PF-tTA mice (Fig. 2A),
suggesting that the observed DA neuron
loss in DASYN53 mice was specifically in-
duced by human �-synuclein A53T mu-
tant expression. However, the DA neuron
loss appeared to slow down significantly
or stopped between 6 and 12 months (Fig.
2A). Whether there will be much more
severe DA neuron loss in even older mice
remains to be determined. At 12 months,
the decrease of total Nissl-positive neu-
rons in SNc was comparable with DA neu-
ron loss at this age, indicating that the
decreased TH-positive neuron counting
was due to the actual DA neuron loss but
not loss of TH phenotype (Fig. 2A). The
loss of DA neurons in SNc appeared not to
be restricted to specific tiers of SNc. We
were unable to determine DA neurons
loss in the VTA because abundant fibers
interfere with accurate determination of
DA neuron in this region (see Materials
and Methods). Instead, we examined TH
staining intensity in the dorsal and ventral

striata of DASYN53 and control mice as an estimate of DA neuron
striatal terminal loss. Obvious striatal TH terminal staining signal
decrease started at 3 months. At 12 months, there was a 39% TH
terminal staining decrease in the dorsal striatum. In contrast,
there was no obvious TH terminal staining decrease in the ventral
striatum (Fig. 2B), suggesting DA neurons in VTA may be spared.

We further examined the neurochemical changes by HPLC in
dorsal striatum of 12-month-old DASYN53 and control mice. DA
in striatal tissue lysate, reflecting its intracellular vesicular stor-

Figure 1. Transgene overexpression in DA neurons using a “PF” cassette targeted to the DAT locus. A, A new DAT-tTA line,
DAT-PF-tTA, was generated by inserting a tTA-polyA cassette, a stop sequence, and a “PF” cassette (dashed box) immediately after
the endogenous DAT promoter by gene targeting. B, Southern blot using ES cell genomic DNA identified the correctly targeted ES
cell clones for the DAT-PF-tTA line. 5� probe (top) and 3� probe (bottom) outside of targeting arms detected the expected 7 kb and
5.5 kb mutant bands and verified successful homologous recombination for both left and right targeting arms. C, The DAT-PF-tTA
line was crossed with a tetO-human-�-synuclein-A53T line and generated a double-transgenic line, DASYN53. DASYN53 had strong
expression of the transgenic �-synuclein in �95% of midbrain DA neurons, detected by a human �-synuclein-specific antibody
SYN211. D, Western blot determined that DASYN53 mice had transgenic �-synuclein overexpression fivefold of the endogenous
mouse �-synuclein in midbrain tissue homogenates using an antibody (Cell Signaling Technology) recognizing both mouse and
human �-synuclein, compared with nontransgenic control mice (top) (n � 3 mice, p 	 0.001). TH was used as a loading control
for the equal loading of midbrain tissue lysate (middle). Transgenic �-synuclein protein expression in DASYN53 mice, but not in
nontransgenic control mice, was detected by a human �-synuclein-specific antibody SYN211 (bottom). E, Measuring transgenic
�-synuclein expressions in DA neurons by immunofluorescence revealed higher expression (eightfold) detected by SYN1 antibody
recognizing both mouse and human �-synuclein (50 DA neurons in each genotype were individually measured, p 	 0.001, bar
graph). The lower-power pictures represent the drastic difference of �-synuclein staining intensity in midbrain DA neurons of
DASYN53 and control mice. The boundaries of SNc, VTA, and SNr were delineated. Of note, endogenous mouse �-synuclein, enriched
in striatonigral terminals in SNr, was strongly stained in both mice by SYN1 antibody, which was absent when stained with a
human �-synuclein-specific antibody SYN211 (C). ***p 	 0.001. F, A DAT promoter-driven tTA line (DAT-tTA) without the “PF”
cassette was previously generated in our laboratory by inserting tTA-polyA cassette after endogenous DAT promoter. G, DAT-tTA:
tetO-SYN double-transgenic mice only had weak transgenic �-synuclein expression in 	1% midbrain DA neurons (arrow, en-
larged in inset), detected by SYN211 antibody. The exposure time of human �-synuclein (green) was purposely extended to
visualize otherwise very weak staining signal of human �-synuclein.
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age, was decreased by 54% in DASYN53 mice. DA metabolites,
DOPAC and HVA, were also decreased by 45% and 31%, respec-
tively. The DA turnover rate, measured as the ratio of (DOPAC 

HVA)/DA, was increased by 29% (Fig. 2C), suggesting compensa-
tory upregulation of DA neuron activity. Other neurotransmitters
and their metabolites, including 5-HT, 5-HIAA, and NE, remained
unchanged in the striatum (Fig. 2D).

To further confirm the observed DA neuron loss in DASYN53

mice was specifically induced by human �-synuclein A53T mu-
tant expression, DOX treatments were administrated to DASYN53

mice to suppress the transgene expression. DOX treatment ad-
ministered to younger mice (3 months old) significantly reduced
DA neuron loss, further supporting that the DA neuron loss was

induced by the transgene expression. However, DOX treatments
of older mice (6 months old) did not affect the DA neuron loss,
consistent with the aforementioned observation that DA neurons
did not degenerate further between 6 months and 12 months
(Fig. 2E).

