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Abstract

One hypothesis for the etiology of Parkinson’s disease (PD) is that the formation of proteinaceous inclusion, which is mainly
composed of a-synuclein, may contribute to the selective loss of dopaminergic neurons. To further explore the role of a-synuclein
in neurodegeneration of PD, we examined the possible effects of aggregated a-synuclein on the intracellular redox state, dopamine
level, and cell death of SK-N-SH cells. Our present studies show that a-synuclein aggregation gives rise to both elevated intracellular
oxidative state and dopamine level in SK-N-SH cells. Moreover, a-synuclein aggregation results in a higher ratio of apoptosis pop-
ulation (55.8% + SEM) in cells overexpressing a-synuclein aggregation, compared to their normal control groups (8.0% + SEM). In
contrast, coexpression of hsp70 with a-synuclein suppresses the oxidative state shift, restores the normal dopamine levels and blocks
neuron cell loss. Therefore, our data provided one possible mechanism by which the a-synuclein aggregation may lead to the neu-
rodegeneration in PD via regulating the level of cytoplasmic dopamine and then disturbing the intracellular redox homeostasis. On
the other hand, hsp70 can mitigate the degenerative effect conferred by a-synuclein, acting as a protective factor in treatment of PD.
© 2005 Elsevier Inc. All rights reserved.
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Parkinson’s disease (PD), the second most com-
mon neurodegenerative disease after Alzheimer’s disease
(AD), is a chronic progressive disorder [5]. PD is charac-
terized by the presence of cytoplasmic protein aggregates
called Lewy bodies in affected neurons. Although the
exact mechanism underlying the pathogenesis of PD still
remains unknown, several lines of evidence indicate
that the a-synuclein may play a pivotal role in the etiology
of PD. First, a-synuclein protein is the major component
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of proteinaceous lewy bodies, which are found in the
remaining dopaminergic neurons of PD patients [§]. Sec-
ond, transgenic mice and fly models expressing o-synuc-
lein recapitulated some characters of PD [7,4]; and
finally, the formation of a-synuclein aggregation affects
the oxidative stress in cultured cells suggesting the
association of a-synuclein with the redox status. There-
fore, we speculated that aggregated a-synuclein might
exert its degenerative effect through affecting the cyto-
plasmic dopamine level and thereby, impairing the
redox state of dopaminergic neurons. The present studies
demonstrated increasing cytoplasmic dopamine level,
shifting redox state as well as cell apoptosis occur
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resulting from overexpression of a-synuclein in dopami-
nergic SK-N-SH cells.

It was reported that molecular chaperone hsp70 colo-
calized with a-synuclein in the Lewy bodies in Drosoph-
ila model of PD and mitigate the a-synuclein-inducing
toxicity [1]. To further explore the possible role of
hsp70 in protecting neurons from degeneration, hsp70
was coexpressed with a-synuclein in SK-N-SH. Our data
show that hsp70 overexpression can rejuvenate the nor-
mal physical dopamine level and the normal intracellu-
lar oxidative state. Co-immunoprecipitation assay
indicated the direct interaction between o-synuclein
and molecular chaperone hsp70. Here we provide fur-
ther evidence for the possibility of chaperone therapeu-
tics in neurodegenerative diseases.

Materials and methods

All chemicals, unless otherwise noted, were purchased from Sigma
Chemical (Sigma-Aldrich China). The SK-N-SH cell line was pur-
chased from the Cell Storage of Institute of Biochemistry and Cell
Biology, Shanghai, China. The expression vectors pcDNA3-o-synuc-
lein (a-synuclein) and pcDNA3-hsp70 were generous gifts from Dr.
Kenny K.K. Chung and Dr. J.H. Wang, respectively. The mouse hsp70
antibody was bought from Boster (Wuhan, China) and goat a-synuc-
lein antibody was from Santa Cruz Biotechnology (Shanghai, China).

Cell cultures. SK-N-SH cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) in the presence of 10% fetal bovine serum
(FBS). Cells (10%) were transfected with hsp70 (2 pg) and/or a-synuc-
lein (2 pg) expressing vectors.

