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Endogenous �-Synuclein Is Induced by Valproic Acid
through Histone Deacetylase Inhibition and Participates in
Neuroprotection against Glutamate-Induced Excitotoxicity

Yan Leng and De-Maw Chuang
Molecular Neurobiology Section, Biological Psychiatry Branch, National Institute of Mental Health, National Institutes of Health, Bethesda, Maryland
20892-1363

Emerging evidence suggests that �-synuclein (�-syn), which is traditionally thought to have a pathophysiological role in neurodegen-
erative diseases, can have neuroprotective effects. This study aimed to investigate whether endogenous �-syn in neurons can be induced
by valproic acid (VPA), a mood-stabilizer, anticonvulsant and histone deacetylase (HDAC) inhibitor, and if so, whether the �-syn
induction is neuroprotective. VPA treatment of rat cerebellar granule cells caused a robust dose- and time-dependent increase in levels of
�-syn protein and mRNA and in the intensity of �-syn immunostaining. Knockdown of VPA-induced �-syn overexpression with �-syn
antisense oligonucleotides or siRNA completely blocked VPA-induced neuroprotection. �-Syn knockdown also exacerbated glutamate
neurotoxicity, stimulated the expression of the proapoptotic gene ubiquitin-conjugating enzyme E2N, and downregulated the expression
of the anti-apoptotic gene Bcl-2. Induction of �-syn by VPA was associated with inhibition of HDAC activity, resulting in hyperacetylation
of histone H3 in the �-syn promoter and a marked increase in �-syn promoter activity. Moreover, VPA-induced �-syn induction and
neuroprotection were mimicked by HDAC inhibitors sodium 4-phenylbutyrate and trichostatin A (TSA). �-syn was also induced by VPA
in rat cerebral cortical neurons. Additionally, treatment of rats with VPA, sodium butyrate, or TSA markedly increased �-syn protein
levels in the cortex and cerebellum. Together, our results demonstrate for the first time that VPA induces �-syn in neurons through
inhibition of HDAC and that this �-syn induction is critically involved in neuroprotection against glutamate excitotoxicity. Clinically,
VPA may represent a suitable treatment for excitotoxicity-related neurodegenerative diseases.
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Introduction
The synuclein family of proteins are predominantly expressed in
neurons and include three structurally similar isoforms termed
�, �, and �. �-Synuclein (�-syn), a presynaptic protein of poorly
understood function, is associated with synaptic vesicles (Jo et al.,
2000) and has been suggested to have a role in synapse formation
and plasticity (Cabin et al., 2002; Liu et al., 2004). �-Syn is a
natively unfolded molecule that can self-aggregate to form oli-
gomers and fibrillar structures that accumulate in brain Lewy
bodies in Parkinson’s disease (PD) patients (Norris et al., 2004).
Additionally, mutations in three loci (A53T, A30P, and E46K) in
�-syn have been linked to the heritable form of PD (Polymero-

poulos et al., 1997; Krüger et al., 1998; Zarranz et al., 2004).
Therefore, �-syn is generally considered to have a neurotoxic role
in the pathogenesis of PD.

However, there is a growing body of evidence suggesting that
�-syn can also have neuroprotective effects both in vitro and in
vivo. For example, exogenous or overexpressed �-syn protects
against multiple insults in cultured neurons (Seo et al., 2002;
Alves da Costa et al., 2000, 2002; Jensen et al., 2003). Transgenic
expression of �-syn prevents paraquat-induced degeneration of
nigrostriatal dopaminergic neurons and cysteine-string protein-
�-induced nerve terminal injury (Manning-Bog et al., 2003;
Chandra et al., 2005). The neuroprotective mechanisms of �-syn
appear to include the activation of phosphatidylinositol 3-kinase/
Akt, suppression of p53 and c-Jun-N-terminal kinase (JNK) sig-
naling, as well as the induction of neuroprotective/neurotrophic
factors (Seo et al., 2002; Alves da Costa et al., 2002; M. Hashimoto
et al., 2002; Manning-Bog et al., 2003; Albani et al., 2004; Kohno
et al., 2004). Despite this information, there is no report on neu-
roprotection elicited by raising the endogenous levels of �-syn
pharmacologically.

Valproic acid (VPA) is a mainstay drug alternative to lithium
in treating bipolar mood disorder and has been widely used as an
anticonvulsant for seizure patients. Emerging evidence supports
the notion that VPA has neuroprotective effects in vitro, includ-
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ing neuroprotection against glutamate excitotoxicity (R. Hashi-
moto et al., 2002; Kanai et al., 2004), endoplasmic reticulum
stress (Bown et al., 2000; Kim et al., 2004; Hiroi et al., 2005), and
lipopolysaccharide-induced microglial activation and dopami-
nergic neuronal death (Peng et al., 2005). In a rat cerebral isch-
emic model, post-insult VPA treatment suppresses ischemia-
induced brain damage and neurological deficits (Ren et al., 2004).
VPA neuroprotection is associated with hyperacetylation of his-
tones (Ren et al., 2004; Kanai et al., 2004), presumably through
the inhibition of histone deacetylase (HDAC), a recently identi-
fied target of VPA (Phiel et al., 2001; Göttlicher et al., 2001). An
increasing number of reports suggest the potential of using
HDAC inhibitors including VPA to treat acute and chronic neu-
rological diseases such as stroke, polyglutamine-expansion dis-
eases, amyotrophic lateral sclerosis (ALS), and Alzheimer’s dis-
ease (for review, see Langley et al., 2005). The present study was
undertaken to investigate whether VPA-mediated HDAC inhibi-
tion results in transcriptional upregulation of �-syn and whether
the resultant increase in endogenous levels of this protein partic-
ipates in the neuroprotective effects against glutamate-induced
excitotoxicity in rat brain neurons.

Materials and Methods
Primary cultures of cerebellar granule cells. Cerebellar granule cell (CGC)
cultures were prepared from 8-d-old Sprague Dawley rats as described
previously (Nonaka et al., 1998) with some modifications. Briefly, the
dissociated cells were resuspended in serum-free B27/neurobasal me-
dium and plated at a density of 1.2 � 10 6 cells/ml on 0.01% poly-L-lysine
precoated plates, dishes, or glass chamber slides. Cytosine arabino-
furanoside (10 �M) was added to the cultures �24 h after plating to arrest
the growth of non-neuronal cells. The cultures were routinely pretreated
with indicated concentrations of VPA for 5–7 d, starting from 1 d in vitro
(DIV), and then exposed to 100 �M glutamate for 24 h to induce neuro-
toxicity. At the time of experimentation, �92% of cells represent CGC
neurons.