Despite significant loss of DA neuron and tissue DA content,
DASYN53 mice appeared grossly normal and no obvious locomo-
tion impairment was observed in the open field (Fig. 3A–D).
Nine-month-old male mice (n � 10) were also tested for gait
pattern using DigiGait. Even though the DigiGait analysis sensi-
tively detected the different preference of hind and front paws for
stance and swing phases, there were no genotype differences in
stride, stance phase, or swing phase (Fig. 3E–G). These findings are

Figure 2. DA neurons degeneration in DASYN53 mice. A, The DA neuron number in SNc of 6 week, 3, 6, and 12 month mice were determined by a design-based unbiased stereological cell counting.
At 6 weeks, there was no obvious midbrain DA neuron loss in DASYN53 mice (n � 6). There were 20%, 37%, and 35% DA neuron loss at 3, 6, and 12 months, respectively, compared with wild-type
mice (n � 6 – 8, p 	 0.05, p 	 0.01, p 	 0.001). Stereology counting of Nissl-positive neurons in SNc at 12 months revealed a comparable loss of total neurons (n � 6, p 	 0.001). Representative
pictures show DA neuron loss in SNc of 12-month-old DASYN53 mice. B, DASYN53 mice at 12 months displayed loss of TH staining preferentially in dorsal striatum. TH staining in dorsal striatum was
decreased by 42% (n � 6 – 8 mice, at least 10 striatal sections were assessed from each mouse, p 	 0.001) but unchanged in ventral striatum (n � 6 – 8 mice, at least 10 striatal sections were
assessed from each mouse, p � 0.05). The representative pictures show the preferential loss of TH staining in dorsal striatum. The lightly stained dorsal striatum sections were purposely chosen to
keep the staining intensity within the linear range for more accurate measurements. The boundaries of dorsal striatum and ventral striatum are delineated. ds, Dorsal striatum; vs, ventral striatum.
C, The striatal tissues of 7–11 month mice (n � 12–16, gender-, genotype-, and age-matched) were dissected. DA and its metabolites were measured by HPLC for DASYN53 and control mice
(wild-type, tetO-SYN, and DAT-PF-tTA single-transgenic mice). Striatal tissue content of DA was decreased by 54% in DASYN53 mice ( p 	 0.001, 9.965 � 0.543 vs 4.650 � 0.411 ng/mg wet tissue,
mean � SEM). DA metabolites, DOPAC and HVA, were also decreased by 45% ( p 	 0.001, 2.288 � 0.285 vs 1.241 � 0.119 ng/mg wet tissue, mean � SEM) and 31% ( p 	 0.01, 1.673 � 0.1 vs
1.146 � 0.101 ng/mg wet tissue, mean � SEM). The DA turnover rate was increased by 29% measured as the ratio of (DOPAC 
 HVA)/DA ( p 	 0.05, 0.409 � 0.038 vs 0.527 � 0.033, mean �
SEM). D, The other neurotransmitters in striatal tissues were unchanged in DASYN53 mice, serotonin (5-HT) ( p � 0.05, 0.376 � 0.024 vs 0.383 � 0.016 ng/mg wet tissue, mean � SEM), its
metabolite 5-HIAA ( p � 0.05, 0.468 � 0.021 vs 0.486 � 0.041 ng/mg wet tissue, mean � SEM), and NE ( p � 0.05, 0.079 � 0.027 vs 0.114 � 0.011 ng/mg wet tissue, mean � SEM). E,
Suppressing the transgene expression by DOX treatments reduced DA neuron loss in young DASYN53 mice. One cohort of 3-month-old DASYN53 mice (“third-sixth months” on the left) were divided into
two groups. One group was administrated with the DOX diet (200 mg/kg) for 3 months and another group was kept on regular laboratory chow. These mice were killed at the age of 6 months. The
DA neuron loss was significantly reduced by the DOX treatment ( p 	 0.05, n � 7). In addition, a 6 month DOX treatment was given to older DASYN53 mice starting at the age of 6 months (“sixth-12th
months” on the right). These older mice were killed at the age of 12 months. The DOX treatment had no effect on DA neuron number in this older cohort (n � 6). *p 	 0.05. **p 	 0.01. ***p 	
0.001.
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consistent with the general observation that �80% chronic DA neu-
ron loss is required for obvious motor symptoms in PD patients
(Dauer and Przedborski, 2003).

Formation of intracellular inclusions of mitochondria origin
in DA neurons
Mitochondria impairments are central in PD pathogenesis
(Schon and Przedborski, 2011). Postmortem studies indicate
dramatically reduced mitochondria activities and high-level
mtDNA deletion in the substantia nigra of PD patients (Schapira
et al., 1989; Shults et al., 1997; Bender et al., 2006; Keeney et al.,
2006). Moreover, mitochondria complex I inhibitors, such as

MPTP, are well documented to cause DA
neuron degeneration and PD symptoms
in humans (Langston et al., 1983; Dauer
and Przedborski, 2003).

Having found DA neuron degeneration
in DASYN53 mice, we next characterized sub-
cellular pathologies in DA neurons. Start-
ing weeks after birth, the most striking
pathologies were numerous intraneuro-
nal inclusions strongly labeled by mito-
chondrial markers COX1 (mitochondrial
complex IV, subunit 1) and SOD2 (man-
ganese SOD) (Fig. 4A,E), indicating that
mitochondria contribute to the formation
of these inclusions. Double fluorescence
staining revealed that transgenic �-synu-
clein was partially colocalized with, but not
enriched within, the inclusions or their
surrounding mitochondrial network (Fig.
4B,D). The inclusions were 0.5–2 �m in
diameter and completely devoid of TH
staining, separating them from the rest of
the cytoplasm (Fig. 4C). These intracellu-
lar inclusions are referred to as “mito-
chondrial inclusions” hereafter for their
mitochondrial content.

