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Pathologic accumulation of a-synuclein is a feature of
human parkinsonism and other neurodegenerative diseases.
This accumulation may be counteracted by mechanisms of
protein degradation that have been investigated in vitro but
remain to be elucidated in animal models. In this study, lyso-
somal clearance of a-synuclein iz vivo was indicated by the
detection of a-synuclein in the lumen of lysosomes isolated
from the mouse midbrain. When neuronal a-synuclein
expression was enhanced as a result of toxic injury (i.e. treat-
ment of mice with the herbicide paraquat) or transgenic pro-
tein overexpression, the intralysosomal content of a-synuclein
was also significantly increased. This effect was paralleled by a
marked elevation of the lysosome-associated membrane protein
type 2A (LAMP-2A) and the lysosomal heat shock cognate pro-
tein of 70 kDa (hsc70), two essential components of chaperone-
mediated autophagy (CMA). Immunofluorescence microscopy
revealed an increase in punctate (lysosomal) LAMP-2A staining
that co-localized with a-synuclein within nigral dopaminergic
neurons of paraquat-treated and a-synuclein-overexpressing
animals. The data provide iz vivo evidence of lysosomal degra-
dation of a-synuclein under normal conditions and, quite
importantly, under conditions of enhanced protein burden. In
the latter, increased lysosomal clearance of a-synuclein was
mediated, at least in part, by CMA induction. It is conceivable
that these neuronal mechanisms of protein clearance play an
important role in neurodegenerative processes characterized by
abnormal a-synuclein buildup.

Several lines of clinical and experimental evidence support
a pathogenetic role of a-synuclein in Parkinson disease
(PD)? and other neurodegenerative disorders. The precise
mechanisms by which this endogenously expressed protein
becomes involved in pathologic processes have yet to be fully
elucidated. However, data from both clinical and laboratory
studies indicate that enhanced a-synuclein expression is itself
capable of triggering a parkinsonian syndrome in humans and
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PD-like pathology in animal models. Indeed, multiplication
mutations of the a-synuclein gene that result in increased
expression of the wild-type protein are causally associated with
autosomal dominant parkinsonism (1, 2). From the experimen-
tal standpoint, evidence of a gain of toxic function of elevated
a-synuclein includes the observation of neurodegeneration and
neuronal inclusions in the substantia nigra of rats and monkeys
that overexpress a-synuclein after viral-mediated neuronal
transduction (3, 4).

An important corollary to the concept that enhanced a-
synuclein may have deleterious consequences is that intra-
neuronal mechanisms of protein homeostasis, such as degra-
dation pathways, could well play a key role in maintaining
“non-toxic” levels of a-synuclein. Although a-synuclein clear-
ance is likely to occur through different mechanisms, recent
reports have underscored the important contribution of lyso-
somal pathways of protein degradation and, in particular, chap-
erone-mediated autophagy (CMA) (5- 8). CMA targets specific
cytosolic proteins that are recognized by the heat shock cognate
protein of 70 kDa (hsc70) and, after interacting with the lyso-
some-associated membrane protein type 2A (LAMP-2A), are
translocated into the lysosomal lumen for rapid degradation
(9). The amino acid sequence of a-synuclein contains a pen-
tapeptide succession consistent with a CMA recognition motif.
Experiments in which purified a-synuclein was added to intact
lysosomes revealed that this CMA motif is essential for the
internalization of a-synuclein into the lysosomal lumen and
degradation by lysosomal proteases (6). Furthermore, inhibi-
tion of lysosomal proteolysis and CMA activity has been found
to decrease a-synuclein clearance in a variety of in vitro sys-
tems, including primary neuronal cultures (6 —8).

Despite these compelling in vitro data, the relationship be-
tween a-synuclein, lysosomes, and CMA remains unexplored
in the brain in vivo. It is unknown if, in this setting, a-synuclein
is translocated into lysosomes and if enhanced a-synuclein
expression is associated with CMA induction and increased
lysosomal levels of the protein. In this study, lysosome-c-
synuclein interactions were investigated in normal mice as well
as in mice in which increased a-synuclein expression was a
consequence of either toxic injury or genetic manipulation.
Lysosomes were isolated from midbrain tissue because neuro-
nal cells within this region (i.e. dopaminergic neurons in the
substantia nigra) are highly vulnerable to neurodegeneration
and a-synuclein pathology in PD. In a first set of experiments,
levels of a-synuclein and CMA markers were compared in mid-
brain lysosomes from control mice versus animals injected with
the herbicide paraquat. Paraquat administration was used as a
model of enhanced a-synuclein burden because it has previ-
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ously been shown to induce a marked up-regulation of the pro-
tein within nigrostriatal dopaminergic neurons (10, 11). In a
second set of experiments, the association between elevated
a-synuclein and CMA induction was assessed in transgenic
mice overexpressing a-synuclein. Taken together, results of
these studies provide in vivo evidence of lysosomal clearance of
a-synuclein that is enhanced under conditions of increased
protein burden and is mediated, at least in part, by CMA
activation.

