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Parkinson’s disease (PD) is a progressive neurodegenerative disease caused by the interaction of genetic and environmental factors.
However, the etiology of PD remains largely unknown. Macroautophagy is known to play an essential role in the degradation of abnormal
proteins and organelles. Furthermore, the loss of autophagy-related (Atg) genes results in neurodegeneration and abnormal protein
accumulation. Since these are also pathologic features of Parkinson’s disease, the conditional impairment of autophagy may lead to
improved animal models for the study of PD. Using transgenic mice expressing Cre recombinase under the control of either the dopamine
transporter or the engrailed-1 promoters, we generated mice with the conditional deletion of Atg7 in the dopamine neurons of the
substantia nigra pars compacta, other regions of the midbrain, and also the hindbrain. This conditional impairment of autophagy results
in the age-related loss of dopaminergic neurons and corresponding loss of striatal dopamine, the accumulation of low-molecular-weight
�-synuclein, and the presence of ubiquitinated protein aggregates, recapitulating many of the pathologic features of PD. These condi-
tional knock-out animals provide insight into the process of autophagy in Parkinson’s disease pathology.

Introduction
Parkinson’s disease (PD) is a progressive neurodegenerative disor-
der characterized pathologically by the extensive loss of dopamine
neurons in the substantia nigra pars compacta (SNpc) and the pres-
ence of dystrophic neurites and Lewy bodies in the surviving neu-
rons (Savitt et al., 2006). Lewy bodies are proteinaceous intracellular
inclusions containing ubiquitin and �-synuclein among many other
components. Although incompletely understood, the etiology of PD
is thought to involve both genetic and environmental factors. Fur-
ther research, including the development of a more accurate animal
model of PD, is necessary to elucidate the molecular pathways in-
volved in this disease.

There is growing evidence that the development of PD pathol-
ogy involves macroautophagy (henceforth termed autophagy;

Levine and Kroemer, 2008; Cheung and Ip, 2009; Jaeger and
Wyss-Coray, 2009; Geisler et al., 2010). For example, autophagic
vacuoles are present in the substantia nigra of Parkinson’s disease
patients (Anglade et al., 1997), suggesting abnormal activation or
impaired function of autophagy in PD. In addition, �-synuclein
is cleared in part through autophagy (Vogiatzi et al., 2008), and
the protein Parkin, mutated in the most common cause of reces-
sive Parkinsonism, may mediate the clearance of abnormal mito-
chondria through autophagy (Narendra et al., 2008). Finally,
mutations in the LRRK2 gene, the most common monogenetic
cause of PD, can induce pathology in neurites by an autophagy-
dependent process (Plowey et al., 2008).

Autophagy is a bulk lysosomal degradation pathway essential
for the turnover of long-lived, misfolded or aggregated pro-
teins, as well as damaged or excess organelles (Levine and
Kroemer, 2008). The autophagy-related protein Atg7 is a nec-
essary component of this process and, among several cellular
functions, mediates the conversion of LC3-I to the phospha-
tidylethanolamine-conjugated form, LC3-II. Previous research
described widespread neurodegeneration in mice with CNS con-
ditional deletion of Atg7 (Komatsu et al., 2006), suggesting that
basal levels of autophagy may play a protective role against neu-
rodegeneration. The effect of autophagy impairment in the SNpc
has not been reported. Therefore we sought to examine the effect
of Atg7 deletion and subsequent impairment of autophagy spe-
cifically in midbrain dopamine neurons. We have generated a
novel mouse model of PD in which the selective impairment of
autophagy leads to a progressive loss of dopamine neurons, an
accompanying reduction in striatal dopamine levels, an accumu-
lation of low-molecular-weight �-synuclein, and the presence of
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aggregates that contain K48-linked polyubiquitin and the ubiq-
uitin binding protein p62.

Materials and Methods
Animals. Mice of either sex were housed and cared for in accordance with
the NIH Health Guide for the Care and Use of Laboratory Animals.
Animals were housed in a pathogen-free facility with a 12 h light/dark
cycle and provided food and water ad libitum unless otherwise indicated.
En-Cre (Kimmel et al., 2000), Dat-Cre (Zhuang et al., 2005), and Atg7flox/flox

mice (Komatsu et al., 2006) were genotyped using published proto-
cols. Genotyping was accomplished using a three-primer PCR method
that includes ATG7flox forward, ATG7mid reverse, and ATG7flox re-
verse primers. Sequences are 5�-TGGCTGCTACTTCTGCAATGATG
TG-3�, 5�-CTGTTCGGGCACGGGACGGG-3�, and 5�-GTCCTGTC
TCTGGTAGTCGAGGTG-3�, respectively. The reaction yields a wild-
type band at 350 bp and a floxed allele band at 600 bp. ROSA26 lacZ mice
were genotyped and stained per protocol (Jackson Laboratories).

