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We examined the potential relationship between aging and �-synuclein (�-Syn) metabolism, both of which are implicated in the patho-
genesis of Parkinson’s disease (PD) and other �-synucleinopathies. During aging, �-Syn and �-Syn mRNA expression in brain decreases,
but the protein levels are maintained at high levels. Significantly, the �-Syn protein level increases with aging in human substantia nigra.
Pulse-chase analyses of �-Syn half-lives in neurons and neuronal cell lines indicate that, in mature neurons, the expression of �-Syn is
regulated by the post-translational stabilization of �-Syn protein. Moreover, A53T mutant human �-Syn exhibits increased stability in
neuronal cell lines, leading to higher levels of the mutant protein in cells and transgenic mice. Inhibitor studies suggest that the protea-
somal and lysosomal systems may not be responsible for the differential stabilization or metabolism of �-Syn protein in neuronal cells.
Because increased stabilization of �-Syn protein is associated with increased protein levels and accumulation of pathogenic protein
modifications, such as oxidative damage, the stabilization of �-Syn with aging may be a significant factor in the pathogenesis of
�-synucleinopathies.
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Introduction
Parkinson’s disease (PD) is a common late-onset, progressive
neurodegenerative disease characterized by the selective loss of
neuronal populations, including dopaminergic neurons of sub-
stantia nigra (SN) pars compacta, and the presence of fibrillar,
cytoplasmic inclusions called Lewy bodies (LBs) and Lewy neu-
rites (LNs) in multiple brain regions (Fahn and Przedborski,
2000; Dickson, 2001). Although the causes of PD are not known
in most cases, mutations in �-Syn, Parkin, and DJ-1 genes are
linked to PD in a number of familial PD (FPD) pedigrees (Poly-
meropoulos et al., 1997; Kitada et al., 1998; Kruger et al., 1998; Boni-
fati et al., 2003; Singleton et al., 2003). The role of �-synuclein (�-
Syn) in various diseases, called �-synucleinopathies, is supported by
the fact that �-Syn is the major fibrillar component of neuronal
LBs–LNs and in the glial cytoplasmic inclusions of multiple systems
atrophy (Goedert and Spillantini, 1998; Galvin et al., 1999, 2001;
Dickson, 2001). A series of in vivo studies directly linked �-Syn ab-
normalities to neurodegeneration. Specifically, �-Syn-dependent
neurodegeneration has been demonstrated in �-Syn transgenic (Tg)
flies (Feany and Bender, 2000), in �-Syn Tg mice (Masliah et al.,
2000; Rochet et al., 2000; Van der Putten et al., 2000; Giasson et al.,

2002; Lee et al., 2002; Neumann et al., 2002), and in �-Syn virus-
infected rats (Kirik et al., 2002; Lo Bianco et al., 2002) and primates
(Kirik et al., 2003).

�-Syn is a highly conserved protein of 140 amino acids be-
longing to a multigene family that includes �-Syn, �-Syn, and
synoretin (George, 2002). Structurally, the Syns consist of a
highly conserved N-terminal region containing imperfect repeats
of KTKEGV, a variable central hydrophobic domain, and a neg-
atively charged C-terminal region (George, 2002). Normally,
�-Syn is expressed predominantly in neurons, is axonally trans-
ported with the slow axonal transport component (Li et al.,
2004), and is particularly abundant in the presynaptic terminals
(Maroteaux et al., 1988; Ueda et al., 1993; Goedert, 1997; George
and Clayton, 1998; George, 2002). Although the normal func-
tion(s) of Syns is still being defined, studies suggest that �-Syn
may modulate synaptic plasticity (Goedert, 1997; George and
Clayton, 1998; Clayton and George, 1999) and dopaminergic
neurotransmission (Abeliovich et al., 2000; Lee et al., 2001; Perez
et al., 2002).

The abnormal accumulations and distributions of �-Syn associ-
ated with �-synucleinopathies have implicated abnormal cellular
metabolism of �-Syn in the pathogenesis of �-synucleinopathies.
The pathogenic importance of the �-Syn expression level is indi-
cated by the linkage of �-Syn gene triplication with FPD (Singleton
et al., 2003) and the increased risk of PD associated with the �-Syn
promoter polymorphisms (Kruger et al., 1999; Farrer et al., 2001).
Furthermore, analyses of mRNAs encoding of �-, �-, and �-Syn
show that the LB dementia is associated with increased expression of
�-Syn mRNA expression (Rockenstein et al., 2001).

Despite the importance of �-Syn expression in the pathogenesis
of �-synucleinopathy, not much is known about the regulation of
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�-Syn expression in mature neurons. For example, examination of
�-Syn expression in aging rats indicates post-transcriptional regula-
tion of �-Syn expression in mature brain (Petersen et al., 1999);
however, it is not known whether �-Syn expression is regulated via a
translational or post-translational mechanism(s). This is an impor-
tant distinction. Specifically, age-related alterations in the protein
degradation (post-translational) will directly affect both levels of
�-Syn protein and the accumulations of potentially “pathogenic”
modifications of �-Syn.

Herein, we show that the post-translational protein stabiliza-
tion regulates �-Syn expression. Significantly, in neuronal cells,
human �-Syn (Hu�-Syn) harboring the FPD-linked A53T mu-
tation shows increased stability in neuronal differentiated cells,
leading to the higher levels of the mutant protein in cells and
brain. Moreover, we show that the levels of �-Syn protein in
human SN increase with aging, and aging is associated with in-
creased levels of oxidatively modified �-Syn. Our results support
the view that alterations in �-Syn metabolism have a significant
impact on the pathogenesis of �-synucleinopathies in vivo.

Materials and Methods
Subjects. CD-1 mice (Charles River Laboratories, Wilmington, MA) were
used to determine the mRNA and protein expression during develop-
ment and aging. MoPrP-Hu�-Syn Tg mice expressing high levels of wild-
type (WT) and FPD-linked mutant �-Syn (A30P and A53T) have been
described (Lee et al., 2002). All MoPrP-Hu�-Syn Tg mouse lines, estab-
lished as C3H/HeJ � C57BL6/J hybrids, were maintained by successively
backcrossing into the C57BL6/J strain. The experimental protocols in-
volving mice, including limitation of discomfort and pain, were in strict
adherence to the NIH Animal Care Guidelines and were approved by the
Animal Care and Use Committee at Johns Hopkins University School of
Medicine.

Normal human tissues were obtained from the Brain Resource Center
(Department of Pathology, Johns Hopkins University School of Medi-
cine) or the Brain and Tissue Banks for Developmental Disorders (De-
partment of Pediatrics, University of Maryland).