Co-immunoprecipitation analysis and Western blot. For co-immu-
noprecipitation, all steps were performed at 4 °C according to the
manufacturer’s protocols (Santa Cruz Biotechnology). Briefly, cells
(1 x 107) were harvested and total proteins were extracted using NP-40
lysis buffer (1% NP-40, 150 mM NaCl, and 50 mM Tris, pH 8.0). Ly-
sates were precleared by adding 1.0 g control IgG, together with 20 pl
protein A—agarose. After centrifugation and transferring the superna-
tant to new tubes, 1 png anti-a-synuclein antibody and 20 pl protein A—
agarose were added and incubated at 4 °C on a rocker platform for
overnight. Samples were separated on 8% of SDS-PAGE gels, then
transferred to nitrocellulose membrane, incubated with primary mouse
anti-hsp70 monoclonal antibody (at a 1/500 dilution), HRP-coupled
rabbit anti-mouse secondary antibody (at a 1/10,000 dilution), and
visualized by chemiluminescence.

Th T fluorescence staining. SK-N-SH cells were fixed in 4% para-
formaldehyde/PBS solution for 30 min, then incubated for 8 min with
0.05% Thioflavin T solution, and washed three times with PBS before
mounting [14]. Images were analyzed using Zeiss fluorescence micro-
scope coupled with a numeric Nikon camera photo apparatus.

Estimation of intracellular redox state using DCFH. The intracel-
lular redox state was estimated by the level of intracellular peroxides,
which was monitored by green fluorescence analysis with DCFH-DA.
DCFH-DA is a non-polar compound that readily diffuses into cells,
where it is converted into non-fluorescent polar derivative, 2',7'-di-
chlorofluorescin (DCFH) by cellular esterase. DCFH is membrane
impermeable and rapidly oxidizes to a highly fluorescent compound
2/, 7'-dichlorofluorescin (DCF), in the presence of cellular H,O,/other
peroxides [10]. Thus, intracellular fluorescence intensity is directly
proportional to the level of intracellular peroxides. At 48 h after
transfection, the culture medium was replaced with freshly prepared
medium containing 5 uM DCFH-DA and incubation for 30 min,
then the fluorescence intensity was observed with fluorescence
microscope. The intracellular redox state was analyzed basing on the

intensity fluorescence at different time point 8, 16, 24, and 48 h,
respectively.

Assay for dopamine level. The dopamine level in SK-N-SH cells was
examined using the SPG (sucrose-potassium phosphate—glyoxylic acid)
histofluorescence method, as previously described [3]. Cells coated in
24-well plates were first washed thoroughly with PBS, then collected on
a coverslip, dipped in SPG solution, and air-dried for several minutes.
Finally, cells were examined under the fluorescence microscope and
images were photographed using coupled numeric Nikon camera
apparatus (Zeiss). The dopamine levels were analyzed at different time
points: 0, 8, 16, 24, and 48 h, respectively.

Acridine orangelethidium bromide staining. Cells (106) were centri-
fuged at 200g for 10 min at 4 °C. The cell pellets were resuspended in
I ml PBS with 2 pul each 100 pg/ml acridine orange and ethidium
bromide (AO/EB) diluted in PBS [13]. After staining for 8 min at room
temperature, cells were immediately observed under fluorescence
microscope with blue channel.

Results

The overexpression of hsp70 and o-synuclein in
SK-N-SH cells

The overexpression of hsp70 and a-synuclein in SK-N-
SH cells was confirmed by Western blot analysis. As indi-
cated in Figs. 1 and 2, the expression levels of hsp70 (Fig.
1A) and o-synuclein (Fig. 2A) in transfected cells were
markedly increased compared to that of the control
group. Quantitative analysis revealed that the relative
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Fig. 1. Overexpression of hsp70 in SK-N-SH cells. (A) Western blot
analysis of the expression of hsp70. Lanes 1 and 2, cells were
transfected with 4, 2 hsp70 expressing vectors, respectively; lane 3,
Cells were cotransfected with hsp70 and a-synuclein expressing
vectors; and lane 4, mock control sample. (B) Quantitative analysis
of hsp70 expression level—after the normalization to tubulin-f levels
in SK-N-SH cells—was performed using laser densitometry. Each
point, the mean of triplicate analyses with SD (P < 0.05).
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Fig. 2. Overexpression of a-synuclein in SK-N-SH cells. (A) Western blot analysis of a-synuclein expression. Lane 1, cells were transfected with o-
synuclein expressing vector; lane 2, cells were cotransfected with a-synuclein and hsp70 expressing vectors; lane 3, mock control sample (tubulin-f as
for international references). (B) Quantitative analysis of a-synuclein expression level—after the normalization to tubulin-f levels in SK-N-SH cells—
was performed using laser densitometry. Each point, the mean of triplicate analyses with SD (P < 0.05).

expression level of hsp70 (Fig. 1B) was increased to 5-fold
of that of the mock control. The expression of a-synuclein
(Fig. 2B) was increased to 3-fold of that of the control
(Figs. 1A and B; tubulin-f as internal reference).