Western blot analysis. Atg7 flox/flox; En-Cre and Atg7 flox/flox control mice
were killed via pentobarbital injection. Atg7 protein expression was
monitored from indicated brain regions that were homogenized (2 min)
in RIPA (radioimmunoprecipitation assay) lysis buffer (Sigma) contain-
ing protease inhibitor (BioVision, Inc), incubated (30 min) on ice, and
centrifuged at 10,000 � g for 10 min. The supernatant was centrifuged
(15 min) at 10,000 � g. Proteins were separated using 4 –15% and 15%
Tris-HCl polyacrylamide gels (Bio-Rad) and blotted on a nitrocellulose
membrane (Bio-Rad). Bands were detected using ECL Plus Western
Blotting detection system (GE Healthcare Life Sciences). One-way
ANOVA statistical analysis followed by Tukey’s post hoc test (GraphPad
InStat) was used to compare Atg7 levels (n � 3).

Ubiquitin, p62, and �-synuclein were homogenized in TNE buffer (50
mM Tris-HCl, pH 7.4, 100 mM NaCl, 5 mM EDTA) supplemented with
1% SDS, and protease inhibitor mixture (Roche) using a hand-held Poly-
tron device and then sonicated for 20 s. Equivalent protein quantities
were loaded on 4 –15% polyacrylamide gels, and transferred onto a ni-
trocellulose membrane. To further ensure identical protein loading, 10%
of the protein samples were run on separate gels and probed for actin,

while equal blotting was verified by Ponceau S (Sigma) staining (data not
shown). ImageJ (NIH) software was used to quantify the Western blots
and the level of ubiquitination was normalized to the protein amount
loaded. Paired two-tailed Student’s t test was used to determine signifi-
cance (n � 3).

Histology and immunohistochemistry. Hematoxylin and eosin (H&E)
staining of paraffin-embedded sections (6 �m) and Nissl staining were
performed using standard methods as previously described (Savitt et al.,
2005). For immunohistochemical analysis, animals were anesthetized
with a lethal dose of pentobarbital (100 mg/kg) and perfused with 4%
paraformaldehyde (Sigma). Brains were extracted, postfixed, and cryo-
protected in 30% sucrose. Free-floating sections (40 �m) were harvested
with a microtome and were processed for immunohistochemical analy-
sis. Signal was generated using ABC vectastain (Vector Labs) and di-
aminobenzidine tablets (Sigma). For confocal microscopy, sections were
mounted in Vectashield (Vector Laboratories) and visualized using a
Zeiss LSM 510 microscope.

Antibodies. The primary antibodies used include rabbit anti-tyrosine
hydroxylase (TH) (1:1000), mouse anti-TH (1:1000), rabbit anti-LC3
(1:500) from Novus Biologicals, rabbit anti-Atg7 (1:1000, Sigma), rabbit
anti-ubiquitin (1:1000, DAKO), human anti-K48-linked and anti-K63-
linked polyubiquitin (1:500 and 1:1000, respectively; Genentech; New-
ton et al., 2008), and guinea pig anti-p62 (1:500; American Research
Products). Goat biotin-conjugated anti-rabbit, anti-mouse, and anti-
human were used for bright-field microscopy (all 1:500, Jackson Immu-
noResearch). Goat Cy2-conjugated anti-rabbit, goat Cy3-conjugated
anti-mouse, donkey Cy3-conjugated anti-human, and donkey Cy5-
conjugated anti-guinea pig were used for double fluorescence labeling (all
1:500, Jackson ImmunoResearch). Horseradish peroxidase-conjugated
goat anti-rabbit and anti-�-actin-peroxidase conjugate were used for
Western blot analysis (both 1:10,000, Sigma). K48- and K63-linked
polyubiquitin antibody specificity was verified using immunoblots
loaded with purified polyubiquitin chains (Boston Biochem; data not
shown). To illustrate the change in ubiquitin levels, the contrasts of the
ubiquitin, K48, and K63 blots were uniformly modified (i.e., all ubiquitin
blots were subject to the same contrast modifications).