Antibodies. For detecting �-Syn, the mouse monoclonal antibody
(mAb) Syn-1 (Transduction Laboratories, Lexington, KY) and the rabbit
polyclonal antibody (pAb) HuSyn1 (Lee et al., 2002) were used. The
following antibodies were also used: rabbit anti-�-Syn serum (Ab-1; On-
cology, Cambridge, MA), rabbit anti-�-Syn antiserum (ab6169; Abcam,
Cambridge, UK), mouse anti-�-tubulin mAb (clone B-5-1-2; Sigma, St.
Louis, MO), mouse anti-GAPDH mAb (clone 6C5; RDI, Flanders, NJ),
mouse anti-synaptophysin mAb (SY38; Chemicon, Temecula, CA), and
rabbit anti-synapsin I pAb and rabbit anti-synapsin II pAb (Stressgen,
San Diego, CA).

Analysis of mRNA expression. Total RNA was isolated from selected
tissues using Trizol reagent (Invitrogen, Bethesda, MD). Relative levels of
mRNAs encoding the Syn variants and the selected synaptic proteins
were assayed by semiquantitative PCR amplification of reverse-
transcribed RNA (Slunt et al., 1994; Lee et al., 1996). Reverse-transcribed
RNA samples were added to the PCR reaction mixture containing PCR-
primer pairs specific for the genes of interest (0.5 �M each), standard PCR
reaction buffer, Taq polymerase (0.25 U/50 �l), and a small amount of
either [ 32P]-labeled sense primer (�10 �M) or [� 32P]dCTP (2.5 �Ci/50
�l). The resulting PCR products were separated using 2% Metaphore
(FMC Bioproducts, Rockford, ME) agarose gels or 8% TBE-acrylamide
gels and were visualized using both ethidium bromide staining and au-
toradiography. The radioactivity associated with each PCR product was
determined by PhosphorImager analysis. To determine the linear range
of amplification for each template, RT-PCR reactions for each mRNA of
interest were terminated at 20, 22, 24, 26, 28, and 30 cycles. The linearity
of amplification over the cycling range for the specific cDNAs was ana-
lyzed by semilog plots of the radioactivity versus the cycle number (Slunt
et al., 1994; Lee et al., 1996). The efficiencies of amplification, determined
from the slope of the regression lines, are comparable for all Syn isoforms
within a sample.

The primers for PCR amplification of mRNAs were as follows: mouse
(Mo) �-Syn (5�-gctgagaaaaccaagcagg-3� and 5�-gaaggcatttcataagcctc-
3�), Mo�-Syn (5�-gctgagaaaaccaagcagg-3� and 5�-cacttcctctggcttcag-3�),
Hu�-Syn (5�-ttcatgaaaggactttcaaaggc-3� and 5�-gaaggcatttcataagcctc-
3�), Hu�-Syn (gtcgacgatggacgtkttcatgaag-3� and 5�-cacttcctctggcttcag-
3�), Hu�-Syn (5�-ttcaagaarggcttctcc-3� and tggccacwgtgttgacgctg-3�),
mouse synaptophysin (5�-cctaggtctccaccctc-3� and 5�-ggaggaaccaaggct-
agagtt-3�), rat synapsin Ia/b (5�-caggatgtgccaccacccat-3� and 5�-
ttcacctcatcctggctaag-3�), rat synapsin II (5�-cccccccaaggttgtttacag-3� and 5�-
gcagcactgagaggacacag-3�), and GAPDH (5�-tgatgacatcaagaaggtggtgaag-3�
and 5�-tccttgaggccatgtaggccat-3�).

Immunoblot analysis of protein expression. Relative protein levels of Syn
isoforms and other proteins were determined from the whole-tissue ex-
tracts by a quantitative immunoblot analysis (Lee et al., 1997, 2002). The
concentrations of antibody and the amount of tissue extracts yielding
linear quantitative results were determined empirically. The tissues were
homogenized in TNE buffer (50 mM Tris-HCl, pH 7.4, 100 mM NaCl, 5
mM EDTA) supplemented with 0.5% NP-40, 0.5% Na-deoxycholate, 1%
SDS, and protease inhibitor mixture (Roche, Indianapolis, IN) using a
hand-held Polytron device. The concentrations of protein in the homog-
enates were determined using the BCA assay (Pierce, Rockford, IL). Pro-
teins in the extracts were fractioned using SDS-PAGE and transferred to
nitrocellulose membranes (Lee et al., 1997, 2002). To ensure the integrity
of the resolved proteins and equal loading, all of the membranes were
stained for total protein with the Ponceau S before the primary antibody
incubation. To detect specific proteins, the membranes were probed with
the appropriate primary antibody, and the immunoreactive proteins
were visualized by autoradiography after incubation with a [ 125I]-
conjugated secondary antibody. The radioactivity associated with the
immunoreactive bands was determined by the PhosphorImager analysis
using Molecular Imager FX (Bio-Rad, Hercules, CA). Immunoreactive
proteins were also visualized using chemiluminescence detection
(Pierce) after incubations with the appropriate horseradish peroxidase-
conjugated secondary antibodies. The intensities of the immunoreactive
bands were determined by densitometric analysis.

Primary cultures of mouse cortical neurons. Timed pregnant mice
(CD-1 strain; Charles River Laboratories) at 16 –17 d of gestation were
used for the long-term cultures of cortical neurons (Lesuisse and Martin,
2002). Briefly, the embryos were removed to ice-cold Hanks buffer (In-
vitrogen), and the cortices were dissected from the embryos. These cor-
tices were sliced into small pieces, trypsinized, and gently triturated with
a fire-polished Pasteur pipette. Dissociated cells from the cortices were
then washed with cold Hanks buffer to remove tissue debris and plated
onto poly-D-lysine (BD Biosciences, Mountain View, CA)-coated six-
well plates, at 1 � 10 6 cells per well. The cells were maintained in Neu-
robasal medium supplemented with B27, 2 mM L-glutamine (Invitro-
gen), 100 U/ml penicillin, and 100 �g/ml streptomycin in the incubator
(37°C in 5% CO2/atmosphere with 100% humidity). For long-term cul-
ture, one-third of the old media was replaced with fresh media every 3 d.

SH-SY5Y neuroblastoma cell lines expressing �-Syn. cDNAs encoding
human WT �-Syn, or PD-linked A53T and A30P mutants and Mo�-Syn
were cloned into the constant expression vector pcDNA3.1� (pCD; In-
vitrogen). The resulting pCD-SnWT, pCD-SnAT, pCD-SnAP, pCD-
MoSn, and empty pCD vectors were used to establish stable cell lines.
Polyclonal SH-SY5Y stable cell lines were established by selecting for
G418 (800 �g/ml)-resistant cells. Polyclonal cell lines minimize the po-
tential complications from the clonal variations often associated with
monoclonal cell lines. Moreover, stable cell lines were used to minimize
the complications associated with transient transfections, such as aber-
rant degradation of proteins from severe overexpression of the transgene
within a cell. The polyclonal SH-SY5Y cells were maintained in RPMI
1640 medium containing 10% fetal bovine serum, 100 U/ml penicillin,
100 �g/ml streptomycin, and 400 �g/ml G418 at 37°C in 5% CO2/atmo-
sphere with 100% humidity. For neuronal differentiation of the SH-
SY5Y cells, the cells were plated at 1 � 10 4/cm 2, and 10 �M retinoic acid
(RA; Sigma) was added into the medium for 7 d (Lopez-Carballo et al.,
2002).