EXPERIMENTAL PROCEDURES

Animals—Experiments were carried out in 10-12-week old
male C57BL/6 mice (Charles River) or 10-week-old male trans-
genic mice overexpressing wild-type mouse a-synuclein (Jack-
son Laboratory). C57BL/6 mice received a single intraperito-
neal injection of either saline or paraquat (Sigma) at the dose of
10 mg/kg and were sacrificed at day 3 post-treatment. Experi-
mental protocols were in accordance with the NIH guidelines
for use of live animals and were approved by the Animal Care
and Use Committee at the Parkinson’s Institute.

Isolation of Lysosomes and Lysosomal Fractions—For each
preparation, midbrain tissues from 10 mice were pooled and
homogenized. Lysosomes were isolated from a light mitochon-
drial-lysosomal fraction in a discontinuous metrizamide
density gradient (12, 13). This protocol is optimized to iso-
late a fraction of lysosomes with high activity for CMA, i.e.
lysosomes enriched in the lysosomal chaperone hsc70. Prepa-
rations with more than 10% broken lysosomes, as assessed by
B-hexosaminidase latency, were discarded. Following isolation,
some lysosomal preparations were treated with proteinase K
for 15 min at 0 °C, with subsequent addition of 2 mm phenyl-
methylsulfonyl fluoride (14). Lysosomal matrices and mem-
branes were isolated by ultracentrifugation after hypotonic
shock (15). Lysosomes disrupted by hypotonic shock were also
used to test a-synuclein proteolysis after incubation for 5 min at
37 °C (7).

Immunoblotting—Analyses were carried out using tissue
homogenates (postnuclear fraction), lysosomal preparations
(see above), or eluates from immunoprecipitation (see below).
Equal amounts of protein were loaded to each gel lane, sepa-
rated by SDS-PAGE and transferred to nitrocellulose mem-
brane. Blots were blocked with 5% fat-free dry milk in 10 mm
phosphate-buffered saline, pH 7.4 (PBS) for 1 h and incubated
with primary antibodies against LAMP-2A (1:3000; Invitro-
gen), hsc70 (1:4000; Abcam), a-synuclein (1:3000; BD Bio-
science), LAMP-1 (1:20; Developmental Studies Hybridoma
Bank), cathepsin B (1:500; Santa Cruz Biotechnology), cyto-
chrome ¢ (1:1000; Cell Signaling), B-synuclein (1:1000; Chemi-
con), or B-actin (1:7,500; Sigma) at 4 °C overnight. Blots were
then incubated in horseradish peroxidase-conjugated second-
ary antibody (Pierce) for 1 h, and proteins were detected using
SuperSignal West Pico Substrate (Pierce). Membranes were
exposed to Hyperfilm ECL, and densitometric quantification
was performed with ImageQuant (GE Healthcare).

Immunoprecipitation—For each preparation, ventral mes-
encephalic tissues from 5 mice were pooled and sonicated in
radioimmune precipitation assay buffer with Complete Mini
(Roche). After centrifugation (100,000 X g for 30 min),
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supernatants were collected and precleared in 1% bovine
serum albumin (Sigma) containing protein A-Sepharose beads
(Pierce). Equal protein aliquots were incubated with an anti-
body against hsc70 (1:4000; Abcam). To prevent nonspecific
binding, immune complexes (pellets) were washed three times
with radioimmune precipitation assay buffer. Then, immune
complexes were eluted and separated by SDS gel electrophore-
sis. Proteins were transferred to nitrocellulose membrane, and
blots were blocked and incubated with antibodies against hsc70
or a-synuclein.

Quantitative PCR (qPCR)—Total RNA (0.5 ug) was ex-
tracted from ventral mesencephalic tissues using the RNeasy
lipid tissue mini kit (Qiagen). cDNA was synthesized by
reverse transcriptase (SuperScript III, Invitrogen) with oligo(dT)
primer. The DNA products of lamp-2a, lamp-2b, lamp-2c,
a-synuclein, and B-actin (as an internal control) were amplified
using the SYBR Green PCR Master Mix (Applied Biosystems).
Primers for LAMP-2A, LAMP-2B, LAMP-2C, and B-actin have
been previously reported (16). The primers for a-synuclein
were 5'-GATCCTGGCAGTGAGGCTTA-3" and 5'-GCTTC-
AGGCTCATAGTCTTGG-3'. Amplification of the DNA
products was measured in real time by the 7000 Sequence
Detection System (Applied Biosystems). For all genes, the pres-
ence of a single amplified product was verified by agarose gel
electrophoresis.