Semiquantitative analysis from a total
of 12 sections from 4 mice at 6 weeks esti-
mated that there were 34.2 � 5.5 (mean �
SD) mitochondrial inclusions per mid-
brain section (between bregma �2.75 and
�2.92 mm, corresponding to the rostral
quarter of SNc and VTA) with an average
of one mitochondrial inclusion in every
4.3 DA neurons, although some DA
neurons contained more than one mito-
chondrial inclusion (Fig. 4C–E). Mito-
chondrial inclusions were mostly
restricted within SNc. There were fewer
inclusions in the VTA, and they were ab-
sent in SNr and striatum, suggesting DA
neuron soma and proximal processes but
not distal processes have specific milieu
for mitochondrial inclusion formation.
Within midbrain, mitochondrial inclu-
sions were distributed in soma and prox-
imal processes of DA neurons in
DASYN53 mice but absent in control
mice (tetO-SYN single-transgenic,
DAT-PF-tTA single-transgenic and
wild-type mice) (Fig. 4F ). Consistently,

suppressing human �-synuclein A53T transgene expression by 3
month DOX treatment led to complete disappearance of mito-
chondrial inclusions in DASYN53 mice, indicating that the forma-
tion of mitochondrial inclusions is specifically induced by the
human �-synuclein A53T transgene expression (Fig. 4G).

Mitochondria were apparently fragmented at as early as 6
weeks of age (Fig. 5A,B), an indication of mitochondria impair-
ments and/or inefficient clearance of damaged mitochondria
(Twig et al., 2008). Despite the mitochondria fragmentation and
the formation of mitochondrial inclusions, DA neurons in
DASYN53 mice had normal mitochondria mass as measured by
staining intensity of COX1 and SOD2 (Fig. 5B). At the ultrastruc-

Figure 3. DASYN53 mice displayed slower body weight gain but normal locomotion and gait pattern. A, The body weights of 3
cohorts of male mice (n � 10 –15) at 1, 3, and 7 months were measured. DASYN53 mice displayed slower body weight gain in an
age-dependent manner. The lower body weight of DASYN53 mice was apparent at 3 months of age (13.8%, p 	 0.05) and more
pronounced at 7 months of age (22.4%, p 	 0.001), with a significant age � genotype interaction for body weight ( p 	 0.01).
B, Three-month-old male mice (n � 10), the same age cohort as in A, had normal latency-to-fall in a Rotarod test for three
consecutive days. C, D, Neither 3- nor 11-month-old DASYN53 mice developed abnormal horizontal, vertical locomotion in 30 min
open field tests (n � 8 –15). E, F, G, Nine-month-old male mice (n � 10) were tested for gait pattern using DigiGait gait analysis
system. Stride length (mm), stance (mm), and swing (mm) were measured for each paw. Even though the DigiGait analysis
sensitively detected the different preference of hind and front paws for stance and swing phases, there was no genotype difference
for the three parameters measured. *p 	 0.05. **p 	 0.01. ***p 	 0.001.
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tural level, numerous senescent mito-
chondria were observed in midbrain
neurons. These senescent mitochondria
displayed disordered cristae, swollen ma-
trix, and disappearance of outer mem-
branes, in contrast to the morphologically
normal mitochondria in neighboring cells
(Terman et al., 2006) (Fig. 5C). We further
investigated the ultrastructure of the mito-
chondrial inclusions using postembedding
double immunogold electron microscopy
for COX1 and transgenic �-synuclein. The
following criteria were used to identify mi-
tochondrial inclusions: (1) positive for
COX1 labeling, (2) their size (1–2 �m in
diameter), (3) their presence within trans-
genic �-synuclein labeled DA neurons, and
(4) their distinct morphologies from sur-
rounding mitochondria. Under EM, in
transgenic �-synuclein-positive neurons,
these mitochondrial inclusions, in addition
to surrounding normal-appearing mito-
chondria, were specifically labeled with both
COX1 and transgenic �-synuclein (Fig.
5D,E). The staining specificity was demon-
strated in Figure 5D. These mitochondrial
inclusions contained electron-dense re-
gions, which were composed of densely
compacted COX1 positive (identified with
10 nm gold) double membranes, indicative
of mitochondria crista folded with inner
membrane. The remainder of the mito-
chondrial inclusions in addition to the
electron-dense regions was composed of
less compacted double membranes, which
were also COX1-positive (identified with 10
nm gold) and occupied the majority of mi-
tochondrial inclusions. The above data sug-
gest that these inclusions are composed of
mitochondrial remnants (Fig. 5E,F).

Mitochondrial inclusions precede other
DA neuron pathologies
It is often debated whether frequently
observed mitochondria abnormality is a
primary cause or a downstream conse-
quence of neurodegeneration (Perier and
Vila, 2012). We therefore examined the
time course of various pathologies in the
DASYN53 mice. At 3 weeks, mitochondrial
inclusions were already obvious, although
DA neurons appeared normal otherwise
(Fig. 6A). Quantification of mitochon-
drial inclusions indicated significantly
more mitochondrial inclusions at 3
weeks (1.6 � 0.3 mitochondria inclu-
sions/DA neuron) than 6 weeks (0.23 �
0.04 mitochondrial inclusion/DA neuron)
in DASYN53 mice (Fig. 6C, p 	 0.001). At 6 weeks, despite fewer
mitochondrial inclusions, DASYN53 mice developed other obvi-
ous DA neuron pathologies (Fig. 6B). These DA pathologies in-
clude significantly decreased TH staining intensity in striatum
(Fig. 6B, quantified in Fig. 6C), 25-fold increase of enlarged var-

icosities in the midbrain region (more abundant in the rostral
quarter of SNc), and fragmented dendrites in SNr (Fig. 6B, quan-
tified in Fig. 6C). The above pathologies persisted at 12 months,
the oldest age examined. The abnormally enlarged varicosities
did not contain mitochondrial inclusions. These enlarged