The formation of aggregation induced by a-synuclein
overexpressing

To find out whether overexpression of a-synuclein
would affect the formation of a-synuclein accumula-

tion, we adopted the Th T labeling method to monitor
the information of aggregates. As shown in Fig. 3B, a
lot of granules appeared in the a-synuclein overexpress-
ing cells (indicated with arrows). The mean number of
the aggregate complexes were 1204 10/100 cells
(means + SD, Fig. 3D, n = 600). In contrast, no or very
few aggregate complex was found in the mock control
cells (Fig. 3A) and in cells coexpressing hsp70 and
a-synuclein cells (Fig. 3C). Accordingly, the mean
number of the aggregates complex was 10+ 1.5
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Fig. 3. The formation of intracellular o-synuclein aggregations indicated by Th T fluorescence (20x). (A) Mock control cells. (B) Cells were
transfected with a-synuclein-expressing vector (the aggregations are indicated by arrows). (C) Cells were transfected with hsp70 and a-synuclein
expressing vectors (small cavities are indicated by arrowheads). (D) Quantitative analysis of the formation of aggregates in control cells, a-synuclein
expressing and hsp70 and a-synuclein coexpressing cells. Shown is the mean of aggregated complex number per 100 cells (7 = 600).
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(mean + SD, Fig. 3D, n=600) in control cells and
33+ 2.2 (mean + SD, Fig. 3D, n=600) in cells coex-
pressing hsp70 and a-synuclein. The most interesting
aspect was that small cavities appeared after 2-day
coexpression of hsp70 and a-synuclein, which were sus-
pected to be the remains of aggregates complexes
shown in Fig. 3B (Fig. 3C, indicated by arrowheads).
These results suggested that overexpression of a-synuc-
lein may result in the formation of aggregated com-
plexes and the coexpression of molecular chaperone
hsp70 rescues the proteins from aggregating and there-
fore can mitigate the damage caused by dissoluble com-
plexes loading against cells.

The intracellular redox state shift in cells
overexpressing a-synuclein

The change in the intracellular redox state was esti-
mated through the intracellular oxidative state, which
was monitored by the green fluorescence intensity and
flow cytometric analysis of DCFH (data not shown).
In a-synuclein overexpressing cells, the intracellular oxi-
dative state began to increase at 24 h after transfection
(data not shown) and reached the highest level at 48 h
after transfection (Figs. 4A and B). However, co-expres-

sion of hsp70 recovered the intracellular oxidative state
to the level similar to that of control samples (Figs. 4A
and C). These results suggest overexpression of a-synuc-
lein might induce the shift of intracellular redox state by
elevating peroxide level. On the other hand, molecular
chaperone hsp70 may suppress the redox shift through
rescuing the misfolded protein from aggregating. To
confirm this speculation, we further examined the
changes in intracellular dopamine level after overexpres-
sion of a-synuclein.

The intracellular dopamine level increased in cells
overexpressing o-synuclein

Dopamine is one of the most vulnerable neurotrans-
mitters to oxidation and its oxidative derivatives is one
of the sources resulting in the increase in oxidative
state. To find out whether the shift in oxidative state
is associated with changes in dopamine level, we mea-
sured the intracellular dopamine level using SPG meth-
od, which was developed for the visualization of
catecholamines and serotonin in tissue or culture cells.
As shown in Fig. 5, the dopamine level was
significantly increased in cells overexpressing o-synuc-
lein (Fig. 5B, as arrows indicated) compared to the

Fig. 4. The intracellular peroxide state was elevated resulting from overexpression of a-synuclein (20x). (A) Mock control cells. (B) Cells were
transfected with a-synuclein expressing vector. (C) Cells were transfected with hsp70 and a-synuclein expressing vectors.

Fig. 5. The dopamine level was elevated by a-synuclein overexpression (20x). (A) Mock control cells. (B) Cells were transfected with a-synuclein
expressing vector. (C) Cells were cotransfected with hsp70 and a-synuclein expressing vectors.
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control cells (Fig. SA) and cells coexpressing hsp70 and
a-synuclein (Fig. 5C). The changes in fluorescence
intensity showed that dopamine level began to increase
at 12 h and reached the most significant value at about
30 h after transfection (data not shown). These data
indicate that the overexpression of a-synuclein may
lead to the increase in intracellular dopamine level
and the coexpression of hsp70 blocked this elevation
in dopamine.