Cortical cell culture. Neuron-enriched cerebral cortical cells were pre-
pared from the brains of 18-d-old Sprague Dawley rat embryos, essen-
tially as described previously (R. Hashimoto et al., 2002). Briefly, cortices
were dissected from embryonic brain and the meninges was removed.
The cells were dissociated by trypsinization and trituration, followed by
DNase treatment. The dissociated cells were resuspended in serum-free
B27/neurobasal medium and plated at a density of 3 � 10 5 cells/cm 2 on
dishes precoated with poly-L-lysine. The cells were maintained at 37°C in
the presence of 5% CO2/95% air in a humidified incubator. After DIV 6,
cortical neurons were treated with VPA or its vehicle and maintained for
4 d in cultures.

Western blotting. Cultured CGCs and cortex neurons were detached by
scraping and then sonicated for 30 s in lysis buffer as described previously
(Leng et al., 2001). Aliquots containing equal amounts of protein (15 �g)
from each sample were dissolved in an equal volume of SDS sample
buffer, loaded onto a 4 –12% Nupage Bis-Tris gel, and then subjected to
electrophoresis. After separation, proteins were transferred to a polyvi-
nylidene difluoride membrane, which was incubated for 1 h with the
primary antibody against �-syn (1:500; BD Transduction Laboratories,
San Jose, CA), acetylated histone H3 (1:3000; Upstate Biotechnology,
Lake Placid, NY), �-actin (1:5000; Sigma, St. Louis, MO), phospho-
eukaryotic initiation factor 2-� (eIF 2�) (1:1000; Abcam, Cambridge,
MA), ubiquitin-conjugating enzyme E2n (Ube2n) (1:1000; Abcam), and
Bcl-2 (1:500, Santa Cruz Biotechnology, Santa Cruz, CA), in 0.01%
Tween-20/PBS and then with the HRP-labeled secondary antibody (1:
2000; Amersham Biosciences, Piscataway, NJ). The reactive bands were
visualized by detecting chemiluminescence.

Total RNA extraction, reverse transcription-PCR, and semiquantitative
mRNA expression. Total RNA from CGCs was obtained by using the
RNeasy Mini kit (Qiagen, Valencia, CA) according to instructions of the
manufacturer. Specific primers used were as follows: for rat �-syn, 5�-
GAAAACCAAGCAGGGTGTG-3� (forward) and 5�-CACTGCTGAT-

GGAAGACTTTG-3� (reverse); for rat Bcl-2, 5�-TGGACAACATC-
GCTCTGTGGATGA-3� (forward) and 5�-TGTGTGTGTGTGTGTG-
TGTTCTGC-3� (reverse); for rat Ube2n, 5�-TGTAGCTGAGCAGTG-
GAAGAGCAA-3� (forward) and 5�-TCTACACCTGACGGCAAAGT-
CACA-3� (reverse); and for rat �-actin, 5�-CCACAGCTGAGAGGG-
AAATCG-3� (forward) and 5�-AGTAACAGTCCGCCTAGAAGCA-3�
(reverse). The primers were used to obtain the first cDNA strand by
reverse transcription (RT) at 48°C for 20 min followed by denaturation
for 2 min at 94°C. The subsequent amplification of the cDNAs was per-
formed using PCR: denaturation, 1 min at 94°C; annealing, 1 min at
55°C; and extension, 1 min at 68°C during 35 cycles with a Biometra
(Göttingen, Germany) T-gradient thermoblock. The RT-PCR products
were analyzed by 1.2% agarose gel electrophoresis and visualized with
ethidium bromide staining.

Quantitative real-time RT-PCR. For relative quantification of mRNA
levels for the genes of interest, quantitative real-time RT-PCR was per-
formed using TaqMan universal PCR master mix (Applied Biosystems,
Foster City, CA). Real-time PCR was performed from reverse-
transcribed cDNA samples. Briefly, 1 �g of each RNA sample was reverse
transcribed into cDNA in a 100 �l reaction by using High-Capacity
cDNA Archive Kit (Applied Biosystems). The RT was performed at 25°C
for 10 min and 37°C for 120 min. An aliquot of 22.5 �l of each diluted
cDNA was used as a template for each PCR in conjunction with 25 �l of
TaqMan universal master mix and 2.5 �l matched TaqMan gene expres-
sion assay mixture (Applied Biosystems) containing a 20� mix of for-
ward primer, reverse primer, and 6-carboxyfluorescein-labeled TaqMan
minor groove binder probe in a total volume of 50 �l. TaqMan gene
expression assay kits for �-syn, Bcl-2, Ube2n, �-actin were also obtained
from Applied Biosystems. A negative control lacking RT enzyme was
included in each assay. The PCR cycling was performed first by incuba-
tion at 50°C for 2 min followed by 95°C for 10 min and then 40 cycles of
95°C for 15 s and 60°C for 1 min. The cycle threshold (Ct) values corre-
sponding to the PCR cycle number at which fluorescence emission in real
time reaches a threshold above the baseline emission were determined.
The fold induction or repression by real-time RT-PCR was measured in
triplicate relative to matched vehicle-treated controls and calculated after
adjusting for �-actin using 2 -��Ct, where �Ct is target gene Ct � �-actin
Ct, and ��Ct is �Ct control ��Ct treatment.

Measurement of cell viability. The mitochondrial dehydrogenase activ-
ity that reduces 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) was used to determine cell survival in a quantitative
colorimetric assay (Nonaka et al., 1998). CGCs were incubated with MTT
(125 �g/ml) added directly to the growth medium for 1 h at 37°C. The
medium was then aspirated, and the formazan product was dissolved in
dimethylsulfoxide and quantified spectrophotometrically at 540 nm. The
results are expressed as a percentage of viability of the control culture.

Immunofluorescence. CGCs were cultured on poly-L-lysine precoated
chamber glass slides (Nalge Nunc International, Naperville, IL). After
treatment with 0.2 mM VPA for 6 d (DIV 1 to DIV 7), CGCs were washed
with PBS, fixed with methanol, and then blocked with 3% goat serum for
15 min. Cells were washed again with PBS and incubated for 1 h with
anti-�-syn antibody (1:50 dilution). After washing with PBS, the cells
were incubated for 1 h with goat anti-mouse Rhodamine Red-X-
AffiniPure-conjugated secondary antibodies (1:50) (Jackson Immu-
noResearch, West Grove, PA), washed with PBS, and mounted. Nuclei
were stained with 4�, 6-diamidino-2-phenylindole (DAPI) (1.5 �g/ml)
included in the mounting medium (Vectashield; Vector Laboratories,
Burlingame, CA) to yield blue fluorescent nuclear images. Fluorescent
labeling was examined with a Zeiss (Oberkochen, Germany) Axiophot
microscope equipped with a digital camera.

Analysis of chromatin condensation. Chromatin condensation was de-
tected by staining of cell nuclei with Hoechst dye 33258. CGCs grown on
35 mm dishes were washed with ice-cold PBS and fixed with 4% formal-
dehyde in PBS. Cells were then stained with Hoechst 33258 (5 �g/ml) for
5 min at 4°C. Nuclei were visualized under a fluorescence microscope at
a wavelength of 360 nm.