Figure 4. Formation of abnormal intracellular mitochondrial inclusions. A, A mitochondrial marker, COX1, revealed abnormal
spherical intracellular mitochondrial inclusions (arrow), only in transgenic �-synuclein-expressing DA neurons. The size of mito-
chondrial inclusions was 0.5–2 �m in diameter. B, A high-magnification view of a mitochondrial inclusion in transgenic
�-synuclein-expressing neurons. Transgenic �-synuclein displayed punctate staining pattern in soma and was colocalized, but
not enriched, within mitochondrial inclusion (arrow). In addition, transgenic �-synuclein was partially colocalized with mitochon-
dria (arrowhead). C, Mitochondrial inclusions had no colocalization with TH (arrow). D, Confocal orthogonal sectioning confirmed
the intracellular localization of mitochondrial inclusions (arrow) within transgenic �-synuclein-expressing neurons. E, The mito-
chondrial inclusions (arrow) were also positively labeled with another mitochondria marker, Mn-SOD (SOD2), confirming their
mitochondrial origin. F, Within midbrain, mitochondrial inclusions were equally present in DA neuron soma and processes of
DASYN53 mice (n � 3 mice, p 	 0.001). ***p 	 0.001. G, Clearance of mitochondrial inclusions after suppressing human
�-synuclein A53T mutant transgene expression by 3 month dietary DOX treatments. Three-month-old DASYN53 mice were treated
with 200 mg/kg DOX diet for 3 months and were then killed at 6 months of age to assess the mitochondrial inclusions. Mitochon-
drial inclusions were not observed in the DOX-treated DASYN53 mice (n � 7 mice).
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varicosities were 10 � 0.6 �m in diameter,
oval-shaped, and had a hollowed core.
Surrounding the hollowed core, a thin rim
(�1 �m in thickness) stained positive for
both TH and transgenic human
�-synuclein (data not shown).

Mitochondrial inclusion formation is
caused by mitochondria-specific
macroautophagy
The selective elimination of mitochondria
by macroautophagy is an essential mech-
anism for the clearance of superfluous or
damaged mitochondria, which can be
parkin/PINK1-dependent or indepen-
dent (Allen et al., 2013; Fu et al., 2013).
The widespread accumulation of dam-
aged mitochondria in the DASYN53 mice
prompted us to investigate the involve-
ment of mitochondria-specific macroau-
tophagy in these mice.

In macroautophagy, cargo is seques-
tered and taken up by autophagosome,
which then transports the cargo to the ly-
sosome for degradation. In mammalian
systems, an often used marker for au-
tophagosomes is the protein MAP1LC3B
(LC3), which is covalently linked to phos-
phatidylethanolamine of the autophago-
some membrane (Klionsky et al., 2012).
To examine whether LC3 may be associ-
ated with the mitochondrial inclusions,
we performed immunolabeling for LC3.
Most (�90%) mitochondrial inclusions
were strongly labeled with LC3 (Fig. 7A)
and at times appeared encapsulated by
LC3 positive membrane-like structures
(Fig. 7B). Consistent with the role of ubiq-
uitin in mitophagy, mitochondrial inclu-
sions were also stained positive for
ubiquitin (Fig. 7C).

p62/SQSTM1 (p62) is a multifunctional
protein acting as an adaptor protein for
several types of ubiquitin recognition and
selective macroautophagy, including mi-

Figure 5. Mitochondrial inclusions contained mitochondrial remnants. A, Mitochondria (COX1, red) were apparently frag-
mented in DA neurons (TH, green, shown in insets) of DASYN53 mice, compared with mitochondria staining in DA neurons in control
mice and non-DA neurons in all genotypes. Mitochondrial inclusions were only observed in DA neurons of DASYN53 mice (white
arrow). Skeletonized mitochondria (white lines and dots) were overlaid. Three mitochondrial inclusions were observed in the
picture (white arrow). B, DA neurons of DASYN53 mice had 61% reduction of average mitochondria length (left, n � 10 neurons
from 3 mice, p 	 0.001) compared with those of control mice, an indication of mitochondria fragmentation, whereas mitochon-
dria staining intensity (excluding mitochondrial inclusions) revealed by COX1 and SOD2 staining was unchanged (right, n � 100
neurons from 3 mice). Interestingly, DA neurons of all genotypes showed significant short average mitochondria length compared
with non-DA neurons (n � 10 neurons from 3 mice). **p 	 0.01. ***p 	 0.001. C, Conventional electron microscopy revealed
apparent ultrastructural abnormalities of mitochondria in midbrain neurons of DASYN53 mice. These senescent mitochondria
showed the disordered cristae, swollen matrix, and disappearance of outer membranes (arrowhead). In contrast, mitochondria
with normal appearance were found in the neighboring cells (arrow). Cell and nuclear membranes were depicted with long and
short dotted lines. N, Nucleus; In, intracellular; Ex, extracellular. D, A typical mitochondrial inclusion was identified with double

4

immunogold electron microscopy. Dotted line indicates DA
neuron cell membrane. A hSYN antibody specifically labeled
DA neuron but not non-DA neuron tissues. MI, Mitochondrial
inclusions; In, intracellular; Ex, extracellular. E, Double immu-
nogold electron microscopy demonstrated that mitochondrial
inclusions were specifically double-labeled with both trans-
genic �-synuclein (15 nm gold particles) and COX1 (10 nm
gold particles). Within the mitochondrial inclusions shown
(1.8 � 2.2 �m), there were several electron-dense areas in-
dicated by black arrows. The clusters appeared composed of
densely packed double membranes (arrowhead), which were
both COX1- and hSYN-positive. The remainder of the mito-
chondrial inclusions, in addition to the electron-dense regions,
was composed of less compacted double membranes, which
were also COX1- and hSYN-positive and occupied the majority
of mitochondrial inclusions. F, Magnified view of the boxed
area of E.
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tophagy (Mathew et al., 2009; Geisler et al., 2010; Johansen and
Lamark, 2011; Nezis and Stenmark, 2012). p62 protein level ap-
peared normal in DA neurons of DASYN53 mice determined by
immunofluorescent staining. However, p62 staining revealed nu-
merous ring-like structures within DA neurons (Fig. 7D). All
p62-positive rings had mitochondrial inclusions encapsulated
within (Fig. 7E,F), although 	10% mitochondrial inclusions
were encapsulated by p62-positive rings. Interestingly, all the p62
rings that we examined were hollow spheres with an opening on
the side, demonstrated by 3D reconstruction using serial z-stack
confocal images (Fig. 7G).