Pulse-chase analysis of �-Syn metabolism. The half-lives of �-Syn pro-
teins were measured by pulse-chase analysis. Newly translated proteins
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were metabolically radiolabeled with [ 35S]me-
thionine, and �-Syn was immunoprecipitated
using the Syn-1 mAb (BD Biosciences). Immu-
noprecipitated �-Syn was resolved by SDS-
PAGE, and the radioactivity associated with
�-Syn was quantified by PhosphorImager anal-
ysis (Borchelt et al., 1994). For measuring the
half-life of endogenous Mo�-Syn in the cul-
tured cortical neurons, neurons plated on six-
well plates were labeled for 1 hr with 75 �Ci of
[ 35S]methionine. For measuring half-lives of
transfected �-Syn in SH-SY5Y cell lines, the
cells were labeled for 30 min with 75 �Ci of
[ 35S]methionine.

For immunoprecipitation, the cells were
lysed in 500 �l of RIPA buffer (50 mM Tris-HCl,
pH 7.4, 150 mM NaCl, 5 mM EDTA, 0.25% SDS,
0.5 NP-40, 0.5% deoxycholate, and the protease
inhibitor mixture from Roche). The homoge-
nates were clarified by centrifugation (12,000 �
g for 5 min; 25°C), and �-Syn was immunopre-
cipitated using Syn-1 mouse monoclonal anti-
body (BD Biosciences) using an established
procedure (Borchelt et al., 1994). The Phospho-
rImager analysis of gels was performed using
Molecular Imager FX (Bio-Rad). To estimate
the half-lives of �-Syn polypeptides, the per-
centages of radiolabeled �-Syn remaining at
various chase times were plotted on a semilog10

scale. The decay of �-Syn was fitted to one or
two phase exponential decay curves using
Prism software (Graph Pad, San Diego, CA).

Inhibition of lysosomal and proteasomal proteases. The effects of pro-
tease inhibitors on �-Syn degradation were examined using inducible
human embryonic kidney (HEK) 293T cells (i293T), expressing Hu�-
Syn under the control muristerone A-regulatable promoter, and the
polyclonal SH-SY5Y cells. For i293T cells, �-Syn expression was induced
for 24 hr by the addition of 5 �M muristerone-A. After induction, i293T
cells were treated for an additional 48 hr with inhibitors in fresh media
without muristerone-A. For the polyclonal SH-SY5Y cells, the cells were
treated with inhibitors for 24 hr (naive) or 48 hr (RA differentiated)
either with or without 0.5 �g/ml of cycloheximide. In all cases, the levels
of total SDS-soluble �-Syn, tubulin, and GAPDH levels were determined
by immunoblot analysis. The following protease inhibitors and con-
centrations were used: 10 �M lactacystin (Calbiochem, San Diego,
CA), 1 �M carbobenzoxy-L-leucyl-L-leucyl-L-leucinal (MG132; Cal-
biochem), 25 mM ammonium chloride, and 200 nM bafilomycin A1
(BafA1; CalBiochem).

Results
Levels of �-Syn and �-Syn during aging do not correlate with
levels of mRNA
A number of studies have shown that the expression of �-Syn
mRNA and protein increases with brain development (Hsu et al.,
1998; Petersen et al., 1999). Significantly, aging in rat brain is
associated with a decrease in �-Syn mRNA, whereas the levels of
�-Syn protein remain high (Petersen et al., 1999), indicating
post-transcriptional regulation of �-Syn expression. We have ex-
tended the study in rats by characterizing the expression of �-Syn
and other Syn isoforms in mouse and human brain as a function
of aging. A semiquantitative RT-PCR analysis was used to docu-
ment mRNA expression (Lee et al., 1996), and a semiquantitative
immunoblot analysis was used to examine protein expression
(Lee et al., 1997, 2002). The RT-PCR analyses of �-Syn and �-Syn
mRNAs in mouse brain (�-Syn expression was not detectable in
the mouse cortex) (Fig. 1A,C) show that the expression of �-Syn
and �-Syn mRNA decreases after the peak expression at �2–3

postnatal weeks (Fig. 1A,C). Comparison of the relative levels of
Syn mRNAs reveals that the levels of �-Syn are higher during
development (until �14 d of age), whereas the levels of �-Syn
expression are higher during aging. Parallel analyses of the mR-
NAs encoding several other presynaptic proteins (synaptophysin,
synapsin I, and synapsin II) show that the overall kinetics of
mRNA expression for all of the synaptic proteins are very similar
to that seen with �-Syn mRNA (Fig. 1A,D).

Although the decreased expression of �-Syn mRNA with ag-
ing is not consistent with the increased risk for �-synucleino-
pathy with aging, immunoblot analyses of Syn proteins during
brain development and aging (Fig. 1B,C) show that the levels of
Syn proteins remain at high levels with aging (Fig. 1B,C). These
results indicate that the expression of synaptic proteins, including
Syns, are regulated post-transcriptionally.

To examine whether the expressions of Syns in human brain
are also regulated post-transcriptionally, we determined the ex-
pression of all three Syns (�, �, and �) in frontal cortex (Fcx),
caudate (Caud), and SN from human subjects of various ages
(Fig. 2). Despite some regional variations, the levels of �-Syn
mRNA in human brain decreases with aging (Fig. 2A,C). Con-
sistent with the magnitude of age-associated decrease in �-Syn
mRNA observed with mouse brain, the �-Syn mRNA levels in
Fcx decreased by �60% with aging in the human subjects that
were examined. As in the mice (Abeliovich et al., 2000), �-Syn is
expressed highly in human SN; however, �-Syn is also highly
expressed in other human brain regions (supplemental Fig. S1,
available at www.jneurosci.org/cgi/content/full/24/33/7400/
DC1). As with the mouse brain, the levels of �- and �-Syn protein
in the human brain do not decrease with the decline in mRNA
expression (Fig. 2B,D). In the cortex, although the �-Syn pro-
tein levels increase during maturation (supplemental Fig. S2,
available at www.jneurosci.org/cgi/content/full/24/33/7400/
DC1), the �-Syn protein levels reach plateau with aging (Fig.