Oligonucleotide preparations. Antisense oligonucleotides to �-syn were
synthesized by Oligos (Wilsonville, OR). The first and last bases of each
oligonucleotide sequence were phosphorothioated. The �-syn antisense
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oligonucleotide sequence was 5�-GAACACATCCATGGCTAAAG-3�,
corresponding to a sequence of the rat �-syn gene (GenBank cDNA clone
NM_019169) flanking the mRNA translation initiation region. The
�-syn mismatch sequence was 5�-ATGGGGCATTTTAATAAACT-3�.

Transfection of �-syn siRNA. CGCs were transfected with �-syn and
scrambled siRNA immediately before plating using electroporation with
the Amaxa (Gaithersburg, MD) Nucleofector apparatus following the
instructions of the manufacturer. The sequences of each of the four siR-
NAs to �-syn are as follows: siRNA 1, GAAGAAGGGUACCCA-
CAAGUU (sense) and 5�PCUUGUGGGUACCCUUCUUCUU (anti-
sense); siRNA 2, CUAUGAGCCUGAAGCCUAAUU (sense) and
5�PUUAGGCUUCAGGCUCAUAGUU (antisense); siRNA 3, GG-
GAGUCGUUCAUGGAGUGUU (sense) and 5�PCACUCCAUGAAC-
GACUCCCUU (antisense); siRNA 4, AAGAGCAAGUGACAAAU-
GUUU (sense) and 5�PACAUUUGUCACUUGCUCUUUU (antisense)
(catalog number MU-090827-00-0005; Dharmacon RNA Technologies,
Lafayette, CO). A SMART pool composed of a mixture of the above four
siRNAs designed to specifically target rat �-syn LOC367973 (catalog
number M-090827-00-0010; Dharmacon RNA Technologies) was also
used for transfection.

Measurement of HDAC activity. The activity of HDAC was measured
using a commercial assay kit from Upstate Biotechnology, according to
the protocol of the manufacturer. Briefly, biotinylated histone H4 pep-
tide was radiolabeled with [ 3H]acetyl-CoA and then captured with the
streptavidin–agarose slurry. Greater than 70% of [ 3H]acetate was found
to be incorporated into 100 �g of histone H4 peptide. The reaction
mixture in a volume of 200 �l contained 30 �g of protein from freshly
prepared cell lysates and 100 � 10 3 counts per minute of [ 3H]acetyl
histone H4 peptide in the HDAC assay buffer. After incubation at 37°C
overnight with shaking, the reaction was terminated by adding 50 �l of
quenching solution containing HCl and acetic acid, followed by centrif-
ugation. The released [ 3H]acetate was determined by removing 100 �l of
the supernatant and counting for radioactivity in a liquid scintillation
counter.

Total RNA extraction and Oligo GEArray rat apoptosis microarray anal-
ysis of apoptotic genes. CGCs on DIV 0 were treated with 3 �M antisense
oligonucleotides to �-syn. Four days later, cells were harvested and total
RNA was extracted using Trizol reagent (Invitrogen, Carlsbad, CA). Hy-
bridization and microarray analyses were performed by SuperArray Bio-
science (Frederick, MD). Briefly, 3 �g of total RNA was used as the initial
RNA input to make the cRNA probe using a TrueLabeling-AMP 2.0
(SuperArray Bioscience). The biotin-UTD labeled cRNA was purified by
using the cRNA clean-up kit (SuperArray Bioscience), and the cleaned
cRNA was then used for hybridization using the OligoGE Array proce-
dure. The array images were captured by a FluorChem 8900 (or Flu-
orChem SP) system (Alpha Innotech, San Leandro, CA), and data were
analyzed by GEArray Expression Analysis Suite software (SuperArray
Bioscience).

�-Syn promoter activity assays. A 1.9 kb DNA fragment upstream of the
human �-syn transcription initiation site containing exons 1, 2, and 3
(pASP-1.9) constructed as described previously (Chiba-Falek and Nuss-
baum, 2001) was kindly supplied by Dr. Robert L. Nussbaum (Genetic
Disease Research Branch, National Human Genome Research Institute,
National Institutes of Health, Bethesda, MD). CGCs were transfected
with the pASP-1.9 luciferase reporter construct immediately before plat-
ing using electroporation with the Amaxa Nucleofector apparatus ac-
cording to the instructions of the manufacturer. HEK 293T (HEK 293T)
cells and neuroblastoma SH-SY5Y cells were cultured as described pre-
viously (Chiba-Falek and Nussbaum, 2001) and transfected with the
pASP-1.9 luciferase reporter construct using Lipofectamine 2000 (In-
vitrogen). Enhanced green fluorescence protein (eGFP) and secreted al-
kaline phosphate were cotransfected to ensure that the transfection effi-
ciencies were similar between drug-treated and untreated cultures. One
day after transfection, cultures were treated with indicated concentra-
tions of VPA, sodium 4-phenylbutyrate, and trichostatin A (TSA) (Cal-
biochem, San Diego, CA) for 24 h. Cells were then harvested, lysed, and
assayed for luciferase activity using the luciferase reporter assay system
(Promega, Madison, WI) in conjunction with a luminometer. As a con-

trol for the luciferase basal expression, a promoterless plasmid was also
cotransfected, and the relative activity of luciferase was calculated.

Chromatin immunoprecipitation assay. Chromatin immunoprecipita-
tion (ChIP) assays were performed using the ChIP-IT assay kit protocol
as recommended by the manufacturer (Active Motif, Carlsbad, CA) with
slight modifications. Briefly, 4 � 10 7 human neuroblastoma SH-SY5Y
cells were transfected with the pASP-1.9 construct with Lipofectamine
2000 and then treated with VPA (1 mM) or its vehicle 24 h later. After 24 h
incubation, cells were cross-linked with 1% formaldehyde at 37°C for 10
min, repeatedly washed with ice-cold PBS and lysed, followed by centrif-
ugation. The nuclear pellet was resuspended in shearing buffer and son-
icated at 30% power, 6 � 10 s, using a sonicator (Sonics and Materials,
Newtown, CT) to shear DNA into 200 –1000 bp fragments. All of the
samples were precleared with salmon sperm DNA/protein G agarose.
Ten percent of the mixture of protein/DNA complex was taken for “in-
put DNA” analysis. An equal amount of the protein/DNA complex was
then incubated with an antibody against acetylated histone H3 (2 �g) at
4°C overnight, followed by incubation with salmon sperm DNA/protein
G agarose for 2 h. Immunoprecipitated DNA was then eluted from pro-
tein G agarose. The cross-linking was reversed and the DNA was purified.
The �-syn promoter region (GenBank accession number AF163864)
was PCR amplified using forward primer 5�-CGTGACCCTAAACTTA-
ACGTG-3� (positions 28,045–28,065) and reverse primer 5�-AGAAG-
GCTTGAAGGCAAGGC-3� (position 28,444 –28,425). Because RNA pol
II is known to bind to the promoter region of the glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) gene, DNA immunoprecipitated
with anti-RNA pol II was subjected to PCR for GAPDH to serve as a
positive reagent control for the ChIP assay. The GAPDH promoter se-
quences used were as follows: forward primer, 5�-TACTAGCGGTTT-
TACGGGCG-3�; reverse primer, 5�-TCGAACAGGAGGAGCA-
GAGAGCGA-3� (Active Motif). The PCR amplification was performed
for 35 cycles.