At ultrastructural level, we found senescent mitochondria,
showing disappearing outer membranes and disorganized inner
membranes, some of which appeared being engulfed by double-
membrane-like structures (Fig. 8A,B), suggesting that damaged
mitochondria were removed by mitophagy. It is unlikely that a
mitochondrial inclusion was derived from a single piece of mito-
chondria. This notion is supported by aforementioned double
immunogold labeling of mitochondrial inclusions, which sug-
gests that multiple small mitochondria pieces were compacted to
form the mitochondrial inclusions.

It is reported that �-synuclein not only impairs mitochondria
but also affects other organelles, such as endoplasmic reticulum
(ER) and Golgi apparatus (Cooper et al., 2006; Martinez-Vicente
et al., 2008; Colla et al., 2012; Guardia-Laguarta et al., 2014). We
next asked whether �-synuclein overexpression selectively dam-

aged mitochondria. In an EM ultrastructural study, we surveyed
150 neurons in SNc region under TEM (n � 2 mice). The ER and
Golgi were moderately dilated, but there was no evidence for
obvious bulk macroautophagy, such as ER and Golgi enclosed by
double membranes, despite frequent formation of intracellular
vacuoles. The selective mitochondria pathology was further sup-
ported by double immunofluorescence studies revealing that the
ER and Golgi were neither component of mitochondrial inclusions
nor displaying obvious morphological abnormalities (Fig. 8C).

Endogenous parkin or PINK1 is required for mitochondria
homeostasis but not for nonselective mitophagy
The accumulation of abnormal mitochondria, as well as the p62-
and LC3-positive mitochondrial inclusions, strongly suggests that
�-synuclein overexpression affects macroautophagic turnover of
mitochondria. Two other PD-related proteins, parkin and PINKI,
have been previously shown to act in the same functional pathway
for mitochondria dynamics in Drosophila (Clark et al., 2006; Park et
al., 2006) and play a key role in the selective elimination of damaged
mitochondria by mitophagy in CCCP-induced mitophagy mam-
malian cell culture models (Vives-Bauza and Przedborski, 2011).
However, the parkin/PINK1/mitophagy hypothesis is largely
based on in vitro cell culture models using nonselective decou-
pling reagents, such as CCCP. Its relevance to PD still lacks in vivo
evidence (Ashrafi and Schwarz, 2013; Grenier et al., 2013). Inter-
estingly, genetic elimination of these two genes in mice did not

Figure 6. Mitochondrial inclusions preceded other early-onset DA neuron pathologies. A, At 3 weeks, mitochondrial inclusions were readily detectable (white arrows). In contrast, no other DA
neuron pathologies were obvious. B, There were significantly fewer mitochondrial inclusions at 6 weeks than 3 weeks (0.23 � 0.04 mitochondrial inclusions/DA neuron vs 1.6 � 0.3 mitochondrial
inclusions/DA neuron, p 	 0.001). At 6 weeks, DA neurons developed obvious neuropathologies, including an increase in enlarged axonal varicosity in SNc (n � 5 mice, p 	 0.001, white arrows).
Fragmented dendrites in SNr (n � 5 mice, p 	 0.05) and decreased TH staining intensity in striatum (n � 5 mice, p 	 0.01) were also observed. C, Quantification of DA neuron pathologies in
3-week-old, 6-week-old DASYN53 mice and nontransgenic mice. The first column was stained with a COX1 antibody. The last three columns were stained with a TH antibody. NonTg, Nontransgenic
control; 3w, 3-week-old DASYN53 mice; 6w, 6-week-old DASYN53 mice. **p 	 0.01. ***p 	 0.001.
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lead to overt mitochondrial pathology (Palacino et al., 2004; Devi
et al., 2008; Gautier et al., 2008), leading to the hypothesis that
parkin/PINK1-dependent mitophagy may not be essential in the
brain and in DA neurons under nonstressed conditions (Youle
and Narendra, 2011) or parkin/PINK1-independent mitophagy
may be at play (Allen et al., 2013; Fu et al., 2013).

In light of the mitochondria-specific macroautophagy ob-
served in the DASYN53 mice, we next examined whether parkin

or PINK1 is required under these conditions. We first gener-
ated a triple-transgenic mouse line by breeding DASYN53

double-transgenic mice onto the parkin null background
(DASYN53PRK null). Genetic deletion of parkin in control mice
alone did not reveal obvious mitochondria morphological de-
fects, similar to what has been reported previously (Palacino et
al., 2004). However, genetic deletion of parkin in DASYN53 mice
significantly enlarged mitochondrial inclusions (Fig. 9A,B)

