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Abstract

Although the aberrant expression of�-synuclein (�-Syn) is toxic to dopaminergic neurons, little is known about the correlation between the
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bnormality of�-Syn and the expression of tyrosine hydroxylase (TH), a rate-limiting enzyme for the synthesis of dopamine neurotr
n this study, the MES23.5 rat dopaminergic cell line transfected with wild-type human�-Syn cDNA (h�-Syn) construct was used to investig
he association between�-Syn and TH. Immunocytochemical staining and Western blot for TH showed that the TH expression was
ecreased in h�-Syn-transfected cells. Northern blot confirmed that the TH mRNA level was also dramatically reduced. Reductio
rotein levels did not affect the growth and proliferation of the transfected cells. No apparent cell injury or death was observed. Th
uggest that an abnormal expression of�-Syn may inhibit TH synthesis in dopaminergic cells.
2004 Elsevier Ireland Ltd. All rights reserved.
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uman�-synuclein (h�-Syn), a 140-amino acid protein that
s highly expressed in the central nervous system[12,18], was
riginally identified in Alzheimer’s disease brains[33] and
as been strongly implicated in the pathogenesis of Parkin-
on’s disease. Direct evidence for the involvement of�-Syn
n PD was provided by genetic studies in which mutations
n �-Syn gene (A53T and A30P) cause rare, dominantly in-
erited variants of this disorder[16,26]. Although the effort

o find these mutations in�-Syn gene in sporadic PD cases
ailed [5,6], aggregated�-Syn has been shown to be the ma-
or component of Lewy bodies and Lewy neurites[1,2,30],
he pathological hallmarks of PD, suggesting that aggrega-
ion of �-Syn may be relevant to the pathogenesis of PD.
ubsequently, in vitro studies have shown that�-Syn may

nteract with ubiquitin-proteosomal processing[23], oxida-
ive injury and/or mitochondrial dysfunction to induce neu-
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rodegeneration and cell death[13,14]. Moreover, it has bee
recently reported that transgenic mice and flies expressin
man wild-type or mutant�-Syn recapitulate many featur
of PD, including loss of dopamine in striatum, motor imp
ments, formation of�-Syn-positive inclusions and neuron
degeneration[11,21].

The molecular mechanism for the pathological role
�-Syn in PD has not been clarified. It is known t
Parkinsonism results from extensive reduction in the
lease of dopamine neurotransmitters in striatum and
tyrosine hydroxylase (TH) is the rate-limiting enzy
for dopamine synthesis. In transgenic mice and�-Syn-
transfected dopaminergic neurons, overexpression of�-Syn
has been found to inhibit the TH activity and dopamine
thesis[15,21]. However, little is known about the correlati
between the abnormality of�-Syn and the expression of T

In the present study, using h�-Syn-transfected MES23
dopaminergic neuronal cell line, we provide evidence
overexpression of�-Syn dramatically reduce the protein le
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of TH and inhibits the TH gene expression without affecting
the cell growth and proliferation as well as inducing cell in-
jury. These findings indicate that the inhibition of TH gene
expression may be directly due to aberrantly expressed�-Syn
in these dopaminergic neuronal cells.

The rat MES23.5 dopaminergic cell line[9] (kindly pro-
vided by Dr. Weidong Le at the Baylor College of Medicine,
Houston, USA) were transfected with either pcDNA (Invit-
rogen) or pcDNA containing human wild-type (WT)�-Syn
cDNA using the Calcium Phosphate Transfection System
(Gibco, BRL) and stable transfectants were obtained. Cells
were maintained in 25 cm2 flasks (Corning) in DMEM/F12
medium (HyClone) containing 5% heat inactivated fetal
bovine serum (HyClone), Sato’s ingredients and 300�g/mL
of G418 in a CO2 incubator at 37◦C. After three to four pas-
sages, cells were either transferred to new 75 cm2 flasks for
Western blot and Northern blot analyses, or seeded into 24-
well plates (Falcon) for cell proliferation assay, 96-well plates
(Falcon) for cytotoxicity assay, and 35 mm culture dishes
(Nunc) for immunocytochemistry. All the flasks, plates and
culture dishes used were pre-coated with poly-l-ornithine
(Sigma).