Figure 1. Post-translational regulation of �-Syn expression in mouse brain with aging. A, Representative autoradiograms of
RT-PCR-amplified mRNAs encoding �-Syn (�), �-Syn (�), synaptophysin (Sy38), synapsin I (SyIa, SyIb), synapsin II (SyIIb), and
GAPDH (GD). The mRNAs were PCR amplified from cDNAs derived from brains of mouse embryos at embryonic days 14 –18 (E14,
E16, E18), cortices of postnatal mice at postnatal days 1–28 (P1, P7, P28), and cortices of mature mice at 3 and 8 months of age
(p3m, p8m). B, Representative autoradiograms showing the immunoblot analysis of the total SDS-soluble mouse brain extracts
for �-Syn, �-Syn, synaptophysin (Sy38), synapsin I (SyI), and synapsin II (SyII). Samples are as indicated in A. C, The levels of �-
and �-Syn mRNAs (RNA) and protein (Pn) were quantified from autoradiograms represented in A and B by PhosphorImager
analysis and normalized to the maximal level expression achieved. Each value is mean and SEM from three to five independent
samples. Quantitative analyses of other presynaptic components are shown in D.
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2B,D) (supplemental Fig. S2, available at www.jneurosci.org/cgi/
content/full/24/33/7400/DC1). Significantly, aging is also associ-
ated with a significant increase in the relative levels of �-Syn
protein in the SN (Fig. 2B,D). The increase in �-Syn protein
levels in SN with aging (�100% increase in SN; comparison of
subjects �60 vs �80 years of age ) may contribute to the in-
creased vulnerability of SN to �-synucleinopathy. The signifi-
cance of this finding to the pathogenesis of �-synucleinopathy is
also indicated by the fact that the magnitude of increase in �-Syn
protein levels with aging is comparable with that observed with
the triplication of the �-Syn gene in FPD cases (Farrer et al.,
2004).

Collectively, these results confirm that a post-transcriptional
mechanism(s) regulates the expression of �-Syn and other pre-
synaptic components in mature neurons. Given the important
implications of protein stability regarding the accumulation of
potentially pathogenic proteins and pathogenic modifications on
protein, we decided to determine whether the expression of
�-Syn is regulated by the age-dependent stability of the �-Syn
protein.

�-Syn polypeptide is stabilized with the
neuronal maturation
To determine whether the stability of
�-Syn protein increases with neuronal
maturation, pulse-chase analysis was used
to determine �-Syn half-lives in mouse
cortical neurons cultured for various days
in vitro (DIV) (Fig. 3). The �-Syn expres-
sion pattern in the cultured neurons
showed that the long-term cortical neu-
rons in cultures can recapitulate the brain
expression pattern of �-Syn mRNA and
protein (Fig. 3A). Specifically, the �-Syn
mRNA levels increase to a peak at �15
DIV, followed by decreased expression
with further maturation (Fig. 3A,B). As in
the brain, �-Syn protein levels do not de-
crease with neuronal maturation (Fig.
3A,B); however, the long-term neuronal
cultures do not recapitulate the brain expres-
sion patterns of �-Syn (Fig. 3A,B) and other
selected presynaptic proteins (Fig. 3A).

Because the general pattern of �-Syn
expression observed in mouse brain can be
recapitulated by the cultured cortical neu-
rons, we asked whether the �-Syn protein
levels during neuronal maturation are reg-
ulated by differential stabilization of the
protein. Pulse-chase analyses of the �-Syn
half-lives in the primary cortical neuron
cultures at 7, 14, 35, and 42 DIV (Fig.
3C,D) show that in younger cultures (7
and 14 DIV), the disappearance of newly
synthesized �-Syn follows a biphasic expo-
nential decay curve (Fig. 3D, Table 1). In
more mature cultures (38 and 42 DIV), the
decay follows a monophasic exponential
curve (Fig. 3D, Table 1). Overall, these re-
sults show that neuronal maturation is as-
sociated with the increased stability of
�-Syn protein (Fig. 3D, Table 1). Consis-
tent with the lower �-Syn mRNA levels in
more mature cultures, the levels of initial

[ 35S]methionine labeling of �-Syn, relative to the total labeled
proteins, seem much lower in mature cultures (Fig. 3C). Specif-
ically, the relative amount of 53S-labeled �-Syn ( 53S-labeled
�-Syn/total 53S-labeled protein ratio) at 42 DIV is �35% of the
ratio at 14 DIV (data not shown), confirming that the synthetic
rate of �-Syn is proportional to the levels of mRNA. These results
indicate that the decreased turnover of �-Syn, rather than the
increased translation of �-Syn, is responsible for maintaining
high levels of �-Syn protein despite the decreases in �-Syn mRNA
levels.

Neuronal differentiation and A53T mutation increase the
stability of Hu�-Syn
On observation that the stability of �-Syn protein increases with
neuronal maturation and aging, we asked whether the differences
in the primary amino acid sequences of �-Syn affect the stability
of �-Syn in neural cells. Specifically, we asked whether the FPD-
linked mutations alter the stability of Hu�-Syn proteins in SH-
SY5Y cell lines expressing various �-Syn variants (Fig. 4). In

Figure 2. �-Syn expression during human brain aging. A, Representative autoradiogram of RT-PCR-amplified mRNAs encod-
ing �-Syn, �-Syn, �-Syn, and GAPDH (GD). The cDNAs were derived from human Fcx, Caud, and SN. Representative results from
three examples (19-, 53-, and 80-year-old neurologically normal human subjects) from six subjects are shown. Each sample was
analyzed in triplicate and presented graphically in C. B, Immunoblot analysis of human Fcx, Caud, and SN extracts of Syn. Brain
extracts from human subjects in their 50s and 80 –90s were examined. The results from younger subjects are shown in supple-
mental Figure S2 (available at www.jneurosci.org/cgi/content/full/24/33/7400/DC1). C, The levels of mRNAs encoding �-Syn,
�-Syn, and �-Syn in Fcx, Caud, and SN were quantified from the RT-PCR analysis shown in A. The scatter plot and the calculated
regression lines show that the levels of mRNAs encoding �-Syn decrease with aging in all brain regions, whereas the expression
of mRNA encoding �-Syn remains constant. The pattern of �-Syn expression is more variable. R 2 and p values are as follows
(asterisks indicate statistically significant p values): �-Syn [Fcx (0.628, 0.0021*), Caud (0.393, 0.0291*), SN (0.03026, 0.0639)];
�-Syn [Fcx (0.5506, 0.014*), Caud and SN (�0.1, �0.5)]; �-Syn [all (�0.1, �0.3)]. D, The levels of Syn polypeptides in brain
regions were quantified from the immunoblots shown in B. For each subject, the analysis was performed in duplicate, and the
levels of Syn isotypes were normalized to GAPDH. The subjects were grouped as 50s (49 –58 years old) and 80� (83–95 years old)
and are shown as mean and SEM. To facilitate presentation of all three Syn isotypes, values are plotted as the percents average of
the subjects in their 50s. The average relative levels show that the levels of �-Syn in SN almost double during this 30 year span
(**p � 0.01; t test). Although the �-Syn protein levels in Fcx do not change between 50s and 80�, an analysis of younger
subjects shows an increase at younger ages (supplemental Fig. S2, available at www.jneurosci.org/cgi/content/full/24/33/7400/
DC1). The decease in the cortical �-level is significant (*p � 0.05) only when GAPDH is used as the reference protein.
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addition to Hu�-Syn, we also examined
the metabolism of Mo�-Syn.

Quantitative immunoblot analyses of
�-Syn protein in the naive and RA-
differentiated SH-SY5Y cell lines show
that the steady-state levels of all �-Syn
variants increase with neuronal differenti-
ation (Fig. 4C,D). Significantly, despite the
comparable levels of Hu�-Syn variants in
the naive SH-SY5Y cells, the protein level
of A53T Hu�-Syn is higher than other
�-Syn variants in the differentiated SH-
SY5Y cells (Fig. 4C,D). The results suggest
that both neuronal differentiation and
A53T mutation alter �-Syn metabolism.