Figure 7. Mitochondrial inclusions were colocalized with macroautophagy markers. A, LC3 had a diffused staining pattern in neurons. Most mitochondrial inclusions (red, COX1), but not
surrounding mitochondria, were strongly colocalized with LC3. B, In some mitochondrial inclusions, LC3-positive membrane-like structures encapsulated mitochondrial inclusions. The brightness
of red channel (COX1) was adjusted to avoid red channel clipping when acquiring images. As a result, the surrounding mitochondria had very low staining signal because of their weaker COX1 staining
intensity than mitochondrial inclusions. The images were deconvoluted with LAS AF software (Leica). Insets, top right, Raw images without deconvolution. C, Most mitochondrial inclusions (red,
COX1) were also stained weakly for ubiquitin (green, Ub). DRAQ5 was used to identify nucleus and soma. D, Double fluorescence staining identified p62-positive ring-like structures (green) within
cytoplasm of DA neurons (TH, red) of DASYN53 mice. Such p62 structures were found in neither other cells nor in control mice. The p62-positive rings were 0.5–2 �m in diameter, similar to
mitochondrial inclusions. The rim thickness of the rings varied slightly (275.7 � 12.9 nm). Bottom right, Magnified view of one p62 ring. E, Double fluorescence staining revealed that mitochondrial
inclusions (red, COX1) were the major content inside p62 rings. Top, Two such rings at lower magnification. One was magnified to show colocalization of p62 ring and a mitochondrial inclusion. All
p62-positive rings encased mitochondrial inclusions (24 of 24 p62 rings examined). F, Confocal orthogonal sectioning confirmed that mitochondrial inclusions (red, COX1) were encased within
p62-positive rings (green, p62). G, Three-dimensional reconstruction revealed that such p62 structures form shells incompletely encapsulating mitochondrial inclusion.
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(4.4 � 0.6 �m in triple-transgenic vs
0.8 � 0.2 �m in double-transgenic, p 	
0.0001, n � 20 neurons from 3 mice) and
reduced mitochondria mass (57% reduc-
tion, p 	 0.001, n � 20 neurons from 3
mice) in DA neurons at 3 weeks. The
number of mitochondrial inclusions did
not change significantly (1.7 � 0.2 mito-
chondrial inclusions/DA neuron vs 1.6 �
0.3 mitochondrial inclusions/DA neuron,
n � 20 neurons from 3 mice) (Fig. 9A,C).
Next, using the same breeding scheme as
above, DASYN53PINKnull mice were gener-
ated. DASYN53PINKnull mice, compared
with DASYN53 mice, developed signifi-
cantly enlarged mitochondrial inclusions
(4.2 � 0.5 �m vs 0.8 � 0.2 �m, p 	
0.0001, n � 20 neurons from 3 mice) and
reduced mitochondria mass (51% reduc-
tion, p 	 0.001, n � 20 neurons from 3
mice) with unchanged mitochondrial in-
clusion number (1.4 � 0.5 mitochondrial
inclusions /DA neuron vs 1.6 � 0.3 mito-
chondrial inclusions/DA neuron, n � 20
neurons from 3 mice) in DA neurons at 3
weeks, virtually indistinguishable from
DASYN53PRK null mice (Fig. 9A,C). Ge-
netic deletion of PINK1 alone did not
reveal obvious mitochondria morpho-
logical defects as expected (Devi et al.,
2008; Gautier et al., 2008). In both
DASYN53PRK null and DASYN53PINK null

mice, similar to DASYN53 mice, the mito-
chondrial inclusions remained LC3-, p62-,
and ubiquitin-positive (Fig. 9D) but nega-
tive for Golgi and ER markers (Fig. 9E).

To assess whether worsened mito-
chondria abnormalities are accompanied
with accelerated DA neuron loss in both
DASYN53PRK null and DASYN53PINK null

mice at 3 weeks, stereological counting of
DA neurons was performed (n � 5 mice).
There was no evidence of accelerated
DA neuron loss in DASYN53PRK null and
DASYN53PINK null mice compared with
DASYN53 mice at this age (Fig. 9C). At this
point, there was still no proof for a causal
link between mitochondria abnormalities
and DA neuron loss in this transgenic
mouse study.

Discussion
Postnatal overexpression of
�-synuclein induced DA neuron loss
with three clearly defined stages of
pathology progression
�-Synuclein is a major component of
Lewy bodies, the characteristic cellular inclusions in PD and
other Lewy body diseases (Spillantini et al., 1997). Genome-wide
association studies support SNCA (�-synuclein) as one of few
confirmed risk factors for sporadic PD (Gandhi and Wood, 2010).
During normal aging, �-synuclein level gradually increases in DA
neurons in humans (Chu and Kordower, 2007). Missense muta-

tions, including A53T mutant, and duplication/triplication of
�-synuclein have been causally linked to familial PD (Polymeropou-
los et al., 1997; Singleton et al., 2003; Chartier-Harlin et al., 2004).

To model dominant inheritance neurodegenerative diseases,
it is often necessary to overexpress the gain-of-function mutant
genes. For PD, although transgenic mice with �-synuclein over-
expression in non-DA neurons have been well documented

Figure 8. �-Synuclein induced mitochondria-specific macroautophagy without triggering bulk macroautophagy. A, At the EM
level, senescent mitochondria appeared being engulfed by double-membrane-like structures. B, A senescent mitochondrion was
completely engulfed by a double-membrane-like structure. C, Double immunofluorescent staining for a Golgi marker (GM130) and
mitochondria marker (COX I) revealed that there was neither colocalization of mitochondrial inclusions with Golgi nor obvious
morphological abnormalities of Golgi. Similarly, a ER marker (KDEL) revealed neither colocalization of mitochondrial inclusions
with ER nor obvious morphological abnormalities of ER.
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(Dawson et al., 2010), the challenge is to
achieve overexpression in DA neurons.
We have designed a novel cell type-
specific “PF” transgene expression ampli-
fication strategy to overexpress the
human �-synuclein A53T (SYN) specifi-
cally in DA neurons.