For cell proliferation assay, MES23.5 cells with or with-
out transfection were plated at a density of 1.5× 104 mL/well
onto 24-well plates and cultured at 37◦C. The cell number
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bodies, anti-human TH (1:5000) or polyclonal rabbit anti-
human�-Syn EQV1[1] (1:3000), followed by 2 hours in-
cubation with FITC-conjugated goat anti-rabbit IgG and
TRITC-conjugated goat anti-mouse IgG (1:200, Santa Cruz)
at room temperature. After several washes with PBS, the cells
were coverslipped and observed with a confocal laser micro-
scope (Bio-Rad, MRC 1024, USA).

For Western blot analysis, cells were lysed with a buffer
containing 10 mmol/L of Tris–HCl, pH 7.4, 10 mmol/L of
NaCl, 1 mmol/L of PMSF, 1 mmol/L of EDTA and 0.01%
(w/v) of SDS. Then samples were centrifuged at 12,000×
g for 20 min and the protein concentration was determined
with BCA method (Pierce). Samples (50�g protein/lane)
were separated by 12.5% SDS-PAGE and transferred to
PVDF membrane (Life Science). The membrane was blocked
for 30 min with 5% skim milk in TBS containing 0.1%
Tween-20 (TBST), and then incubated with anti-human�-
Syn antibody (EQV, 1:20,000), anti-human TH polyclonal
antibody (1/10,000, Chemicon) or anti-�-actin polyclonal
antibody (1/5000, Santa Cruz) overnight at 4◦C, followed
by horseradish peroxidase-conjugated goat anti-rabbit IgG
(1:5000, Santa Cruz) for 1 hour, and developed with ECL
reagents (Santa Cruz). All the antibodies were diluted in
TBST.

For Northern blot analysis, cells were washed with ice-
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er mililiter medium was counted with a hemacytometer
ecorded every day until the seventh day. For cell via
ty evaluation, the MES23.5 cells were plated onto 96-
lates at a density of 1.8× 103 cells/100�L/well and cul-

ured for 48 hours. Then, the cells were assayed using
it (Boehringer) according to the instructions provided.
Immunocytochemical staining for TH was performed

ng the methods described previously[36]. Briefly, cells
ere fixed in a fixative containing 4% paraformaldeh
nd 0.1% glutaraldehyde and permeabilized with 0.3%

on X-100. The cells were then incubated overnight at◦C
ith anti-human TH antibody (mouse monoclonal, 1:10,0
hemicon) followed by incubation at room temperature
hours with biotinylated horse anti-mouse IgG (1:1000, V

or Laboratories) and 1 hour with avidin–biotin-peroxid
omplex (1:1000, ABC Elite, Vector Laboratories). The T
ositive cells were finally visualized in a solution conta

ng 3,3-diaminobenzidine (Sigma) and H2O2 in 50 mmol/L
f Tris–HCl buffer. After immunostaining, the TH-positi
ells in the gene-transfected and non-transfencted cells
ounted by reference of the previously described me
19]. In brief, the total number of TH-positive cells w
ounted in each dish. For each dish, 10 fields were sel
andomly and counted. Five dishes were counted for
roup. The TH-positive cell number was expressed as
entage of TH-positive cells versus total cells.

Double immunofluorescence labeling was also condu
n some cells in order to visualize the relationship betw
he expression of�-Syn and TH. In this experiment, ce
ere fixed and permeabilized as described above. The
ere then incubated overnight at 4◦C with primary anti-
old PBS and total RNA was extracted with Trizol RN
solation Reagents (Invitrogen) according to the pr
ol provided. Full-length cDNA of mouse TH was gen
ted with RT-PCR using the total RNA of the MES2
ells. PCR was performed with primers 5′-CGCGGA-
CCATGCCCACCCCCAGCGCC-3′ (for N-terminal) and
′-CGCGTCGACTTAGCTAATGGCACTCAGTGC-3′ (for
-terminal). TH cDNA thus obtained was confirmed by
uencing.