Statistical analysis. Data are expressed as means � SEM from at least
three independent experiments. Statistical significance was analyzed by
one-way ANOVA and the Bonferroni’s post hoc test. A p value of �0.05
was considered significant.

Figure 1. VPA treatment increases the levels of �-syn protein and mRNA and protects
against glutamate-induced excitotoxicity in CGC neurons. CGCs were treated with the indicated
concentrations of VPA for 6 d starting from DIV 1. �-Syn protein levels were then determined by
Western blotting (A) and �-syn mRNA levels by RT-PCR (B). The left lane in B shows the sizes of
the DNA marker (M). Levels of �-actin protein and mRNA were used as the control in A and B,
respectively. �-Syn mRNA levels were also quantified by real-time PCR in CGCs treated with
vehicle and 0.1, 0.2, and 0.4 mM VPA for 6 d (C). Data are means � SEM of percentage of control
from three independent experiments. **p � 0.01; ***p � 0.001 compared with the vehicle
control. VPA-pretreated CGCs were also exposed to vehicle or 100 �M glutamate (glut) on DIV 7
for 24 h and then analyzed for cell viability by MTT assay (D). Data are presented as means �
SEM of percentage of untreated control from five to six independent cultures.
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Results
VPA increases levels of �-syn protein and mRNA in rat CGCs
Treatment of CGC cultures with VPA for 6 d, starting from DIV
1, caused a concentration-dependent increase in the levels of
�-syn protein (Fig. 1A). The increase was detected at a VPA
concentration as low as 0.05 mM and further increased in a dose-
dependent manner from 0.1 to 0.4 mM. The VPA-induced in-
crease in �-syn protein was associated with an increase in the
levels of �-syn mRNA as determined by RT-PCR (Fig. 1B). In
contrast, levels of �-actin protein and mRNA were unchanged by
VPA treatment. Quantitative real-time RT-PCR confirmed VPA-
induced increase in �-syn mRNA levels (Fig. 1C). VPA pretreat-
ment for 6 d protected CGC neurons from glutamate-induced
excitotoxicity with a dose requirement similar to that for upregu-

lating �-syn mRNA and protein (Fig. 1D).
The VPA-induced elevation of �-syn pro-
tein and mRNA progressively increased
with exposure time, reaching a maximum
after �6 d of treatment (Fig. 2A,B). Real-
time RT-PCR also showed a twofold to
threefold increase in �-syn mRNA levels
after VPA treatment for 1, 3, and 6 d (Fig.
2C). Immunocytochemical staining re-
vealed that the intensity of �-syn immuno-
fluorescence in CGCs was robustly in-
creased by VPA treatment, and the
enhanced �-syn immunofluorescence was
predominantly found in the cytoplasm and
processes of CGC neurons (Fig. 2D).

�-Syn knockdown blocks VPA-induced
upregulation of �-syn and
neuroprotection against
glutamate excitotoxicity
We next used the antisense knock-out
method to assess the role of �-syn upregu-
lation in VPA-induced neuroprotection
against glutamate excitotoxicity. Morpho-
logical inspection showed that glutamate-
induced neuronal degeneration was
blocked by VPA pretreatment, and this
VPA neuroprotection was prevented by
the presence of antisense, but not mis-
match, oligonucleotides to �-syn (Fig.
3A). Staining with Hoechst dye 33258 re-
vealed that glutamate treatment induced
extensive chromatin condensation, a hall-
mark of apoptosis, which was prevented
by VPA treatment, and this aspect of VPA
neuroprotection was also blocked by anti-
sense but not mismatch oligonucleotides
(Fig. 3B). Quantification of viable cells by
MTT assay substantiated the blocking ef-
fect of �-syn antisense oligonucleotides on
VPA neuroprotection (Fig. 3C). �-Syn
oligonucleotides did not affect viability of
untreated CGC cultures (data not shown).
Western blotting was then performed to
ascertain the specificity of the �-syn oligo-
nucleotides. VPA-induced �-syn protein
increase was suppressed by pretreatment
with 3 or 5 �M �-syn antisense oligonucle-
otides, whereas the mismatch oligonucle-
otides were ineffective (Fig. 4A). The

VPA-induced increase in �-syn protein was also observed in
CGCs treated with glutamate (Fig. 4B). Under all experimental
conditions, the levels of �-actin protein were essentially un-
changed. To further examine for the specificity of induction by
VPA, we measured the levels of 14-3-3�, a protein that binds
�-syn, shares its physical and functional homology, and is present
in part in the synaptic membrane to modulate neurotransmission
(Ostrerova et al., 1999; Simsek-Duran et al., 2004). The levels of
14-3-3 protein were found to be unchanged by treatment with
VPA or �-syn antisense oligonucleotides (Fig. 4C).

The siRNA methodology was further used to silence the ex-
pression of �-syn. Transfection of CGCs with a pool of four
siRNAs for �-syn resulted in a reduction of basal and upregulated

Figure 2. VPA-induced increase in the levels of �-syn protein and mRNA is duration dependent. CGCs were treated with 0.4 mM

VPA for 1– 6 d, and all cultures were harvested on DIV 7 for Western blotting of �-syn protein levels (A) and RT-PCR of �-syn mRNA
levels (B). The left lane in B is the DNA marker (M). Levels of �-actin protein and mRNA were used as the control in A and B,
respectively. Quantified results are shown in the respective right panels in A and B and are expressed as means � SEM of four
independent experiments. *p �0.05; **p �0.01; ***p �0.001 compared with the 0 time control. �-Syn mRNA levels were also
quantified by real-time PCR in CGCs treated with 0.4 mM VPA for 1, 3, and 6 d (C). Data are means � SEM of three independent
experiments. ***p � 0.001 compared with 0 time control. VPA-treated and untreated CGC cultures were also examined for �-syn
immunofluorescence as described in Materials and Methods (D). �-Syn immunostaining was identified by incubation with goat
anti-mouse Rhodamine Red-X-AffiniPure-conjugated secondary antibody and is shown in red, and the nuclear staining by DAPI is
shown in blue. The overlay images are also shown. Scale bar, 10 �m.
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levels of �-syn protein (Fig. 5A). Treatment with the �-syn siRNA
pool, but not scrambled siRNA, blocked the neuroprotective ef-
fects of VPA against excitotoxicity (Fig. 5B). Moreover, exposure
of untreated CGCs to the siRNA pool for �-syn, but not scram-
bled siRNA, markedly enhanced the sensitivity to glutamate-
induced cell death (Fig. 5C). Thus, �70% of siRNA-treated cells
were lost by the presence of 10 �M glutamate, as opposed to only
30% neuronal death in cultures not treated with siRNA. The
maximal extent of glutamate-induced neuronal death was also
potentiated by �-syn siRNA. Similar sensitization to glutamate
excitotoxicity was observed by treating CGCs with �-syn anti-
sense oligonucleotides (data not shown). When each of the four