Our genetic approach achieved eightfold
overexpression of transgenic �-synuclein in
DA neurons compared with endogenous
mouse �-synuclein level, which leads to
three clearly defined stages of pathology
progression: Stage 1: at 3 weeks, DA neurons
had widespread mitochondria defects and
formation of abundant mitochondrial in-
clusions. At this stage, no other morpholog-
ical changes or degeneration of DA neurons
were obvious. Stage 2: at 6 weeks, DA neu-
rons had severe morphological abnormali-
ties of DA neuron axons and dendrites with
fewer mitochondrial inclusions. At this
stage, no DA neuron death was observed.
Stage 3: at 3 months, DA neuron degenera-
tion was obvious (21%) and accompanied
with severe DA axonal terminal loss. The
loss of DA neuron reached �35% at 6
months. The observation that mitochon-
drial inclusions are the earliest DA neuron
pathology and its gradual decline as DA
neuron degeneration worsens suggests that
mitochondria and mitophagy impairments
might be the cause rather than consequence
of neurodegeneration in the DASYN53 mice.

Mitochondria might be major targets
of �-synuclein
Despite previously reported broad effects
of �-synuclein on multiple subcellular
organelles, our present data point to
mitochondria as the major targets of
�-synuclein, which is in agreement with
some in vitro studies. It has been reported
that �-synuclein harbors cryptic mito-
chondria targeting signal on its N termi-
nus (Devi et al., 2008; Nakamura et al.,
2008). Moreover, �-synuclein has an af-
finity for mitochondria-specific cardioli-
pin (Nakamura et al., 2008). It has also
been reported that �-synuclein is a mem-
brane curvature sensor that has a prefer-
ence for membranes with high curvature,
such as mitochondria inner membrane
and synaptic vesicles (Jensen et al., 2011).

Both our immunofluorescence and
immuno-EM data support the physical
localization of human �-synuclein within
mitochondria in DA neurons of the
DASYN53 mice. Even though the physio-
logical significance of mitochondrial
membrane binding of �-synuclein is still
unknown, it is likely that, under normal
conditions, it does not have much ad-
verse impact on mitochondria functions

Figure 9. Loss of parkin or PINK1 significantly worsened mitochondria abnormalities in DA neurons. A, At 3 weeks, both
DASYN53PRK null and DASYN53PINK null mice had significantly enlarged (4 – 6 �m) mitochondrial inclusions and reduced mitochon-
dria in DA neurons in contrast to DASYN53 mice (n � 3 mice). The quantifications were shown in C. Inset, Higher-magnification
images of neurons to show mitochondrial inclusions (arrowhead) and mitochondria mass. Scale bar, 5 �m. B, A representative DA
neuron in DASYN53PRK null mice containing several enlarged mitochondrial inclusions. The same results were obtained in
DASYN53PINK null mice (data not shown). C, Quantification of mitochondrial inclusion size, number, mitochondria mass in DA
neurons, and DA neuron number in SNc at 3 weeks. Compared with DASYN53 mice, the average size of mitochondrial inclusions and
mitochondria mass in DASYN53PRK null and DASYN53PINK null mice was significantly increased and decreased, respectively, while the
number of mitochondrial inclusions and the number of DA neurons were unchanged. **p 	 0.01. ***p 	 0.001. D, Representa-
tive pictures show that mitochondrial inclusions in DASYN53PRK null remained LC3, p62, ubiquitin-positive, similar to DASYN53 mice.
The same results were obtained in DASYN53PINK null mice (data not shown). E, Representative pictures show that neither Golgi nor
ER was affected as revealed by the Golgi marker GM130 and ER marker KDEL in DASYN53PRK null mice. The same results were
obtained in DASYN53PINK null mice (data not shown).
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(Nakamura et al., 2011). However, functional disturbance of
mitochondria by �-synuclein may emerge during aging or under
pathological conditions. During normal aging, �-synuclein level
gradually increases in DA neurons in humans (Chu and Kor-
dower, 2007). In PD patients carrying �-synuclein gene multipli-
cation mutations (Singleton et al., 2003; Chartier-Harlin et al.,
2004), the overexpressed �-synuclein may increase its mitochon-
dria localization and functional disturbance (Bendor et al., 2013),
such as in our mouse model. It has been reported that mitochon-
dria membrane-bound �-synuclein indeed increases dramati-
cally in PD (Devi et al., 2008). Conversely, �-synuclein knock-out
mice have lower mitochondrial lipid cardiolipin (Ellis et al.,
2005) and are relatively resistant to the mitochondrial inhibitor
MPTP-induced nigrostriatal DA neuron lesion (Dauer et al.,
2002; Drolet et al., 2004; Fornai et al., 2005).

�-Synuclein induces mitochondria-specific macroautophagy
In the DASYN53 mice, DA neurons exhibit mitochondria frag-
mentation and prominent intracellular mitochondrial inclu-
sions. However, the total mitochondria content is normal, and
neither EM nor fluorescence microscopy identified nonselective
macroautophagic removal of ER or Golgi. The expression level of
p62, which usually partially reflects general autophagy activity, is
not significantly changed in DA neurons of DASYN53 mice. There-
fore, our data suggest that mitophagy is mobilized to specifically
remove �-synuclein-damaged mitochondria without affecting
general bulk macroautophagy.

Our data further suggest that the mitophagy may contrib-
ute to intracellular mitochondrial inclusion formation in the
DASYN53 mice, which is substantially different from the mito-
chondrial inclusions reported previously in other PD models. In
the MitoPark mice, mitochondrial inclusions are essentially ab-
normally enlarged mitochondria (Ekstrand et al., 2007). More
importantly, parkin deficiency does not alter the enlarged mito-
chondria in MitoPark mice (Sterky et al., 2011), indicating that
parkin does not participate in removing some types of mitochon-
dria damage. In a cybrid cell line harboring defective mitochon-
dria derived from PD patients, Lewy body-like inclusions were
observed (Trimmer et al., 2004). However, their ultrastructure
morphologies are different from mitochondrial inclusions ob-
served in the present study, suggesting distinct mechanisms of
inclusion formation in different experimental settings. Some
published studies indicate mitochondria as a possible component
in the early stage of Lewy body formation (Roy and Wolman,
1969; Hayashida et al., 1993; Gai et al., 2000; Shults, 2006). How-
ever, in the age groups that we studied so far, we did not observe
typical Lewy body-like inclusions in our model.