Figure 1. Generation of mice with the conditional deletion of Atg7. A, Cre recombinase activity (blue coloration) in the SNpc, ventral tegmental area (VTA), hindbrain (HB), and cerebellum (CB)
of mice expressing Cre downstream of either the DAT or the En promoters. Scale bar, 500 �m. B, Western blot analysis of Atg7 (�75 kDa) expression in the midbrain/hindbrain (MHB), cerebellum
(CB), and cortex (CTX) of juvenile (1-month-old) Atg7 flox/flox control and Atg7 flox/flox; En-Cre mice. C, Quantitation of Atg7 levels in the indicated brain regions of Atg7 flox/flox control mice (black) and
Atg7 flox/flox; En-Cre mice (gray). *p � 0.05, **p � 0.01, difference in Atg7 flox/flox; En-Cre mice compared with age-matched Atg7 flox/flox controls. D, Survival rate of Atg7 flox/flox; DAT-Cre mice (black)
and Atg7 flox/flox; En-Cre mice (red) compared with Atg7 flox/flox control mice (gray). E, Atg7 flox/flox; DAT-Cre mice (black) are hyperactive at 7 months compared with both controls: Atg7 flox/flox mice
(light gray) and DAT-Cre mice (dark gray). *p � 0.05, difference in Atg7 flox/flox; DAT-Cre mice compared with age-matched Atg7 flox/flox controls.
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Stereological analysis of dopaminergic neuronal cell number. To quantify
the dopamine neurons, every fourth section of the SNpc was TH and
Nissl stained as previously described (Savitt et al., 2005). Cells were
counted by nonbiased stereology using the optical fractionator method
at 40� (StereoInvestigator 7, MBF Bioscience). A 40 � 40 �m counting
frame and 100 � 100 �m grid were used, and counting was performed by
a blinded investigator. One-way ANOVA statistical analysis followed by
Tukey’s post hoc test (GraphPad InStat) was used to compare TH cell
counts (n � 5) and Nissl cell counts (n � 4 –5 for all except 1-month-old
Atg7flox/flox; En-Cre mice where n � 2). Ubiquitin-stained inclusions
within SNpc cells were characterized and quantified using similar hard-
ware and software at 100� magnification of random fields. The quick
measure circle function was used to determine the average radius. An
unpaired t test with Welch correction was used to determine significance.

Locomotor activity. Novelty-induced locomotor activity was assessed
in the open field over a 6 h period during the wake cycle using activity
chambers with infrared photo beams (San Diego Instruments). Horizon-

tal and vertical activities were automatically recorded. Atg7flox/flox con-
trol, Atg7flox/flox; DAT-Cre, and DAT-Cre mice at 7 and 12 months of age
(n � 4 – 6 for each cohort) were subjected to open-field analysis. The total
number of beam breaks including central and peripheral areas over 6 h
was recorded and analyzed. The results were analyzed using two-way
repeated-measures ANOVA (SigmaStat).

HPLC-electrochemical analysis of neurotransmitters. The monoamine
levels were quantified by HPLC as follows. Mice were killed by decapita-
tion, the brains were extracted immediately and the striatum was dis-
sected and weighed. Tissue was homogenized using 50 volumes (v/w) of
ice-cold 10 mM perchloric acid and sonication for 20 s on ice. After
centrifugation at 20,000 � g for 30 min, the supernatants were filtered
through polytetrafluoroethylene acrodiscs (0.22 mm average pore diam-
eter; Millipore S.A.) and aliquots of these were directly analyzed. Samples
(10 ml) were analyzed using HPLC with electrochemical detection (An-
tec Leyden) following standard protocols. The mobile phase to detect
dopamine and 5-HT (5-hydroxytryptamine) consisted of 50 mM per-

Figure 2. Progressive loss of TH neurons. A, Impaired autophagy induced TH-positive neuronal cell loss in adult Atg7 flox/flox; DAT-Cre mice compared with an age-matched Atg7 flox/flox control.
Scale bar, 500 �m. B, Stereological analysis of TH-positive cell counts in the SNpc. C, Stereological analysis of Nissl-positive cell counts in the SNpc. The progressive loss of Nissl-positive neurons
corresponds to the TH-positive neuronal loss. For B and C, *p � 0.001, statistically significant differences versus control animals at the same age. #p � 0.01, ##p � 0.001, statistically significant
differences between animals of the same Cre line but different ages. D, HPLC was used to measure the relative content of dopamine in juvenile (1 month) and adult (7–9 month) mice. *p � 0.05,
statistically significant differences versus age-matched control Atg7 flox/flox. For B–D, Atg7 flox/flox control mice (black), Atg7 flox/flox; DAT-Cre mice (light gray), and Atg7 flox/flox; En-Cre mice (dark gray).
E, GFAP staining in the SNpc of Atg7 flox/flox control and Atg7 flox/flox; En-Cre mice. Scale bar, 25 �m. F, Purkinje cells (arrow) are present in the cerebellum of control mice as indicated by H&E stain.
Additional pathology in Atg7 flox/flox; En-Cre mice includes the loss of Purkinje cells. Scale bar, 25 �m.
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chloric acid, 8 mM sodium phosphate, 0.1 mM