Pulse-chase analyses of the naive SH-
SY5Y cells show that the decay of all Hu�-
Syn variants follows an identical biphasic
kinetics (Fig. 4E,F; Table 2). With differ-
entiation, the decay of �-Syn variants
becomes monophasic, and the apparent
half-lives lengthen. Significantly, in differ-
entiated SH-SY5Y cells, the A53T Hu�-
Syn exhibits longer half-life than other
�-Syn variants (�74 hr for A53T Hu�-Syn
and �50 hr for other Hu�-Syn variants)
(Fig. 4E,F; Table 2). These results show
that neuronal differentiation and matura-
tion lead to the stabilization of �-Syn pro-
tein. Furthermore, the A53T mutation
leads to increased stability and a subse-
quent increase in the accumulation of the
mutant Hu�-Syn in neuronally differenti-
ated cells (Fig. 4).

Mo�-Syn protein, which normally en-
codes Thr at codon 53 but is also different
from Hu�-Syn at the C-terminal region
(George, 2002), is metabolized more rap-
idly than Hu�-Syn variants in both naive
and neuronally differentiated SH-SY5Y
cells (Fig. 4C,D; Table 2). Thus, the differ-
ences in the metabolism of Hu�-Syn and
Mo�-Syn may contribute to the lower toxicity associated with the
rodent �-Syn (Lo Bianco et al., 2002; Zhou et al., 2002).

A53T mutant Hu�-Syn hyperaccumulates in Tg mice
The increased stability of A53T mutant Hu�-Syn, which appears to
be more pathogenic than other Hu�-Syn variants in Tg mice (Lee et
al., 2002), suggests that differential metabolism of A53T Hu�-Syn
could contribute to the pathogenesis of �-synucleinopathy in the
A53T Hu�-Syn Tg mice. To determine whether the metabolism of
A53T mutant Hu�-Syn in brain is different from the metabolism of
other Hu�-Syn variants, steady-state levels of Hu�-Syn variants in
the cortex and the brainstem of young and old Hu�-Syn Tg mice
were examined (Fig. 5).

To avoid the potential complications from aggressive ongoing
pathology in the high-expressing A53T line [G2–3(A53T)], we
used mice from A53T Tg lines with moderate levels of Hu�-Syn
expression [N2–5(A53T) and H5(A53T)] (Lee et al., 2002). The
levels of A53T Hu�-Syn in brain were compared with Hu�-Syn
levels in brains of Tg mice from the lines expressing WT and A30P
Hu�-Syn. Because the transgene copy numbers are not identical
among the various Tg mouse lines, it was necessary to normalize

for the potential variations in the transgene expression resulting
from the differences in the transgene copy number. By analyzing
the changes in the level of Hu�-Syn with aging, we were able to
account for the initial variations in the expression levels of the
transgenes. Specifically, if A53T Hu�-Syn becomes more stable
than other Hu�-Syn isoforms with neuronal aging, the level of
Hu�-Syn in older mice (normalized to the levels in the younger
mice) should be higher in mice expressing A53T Hu�-Syn than in
mice expressing other Hu�-Syn variants. Our results show that
although the levels of WT and A30P Hu�-Syn do not change with
aging, there are significant age-dependent increases in the A35T
Hu�-Syn levels in both cortex and brainstem (Fig. 5).

In aggregate, our results show that the metabolism of A53T
Hu�-Syn is distinct from other Hu�-Syn variants in vivo. It is also
important to note that both in SH-SY5Y cells and in brains of Tg
mice used in this study, very little �-Syn was found associated
with the detergent-insoluble aggregates (data not shown), which
are predicted to resist cellular metabolism. Thus, it is not likely
that differential aggregation of A53T Hu�-Syn is responsible for
the increased accumulation of A53T Hu�-Syn in neuronal cells
(Fig. 4) and in brain (Fig. 5).

Table 1. Half-life of �-Syn in primary mouse cortical neurons at different maturation stages

DIV t1/2 fast (%) t1/2 slow (%) t1/2 total R2

7 2.3 � 0.4 (29.9) 53.6 � 4.2 (70.1) 26.5 � 2.6 0.996
14 5.4 � 0.7 (19.3) 72.5 � 6.6 (80.6) 50.5 � 5.4 0.998
35 NA 115.5 � 10.7 115.5 � 10.7 0.956
42 NA 160.1 � 14.7 160.1 � 14.7 0.927

The half-lives were extrapolated from the pulse-chase study by regression analyses assuming that the decay of �-Syn follows either biphasic exponential
decay �y 	 f(e
k1x) � f2(e
k2x), where f1 (fast) � f2 (slow)	1 (initial amount of the labled �-Syn) and k1 and k2 represent the rate of decay for each decay
component� or monophasic exponential decay �y 	 f(e
kx)�. For the biphasic decay, the half-lives (expressed in hours) of the two individual phases were
calculated from 0.69/k1 (fast) and 0.69/k2 (slow), where 0.69 	 log 2/log e. The total half-life, directly extrapolated from the plot, corresponds to the time
point at which the remaining 35S-labeled �-Syn equals 50% of the initial value. Also shown is the percentage of �-Syn in each decay phase (%) representing
fx � 100. Correlation coefficients (R2) show the goodness-of-fit for the equations used. Values are from three independent cultures and are expressed as
mean � SEM. NA, Not applicable. All values are significantly different from each other (p � 0.01; t test).

Figure 3. Maturation of cortical neurons is associated with the stabilization of �-Syn polypeptide. A, B, Representative
autoradiograms show the RT-PCR analysis of �-Syn and �-Syn mRNA ( A) and immunoblot analysis of Syn isotypes ( B) in cultured
primary cortical neurons. Also shown is the expression of synaptophysin (Sy38), synapsin I (SyI), and synapsin II (SyII). C, The levels
of mRNA (RNA) and protein (Pn) for �-Syn and �-Syn, determined from PhosphorImager analysis, are plotted. Each value
represents the mean and SEM from four to six independent cultures. D, Representative autoradiograms showing
[ 35S]methionine-labeled, immunoprecipitated �-Syn at various times (0, 6, 24, 48, 72, and 96 hr) after metabolic labeling of
primary cortical neuron cultures at 7, 14, 35, and 42 DIV (5 weeks). Analyses were performed in pairs (7 and 35 DIV, 14 and
42 DIV). E, The stability of newly synthesized �-Syn increases with maturation in culture. The levels of [ 35S]methionine-
labeled �-Syn was quantified, and the percentage changes, relative to the 0 hr point, are plotted (mean and SEM from 3
independent cultures).
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Hu�-Syn accumulation in the neuronal cell line is not
affected by lysosomal or proteasomal inhibition
Previous studies indicate that proteasomes (Bennett et al., 1999;
Tofaris et al., 2001; Webb et al., 2003) and lysosomes (Paxinou et
al., 2001) are responsible for the cellular metabolism of �-Syn. To
determine whether these systems are responsible for the differen-
tial metabolism of �-Syn, we examined the effects of lysosomal
(NH4Cl, BafA1) and proteasomal (lactacystein, MG132) inhibi-
tors on the cellular accumulation of �-Syn.