�-syn siRNAs was individually tested, it was found to be effective
in reducing basal and VPA-induced �-syn protein levels (Fig.
6A,B), as well as in exacerbating glutamate toxicity and inhibit-
ing VPA neuroprotection (Fig. 6C,D). Recent evidence indicates
that upregulation of interferon may be a useful indicator of non-
specific siRNA effects. The double-stranded RNA-dependent
protein kinase PKR, which is activated in type 1 interferon re-
sponse (for review, see Bantounas et al., 2004), phosphorylates
the small subunit of eIF 2�, resulting in nonspecific inhibition of
translation (Manche et al., 1992). Our results showed that the
phosphorylation level of eIF 2� was not increased by treatment
with any of these �-syn siRNAs (Fig. 6E), confirming the �-syn
siRNA specificity.

Antisense oligonucleotides to �-syn upregulate Ube2n but
downregulate Bcl-2 mRNA
Because �-syn antisense oligonucleotides blocked VPA-induced
protection against glutamate excitotoxicity, an Oligo GEArray

Figure 3. Antisense, but not mismatch, oligonucleotides to �-syn block VPA-induced pro-
tection of CGCs from glutamate excitotoxicity. Cells were exposed to antisense or mismatch
oligonucleotides (3 �M) for 24 h before pretreatment with 0.4 mM VPA (DIV 1 to DIV 7) and
subsequent treatment with glutamate (Glut; 100 �M) for 24 h. All cultures were stained with
MTT (A) or Hoechst dye 33258 (B) and then photographed. Cell viability was quantified by MTT
assay and expressed as means�SEM of vehicle-treated control from four independent cultures
(C). ***p � 0.001 compared with vehicle-treated control.

Figure 4. Antisense, but not mismatch, oligonucleotides to �-syn block VPA-induced in-
crease in �-syn protein levels, and VPA prevents glutamate-induced �-syn downregulation. A,
CGCs were exposed to 3 or 5 �M antisense or mismatch oligonucleotides for 24 h before treat-
ment with 0.4 mM VPA for 6 d (DIV 1 to DIV 7). Cells were then harvested for Western blotting of
�-syn. Levels of �-actin were used as the loading control. B, Cells were treated with 0.4 mM VPA
for 6 d (DIV 1 to DIV 7), followed by treatment with 100 �M glutamate (Glut) for 24 h. Western
blotting of �-syn and �-actin was then performed, and the blots of a typical experiment are
shown. C, Cells were exposed to 3 �M antisense oligonucleotides to �-syn for 24 h before
treatment with 0.4 mM VPA for 6 d (DIV 1 to DIV 7). Western blotting for 14-3-3 protein was then
performed using an antibody against 14-3-3 (1:1000; BD Transduction Laboratories).
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Rat Apoptosis Microarray was used to assess changes in mRNA
levels in CGCs treated with the antisense oligonucleotides for 4 d.
Twelve genes were found to be upregulated, and one gene was
downregulated by the �-syn antisense treatment (Table 1). The
proteins encoded by the upregulated genes are involved in apo-
ptosis induction, caspase activation, and ubiquitin regulation,
whereas the downregulated gene Bcl-2 has a prominent role in
anti-apoptosis and cytoprotection. One of the upregulated genes,
Ube2n, which is associated with apoptosis and has ubiquitin-
conjugating enzymatic activity (Habelhah et al., 2004), and the
downregulated Bcl-2 gene were further analyzed by RT-PCR and
real-time RT-PCR to confirm their respective mRNA upregula-
tion and downregulation (Fig. 7A,B). RT-PCR and real-time RT-
PCR analyses also showed that Ube2n mRNA upregulation by �-syn
antisense treatment occurred in the presence of VPA (Fig. 7C,D).
Moreover, Bcl-2 mRNA was increased by VPA treatment, and this
increase was blocked by �-syn antisense oligonucleotides. Western
blotting analysis confirmed that �-syn antisense treatment upregu-
lated the protein level of Ube2n but downregulated that of Bcl-2 in
both untreated and VPA-treated CGCs (Fig. 7E,F).

HDAC inhibition participates in VPA-induced upregulation
of �-syn
Because VPA is an inhibitor of HDAC (Phiel et al., 2001; Göttli-
cher et al., 2001), we investigated whether the VPA induction of
�-syn was mediated by inhibition of HDAC. Initial experiments
showed that levels of acetylated histone H3 were increased by
VPA modestly at 0.01 and 0.05 mM, robustly at 0.1 and 0.2 mM,
and dramatically at 0.4 mM (Fig. 8A). These results suggested that
VPA also inhibits HDAC over a wide concentration range of this
drug. Direct measurements of HDAC activity using [ 3H]acetyl
histone H4 as the substrate confirmed the inhibition of HDAC by
VPA in a dose-dependent manner (Fig. 8B). Conversely, treat-
ment of CGCs with glutamate resulted in a dose-dependent de-
crease in the levels of acetylated histone H3 with a concomitant
reduction in �-syn levels (Fig. 8C). Next, we examined whether
VPA induction of �-syn was mimicked by other inhibitors of
HDAC, sodium 4-phenylbutyrate and TSA. We found that phe-
nylbutyrate also induced �-syn and increased the acetylated his-
tone H3 levels in a concentration-dependent manner in the range
of 0.125–1 mM (Fig. 9A). Similarly, TSA increased the levels of
�-syn and acetylated histone H3 in a concentration-dependent
manner in the range of 10 –200 nM (Fig. 9B). Moreover, these
effects of phenylbutyrate and TSA were associated with protec-
tion against glutamate excitotoxicity (Fig. 9C,D). Finally, we de-
termined whether the VPA induction of �-syn was also found in
other neuronal cell types. The results showed that �-syn protein
was concentration dependently increased by VPA treatment in
rat cerebral cortical neurons in the dose range (0.25–1 mM) ex-
amined (Fig. 10). The induction of �-syn was associated with
hyperacetylation of histone H3 and with no effect on �-actin
levels. The effects of HDAC inhibitors on �-syn protein levels
were also examined in cerebellum and the frontal cortex of rats
repeatedly injected with VPA (300 mg/kg, s.c.), sodium butyrate
(SB) (300 mg/kg, s.c.), or TSA (0.2 mg/kg, s.c.) for 4 d. The �-syn
protein levels were found to be markedly increased in both brain
areas by treatment with each of these HDAC inhibitors (Fig. 11)

Figure 5. �-Syn siRNA pool suppresses VPA-induced increase of �-syn protein, blocks VPA-
induced protection, and facilitates glutamate excitotoxicity. Cells were exposed to �-syn siRNA
pool (100 nM) or scrambled siRNA (100 nM) for 24 h before pretreatment with 0.4 mM VPA for 6 d
(DIV 1 to DIV 7). Cells were either harvested for Western blot (A) or subsequently treated with
glutamate (Glut; 100 �M) for 24 h (B). Cells were also exposed to �-syn siRNA pool or its
scrambled siRNA control for 6 d (DIV 1 to DIV 7) and then exposed to the indicated concentration
of glutamate for 24 h (C). Cell viability was quantified by MTT assay and expressed as means �
SEM of vehicle-treated control from three independent cultures. ***p � 0.001 compared with
vehicle-treated control.