Immunohistochemistry—Midbrain blocks were immersion
fixed in 4% paraformaldehyde, cryoprotected in sucrose, and
frozen. Cryostat-cut coronal sections containing the sub-
stantia nigra (40-um thick) were processed for fluorescence
microscopy. For dual immunolabeling, sections were blocked
in 5% normal donkey serum followed by incubation in sheep
anti-a-synuclein (1:600; Millipore) overnight at 4 °C. Tissues
were washed in PBS prior to incubation in donkey anti-sheep
IgG conjugated to FITC (1:200; Jackson ImmunoResearch).
Sections were then washed in PBS, blocked in 5% normal
donkey serum and immersed in either rabbit anti-LAMP-2A
(1:200; Invitrogen) or rabbit anti-hsc70 (1:200; Stressgen)
overnight at 4 °C. Following washes, tissues were incubated
in donkey anti-rabbit secondary antibody conjugated to Cy3
(1:200; Jackson ImmunoResearch), rinsed, and coverslipped.
For triple immunolabeling, a separate set of midbrain sec-
tions was washed and blocked in 5% normal donkey serum
and 5% normal goat serum prior to immersion in sheep anti-a-
synuclein (1:500; Millipore) and mouse anti-TH (1:500; Chemi-
con) overnight at 4 °C. After washing, sections were incubated
in donkey anti-sheep-FITC (1:200; Jackson ImmunoResearch)
and goat anti-mouse conjugated to Alexa 350 (1:200; Invitro-
gen). Tissues were washed in PBS and incubated in rabbit anti-
LAMP-2A (1:200; Invitrogen) for 2 h. Following rinsing, sec-
tions were immersed in donkey anti-rabbit-Cy3 (1:200; Jackson
ImmunoResearch), washed, and coverslipped. Tissues were
observed using a Nikon light microscope equipped for epifluo-
rescence. Control sections were incubated in normal IgG in lieu
of primary antibody and were devoid of staining.

Statistical Analysis—Data analysis was conducted on at least
three samples prepared separately from different sets of ani-
mals. Differences among means were analyzed using one-way
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ANOVA. Newman-Keuls post-hoc analysis was used when dif-
ferences were observed in ANOVA testing (p < 0.05).

RESULTS

Enhanced Lysosomal Content of a-Synuclein after Paraquat
Administration to Mice—A single intraperitoneal injection of
10 mg/kg paraquat causes an increase in a-synuclein within
dopaminergic neurons of the mouse substantia nigra that
reaches its maximum at 3-days postexposure (10). To assess
lysosome-a-synuclein associations, lysosomes were isolated
from the midbrain of mice sacrificed 3 days after a single intra-
peritoneal injection of either saline or paraquat. The purity of
the lysosomal fractions isolated from both groups of animals,
their enrichment in lysosomal markers (LAMP-1 and cathepsin
B) and the absence of contaminant mitochondria (as assessed
by the cytochrome ¢ marker) in the fractions is shown in the
supplemental Fig. S1. Immunoblot analysis revealed the pres-
ence of a-synuclein protein in isolated lysosomes from both
control and paraquat-treated animals (Fig. 1A4). In the latter,
denser a-synuclein-positive bands indicated a significant in-
crease (2-fold) in a-synuclein content, thus providing in vivo
evidence that, as a consequence of paraquat-induced cytosolic
elevation of a-synuclein (10), a greater amount of the protein is
associated with lysosomes.

Increased association of a-synuclein with lysosomes could
result from three different scenarios: (i) enhanced binding
and translocation of the protein into lysosomes, (ii) de-
creased proteolysis of the protein once it reaches the lysoso-
mal lumen, and (iii) reduced ability of the protein to cross the
lysosomal membrane with consequent accumulation at the
membrane. The next set of experiments was designed to eval-
uate these possibilities. Two separate approaches were used to
discriminate between a-synuclein bound to the external sur-
face of lysosomal membranes versus a-synuclein internalized
into lysosomes: first, a-synuclein levels were assayed in lysoso-
mal preparations treated with proteinase K and then levels of
the protein were compared in lysosomal membrane versus
matrix fractions. Incubation of intact lysosomes with protein-
ase K digests proteins bound at the cytosolic side of the mem-
brane while preserving proteins contained within the lysosomal
lumen (14). To ensure that proteinase K treatment did not
digest luminal proteins, levels of cathepsin B were assayed (Fig.
1A). Proteinase K treatment reduced but did not completely
eliminate lysosome-associated a-synuclein in preparations
from saline- and paraquat-injected mice (Fig. 1A). The extent of
this reduction was 58 and 36% in the former and latter, respec-
tively (data not shown). Of note, levels of a-synuclein recovered
after proteinase K digestion were significantly higher (4-fold) in
the lysosomes isolated from paraquat-treated animals (Fig. 14).