EDTA, and 500 mg/L octane sulfonic acid,
12.5% methanol, and pH adjusted to 6.0. For
norepinephrine and metabolites the mobile
phase consisted of the same buffer but with
10% methanol and 50 mM citric acid. Flow
rate was maintained at 0.5 ml/min. Relative
content was calculated. The results were ana-
lyzed by one-way ANOVA and Dunn’s method
(SigmaStat).

Statistical analysis. All data are presented as
mean � SEM.

Results
We generated tissue-specific Atg7 condi-
tional knock-out mice using the Cre/lox
technique. Atg7flox/flox mice were bred
with mice expressing Cre recombinase
downstream of either the dopamine
transporter (DAT) or Engrailed-1 (En)
promoters. Engrailed-1 expresses Cre
widely in the hindbrain, cerebellum, and
midbrain, including the dopaminergic
cells of the SNpc and ventral tegmental
area, whereas the DAT promoter drives
Cre exclusively in dopaminergic cells (Fig.
1A). A reduction in the levels of Atg7 pro-
tein in Atg7flox/flox; En-Cre mice verified
appropriate gene targeting and inactiva-
tion in the model system (Fig. 1B,C). Al-
though Engrailed-1 is expressed widely,
there are cells and cell processes in those
regions where the En promoter is not ac-
tive. As a result, there is residual Atg7 im-
munoreactivity in those protein lysates.

Mice with the conditional Atg7 dele-
tion are born healthy and indistinguish-
able from control littermates. Although
the survival rate of Atg7flox/flox; DAT-Cre
mice is comparable to that of the Atg7flox/flox

controls, Atg7flox/flox; En-Cre mice dis-
played a 76% reduction in survival by 1
year of age (Fig. 1D). The more wide-
spread loss of autophagic function in the
Atg7flox/flox; En-Cre mice compared with
the isolated effect on dopamine neurons
in the Atg7flox/flox; DAT-Cre mice is the
likely cause of increased mortality.

In addition, we performed a locomo-
tor activity analysis of these mice as a mea-
sure of bradykinesia. Paradoxically, the
Atg7flox/flox; DAT-Cre mice were found to
be more active than control mice during
the wake cycle (Fig. 1E). This trend con-
tinued in older mice as well, but was no longer statistically signif-
icant when compared with controls. Interestingly, the Atg7flox/flox;
En-Cre mice displayed decreased locomotor activity, tremulous-
ness, weight loss, and a wide-based and ataxic gait presumably
due to the additional brainstem, midbrain, spinal cord, and cer-
ebellar pathology (data not shown).

The effect of Atg7 deficiency on dopaminergic neuron sur-
vival was investigated using immunohistochemical techniques
and stereological analysis. We observed an age-dependent loss of
TH-immunoreactive cells in the SNpc of mice with the condi-

tional deletion of Atg7 (Fig. 2A). Adult Atg7flox/flox; DAT-Cre and
Atg7flox/flox; En-Cre mice displayed a 40% and 60% loss of SNpc
dopamine neurons, respectively, compared with adult Atg7 con-
trol mice (Fig. 2B). The corresponding decrease in Nissl-positive
neuron count and lack of significant difference in age- and
genotype-matched Nissl and TH counts further support the loss
of neurons rather than loss of cellular TH immunoreactivity (Fig.
2C). Despite a trend toward fewer cells, Atg7-deficient juvenile
mice did not show a significant loss of TH neurons compared
with controls (Fig. 2B). Consistent with these data, HPLC analy-
sis confirmed an age-dependent decrease in striatal dopamine