Figure 6. Individual siRNA decreases basal and VPA-stimulated �-syn protein levels, exac-
erbates glutamate-induced excitotoxicity, and attenuates VPA neuroprotection. Cells were ex-
posed to 100 nM individual �-syn siRNA (S#1, S#2, S#3, or S#4) for 24 h before pretreatment
with vehicle or 0.4 mM VPA for 6 d (DIV 1 to DIV 7). Cells were then harvested for Western
blotting of �-syn protein (A, B) or further incubated without or with glutamate (Glut; 100 �M)
for 24 h (C, D). Cell viability was quantified by MTT assay from three independent cultures. *p �
0.05; **p � 0.01 compared with glutamate group in C. **p � 0.01; ***p � 0.001 compared
with VPA plus glutamate group in D. Cell lysates from A were also used for immunoblotting of
phospho-eIF 2� protein levels (E). Western blots are results from a typical experiment.
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compared with their respective vehicle
control. The levels of �-actin were un-
changed in these two brain regions after
treatments.

HDAC inhibitors increase the promoter
activity of �-syn and enhance histone H3
acetylation levels in the �-syn promoter
To assess whether the enhanced levels of
�-syn mRNA and protein are triggered by
an increase in �-syn promoter activity,
CGCs, HEK 293T cells, and human neu-
roblastoma SH-SY5Y cells were trans-
fected with a 1.9 kb DNA fragment up-
stream of the human �-syn transcription
initiation site (pASP-1.9). This pASP-1.9
construct has been shown to express the
maximal promoter activity in SH-SY5Y
cells and near maximal activity in HEK
293T cells (Chiba-Falek and Nussbaum,
2001). One day after transfection, CGCs, HEK 293T cells, and
SH-SY5Y cells were treated with VPA (1 mM), phenylbutyrate (2
mM), or TSA (50 nM) for 24 h. eGFP and secreted alkaline phos-
phates were also cotransfected to ensure that the transfection
efficiencies were similar between drug-treated and untreated
groups. The �-syn promoter activity was then assayed in this
luciferase reporter system. Treatment with VPA induced an in-
crease in the �-syn promoter activity in CGCs and HEK 293T
cells and even a more robust effect in SH-SY5Y cells (Fig. 12A).
Similar increases in �-syn promoter activity were observed in all
three cell types treated with phenylbutyrate or TSA (Fig. 12B,C).

Finally, we performed a ChIP assay to investigate whether
VPA-induced �-syn expression was associated with an increased
level of histone acetylation in the promoter region of �-syn. Be-
cause the most robust increase of �-syn promoter activity was
seen in SH-SY5Y cells, these cells were transfected with pASP-1.9
at 90% confluence and, 24 h later, were treated with 1 mM VPA
for 24 h. After cross-linking of cells with formaldehyde, nuclei
were isolated and subjected to sonication. The sheared chromatin
was immunoprecipitated without or with an antibody against
acetylated histone H3. The immunoprecipitated DNA was then
purified and PCR amplified. The results showed that VPA treat-
ment caused a significant increase in the levels of acetylated his-
tone H3 in the �-syn promoter (Fig. 13A–C), whereas the ChIP/
PCR positive “reagent” control of the GAPDH promoter showed
no change by VPA. No detectable signal was observed when anti-
histone H3 antibody was omitted in the immunoprecipitation
process. An even greater increase in acetylated histone H3 in the
�-syn promoter was observed in SH-SY5Y cells not transfected
with pASP-1.9 (results not shown).

Discussion
Our novel results demonstrate that VPA treatment caused a time-
and concentration-dependent increase in levels of �-syn mRNA
and protein in CGC neurons. These effects required several days
of treatment and occurred below or within the therapeutic
plasma levels of VPA (0.35–1.0 mM) used in treating seizures and
bipolar disorder (McEloroy and Keck, 1995). Dose-dependent
upregulation of �-syn was also found in rat cerebral cortical neu-
rons treated with VPA, suggesting that the �-syn induction is not
restricted to CGCs. The involvement of �-syn in VPA-induced
neuroprotection is strongly supported by the results that knock-
down of upregulated �-syn by its antisense oligonucleotides or

siRNA completely blocked VPA-induced neuroprotection
against glutamate-elicited chromatin condensation and apopto-
tic cell death. Exogenous or transfected �-syn has been reported to
protect against a number of apoptotic paradigms, including serum
deprivation, oxidative stress, staurosporine, 1-methyl-4-
phenylpyridinium, and �-amyloid peptide in various cell types
(Alves da Costa et al., 2002; Seo et al., 2002; Jensen et al., 2003). To
our knowledge, this is the first demonstration of the neuropro-

Table 1. Microarray analysis of apoptosis-related genes in response to �-syn antisense oligonucleotide
treatments

Gene symbol
Antisense treated/
control (fold)

GenBank accession
number Function

Upregulated genes
Pycard 1.66 NM_172322 Induction of apoptosis
Bak1 2.07 NM_053812 Induction of apoptosis
Bax 2.15 NM_017059 Induction of apoptosis
Bcl10 2.63 NM_031328 Induction of apoptosis
Casp4 2.17 NM_053736 Caspase activity
Tnfrsf1a 2.28 NM_013091 Tumor necrosis factor receptor
Tnfsf15 2.70 NM_145765 Caspase activation
Tp53 2.21 NM_030989 Induction of apoptosis
Ube1c 2.54 NM_057205 NEDD8 activating enzyme activity, apoptosis
Ube2d3 1.96 NM_031237 Ubiquitin-protein ligase activity
Ube2n 2.79 NM_053928 Ubiquitin-conjugating enzyme activity, apoptosis

Downregulated gene
Bcl2 0.58 NM_016993 Anti-apoptosis

Cells on DIV 0 were treated with 3 �M antisense oligonucleotides to �-syn. Four days later, RNA was extracted from cells and subjected to hybridization and
microarray analyses for apoptosis-related genes, as described in Materials and Methods.