In the second set of experiments, midbrain lysosomes were
subjected to hypotonic shock and, after centrifugation, mem-
brane and matrix fractions were evaluated for a-synuclein con-
tent. A comparison of protein levels in lysosomal fractions iso-
lated from saline- versus paraquat-treated mice revealed a
marked increase (> 6-fold) in a-synuclein in the matrix of lyso-
somes from animals injected with the herbicide (Fig. 1B). To
further evaluate how the relative amounts of extra- and intraly-
sosomal a-synuclein changed as a consequence of paraquat-
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FIGURE 1. a-Synuclein association with lysosomes is enhanced in the
midbrain of paraquat-treated mice. A, lysosomes were isolated from the
midbrain of animals sacrificed 3 days after a single intraperitoneal injection of
either saline or 10 mg/kg paraquat (PQ). After isolation, they were untreated
orincubated with proteinase K (PK). B, lysosomes from the midbrain of saline-
and paraquat-treated mice were subjected to hypotonic shock and ultracen-
trifugation for separation of lysosomal matrices and membranes. A and B,
a-synuclein content was measured by Western blot analysis. To ensure equal
loading of the gels, immunoblots were probed with an antibody against
LAMP-1 (a lysosomal transmembrane protein) or cathepsin B (a marker of
lysosomal matrix). Results of the densitometric quantification are the means +
S.E. (n = 3) and are expressed as folds of the control (con) value in saline-
treated mice. C, homogenate (postnuclear fraction) and lysosomal (mem-
brane and matrix fractions) samples (10 ng) from the midbrain of saline- and
PQ-injected mice were assayed in parallel by Western blotting using an anti-
a-synuclein antibody. A representative blot is shown. Results of the densito-
metric quantification are the means + S.E. (n = 3) and are expressed as the
ratio of lysosomal matrix’/homogenate a-synuclein in control and PQ-treated
animals, respectively. *, p < 0.01 versus the corresponding control group.

induced a-synuclein up-regulation, levels of the protein were
assayed in samples from midbrain homogenates (postnuclear
fraction) and lysosomal fractions in parallel. Data in Fig. 1C
show that paraquat administration increased a-synuclein by
1.8-fold in homogenate samples. Under the same conditions, a
much greater proportion of the protein was retrieved in the
lysosomal matrix fraction; indeed, the ratio of lysosomal
matrix/homogenate a-synuclein was 5.5 times higher in para-
quat-treated as compared with saline-injected mice (Fig. 1C).
Taken together, these findings demonstrate that the associa-
tion of a-synuclein with lysosomes reflects uptake and internal-
ization of the protein into lysosomes. Furthermore, they sug-
gest that a-synuclein degradation via lysosomal pathways is
markedly enhanced when neuronal expression of the protein is
increased.
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FIGURE 2. Lysosomal degradation of a-synuclein. Levels of a-synuclein
were measured by Western blot analysis at time 0 and after a 5-min incuba-
tion of lysosomes from the midbrain of saline- and PQ-injected mice. After
isolation, lysosomes were subjected to hypotonic shock. Results of the den-
sitometric quantification are the means + S.E. of triplicate samples and are
expressed as folds of the control (con) value at time 0 in saline-treated mice.
Differences in a-synuclein levels (means + S.E.) were calculated by subtract-
ing values at 5 min from the corresponding values at time 0 in preparations
from control (saline-injected) and paraquat-treated animals. *, p < 0.005 ver-
sus the corresponding control group.

To assess whether the increase in lysosomal a-synuclein caused
by paraquat was due to accumulation of protease-resistant forms
of the protein in the lysosomal lumen, the rate of a-synuclein deg-
radation was assessed in incubations of disrupted lysosomes from
the midbrain of saline- and paraquat-injected mice (7). Immuno-
blot analysis compared a-synuclein levels at time 0 and after a
5-min incubation. At time 0, lysosomal a-synuclein content was
greater in preparations from paraquat- as compared with saline-
treated animals, and at 5 min, protein reduction was 47% in the
former versus 51% in the latter (Fig. 2). Data indicate therefore that
paraquat-induced lysosomal accumulation of a-synuclein is not a
consequence of impaired degradation of the protein once it
reaches the lysosomal lumen. Because the difference in
a-synuclein levels at time 0 versus 5 min was more pronounced
in samples from paraquat-injected mice (Fig. 2), data are also
consistent with enhanced lysosomal clearance of the protein
after toxicant administration.