Role of PINK1-parkin pathway in mitophagy and PD
The nearly identical phenotypes of parkin and PINK1 deficiency
in the DASYN53 mice support that parkin and PINK1 function in
the same mitochondria quality control pathway, and both are critical
in maintaining mitochondria homeostasis under pathological con-
ditions of �-synuclein induced mitochondria impairment.

The significant loss of total mitochondria mass in the two
triple-transgenic mice suggests that parkin/PINK1-independent
mitophagy in these mice might be less selective for damaged mi-
tochondria, indicating that parkin/PINK1-dependent mitophagy
could be at least partially responsible for selectively degrading
�-synuclein-damaged mitochondria in DA neurons and thus be
crucial for maintaining mitochondria homeostasis. This possibil-
ity is in agreement with the prevailing hypothesis that PINK1 and
parkin function in the same mitophagy pathway to selectively

remove damaged mitochondria (Youle and Narendra, 2011).
However, parkin and PINK1 are not indispensable for mi-
tophagy, which is supported by autophagy marker-positive mi-
tochondrial inclusions in our triple-transgenic mice. Parkin/
PINK1-independent mitophagy mechanisms in DA neurons in
our model may exist, which is consistent with some previous
findings (Allen et al., 2013; Fu et al., 2013).

In addition to the possible role of parkin/PINK1 in selective
mitophagy in our mice, other functions of parkin/PINK1 in
maintaining mitochondria homeostasis could not be excluded. It
has been reported that parkin regulates the degradation of PARIS
and PGC-1�-dependent mitochondrial biogenesis (Shin et al.,
2011), which could partially explains the loss of total mitochon-
dria mass in the two triple-transgenic mice.

Comparing our model with other models
A number of transgenic or viral rodent PD models with wild-type
or mutant �-synuclein overexpression have been reported
(Masliah et al., 2000; Giasson et al., 2002; Kirik et al., 2002; Daher
et al., 2009; Dawson et al., 2010; Kuo et al., 2010; Chesselet and
Richter, 2011; Prasad et al., 2011; Lin et al., 2012). They have
elegantly recapitulated some aspects of synucleinopathy diseases,
including PD. DA neuron pathologies in these transgenic models
are very mild even at the oldest age, which is likely due to the
relatively low transgenic �-synuclein expression in DA neurons.
Nevertheless, DA neuron degeneration is observed in viral hu-
man �-synuclein rodent models with higher �-synuclein overex-
pression (Kirik et al., 2002; Kahle, 2008).

In another DA neuron-specific transgenic mouse model, hu-
man �-synuclein A53T overexpression was achieved using a
pitx3-tTA driver line (Lin et al., 2012). The pitx3-synuclein
model and the DASYN53 model reported here are the only two
transgenic models with strong mutant �-synuclein expression in
DA neurons and both recapitulate important aspects of PD. In
the pitx3-synuclein model, transgenic �-synuclein was expressed
onefold over endogenous �-synuclein in DA neurons and trans-
genic mice showed DA neuron loss (Lin et al., 2012). Interest-
ingly, the pitx3-synuclein mice display severe locomotion
impairment as early as 1 month when DA neuron loss is 10%.
This is in contrast to our model that does not show obvious
motor symptoms with 40% DA neuron loss. Moreover, no mito-
chondria and mitophagy defects were observed in the Pitx3-tTA-
based model. In addition, another important difference between
these two models is that transgenic �-synuclein overexpression
takes place postnatally in our model, whereas it starts during
embryonic development in the Pitx3-tTA-based model. Even
though it is not entirely clear whether higher transgenic
�-synuclein expression and avoiding embryonic stage overex-
pression are essential for the specific pathologies in the DASYN53

model, the advantages of these two factors were speculated by
others (Dawson et al., 2010).

Although the DASYN53 model has many advantages and
unique features, PD is complex and heterogeneous. No single
animal model could recapitulate all aspects of PD. For the present
study, there are a number of unanswered questions. (1) The
DASYN53 mice appear to have normal motor functions. Will they
eventually develop PD motor symptoms when they lose more DA
neurons? (2) Most of the DA neuron loss occurs before 3 months
but then significantly slows down or stops. Will there be more DA
neuron loss as mice age? Is this due to selective vulnerability of a
subset of DA neurons? (3) Although mitochondria pathology pre-
cedes DA neuron loss in DASYN53 mice, the model does not provide
causal evidence. In addition, there was no evidence of accelerated DA
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neuron loss in DASYN53PRKnull and DASYN53PINK null mice com-
pared with DASYN53 mice in the age group that we studied (Fig.
9C). Will there be worsened DA neuron loss due to parkin or
PINK1 deficiency as mice age? All these questions will have to be
addressed in the future. They may represent the limitations of the
DASYN53 model, or they might lead to surprising new insights.

In conclusion, here we report, to our knowledge, the first
evidence of obvious mitochondria-specific macroautophagy in
DA neurons in vivo and, importantly, it is induced by �-synuclein
and precedes DA neuron degeneration. Moreover, our data dem-
onstrated, for the first time, a synergy between �-synuclein pa-
thology and parkin or PINK1 deficiency in causing mitochondria
impairments in an in vivo model, supporting that proper mito-
chondria quality control is vital for DA neuron survival.
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