Figure 7. �-Syn antisense oligonucleotides upregulate Ube2n but downregulate Bcl-2
mRNA and differentially affect VPA-induced levels of these proteins. CGCs on DIV 0 were treated
with 3 �M antisense oligonucleotides for �-syn. Four days later, cells were harvested and total
RNA was extracted. Ube2n and Bcl-2 genes were analyzed for their mRNA levels by RT-PCR (A)
and quantified by real-time PCR; *p � 0.05 compared with respective vehicle in B. CGCs were
also treated with 3 �M antisense oligonucleotides for �-syn on DIV 0, followed by treatment
with 0.4 mM VPA on DIV 1. Cells were harvested on DIV 4 for analysis of Ube2n and Bcl-2 mRNA
levels by RT-PCR (C) and real-time RT-PCR (D). *p � 0.05; **p � 0.01 between indicated
groups. M, DNA marker. Western blotting were also performed to verify the antisense-induced
changes in Ube2n and Bcl-2 protein levels in CGCs without and with VPA treatment (E, F ). The
Western blots are from a typical experiment.
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tective effects of endogenous �-syn being increased by a thera-
peutic drug. In most reports, �-syn is regarded as a protein capa-
ble of inducing neurotoxic effects and participating in the
pathophysiology of neurodegenerative disorders such as Parkin-
son’s and Alzheimer’s diseases (for review, see Dawson and Daw-
son, 2003). It is conceivable that the neurotoxic effects of �-syn
depend on its presence in high concentrations, aggregated phys-
ical states, gene mutations, specific intracellular compartmental-
ization, and/or interactions with other protein molecules such as
chaperone 14-3-3 and synphilin-1 proteins (Ostrerova et al.,
1999; Kawamata et al., 2001).

Interestingly, treatment of CGCs with �-syn siRNA (Fig. 5) or
its antisense oligonucleotides (data not shown) facilitated
glutamate-induced excitotoxicity in the absence of VPA. Oligo
GEArrays were performed to identify apoptosis-related genes
whose expression was altered by �-syn knockdown. The expres-
sion of the prominent anti-apoptotic gene Bcl-2 was found to be
downregulated after �-syn antisense oligonucleotide treatment

in CGCs. Bcl-2 has a prominent role in maintaining mitochon-
drial integrity in the face of reduced mitochondrial membrane
potential caused by an apoptotic insult (Vander Heiden and
Thompson, 1999). The expression of a number of genes was up-
regulated by �-syn antisense treatment, and these gene products
are involved in apoptosis induction, caspase activation, and ubiq-
uitin ligation. The downregulation of Bcl-2 mRNA and upregu-
lation of Ube2n mRNA were confirmed by RT-PCR and real-
time PCR analyses. Moreover, �-syn antisense oligonucleotides
upregulated Ube2n mRNA and downregulated Bcl-2 in the pres-
ence of VPA, which by itself increased Bcl-2. Western blotting
confirmed �-syn antisense-induced upregulation of Ube2n and
downregulation of Bcl-2 in the absence and presence of VPA.
Ube2n is a homolog of yeast Ubc13, and its functional role in
mammalian neurons is not well understood. However, Ubc13
has been shown to be required for the ubiquitination of TRAF2
(tumor necrosis factor receptor adaptor factor-2) and activation
of JNK (Habelhah et al., 2004). JNK activation and JNK down-

Figure 8. Histone H3 acetylation and �-syn levels are dose-dependently increased by VPA
but decreased by glutamate treatment. CGCs were treated with the indicated concentration of
VPA for 6 d (from DIV 1 to DIV 7). Cells were then harvested for Western blotting of acetylated
histone H3 (A) and measurement of HDAC activity (B). CGCs were also treated with glutamate
(100 �M; Glut) on DIV 7 for 24 h (C). Cells were then harvested for Western blotting of �-syn,
acetylated histone H3, and �-actin. The quantified results are means � SEM of vehicle-treated
control from three independent experiments. *p � 0.05; ***p � 0.001 compared with the
vehicle-treated control.

Figure 9. HDAC inhibitors phenylbutyrate and TSA mimic VPA to induce �-syn, increase
histone H3 acetylation (Ac-H3), and protect against glutamate excitotoxicity. CGCs were treated
with indicated concentrations of sodium 4-phenylbutyrate (PB) for 6 d (A) or TSA for 2 d (B),
starting from DIV 1 or DIV 5, respectively. Longer exposure of cells to high concentrations of TSA
resulted in cytotoxicity. Cells were then harvested for Western blotting of �-syn and acetylation
histone H3 levels. PB- or TSA-treated cells were also exposed to glutamate (100 �M) on DIV 7 for
24 h and then assayed for cell viability by MTT analysis (C, D). Quantified data expressed as
percentage of untreated control are means � SEM from three independent experiments.

Figure 10. VPA treatment increases levels of �-syn and acetylated histone H3 in rat cortical
neuronal cultures. Cerebral cortical neurons were treated with the indicated concentrations of
VPA for 4 d, starting from DIV 6. Cells were then harvested for Western blotting of levels of �-syn
and acetylated histone H3, using �-actin as the control.
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stream activator protein-1 binding have a key role in glutamate-
induced excitotoxicity in CGCs (Chen et al., 2003). Ubc13 in
conjunction with Ubc variant has also been shown to mediate the
assembly of Lys 63-linked polyubiquitin chains (Hofmann and
Pickart, 1999). Given that Lys 63-linked chains are involved in
diverse functions including neurodegeneration (Doss-Pepe et al.,
2005; Lim et al., 2005), �-syn-mediated regulation of Ube2n and
Bcl-2 may be part of the molecular mechanisms underlying VPA-
induced neuroprotection shown in this study.

�-Syn has been shown to be a secretable protein found in the
CSF of human subjects and culture medium (Borghi et al., 2000;
El-Agnaf et al., 2003; Lee et al., 2005; Sung et al., 2005). At
present, it is unclear as to whether the neuroprotective effects are
mediated by secretion of upregulated �-syn to act on the cell
surface or are attributable to a direct action of intracellular �-syn
on cellular machinery. It has been reported that exogenous �-syn
at relatively low concentrations activates the cell-survival factor
Akt and induces the cytoprotective protein Bcl-XL but down-
regulates the proapoptotic protein Bax in PC12 cells, and these
effects are reversed by raising the concentrations of �-syn to a
toxic level (Seo et al., 2002). In GT-17 cells, �-syn transfection
also suppresses H2O2-induced activation of JNK and cell death,
and the JNK inactivation is accompanied by increased expression
and activity of a JNK-interacting protein
JIP, the scaffold protein for the JNK signal-
ing pathway (M. Hashimoto et al., 2002).
Consistent with this notion, our prelimi-
nary results showed that exogenous �-syn
protected CGCs from glutamate excito-
toxicity, and this neuroprotection was as-
sociated with suppression of glutamate-
induced phosphorylation (i.e., activation)
of JNK (data not shown). The protection
against paraquat-induced neurodegenera-
tion in mice overexpressing �-syn, either
human wild-type or A53T mutant form, is
characterized by increased levels of the
chaperone protein heat shock protein 70
(HSP70) (Manning-Bog et al., 2003).
Moreover, TAT–�-syn at nanomolar con-
centrations is able to increase HSP70 levels, whereas at micromo-
lar scales, TAT–�-syn causes a reduction in HSP70 levels (Albani
et al., 2004). Our recent study showed that VPA treatment in-
creases HSP70 levels in both brain hemispheres of rats subjected
to middle cerebral artery occlusion (Ren et al., 2004). The role of
�-syn in mediating VPA-induced HSP70 expression requires ad-
ditional investigation.