LAMP-2A Up-regulation in the Midbrain of Paraquat-
treated Mice—CMA is a pathway of lysosomal protein degra-
dation that has been shown to contribute to a-synuclein clear-
ance in a variety of in vitro cell systems (6 —8). We therefore
tested if paraquat-induced elevation of lysosomal «-synuclein
was accompanied by an increase in levels of the lysosomal
receptor LAMP-2A. Binding of cytosolic substrates to LAMP-2A
is the rate-limiting step in CMA, and a direct correlation
between levels of LAMP-2A at the lysosomal membrane and
CMA activity has been previously established (17, 18).
LAMP-2A is one of the three spliced variants of a single gene,
lamp-2; the other two protein variants coded by this gene,
LAMP-2B and -C, are not directly implicated in CMA (17, 19).
For this reason, our experiments were carried out using a spe-
cific antibody that recognizes LAMP-2A but not LAMP-2B and
-C (20). When LAMP-2A levels were compared in the mem-
brane fraction of lysosomes from the midbrain of saline- versus
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FIGURE 3. Paraquat-induced LAMP-2A up-regulation. A, lysosomal mem-
branes were isolated from the midbrain of mice sacrificed 3 days after a single
injection of either saline or PQ. Levels of LAMP-2A were measured by Western
blot analysis. Blots were probed with an antibody against LAMP-1 to ensure
equal loading. B, mRNA levels of LAMP-2A, LAMP-2B, and LAMP-2C were
assayed by qPCR in homogenates from the ventral mesencephalon of saline
and paraquat-treated mice. A and B, results in the graphs are the means + S.E.
of triplicate samples and are expressed as folds of the corresponding control
value in saline-treated mice. *, p < 0.01 versus the corresponding control
group. C, lamp-2a transcript was amplified by PCR and separated by agarose
gel electrophoresis in samples from the ventral mesencephalon of saline and
paraquat-injected mice.

paraquat-injected mice, they were found to be significantly
enhanced (4-fold) as a consequence of toxicant exposure (Fig.
3A). To determine if this effect was caused by transcriptional
up-regulation, mRNA levels of LAMP-2A, LAMP-2B, and
LAMP-2C were assayed by qPCR in homogenates from the
mouse ventral mesencephalon. The results showed no change
between saline- and paraquat-injected mice in LAMP-2C, a
small (not statistically significant) increase in LAMP-2B and a
robust elevation (6-fold) of LAMP-2A (Fig. 3B). This significant
elevation of LAMP-2A caused by paraquat was also observed
when the lamp-2a transcript was amplified by PCR and sepa-
rated by agarose gel electrophoresis (Fig. 3C).

Further evidence of a relationship between paraquat expo-
sure, a-synuclein up-regulation and increased clearance of
this protein via CMA was provided by experiments in which
midbrain sections from control and paraquat-treated mice
were double-immunostained with a-synuclein and LAMP-
2A antibodies. Immunoreactivity for both a-synuclein and
LAMP-2A was enhanced within nigral neurons in sections
from paraquat-injected animals (Fig. 4, A versus D and B versus
E), with substantial co-localization of the two proteins (Fig. 4F).
a-Synuclein and LAMP-2A antibodies stained neurons in a
punctate pattern, most likely reflecting the lysosomal accumu-
lation of a-synuclein that co-localized with the CMA marker
(Fig. 4, G-I). Additional midbrain sections were triple-immu-
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FIGURE 4. Enhanced LAMP-2A immunoreactivity and LAMP-2A/a-synuclein co-localization within nigral
neurons from paraquat-treated mice. A-F, midbrain sections from saline- (A-C) and paraquat- (D-F) injected
mice were immunostained with antibodies against a-synuclein (A and D) and LAMP-2A (B and E). Merged
images are shown in C and F. Scale bar, 20 um. G-I, higher magnification images of a representative neuron
from the substantia nigra of a paraquat-treated mouse show a punctate pattern of immunostaining for both
a-synuclein (G) and LAMP-2A (H) with substantial co-localization of the two proteins (/). Scale bar equals 10 wm.

FIGURE 5. Paraquat-induced increase in LAMP-2A and a-synuclein immunolabeling within dopaminer-
gic neurons. A-H, midbrain sections from saline- (A-D) and paraquat- (E-H) injected mice were triple-immu-
nolabeled with antibodies against TH (A and E), a-synuclein (B and F), and LAMP-2A (C and G). Merged images
of a-synuclein and Lamp-2A immunoreactivity are shown in D and H. Representative images show that, after
paraquat treatment, labeling for a-synuclein and Lamp-2A was increased within dopaminergic (TH-positive)
neurons. Scale bar equals 10 um.