As a positive control for the effects of proteasomal and lyso-
somal inhibition on �-Syn metabolism, we used HEK293T cells
expressing Hu�-Syn under the ecdysone-regulated promoter
(i293T). Consistent with previous studies (Bennett et al., 1999;
Paxinou et al., 2001; Tofaris et al., 2001; Webb et al., 2003), both
lysosomal and proteasomal inhibitors caused significant in-

creases in the levels of Hu�-Syn in i293T
cells (Fig. 6A); however, lysosomal and
proteasomal inhibition did not signifi-
cantly affect the steady-state levels of WT
Hu�-Syn in the SH-SY5Y cells (Fig.
6B,C). Parallel analysis of the A53T mu-
tant Hu�-Syn yielded identical results as
with WT Hu�-Syn (data not shown). Be-
cause the cells were treated with the inhib-
itors for a period of time (24 hr for naive
and 48 hr for differentiated cells) sufficient
to cover the protein half-lives, we should
have observed significant increases in the
levels of �-Syn if either the lysosomes or pro-
teasomes were responsible for degradation
of Hu�-Syn in SH-SY5Y cells. Thus, our re-
sults indicate cell-type variations in the
mechanism of Hu�-Syn metabolism and
raise the possibility that the lysosomal and
proteasomal activities may not be responsi-
ble for the metabolism of �-Syn in neuronal
cells. It also appears that recently reported
transcriptional enhancement of the trans-
fected genes by proteasomal inhibition (Bi-
asini et al., 2004) is not an issue with our cell
lines because the inhibitors did not affect the
levels of �-Syn even in the absence of cyclo-
heximide (Fig. 6C).

Increased accumulation of oxidatively
modified �-Syn with aging
We hypothesize that the stabilization of
�-Syn with aging will affect the protein
levels and lead to the accumulation of po-
tentially pathogenic post-translational
modifications on �-Syn protein. To di-
rectly test the latter hypothesis, we used
the Oxyblot analysis to examine whether
aging is associated with the increased level
of �-Syn-associated protein carbonyls, a
common oxidative modification of pro-
teins resulting from oxidative stress (Le-
vine et al., 1994). The Oxyblot analysis of
�-Syn immunoprecipitated from the hu-
man SN and brainstem of Hu�-Syn Tg
mice clearly show that aging is associated
with obvious increases in the levels of ox-
idatively modified �-Syn (Fig. 7A).

Although the age-associated increase in oxidative stress could
contribute to the levels of oxidatively modified �-Syn, the Oxy-
blot analysis of the total SDS-soluble proteins (Fig. 7B) shows
that aging is associated with only a modest increase, if any, in the
overall levels of oxidatively modified proteins. Thus, given that
aging is associated with a rather selective increase in the level of
oxidatively modified �-Syn, the decreased turnover of the �-Syn
protein is likely to be a significant factor in the accumulation of
oxidatively modified �-Syn in the aging brain.

Discussion
In summary, we demonstrate that the expression of �-Syn and
other Syn variants during neural maturation and aging is associ-
ated with the stabilization of the protein. Moreover, primary se-
quence differences (mutations and species) in �-Syn have direct

Table 2. Half-lives of Hu�-Syn variants (WT, A53T, and A30P) and Mo�-Syn (MoSn) in polyclonal SH-SY5Y cell
lines

Undifferentiated Differentiated

t1/2 fast (%) t1/2 slow (%) t1/2 total R2 t1/2 fast t1/2 slow R2

WT 3.8 � 0.6 (30.8) 27.7 � 3.5 (69.2) 13.0 � 2.2 0.996 NA 52.3 � 3.3 0.997
A53T 3.4 � 0.8 (31.6) 29.7 � 4.0 (68.4) 13.5 � 1.5 0.991 NA 73.6 � 7.1a 0.982
A30P 3.0 � 0.3 (34.3) 28.9 � 2.9 (65.7) 13.2 � 1.2 1.000 NA 50.0 � 7.8 0.964
MoSn 1.2 � 0.2 (32.8) 20.9 � 3.1 (67.2) 9.5 � 1.5b 0.999 NA 35.8 � 2.4c 0.950

The values (t1/2, expressed as mean � SEM in hours; average span, in percentage) are calculated using the same methods as described in Table 1. The best fits
(R2) were achieved by assuming that the decays of the �-Syn species are biphasic in the undifferentiated SH-SY5Y cell lines and are monophasic in the
neuronally differentiated cells. The differentiation-dependent increases in the half-lives of �-Syn variants were highly significant (p � 0.01; t test).
Additionally, the half-life of Mo�-Syn is shorter than the half-life of WT Hu�-Syn in both undifferentiated b(p � 0.05; t test) and differentiated c(p � 0.01;
t test) SH-SY5Y cells. Finally, the half-life of A53T Hu�-Syn is longer than that of WT Hu�-Syn in differentiated SH-SY5Y cells a(p � 0.01; t test).

Figure 4. Neuronal differentiation and A53T mutation lead to increased stability of �-Syn proteins. A, B, Characterization of
polyclonal SH-SY5Y cells expressing Hu�-Syn. A, Immunoblot analysis of extracts from vector-transfected control (V) and WT
H�-Syn (SnWT) cell lines shows that very little, if any, endogenous �-Syn can be documented in both naive and RA-treated cells.
The �-Syn bands are near saturation because the protein loading (5 �g) was twice that used for quantitative analysis of �-Syn
protein. GAPDH (GD) is shown as the reference protein. B, Immunofluorescence analysis of Hu�-Syn expression in the SH-SY5Y cell
lines. Greater than 95% of the Hu�-Syn cell lines show �-Syn expression (green), whereas very few cells show Hu�-Syn expres-
sion in the vector-transfected cell line. The cells were counterstained with DAPI (blue). C, Polyclonal SH-SY5Y cell lines, stably
expressing Hu�-Syn variants (WT, A53T, A30P) and Mo�-Syn (MoSn), were differentiated by RA treatment. The immunoblot
analysis of �-Syn expression in undifferentiated (
) and RA-differentiated (�) SH-SY5Y cells shows that differentiation is
associated with increased accumulation of �-Syn polypeptide. Parallel immunoblot analysis for GAPDH (GD) confirms equal
protein loading. D, The immunoblots shown in C were subject to quantitative analysis, and the percentage increase of total �-Syn
levels associated with RA differentiation was plotted. Although all Hu�-Syn variants and Mo�-Syn levels increase with differen-
tiation ( p � 0.01; t test), the increase in the level of A53T mutant Hu�-Syn is significantly higher (*p � 0.05; t test) than other
�-Syn variants. Each value represents mean and SEM from three independent cultures. E, F, Undifferentiated and RA-
differentiated polyclonal SH-SY5Y cells expressing �-Syn were subjected to pulse-chase analysis to determine the stability of
�-Syn variants. E, Representative autoradiograms showing [ 35S]methionine-labeled, immunoprecipitated �-Syn at various
times (0, 6, 24, 48, and 72 hr) after metabolic labeling of SH-SY5Y cells. F, The stability of newly synthesized �-Syn increases with
neuronal differentiation. The levels of [ 35S]methionine-labeled �-Syn were quantified, and the percentage changes, relative to
the 0 hr point, are plotted (n 	 3; SEM). Note that differentiation is associated with increased stability of all �-Syn variants.
Although the rates of decay for all three Hu�-Syn variants are similar with the undifferentiated cells, A53T mutant Hu�-Syn
exhibits slower decay in differentiated cells. Consistent with the lower steady-state levels of accumulation, Mo�-Syn is metabo-
lized by the cells faster than Hu�-Syn.
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effects on the metabolism of �-Syn. The fact that aging is associ-
ated with an increase in �-Syn polypeptide levels and the selective
accumulation of oxidatively modified �-Syn indicates that the
stabilization of �-Syn with aging is of pathologic significance.