It is likely that �-syn induction by VPA is mediated through
inhibition of HDAC by this drug. This presumption is based on
the results that VPA markedly inhibited the activity of HDAC and
caused histone H3 hyperacetylation under our experimental con-
ditions, and that two other HDAC inhibitors, 4-phenylbutyrate
and TSA, mimicked the ability of VPA to upregulate �-syn and to
protect against excitotoxicity. The neuroprotective effects of
VPA, phenylbutyrate, and TSA against glutamate neurotoxicity
required a minimum of 2–3 d pretreatment (data not shown),
reminiscent of our previous results (Kanai et al., 2004). VPA and
phenylbutyrate are fatty acid derivatives and predominantly act
on class I HDAC, which consists of HDAC1, HDAC2, HDAC3,
and HDAC8, whereas TSA is structurally dissimilar and does not
exhibit isoenzyme selectivity (Krämer et al., 2003). Moreover,
VPA, but not TSA, induces proteasomal degradation of HDAC2.
HDAC catalyzes the removal of acetyl groups from lysine residues

Figure 11. Repeated injections of rats with VPA, sodium butyrate, and TSA increase brain
levels of �-syn protein. Male Sprague Dawley rats (250 � 10 g) were subjected to daily sub-
cutaneous injections with VPA (300 mg/kg in saline), sodium butyrate (SB) (300 mg/kg in
saline), TSA (0.2 mg/kg in DMSO), and their respective vehicle. Four days later, animals were
killed by decapitation. The brains were removed and dissected, followed by homogenization
and sonication for 40 s in lysis buffer as described previously (Ren et al. 2004). An aliquot of 15
�g was used for Western blotting as described in Materials and Methods. The blot in each lane
represents the result from an individual animal.

Figure 12. HDAC inhibitors induce a robust increase in the promoter activity of �-syn. CGCs, human embryonic kidney 293T
cells, and human neuroblastoma SH-SY5Y cells were transfected with a 1.9 kb DNA fragment upstream of the human �-syn
transcription initiation site (pASP-1.9). One day after transfection, these three cell types were treated for 24 h with 1 mM VPA (A),
2 mM phenylbutyrate (B; PB), or 50 nM TSA (C). The �-syn promoter activity was assayed in the luciferase reporter system. Data are
means � SEM from three independent experiments. Note that treatment with VPA induced a robust increase in the �-syn
promoter activity in CGCs and HEK 293T cells and an even greater increase in SH-SY5Y cells. Similar increases in �-syn promoter
activity were observed in all three cell types treated with PB or TSA.

Figure 13. VPA induces hyperacetylation of histone H3 in the �-syn promoter region in
neuroblastoma SH-SY5Y cells. SH-SY5Y cells transfected with the pASP-1.9 construct were
treated with VPA (1 mM) or vehicle for 24 h and then cross-linked with 1% formaldehyde, and
the chromatin was prepared and sheared by sonication. The protein/DNA complex was incu-
bated with or without an antibody (No Ab) against acetylated histone H3 for ChIP analysis, and
PCR was performed to amplify �-syn promoter (A). The protein/DNA complex was also incu-
bated with or without antibody against RNA pol II for ChIP analysis and PCR amplification of
GAPDH promoter, which served as a positive reagent control (B). The quantified data are
means�SEM of the ratio of relative optical densities of bands within immunoprecipitated (IP) sam-
ples and input lanes derived from ethidium bromide-stained gels from four independent experiments
(C). **p � 0.01 compared with the �-syn promoter in cells treated with the vehicle control.
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of histones (Krämer et al., 2003). Accordingly, HDAC inhibition
results in increased levels of acetylation in histone tails and en-
hanced relaxation of chromatin attributable to disruption in the
histone–DNA and histone– histone interactions. This chromatin
remodeling can result in stimulation and, sometimes, inhibition
of gene expression (Kang et al., 2002; Langley et al., 2005). Thus,
VPA-induced changes in protein acetylation likely contribute to
the promoter activation of �-syn genes. This notion is supported
by our demonstration of VPA-induced hyperacetylation of his-
tone H3 in the �-syn promoter, as determined by ChIP assay and
a robust increase in �-syn promoter activity assessed by transfec-
tion of the pASP-1.9 construct into neurons treated with VPA
and other HDAC inhibitors. Given that HDAC inhibitors were
reported to enhance the acetylation level of the cell-survival tran-
scription factor specificity protein-1 (Ryu et al., 2003), we cannot
exclude the possibility that VPA-induced hyperacetylation of
protein(s) other than histones is also involved in �-syn induction
and neuroprotection. The effects of HDAC inhibition on �-syn
expression in vivo were shown in our study in which rats were
injected with VPA, SB, and TSA. All three HDAC inhibitors
markedly increased �-syn protein levels in the cerebellum and
frontal cortex after treatment for 4 d, similar to our results de-
rived from CGCs and cortical neurons. An increase in �-syn
protein was also detected at earlier time points (such as 2 d) and
lasted for at least 7 d (data not shown). Under similar treatment
conditions, we found that cerebral ischemia-induced brain in-
farction and neurological deficits were robustly inhibited (Ren et
al., 2004; Kim et al., 2005), suggesting a potential role of �-syn
induction in mediating neuroprotection against ischemia-
induced excitotoxicity.

It has been reported that VPA prolongs the lifespan of neuro-
nal cultures (Jeong et al., 2003), activates Akt (De Sarno et al.,
2002) and extracellular signal-regulated kinase (Yuan et al., 2001;
Hao et al., 2004; Hsieh et al., 2004), stimulates neuronal differen-
tiation (Hsieh et al., 2004), and induces cytoprotective proteins
such as Bcl-2 (Chen et al., 1999), glucose-regulated protein 78
(Bown et al., 2000; Kim et al., 2004), brain-derived neurotrophic
factor (Fukumoto et al., 2001), and HSP70 (Jeong et al., 2003;
Ren et al., 2004). Excitotoxicity induced by excessive glutamate at
the synapse has been implicated in the pathogenesis of a growing
number of neurodegenerative diseases, including stroke, Hun-
tington’s disease, ALS, spinal cord injury, cerebellar degenera-
tion, and possibly Alzheimer’s and Parkinson’s diseases (for re-
view, Friedlander, 2003). Collectively, the present research
suggests that VPA is a potential drug for treating some forms of
neurodegenerative diseases, in addition to its common use for
seizures and bipolar disorder.
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