The interaction between hsp70 and o-synuclein in the
SK-N-SH cell

To evaluate the potential binding interaction be-
tween hsp70 and a-synuclein, we performed co-immu-
noprecipitation (Co-IP) assay. The whole cell extract
was immunoprecipitated with antibody to a-synuclein
or preabsorbed antibody coupled to protein G beads.
Co-IP with a-synuclein antibody precipitated the ex-
pected band at 70 kDa which was verified by the
immunoblot using hsp70 antibody. This result indicates
the intracellular interaction between o-synuclein and
hsp70 (Fig. 6).
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Fig. 6. Co-immunoprecipitation (Co-IP) assay for the interaction
between hsp70 and a-synuclein. Data from a representative experiment
showing Western blot (WB) reacted with the hsp70 antibody. Whole
cell extracts were immunoprecipitated by anti-a-synuclein antibody (o~
synuclein-IP). The precipitated complexes were run on 8% SDS-PAGE
gel and probed for hsp70 using mouse anti-hsp70 antibody. Lane 1,
WB of a-synuclein-IP sample from coexpression of a-synuclein and
hsp70 cells; lane 2, cells were transfected with pcDNA3 vector; lane 3,
mock control cells; and lane 4, inputting hsp70 protein (1/3 of whole
cell extract used for IP) as positive protein control.

Neuron apoptosis in cells overexpressing o-synuclein

To investigate the possible degenerative effects of
a-synuclein on the dopaminergic neurons, we adopted
the AO/EB staining method to examine the apoptosis
phenomenon. As shown in Fig. 7, the apoptosis/necrosis
cells showed yellow or yellowish-green color (Fig. 7B),
while the live cells (or control cells) were stained with
green color fluorescence (Figs. 7A and C). The result
indicates the break down of DNA double strands and
mitochondria damages occurred in these cells.

Discussion

The exact mechanism of neurodegeneration in PD is
not fully known. The discovery of two missense mutants
in the gene encoding a-synuclein indicates the inheri-
tance factor involved in the pathogenesis of PD [5,8].
Several lines of evidence from cells culture and animal
models have shown that the pathogenesis of PD may
be associated with the aggregation of insoluble com-
plexes which mainly contains o-synuclein. What is the
exact role of a-synuclein in the dopaminergic neuron
degeneration? One report said that a-synuclein acting
like a molecular chaperone could regulate the dopamine
biosynthesis through binding to the dephosphorylated-
tyrosine hydrolase (TH) form [9,11]. However, there is
little knowledge about how aggregated a-synuclein led
to neuron cell loss. As previous experiments indicated,
oxidative stress plays a key role in neurodegeneration
which is exemplified by intrastriatal injections of 6-
hydroxyldopamine (6-OHDA) causing the degeneration
of dopaminergic neurons in a manner that can mimic
the early stage in PD [6]. In our studies, we investigated
the role of a-synuclein aggregation in the induction of
oxidative stress in dopaminergic neurons. We found that
overexpression of a-synuclein, which mainly formed
aggregates in the cells, can induce the redox state shift
and cell apoptosis. This result is out of our expectation
because the other group reported that oxidative factors
such as ferric ion, H,O, can induce the aggregation of
a-synuclein [15]. To examine the mechanism by which
oxidative stress was clevated, we further explored the
possibility of changes in cytoplasmic dopamine level.
Experimental results showed that there is significant
increase in dopamine level in cells overexpressing o-syn-
uclein compared to the control.

Heat shock protein 70 (hsp70) is another component
found in the Lewy body in experiments in transgenic
Drosophila model of overexpression of hsp70 which
showed that hsp70 can prevent the TH-immunopositive
neuron loss under the oxidative stress conditions [2]. In
our studies, hsp70 can protect the neuron cells from
apoptosis as well as suppress the increase in dopamine
level and oxidative state shift after coexpression with
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Fig. 7. Measurement of cell apoptosis by AO/EB staining. Acridine orange/ethidium bromide staining showed the apoptosis of cells expressing
a-synuclein. (A) Mock control cells; (B) cells overexpressing a-synuclein; (C) cells coexpressing hsp70 and a-synuclein.

a-synuclein in dopaminergic neurons. The possible
mechanism by which hsp70 can inhibit the formation
of a-synuclein aggregates is through direct interaction
with a-synuclein. Previous experiments also indicate
that hsp70 can mitigate the neurotoxicity caused by mis-
folding proteins such as polyQ-expanded proteins [12].
Our studies, together with previous results, provide the
promise for treatment of neurodegenerative diseases
through up-regulation of chaperone pathways.
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