Although a number of studies have examined the expression
of Syn isoforms in brain and cultured cells, most studies have
focused on the increased expression of �-Syn with neuronal mat-
uration and development. Thus, the post-transcriptional regula-
tion of �-Syn expression has been underappreciated. We show
that the expression of �-Syn in neuronal cells is regulated by
post-translational protein stabilization. Stabilization of �-Syn
with aging has mechanistic significance for �-synucleinopathies

and other neurodegenerative diseases. In addition to maintaining
high levels of protein expression, an increase in the half-life of
�-Syn favors the accumulation of pathogenic modifications on
�-Syn. The increases in oxidative stress (Martin et al., 1996) and
the stability of �-Syn with aging are likely to act synergistically to
increase the accumulation of oxidatively modified �-Syn. The
increased stability of �-Syn may also promote other potentially
pathogenic modifications such as �-Syn truncations (Lee et al.,
2002) and phosphorylation (Fujiwara et al., 2002; Hasegawa et
al., 2002). For example, our initial studies indicate that neuronal
maturation and aging are also associated with the increased accumu-
lation of potentially pathogenic, C-terminally truncated �-Syn
variants in cultured cells and Tg mice (M. K. Lee, unpublished
observations). It is also possible that some post-translational modi-
fications, such as oxidative damage, may contribute to the slower
turnover of �-Syn. Because accumulations of these post-
translational modifications on �-Syn are associated with pathogenic
accumulation and aggregation of �-Syn (Hashimoto et al., 1999;
Souza et al., 2000; Paxinou et al., 2001; Fujiwara et al., 2002;
Hasegawa et al., 2002), increased stability of �-Syn with aging
would promote pathogenic aggregation and oligomerization of
�-Syn and subsequent cellular toxicity.

The pathogenic relationship between �-Syn metabolism and

Figure 5. Hyperaccumulation of A53T mutant Hu�-Syn in Tg mice. A, A representative
immunoblot analysis of steady-state Hu�-Syn levels of cortex and brainstem from Hu�-Syn
transgenic mice expressing WT, A53T, and A30P Hu�-Syn. To selectively document the expres-
sion of Hu�-Syn and not Mo�-Syn, rabbit anti-Hu�-Syn pAb was used. To account for the
differences in the basal levels of transgene expression between different lines, the steady-state
levels of Hu�-Syn in the old Tg mice (12–14 months of age; lanes 2, 4, 6) were normalized to the
levels in the younger Tg mice (�4 months of age; lanes 1, 3, 5) from the same Tg line. Parallel
analysis of GAPDH (GD) is also shown. B, A typical Ponceau S-stained blots confirms equal
protein loading and the integrity of the resolved proteins. C, Bar graph showing the age-
associated increase in the accumulation of A53T Hu�-Syn in Tg mice. The values (mean and
SEM) were determined from the immunoblot analysis of three independent Tg mice from
each genotype and age (examples shown in A). Although the relative levels of WT and
A30P Hu�-Syn do not change with age, there is a significant increase in the levels of A53T
Hu�-Syn (*p � 0.05; t test).

Figure 6. Inhibition of lysosomal and proteasomal function differentially affects �-Syn ac-
cumulation in neuronal and non-neuronal cells. Accumulation of Hu�-Syn, normalized to tu-
bulin or GAPDH levels, after exposure to the inhibitors of autophage–lysosome (BafA1, NH4Cl)
and proteasome (lactacystein, MG132) was determined in i293T ( A) and SH-SY5Y (B, C) cell
lines. The relative levels of �-Syn were determined by either densitometric analysis (A, C) or
PhosphorImager ( B) analysis. The values are percentage of the average relative �-Syn levels
obtained with the untreated control cultures. A, i293T cell lines show a significant increase in
�-Syn levels with the inhibitors used (*p � 0.05). The results are identical when GAPDH was
used as the reference protein (data not shown). The p value for NH4Cl in i293T cells ( p � 0.06)
approached significance. B, C, The inhibitor studies on SH-SY5Y cells performed in the presence
( B) and absence ( C) of cycloheximide were performed three times (using three independent
replicate cultures and with both wild-type and A53T-expressing cell lines) with similar results.
There were no statistically significant effects of inhibitor using the SH-SY5Y cells (n 	 3; p �
0.1). Parallel analysis of SH-SY5Y cells expressing A53T Hu�-Syn yielded virtually identical
results (data not shown).
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�-synucleinopathies is also supported by the fact that the A53T
mutant Hu�-Syn exhibits longer half-life than either WT or A30P
Hu�-Syn. The differences in the stability of Hu�-Syn variants show
a striking parallel to the selective in vivo toxicity of the A53T mutant
�-Syn in Tg mice (Lee et al., 2002). Increased stability of the A53T
Hu�-Syn would act synergistically with the enhanced aggregation
properties of this mutant (Conway et al., 1998; Uversky and Fink,
2002) to promote �-synucleinopathy in vivo.

Recent molecular genetic studies have linked triplication of
the �-Syn gene with a FPD pedigree (Singleton et al., 2003),
prompting the hypothesis that the mutations in �-Syn may have
significant quantitative rather than qualitative effects (Singleton
et al., 2003, 2004). Although the contributions of the qualitative
effects associated with FPD-linked mutations (e.g., enhanced ag-
gregation) to the pathogenesis can be debated, our results provide
cell biological basis for how aging and FPD-linked mutations can
have quantitative effects on the level of �-Syn in brain. Even for
the sporadic late-onset PD cases, polymorphisms in �-Syn pro-
moter are identified as risk factors (Kruger et al., 1999; Farrer et
al., 2001). Cell biological study of the �-Syn promoter polymor-
phic variants has linked PD-associated polymorphic variants
with the increased transcriptional activity (Chiba-Falek and
Nussbaum, 2001). Increased transcriptional activity, combined
with age-associated stabilization of �-Syn protein, would lead to
significantly higher steady-state levels of potentially pathogenic
�-Syn variants in older brain. Even in the cases in which the
triplication of the �-Syn gene causes PD, the stabilization of the
�-Syn protein with aging would contribute to the onset of PD. It
is also significant that human aging is associated with a significant
increase in �-Syn protein levels in SN (Fig. 2). Given that the
increase in �-Syn protein levels with aging can be comparable with
that achieved with �-Syn gene triplication in humans (Farrer et al.,

2004), the post-transcriptional stabilization of �-Syn in human
brain has clear and direct relevance to the pathogenesis of PD.