Figure 3. Detection of inclusions in Atg7 conditional knock-out mice. A, Inclusions (arrowheads) are present in the Atg7
conditional knock-out sections of 10-month-old mice. Ubiquitin (Ub)- and p62-positive inclusions are present in the cytoplasm of
neuronal cells. Scale bar, 10 �m. B, Ubiquitin-containing inclusions (arrowheads) are present in juvenile (1-month-old) mice but
are larger in size in adult (9-month-old) Atg7 flox/flox; DAT-Cre mice and Atg7 flox/flox; En-Cre mice. Scale bar, 20 �m. Cells were
counterstained with Nissl. C, Western blot analysis of ubiquitin (Ub) in cortex (CTX) and midbrain/hindbrain (MHB) lysates obtained
from Atg7 flox/flox control and Atg7 flox/flox; En-Cre mice. D, Quantitation of ubiquitin content (*p � 0.05). Atg7 flox/flox control mice
(black) and Atg7 flox/flox; En-Cre mice (light gray).
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content in the affected adult brain (Fig. 2D). We detected a 55.5%
and a 64.5% reduction in striatal dopamine in adult Atg7flox/flox;
DAT-Cre and Atg7flox/flox; En-Cre mice, respectively, whereas a
significant decrease in striatal dopamine was not observed in ju-
venile mice. These results suggest that dopamine neurons are
sensitive to impaired autophagy in vivo and are associated with a
progressive age-dependent cell loss. Autophagy impairment in
the SNpc also resulted in a modest increase in reactive astrocytes
as indicated by GFAP staining (Fig. 2E). Additionally, as expected
from previous work, we observed Purkinje cell loss in the Atg7flox/flox;
En-Cre mice (Komatsu et al., 2006) (Fig. 2F).

Given the PD-like neuronal loss in Atg7-deficient mice, we
examined the tissue for the presence of inclusions using H&E
staining of paraffin-embedded SNpc sections. Neuronal inclu-
sions are present in the SNpc of Atg7-deficient mice, but not
Atg7flox/flox controls (Fig. 3A). The inclusions were often perinu-

clear, but also appeared in the neuropil. They stained intensely
for ubiquitin and for the ubiquitin-binding protein and au-
tophagy substrate p62 (Komatsu et al., 2007). Interestingly, al-
though we did not observe significant cell loss in the SNpc of
juvenile Atg7flox/flox; DAT-Cre mice, inclusions were present and
were significantly smaller (1.1 � 0.23 vs 1.7 � 0.43 �m average
diameter, p � 0.0013) than those seen at older ages (Fig. 3B).
Similar inclusions were detected in Atg7flox/flox; En-Cre mice (Fig.
3B). We verified the presence of ubiquitin using immunoblots
and demonstrated an increase in polyubiquitinated proteins in
the SDS-soluble fractions of midbrain/hindbrain lysates of
Atg7flox/flox; En-Cre mice compared with control mice while ubiq-
uitin levels remained unchanged in the cortex of the Atg7 condi-
tional knock-out mice (Fig. 3C,D).

As polyubiquitin is known to exist in various forms depending
on the lysine residue involved in the linkage, we sought to deter-

Figure 4. Ubiquitin-linked protein changes and �-synuclein accumulation resulting from autophagy impairment. A, Colocalization of p62- and K48-linked polyubiquitin in aggregates within
dopamine neurons of the SNpc in both Atg7 flox/flox; DAT-Cre and Atg7 flox/flox; En-Cre mice. Scale bar, 10 �m. B, K48 ubiquitin chains are significantly increased in midbrain/hindbrain lysates of
Atg7flox/flox; En-Cre mice compared with Atg7flox/flox mice, whereas K63 protein levels did not increase in the conditional knock-out. Similar results were obtained in repeat experiments. Blue brackets
indicate total ubiquitin while red brackets indicate high-molecular-weight ubiquitin. C, Western blot of �-synuclein (�-syn) and p62 levels in SDS-soluble lysates of midbrain/hindbrain regions. D,
Quantitation of p62 and �-syn content (*p � 0.05). Atg7 flox/flox control mice (black) and Atg7 flox/flox; En-Cre mice (light gray).
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mine whether a particular ubiquitin linkage serves as a specific
autophagy signal using linkage-specific antibodies (Newton et al.,
2008). The anti-K48-linked polyubiquitin antibody stains inclu-
sions within dopamine neurons in the SNpc of Atg7flox/flox; DAT-
Cre mice and in Atg7flox/flox; En-Cre mice (Fig. 4A). The
accumulation of this form of ubiquitin was confirmed in mid-
brain/hindbrain lysates of Atg7flox/flox; En-Cre mice using immu-
noblots (Fig. 4B). Based on the assessment of two animals, there
was a 54% increase in total K48 ubiquitin and a 45% increase in
high molecular weight K48 ubiquitin in Atg7flox/flox; En-Cre mice
compared with Atg7flox/flox controls. Staining for K63-linked
ubiquitin in autophagy-deficient mice suggests little colocaliza-
tion of p62 and K63-linked polyubiquitin in aggregates of dopa-
mine neurons in the SNpc of the conditional knock-outs (data
not shown). Western blot analysis of K63-linked polyubiquitin in
Atg7flox/flox and Atg7flox/flox; En-Cre midbrain/hindbrain lysates
indicates the K63 protein is not increased in Atg7-deficient ani-
mals compared with control.