RNA samples were electrophoresed on 1% agaros
ontaining 2.2 mol/L of formaldehyde, transferred thro
apillary action onto nylon membranes. Using a North
lot Kit (Pierce), mouse TH cDNA and GAPDH cDNA we

abeled by horseradish peroxidase and then hybridized
he membranes. The membranes were washed twice×
SC with 0.1% SDS at 65◦C for 30 min, then twice in 1×
SC with 0.1% SDS at 65◦C for 30 min. Signals were d

ected with ECL reagents and then exposed to an X-ray
All the bands for Western blots and Northern blots w

canned and quantified by an image analyzer (Glyko B
can). Variations in the contents and loading of prot
r mRNAs were corrected with the signals of�-actin or
APDH, respectively.
All the data were expressed as means± S.D. Student’

-test was used to examine the significance between ex
ental groups andP values less than 0.05 were conside

o be significant.
Over-expression of WT h�-Syn has been reported to

oxic to neuronal cells[3,27,35,37]. In order to know if over
xpression of WT h�-Syn is also toxic to MES23.5 cells, w
ompared the cell proliferation and the cell viability betw
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Fig. 1. Effects of h�-Syn transfection on the proliferation and the cell via-
bility of MES23.5 cells. (A) Growth curves of the parental cells and the cells
transfected with vector or h�-Syn. (B) MTT assay of the cell viability for
the parental cells and the cells transfected with vector or h�-Syn (N = 5,P
> 0.05).

parental, pcDNA-transfected and pcDNA�-Syn-transfected
cells. Growth curves showed that transfection with vector
alone or with h�-Syn did not affect the cell proliferation (Fig.
1A). All the three cell lines showed similar proliferation rates
without statistical difference. These results indicate that the
cell proliferation is not affected by�-Syn transfection in the
MES23.5 cells used in this study.

We further investigated if any cell toxicity could be in-
duced by overexpression of�-Syn. MTT assay showed that
neither transfection of pcDNA vector nor pcDNAh�-Syn af-
fected the cell viability (Fig. 1B).

However, immunocytochemical staining for TH showed
dramatic reduction of the TH-positive cells in pcDNA�-Syn-
transfected cells. As shown inFig. 2, most of the control MES
23.5 cells were positive for TH. Compared with the control
cells, transfection with only pcDNA vector apparently did not
change the number of TH-positive cells. The numbers of TH-
positive cells in control and pcDNA-transfected cells were
95.9± 4.3% and 96.7± 3.0%, respectively. But in the h�-
Syn-transfected cells, the number of TH-positive cells was
reduced to 15.4± 4.5% (Fig. 2A and B).

Double immunofluorescence labeling illustrated that�-
Syn levels in h�-Syn-transfected cells were apparently higher
than those in vector control cells (Fig. 3B and E), while only
very weak TH signal was visible in these cells (Fig. 3D). By
c nals

Fig. 2. TH immunocytochemical staining of MES23.5 cells. (A) Photomi-
crographs showing TH immunocytochemical staining of parental cells (a),
pcDNA-transfected cells (b) and pcDNAh�-Syn-transfected cells (c). Ar-
rows points the TH-positive cells. Arrowheads indicate the TH-negative
cells. (B) Bar graph showing the TH-positive cell numbers in parental,
pcDNA-transfected and pcDNAh�-Syn-transfected cells. Compared with
parental cells, transfection with pcDNA did not change the number of the
TH-positive cells. The numbers of TH-positive cells in parental and pcDNA-
transfected cells were 95.9± 4.3% and 96.7± 3.0%, respectively. However,
the number of TH-positive cells in h�-Syn-transfected cells was significantly
reduced to 15.4± 4.5% (n = 5,P < 0.001, bar = 32�m).

(Fig. 3A) compared with parental cells (not shown). No ap-
parent�-Syn aggregates or inclusions were observed in these
h�-Syn-transfected cells.

In order to further confirm our observation in immunocy-
tochemistry, we used Western blot analysis to examine the
protein levels of TH and�-Syn. As shown inFig. 4A, the
cells having the h�-Syn-construct expressed higher protein
levels of�-Syn than vector control cells, while their level of
TH protein was apparently lower than the control cells. These
results, together with immunocytochemical studies, indicate
that overexpression of h�-Syn is responsible for the reduction
of TH protein.

One possibility for the reduction of TH protein level may
be the result from the transcriptional inhibition of the TH
gene. Using Northern blot hybridization, we analyzed the
mRNA level of TH in the h�-Syn-transfected cells. The
mRNA level of TH in the h�-Syn-transfected cells was also
apparently decreased compared with the vector control cells
(Fig. 4B). The decrease of TH mRNA level in the h�-Syn-
transfected cells may suggest the possibility that overexpres-
sion of h�-Syn inhibits the TH gene expression, which leads
to the dramatic reduction of TH protein.