The above hypothesis is particularly attractive because �-Syn,
being a very long-lived protein, is more prone to accumulate
pathogenic modifications. Even in the undifferentiated SH-SY5Y
cells, the half-life of �-Syn (�24 hr) is comparable with other
long-lived proteins such as superoxide dismutase-1 (Borchelt et
al., 1994). Although previous studies have shown significantly
shorter half-lives (�3 hr) for the epitope-tagged Hu�-Syn in the
naive SH-SY5Y cells (Bennett et al., 1999), we are confident that
the results of our study are accurate reflections of �-Syn metab-
olism in vivo. Previously, Bennett et al. (1999) reported that in
undifferentiated SH-SY5Y cells, transiently expressed epitope-
tagged A53T Hu�-Syn had a 50% longer half-life than WT Hu�-
Syn (�3 hr for A53T vs �2 hr for WT); however, we did not
observe differential metabolism of the stably expressed Hu�-Syn
variants in the naive SH-SY5Y cells (Fig. 4) or in HEK293 cells
(data not shown). The use of the epitope-tagged �-Syn and tran-
sient transfection may have contributed to the aberrant metabo-
lism of �-Syn in the previous study (Bennett et al., 1999). Regard-
less, the previously reported half-life of �3 hr (Bennett et al.,
1999) is unlikely to contribute significantly to the steady-state
levels of �-Syn in vivo, in which normal half-life of �-Syn is
clearly �24 hr. Other studies of stably expressed epitope-tagged
�-Syn in PC12 cells (Webb et al., 2003) and stably expressed
untagged �-Syn in 293T cells (Paxinou et al., 2001) showed that
�-Syn is a long-lived protein but did not observe differential
metabolism of �-Syn variants (Paxinou et al., 2001).

Currently, the actual protease system(s) responsible for the
cellular metabolism of �-Syn is unknown; however, a number of
proteolytic systems are implicated in the cellular metabolism of
�-Syn, including proteasomes (Bennett et al., 1999; Tofaris et al.,
2001; Webb et al., 2003), lysosomes–autophagy (Paxinou et al.,
2001; Webb et al., 2003), calpains (Mishizen-Eberz et al., 2003),
and kallikrins (Iwata et al., 2003). Because aging is associated with
decreases in the activity of these proteases (Goto et al., 2001;
Gozal et al., 2003; Li et al., 2004), it is tempting to hypothesize that
increases in the stability of �-Syn with aging could result from the
decline in lysosomal and proteasomal activity. Furthermore, be-
cause FPD-linked mutant �-Syn can inhibit proteasomal func-
tion in cells (Tanaka et al., 2001; Petrucelli et al., 2002), enhanced
stability of familial PD-linked �-Syn protein could arise from
mutant �-Syn-dependent proteasomal dysfunction; however,
careful consideration of these studies and our inhibitor studies
indicates that proteasome may not be responsible for the cellular
metabolism of �-Syn in neuronal cells. Specifically, although
both FPD-linked mutant �-Syns inhibit cellular proteasomal ac-
tivity (Tanaka et al., 2001; Petrucelli et al., 2002), only the A53T
mutation increases the stability of �-Syn polypeptide (Figs. 4, 5).
Furthermore, these studies and our studies do not consistently
observe increased accumulation of stably expressed or endoge-
nous �-Syn after proteasomal inhibition in cells (Paxinou et al.,
2001; Petrucelli et al., 2002; Biasini et al., 2004). Similarly, it
appears that the lysosomal system is not a significant factor in the
turnover of �-Syn in neuronal cell lines. Consistent with our
data, it was shown recently that lysosomal inhibition does not
affect the total �-Syn levels but slows the clearance of �-Syn
oligomers in cells (Lee et al., 2004); however, proteasomal activity
and autophagy have been implicated in the degradation of
epitope-tagged �-Syn variants in a neural cell line (PC12 cells)
(Webb et al., 2003). It is possible that the epitope-tagged �-Syn is
metabolized differently from untagged �-Syn. Alternatively, in
some studies, an increase in the �-Syn levels after protease inhib-

Figure 7. Increase in oxidatively modified �-Syn with aging. A, �-Syn was immunoprecipi-
tated from nonionic detergent soluble extracts from young (50s) and old (80s) human SN and
young (4 months old) and old (14 months old) WT Hu�-Syn Tg mouse brainstem. The levels of
protein carbonyls associated with the immunoprecipitated �-Syn were determined by the
Oxyblot analysis. Aging is associated with the increased levels of �-Syn-associated protein
carbonyls. Also shown are input levels of �-Syn and a control lane showing the results obtained
with normal mouse IgG. B, Total protein carbonyl associated with the SDS-soluble proteins from
the samples used in A was determined using the Oxyblot analysis. There is a modest
age-associated increase in the level of protein carbonyls in human SN. Very little age-
associated changes occur with mice. The molecular mass standards are in kilodaltons.
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itor treatments may have resulted from the transcriptional effects
of inhibitors on transgene expression (Biasini et al., 2004). Given
the variations of �-Syn metabolism reported by various studies,
caution is warranted in the approaches used to examine �-Syn
metabolism in cultured cells. Even in our case, the differential
effects of protease inhibitors on non-neural and neural cells will
be an important point of future clarification.

Although our results do not implicate the lysosomal or pro-
teasomal systems in �-Syn metabolism, it is possible that alterna-
tive cellular proteolytic enzymes, such as calpains (Mishizen-
Eberz et al., 2003) and kallikreins (Iwata et al., 2003), are
responsible for the differential metabolism of �-Syn in neural
cells. In addition to the changes in proteolytic activity, we have
shown that the axonal transport of �-Syn slows with aging in
mice (Li et al., 2004). Because proteins are not normally metab-
olized while being transported down the axons, age-dependent
slowing �-Syn may contribute to increased stability of the �-Syn
protein with aging.

In conclusion, the results of our current study indicate that the
alteration in �-Syn metabolism is a significant factor in the mech-
anistic understanding of �-synucleinopathies. Stabilization of
the �-Syn protein with aging and with the FPD-linked mutation
can account for an increased risk for �-synucleinopathy associ-
ated with aging, despite the decrease in levels of �-Syn mRNA
with aging. Given the potential pathogenic importance of �-Syn
metabolism for �-synucleinopathies, understanding the cellular
processes that regulate �-Syn metabolism may allow us to ma-
nipulate the steady-state levels of �-Syn in vivo, leading to new
therapies for �-synucleinopathies.
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