CMA and a-Synuclein in Vivo

translocation across the lysosomal
membrane are often associated with
increased levels of the lysosomal
chaperone hsc70 (12, 21, 22). In the
next set of experiments, the content
of hsc70 was compared in intact
lysosomes isolated from the mid-
brain of control versus paraquat-in-
jected mice. Data revealed that lev-
els of this chaperone were 2.5-fold
higher as a consequence of toxicant
administration (Fig. 6A4). This find-
ing, together with the observation of
LAMP-2A elevation, demonstrates
that CMA activity is up-regulated in
the midbrain of mice challenged
with paraquat.

If CMA up-regulation plays a
role in the clearance of excessive
a-synuclein after paraquat expo-
sure, one would expect augmented
interactions between a-synuclein
and cytosolic hsc70, the chaper-
one responsible for recognizing
CMA substrates and delivering
them to the lysosomal membrane
(20, 23). To assess hsc70/a-synuclein
interactions, cytosolic fractions of
the mouse ventral mesencephalon
were immunoprecipitated with an
hsc70 antibody, and eluates were
then assayed for both hsc70 and
a-synuclein. Immunoprecipitation
conditions were adjusted to yield
similar levels of hsc70 in tissue elu-
ates from control and paraquat-ex-
posed mice (Fig. 6B). In agreement
with previous findings in cultured
cells (6), a portion of cytosolic
a-synuclein was recovered bound to
cytosolic hsc70 in tissue eluates
from control animals (Fig. 6B). To
evaluate specificity of this interac-
tion, eluates were also assayed with
an antibody against B-synuclein.
Immunoblots probed with this anti-
body showed no immunoreactivity
(data not shown). As compared with
control mice, levels of a-synuclein
were higher in immunoprecipitates

nostained with antibodies against TH, LAMP-2A, and a-
synuclein. In sections from paraquat-treated mice, increased
immunoreactivity for LAMP-2A and a-synuclein was observed
within neurons that also stained for TH, indicating their
dopaminergic phenotype (Fig. 5).

Paraquat-induced Increase in Lysosomal hsc70 and hsc70/o-
Synuclein Interactions—LAMP-2A up-regulation, enhanced
binding of substrates to this receptor, and increased protein
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from animals injected with paraquat (Fig. 6B), consistent with
the interpretation that increased a-synuclein expression
resulted in enhanced binding to hsc70 and augmented clear-
ance of the protein via CMA.

CMA Activation in Transgenic Mice Overexpressing o-
Synuclein—The relationship between increased expression of
a-synuclein and CMA activation was further investigated in
transgenic mice overexpressing mouse a-synuclein under the
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injection of saline or PQ. Levels of hsc70 were measured by Western blot
analysis. Blots were probed with an antibody against LAMP-1 to ensure equal
loading. B, cytosolic fractions of the mouse ventral mesencephalon were
immunoprecipitated with an hsc70 antibody, and eluates were then assayed
for hsc70 and a-synuclein by Western blot analysis. Immunoprecipitation
conditions were adjusted to yield similar levels of hsc70 in tissue eluates from
control and paraquat-exposed mice. Results of the densitometric quantifica-
tion are the means + S.E. of triplicate samples and are expressed as folds of
the control (con) value in saline-treated mice. *, p < 0.01 versus the corre-
sponding control group.
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regulatory control of the Thy-1 promoter. Earlier work has
shown that these transgenics do not develop overt neurodegen-
erative changes (24). Levels of a-synuclein mRNA were deter-
mined in the ventral mesencephalon, hippocampus and frontal
cortex of these animals and found to be elevated by 23, 16, and
8 times, respectively, as compared with values in the same brain
regions of control littermates (Fig. 7, A—C). a-Synuclein trans-
genics also displayed a marked increase in LAMP-2A but not
LAMP-2B mRNA (Fig. 7, A-C). Interestingly, the extent of
LAMP-2A up-regulation was correlated with the degree of
a-synuclein overexpression throughout the brain; LAMP-2A
levels were increased by 18-fold in the ventral mesencephalon,
10-fold in the hippocampus, and 3-fold in the frontal cortex
(Fig. 7D).