Inclusions containing p62 were observed in the dopaminergic
cells of Atg7-deficient mice and in addition were found to colo-
calize with K48-linked polyubiquitin (Fig. 4A). The accumula-
tion of this protein was verified using immunoblots showing a
dramatic increase in p62 levels in midbrain/hindbrain lysates
taken from autophagy-deficient mice (Fig. 4C,D). Although
�-synuclein inclusions were not present (data not shown), using
immunoblot analysis, we demonstrated elevated levels of low-
molecular-weight (14 kDa) �-synuclein in the brains of mice
with impaired autophagy (Fig. 4C,D). This provides in vivo evi-
dence that �-synuclein levels are influenced by the process of
autophagy.

Discussion
Selective impairment of autophagy in the substantia nigra of
Atg7flox/flox; DAT-Cre and Atg7flox/flox; En-Cre mice results in a
progressive loss of dopamine neurons, reduction in dopamine
level in the striatum, and an accumulation of protein aggregates.
The autophagy-based animal model described here is suitable to
study the progressive nature of dopaminergic cell loss and sup-
ports a role for autophagy in neurodegeneration. Protein aggre-
gation is a hallmark of PD pathogenesis (Savitt et al., 2006). In the
autophagy-based mouse model, these inclusions contain both
ubiquitin and p62. Interestingly, the protein p62 binds both ubi-
quitinated proteins and LC3, thus providing a functional link
between proteins targeted for degradation by ubiquitin and the
autophagy pathway (Bjørkøy et al., 2005; Pankiv et al., 2007). In
addition, p62 also accumulates in various neurodegenerative
conditions (Kuusisto et al., 2001). Further analysis of the Atg7flox/flox;
DAT-Cre and Atg7flox/flo x; En-Cre mice demonstrates that the polyu-
biquitin consists mainly of K48 linkages. Thus, K48-linked polyu-
biquitin, which is known to target proteins to the ubiquitin-
proteasome degradation pathway (Komatsu et al., 2006), may also
be involved in autophagy-mediated degradation. Although K63
polyubiquitin levels were not significantly elevated, we cannot ex-
clude the possibility that K63 levels are increased due to limitations
of the reagents used.

The accumulation and aggregation of �-synuclein is another
characteristic feature of PD (Polymeropoulos et al., 1997; Krüger
et al., 1998; Webb et al., 2003). We show that selective Atg7 defi-
ciency leads to the accumulation of low-molecular-weight
�-synuclein. Overexpression of �-synuclein is also thought to
impair autophagy (Winslow et al., 2010), suggesting the presence
of a cycle of impairment and accumulation. Prior studies have
shown that �-synuclein is degraded by both macroautophagy

and chaperone-mediated autophagy (CMA; Webb et al., 2003;
Cuervo et al., 2004; Vogiatzi et al., 2008). Interestingly, aberrant
A53T �-synuclein is thought to be associated specifically with
CMA (Cuervo et al., 2004; Winslow et al., 2010). Thus, future
studies using the autophagy-based mouse model in conjunction
with the A53T �-synuclein transgenic mice may provide further
insight into autophagy-dependent processing of abnormal
�-synuclein.

In summary, the age-related pathology observed in mice with
Atg7 deficiency in SNpc dopaminergic neurons suggests that au-
tophagy impairment is a valuable model for elucidating the mo-
lecular mechanisms involved in the pathology of Parkinson’s
disease. Furthermore, these mice provide a powerful tool to assess
the additional effect of PD-associated mutations, such as those in
�-synuclein, Parkin, or LRRK2, on neurodegeneration and inclu-
sion formation. The results will lend insight into the role of au-
tophagy in the pathological processes of these disease-causing
mutations. Such new models of PD will be crucial for the devel-
opment of novel therapeutic targets and agents to combat this
progressive neurodegenerative disease.
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