Our observation that the transfection of WT h�-Syn does
not induce cell injury or death is consistent with many
other studies, in which overexpression of WT h�-Syn only
ontrast, the vector control cells showed normal TH sig
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Fig. 3. Immunofluorescence labeling for TH and�-Syn in MES23.5 cells.
Anti-TH (mouse monoclonal) and anti-�-Syn (rabbit polyclonal) antibodies
were used for a double labeling study of the pcDNA and pcDNAh�-Syn-
transfected cells. The pcDNA-transfected cells show strong intensity of fluo-
rescent signal for TH shown in red (A) and moderate intensity of fluorescent
signal for�-Syn shown in green (B). (C) is the merge of (A) and (B). TH is
localized in cytoplasm while�-Syn is distributed not only in cytoplasm, but
also in peri- and inner-nuclear with higher labeling intensity. However, in the
pcDNAh�-Syn-transfected cells, the fluorescent signal intensity for�-Syn
is apparently enhanced (E) while that for TH is greatly diminished (D). (F) is
the merge of (D) and (E). No apparent�-Syn aggregates or inclusions were
noticed in pcDNAh�-Syn-transfected cells (bar = 12�m).

increases the sensitivity of the cells to other insults but does
not induce cell injury or cell death[14,31,32]. However, cell
death with overexpression of�-Syn has been reported in
primarily cultured dopaminergic neurons of substantia nigra
[37]. This discrepancy is probably due to the difference of the
cell types used and the expressing levels of�-Syn. In PC12
cells, it was observed that low dose of�-Syn only inhibited
dopamine synthesis but high dose of�-Syn induced apparent
decrease in cell viability[10,17].

The molecular mechanisms for the inhibition of the TH
gene expression in h�-Syn gene-tranfected dopaminergic
cells are not clear. Loss of TH expression may not result from
gene transfection itself since TH expression was not affected
in vector-control cells. Therefore, overexpressed h�-Syn in
the dopaminergic cells may be responsible for the loss of TH
expression. Similar results have been observed in h�-Syn-
transgenic mice, in which both the TH levels and TH activity
in striatum were decreased[21], or in h�-Syn-transfected
BE2-M17 dopaminergic neurons, in which overexpression
of WT h�-Syn was also accompanied by the loss of TH ex-
pression[4]. Furthermore, h�-Syn has been shown to directly
inhibit TH activity in an in vitro study[25]. These results, in
conjunction with our present findings, provide a novel point
of view, i.e., overexpressed�-Syn may reduce dopamine syn-
thesis by inhibiting the TH expression and/or TH activity in
d

Fig. 4. Decreased expressions of TH protein and mRNA in�-Syn-
transfected MES23.5 cells. (A) Western blot analysis of�-Syn and TH pro-
teins in transfected MES23.5 cells. The upper part shows the bands revealed
by anti-�-Syn, anti-TH and anti-�-actin. The lower part is the bar graph
showing the relative changes in the protein levels of�-Syn and TH. (B)
Northern blot analysis of�-Syn and TH mRNAs. The upper part shows the
bands of�-Syn and TH mRNAs. The lower part is the bar graph showing
the relative changes in the mRNA levels of�-Syn and TH.

Since TH is a rate-limiting enzyme for dopamine synthe-
sis, TH immunohistochemistry has been widely used as an
important marker for the injury or death of dopaminergic neu-
rons. However, according to our present observations, loss
of TH immunoreactivity in substantia nigra may not merely
represent the loss of dopamenergic neurons but also the in-
hibition of TH expression. Similar observation has also been
reported in aging study in which decreased TH expression but
not cell loss is associated with aging[8,22,28]. It would be
interesting to study whether there is an age-related increase of
Syn expression which in turn causes the TH down regulation.

Evidence has shown that some Parkinsonism-inducing
toxins such as MPTP and herbicide paraquat can up-regulate
opaminergic neurons of substantia nigra.
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�-Syn expression[20,34]. In PD, the proteasomal system
for �-Syn degradation has been demonstrated to be deficient
[23,24,29], which in theory can also result in the intracellu-
lar accumulation of�-Syn. A recent report has shown that a
polymorphism in the promoter region of the�-Syn gene can
affect the levels of expression of�-Syn, and that some of the
alleles are related to high risk of PD onset[7]. Therefore, it is
postulated that the genetic deficiency and environmental risk
factors may work together to induce accumulation of�-Syn
in dopaminergic neurons, which may lead to the inhibition
of both expression and activity of TH. Whether this effect
will cause increased susceptibility of dopaminergic neurons
to toxic injury warns further investigation.
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