Midbrain sections from transgenic and control animals were
immunostained with both a-synuclein and LAMP-2A antibod-
ies. As expected, a-synuclein immunoreactivity was more
robust within nigral neurons in samples from overexpressing
mice as compared with non-transgenic animals (Fig. 8, D versus
A). In the same tissue sections, labeling for LAMP-2A was also
more pronounced (Fig. 8, E versus B) and co-localized with
a-synuclein immunoreactivity (Fig. 8F), supporting a relation-
ship between a-synuclein overexpression and CMA activation.
In a separate set of tissue sections, robust LAMP-2A and
a-synuclein staining within dopaminergic neurons of trans-
genic animals was confirmed by fluorescence microscopy using
antibodies against both proteins and TH (Fig. 8, G-)).

LAMP-2A changes as a consequence of a-synuclein overex-
pression were also assessed at the protein level by Western blot
analysis. Because of limited tissue availability, measurements
were not carried out in the substan-
tia nigra. Rather, LAMP-2A protein
levels were compared in homoge-
nates from the frontal cortex of con-
trol versus transgenic mice. In the
latter, in which cortical LAMP-2A
mRNA was enhanced by 3-fold (see
above), protein levels were also 2.8-
fold higher (Fig. 9).

To evaluate changes in hsc70 that

confrans  con tians may arise from a-synuclein overex-
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FIGURE 7. Increase in LAMP-2A mRNA in transgenic mice overexpressing a-synuclein. A-C, mRNA levels of
a-synuclein (a-syn), LAMP-2A, and LAMP-2B were assayed by qPCR in homogenates from the ventral mesen-
cephalon (A), hippocampus (B), and frontal cortex (C) of control and transgenic mice. Data are the means + S.E.
of quadruplicate samples and are expressed as folds of the corresponding control value. *, p < 0.0001 versus
the corresponding control group. D, correlation plot for a-synuclein and LAMP-2A mRNAs in the three brain

regions of the transgenic mice. R* = 0.991.

13626 JOURNAL OF BIOLOGICAL CHEMISTRY

LAMP-2A

Results of this study provide evi-
dence of lysosomal degradation of
a-synuclein in vivo by showing
internalization of the protein into
lysosomes from the midbrain of
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FIGURE 8. Enhanced LAMP-2A labeling in the substantia nigra of a-synuclein-overexpressing mice. A-F,
midbrain sections from control (A-C) and transgenic (D-F) mice were immunostained with antibodies against
a-synuclein (A and D) and LAMP-2A (B and E). Representative images show increased labeling for both
a-synuclein and LAMP-2A in transgenics and substantial co-localization of the two proteins (C and F). G-J, a
second set of midbrain sections from transgenic animals was triple-labeled with antibodies recognizing TH (G),
a-synuclein (H), and LAMP-2A (/). Merged image of a-synuclein and Lamp-2A immunoreactivity is shown in J.

Scale bars equal 15 um.
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FIGURE 9. Increase in cortical LAMP-2A in a-synuclein-overexpressing
mice. Levels of LAMP-2A were measured by Western blot analysis in homo-
genates from the frontal cortex of control and transgenic mice. Blots were
probed with an antibody against B-actin to ensure equal loading. Results of
the densitometric quantification are the means + S.E. of triplicate samples
and are expressed as folds of the value in control mice. *, p < 0.001 versus the
control group.

control mice and mice injected with paraquat. In the latter,
selective injury of nigrostriatal dopaminergic neurons is
accompanied by an increased expression of a-synuclein (10,
25). Of note, levels of intralysosomal a-synuclein were also
markedly enhanced after paraquat exposure, suggesting a
relationship between cytosolic up-regulation and lysosomal
translocation of the protein. One possible explanation for
the increased lysosomal a-synuclein after paraquat exposure
may be the formation of post-translationally modified forms
of the protein resistant to degradation by lysosomal pro-
teases. In particular, formation of oxidized a-synuclein could
be hypothesized under our experimental conditions given the
pro-oxidant effects of paraquat on nigral dopaminergic neu-
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rons (26, 27). A recent report, how-
ever, has demonstrated that the rate
of lysosomal clearance is not signif-
icantly different between unmodi-
fied and oxidized a-synuclein, mak-
ing it unlikely that paraquat would
cause a lysosomal accumulation of
protease-resistant forms of the pro-
tein (7). Furthermore, we found that
~50% of a-synuclein was degraded
during a 5-min incubation of lysoso-
mal matrix extracts, regardless of
whether they were obtained from
control or paraquat-treated mice.
Thus, lysosomal accumulation of
a-synuclein following treatment with
the herbicide cannot simply be ex-
plained by reduced clearance capabil-
ity. Rather, it reflects an increase in
lysosomal uptake triggered by the
cytosolic buildup of the protein.

To elucidate mechanisms in-
volved in the enhanced transloca-
tion of a-synuclein into lysosomes
after paraquat administration, we
assessed changes in lysosomal hsc70
and LAMP-2A as markers of CMA
induction. The rationale for investi-
gating the relationship between
a-synuclein clearance and CMA in
the paraquat model was 2-fold. First, earlier in vitro data are
consistent with a-synuclein being a CMA substrate and with
CMA playing an important role in preventing neuronal accu-
mulation of the protein (6 -8). Second, paraquat administra-
tion has previously been shown to upregulate CMA activity in
rat liver and cultured fibroblasts (16, 22). Our current findings
provide evidence in favor of a contribution of CMA to
a-synuclein degradation in the midbrain of paraquat-exposed
mice. In these animals, higher levels of lysosomal hsc70 and
LAMP-2A paralleled the enhanced cytosolic expression and
lysosomal internalization of a-synuclein. Moreover, a punctate
a-synuclein and LAMP-2A co-immunoreactivity most likely
reflected the lysosomal localization of both these proteins
within nigral neurons. Finally, binding of a-synuclein to cyto-
solic hsc70 was augmented in the midbrain of paraquat-treated
mice, further supporting a relationship between CMA induc-
tion and increased lysosomal clearance of a-synuclein.

Quite interestingly, paraquat-induced up-regulation of LAMP-
2A was achieved through de novo synthesis, as indicated by the
dramatic elevation of LAMP-2A mRNA in the ventral mesen-
cephalon of mice injected with the herbicide. At least two
mechanisms have been described to increase LAMP-2A under
conditions associated with CMA induction. During nutritional
stress, the most extensively studied inducer of CMA, enhanced
LAMP-2A results from a decrease in its degradation as well as a
relocation of the receptor protein from the lysosomal lumen to
the lysosomal membrane (18). In contrast, LAMP-2A changes
associated with CMA activation during oxidative stress were
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FIGURE 10. Increased hsc70 immunolabeling in the substantia nigra of a-synuclein-overexpressing
mice. A-F, midbrain sections from control (A-C) and transgenic (D-F) mice were immunostained with antibod-
ies against a-synuclein (A and D) and hsc70 (B and E). Merged images are shown in C and F. Representative
images of the substantia nigra show increased immunolabeling for a-synuclein and hsc70 and neuronal co-

localization of the two proteins in transgenic mice. Scale bar equals 10 um.

found to be caused by an actual increase in LAMP-2A synthesis
(22). This latter mechanism could explain our present data: the
oxidative damage caused by paraquat administration would
induce new synthesis of LAMP-2A as a critical CMA factor
involved in the lysosomal degradation of a-synuclein and other
toxic/damaged proteins.

A causal relationship between intraneuronal a-synuclein
levels, CMA induction and enhanced translocation of
a-synuclein into lysosomes may be difficult to demonstrate
in the in vivo setting. It could be argued that the findings of
increased lysosomal a-synuclein and CMA activation in the
paraquat model are compatible with but do not necessarily
indicate a direct link between these events. In particular,
they do not address the issue of whether a-synuclein accu-
mulation is itself a condition leading to CMA induction. To
further investigate this possibility, a final set of experiments
was carried out in mice in which increased a-synuclein levels
resulted from transgenic overexpression of the protein. Data
revealed a robust up-regulation of LAMP-2A in the brain
of transgenic animals and supported a direct correlation
between levels of a-synuclein overexpression and CMA acti-
vation. Indeed, the increase in LAMP-2A was greatest in
the brain region with the highest a-synuclein level (ventral
mesencephalon) and smallest in the area with the lowest
protein expression (frontal cortex). CMA induction as a con-
sequence of transgene expression was also indicated by
enhanced hsc70 immunoreactivity within nigral neurons
laden with a-synuclein.

As suggested by earlier studies, the clearance of wild-type or
mutated a-synuclein may involve a variety of mechanisms (5, 6,
8,28 -31). The present findings do not rule out this possibility
but clearly reveal the importance of lysosomal pathways and, in
particular, CMA in the neuronal degradation of wild-type
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a-synuclein in vivo. The observa-
tion of CMA induction and en-
hanced lysosomal internalization of
a-synuclein under conditions of
increased protein expression (i.e.
paraquat-induced up-regulation and
transgenic overexpression of a-
synuclein) bears significant impli-
cations. Both clinical and experi-
mental data suggest that higher
levels of neuronal a-synuclein may
trigger or predispose to pathologic
consequences, including aggregate
formation and neurodegeneration
(2, 4, 32). If so, induction of lyso-
somal degradation pathways may
represent an important mecha-
nism that counteracts a-synuclein-
related pathology. Failure of this
mechanism, which may arise from
normal aging (19), could play a role
in the pathogenesis of PD and other
a-synucleinopathies, whereas en-
hancement of these pathways could
become a valuable strategy for ther-
apeutic intervention in these human diseases.
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