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Abstract Valproic acid (VPA), an established antiepi-

leptic and antimanic drug, has recently emerged as a

promising neuroprotective agent. Among its many cellular

targets, VPA has been recently demonstrated to be an

effective inhibitor of histone deacetylases. Accordingly, we

have adopted a schedule of dietary administration (2%

VPA added to the chow) that results in a significant inhi-

bition of histone deacetylase activity and in an increase of

histone H3 acetylation in brain tissues of 4 weeks-treated

rats. We have tested this schedule of VPA treatment in an

animal model of Parkinson’s disease (PD), in which

degeneration of nigro-striatal dopaminergic neurons is

obtained through sub-chronic administration of the mito-

chondrial toxin, rotenone, via osmotic mini pumps

implanted to rats. The decrease of the dopaminergic marker

tyrosine hydroxylase in substantia nigra and striatum

caused by 7 days toxin administration was prevented in

VPA-fed rats. VPA treatment also significantly counter-

acted the death of nigral neurons and the 50% drop of

striatal dopamine levels caused by rotenone administration.

The PD-marker protein a-synuclein decreased, in its native

form, in substantia nigra and striatum of rotenone-treated

rats, while monoubiquitinated a-synuclein increased in the

same regions. VPA treatment counteracted both these

a-synuclein alterations. Furthermore, monoubiquitinated

a-synuclein increased its localization in nuclei isolated

from substantia nigra of rotenone-treated rats, an effect also

prevented by VPA treatment. Nuclear localization of a-

synuclein has been recently described in some models of

PD and its neurodegenerative effect has been ascribed to

histone acetylation inhibition. Thus, the ability of VPA to

increase histone acetylation is a novel candidate mecha-

nism for its neuroprotective action.
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Abbreviations

VPA Valproic acid

PD Parkinson’s disease

TH Tyrosine hydroxylase

HDAC Histone deacetylase

MPP? 1-Methyl-phenylpyridinium

6-OHDA 6-Hydrohydopamine

DMSO Dimethylsulfoxide

PEG Polyethylene-glycol

DOPAC Dihydroxyphenyl acetic acid

HVA Homovanillic acid

Introduction

Valproic acid (VPA, 2-propylpentanoic acid), a medium-

branched chain fatty acid, has been used for decades as an

antiepileptic and antimanic drug (Löscher 2002; Bowden

2003; Rogawski and Löscher 2004; Fountoulakis et al.

2005; Bialer and Yagen 2007). Recently, VPA has emerged

to be a neuroprotective drug, promoting survival of neurons
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challenged by neurodegenerative insults and representing a

potential therapeutic tool for both acute and chronic neu-

rodegenerative diseases (Morland et al. 2004; Chuang 2005;

Kim et al. 2007; Eleuteri et al. 2009; Monti et al. 2009). In

addition to the reported wide-ranging VPA actions on

neurotransmitter systems, ion channels, receptors, cellular

signaling pathways, and transcription regulation (Manji

et al. 1999; Chuang 2005; Monti et al. 2009), novel interest

has been recently raised by the discovery of its inhibitory

role on histone deacetylases (HDACs), a major class of

enzymes operating in epigenetic regulation of cell function

(Phiel et al. 2001; Gottlicher et al. 2001, 2004).

Regarding Parkinson’s disease (PD), relatively dated

clinical data reported no amelioration of patients treated

with VPA (Price et al. 1978; Nutt et al. 1979). However,

recent in vitro studies have raised novel interest on the

possible use of VPA in PD-like neurodegeneration. In

neuroblastoma cells, apoptosis induced by rotenone, an

inhibitor of mitochondrial complex 1, which induces

PD-like neurodegeneration in vivo, was attenuated by VPA

treatment (Pan et al. 2005). In another in vitro PD model,

midbrain dopaminergic neurons cultured in a mixed con-

dition with glial cells, VPA protected neurons from the

dopaminergic toxin, 1-methyl-phenylpyridinium (MPP?),

by stimulating the release of trophic substances from glia

(Chen et al. 2006). In a study mimicking the inflammatory

condition characterizing chronic neurodegenerative dis-

eases, VPA protected cultured dopaminergic neurons from

over-activated microglia-induced degeneration, by pro-

moting microglia apoptosis (Chen et al. 2007). Using

another PD-mimetic toxin, 6-hydrohydopamine (6-OHDA)

on cerebellar granule neurons in culture, we recently found

that VPA protected these neurons by increasing a-synuc-

lein expression and preventing its monoubiquitination and

nuclear translocation (Monti et al. 2007). Interestingly, a

link between VPA neuroprotection and increased a-syn-

uclein expression was also found in the same neurons

subjected to a different neurotoxic insult, i.e., glutamate

excitotoxicity (Leng and Chuang 2006).

These in vitro results prompted us to test, for the first

time in vivo, possible neuroprotection of VPA on a rec-

ognized animal model of PD, the rotenone-induced

degeneration of the rat dopaminergic nigral neurons pro-

jecting to the striatum (Bertarbet et al. 2000; Sherer et al.

2003a). Here we show that the depletion of nigro-striatal

dopaminergic neurons caused by subchronic (7 days

through osmotic mini pumps) rotenone administration was

significantly counteracted by long-term (4 ? 1 weeks)

administration of VPA added to chow. Furthermore, the

alterations of a-synuclein caused by rotenone, consisting in

a selective decrease of the native protein and in an increase

of its monoubiquitination in substantia nigra and striatum,

were reversed by VPA.

Materials and Methods

Animals and Surgery

Male Wistar rats from Harlan Nossan, weighing 200–220 g

at the beginning of the treatments, were used throughout

the study. All animals were maintained on a 12:12 h light/

dark cycle and given food and water ad libitum. The

experiments were carried out in agreement with the Italian

and European Community laws on the use of animals for

experimental purposes. The experimental protocols were

approved by a local bioethical committee and the experi-

ments were performed under veterinary supervision. After

acclimatation, rats of the VPA groups were fed for 4 weeks

with standard chow added with 2% sodium valproate

(Sigma, St Louis, MO). This regimen has been previously

shown to result in the same rats in blood levels of

42 ± 6 mg/l valproic acid (Hao et al. 2004), which is close

to the human therapeutic window (McElroy and Keck

1995). As previously reported (Eleuteri et al. 2009), daily

intake of VPA was in the range of 1.4 g/Kg and this dietary

regimen resulted in slight decrease of daily food intake and

in significant decrease of body weight gain. After 4-week

treatment, rats weighting 280–300 g (VPA-fed) or 330–

350 g (standard diet) received 3 mg/kg/day of rotenone for

further 7 days, through osmotic mini pumps implanted

subcutaneously under light ether anesthesia. Alzet osmotic

mini pumps (model 2ML1, Alzet Corporation, Palo Alto,

CA) were filled with rotenone dissolved in equal volumes

of dimethylsulfoxide (DMSO) and polyethylene glycol

(PEG) and implanted under the skin on the back of each

animal. Control rats received vehicle, DMSO/PEG (Sigma)

(1:1) (Betarbet et al. 2000; Sherer et al. 2003a). During this

period rats continued to receive the standard or the VPA-

added diet. At the end of treatment, rats were killed by

decapitation, the brains were sliced with a tissue chopper

and the samples from the various brain regions were col-

lected by micro-dissection on a cold plate under a stereo-

microscope. To prepare total protein samples for western

blot analysis the tissues were immediately frozen in dry ice

and kept in the deep freezer until used. Then, they were

homogenized in 50 mM Tris containing 5 mM EDTA,

0.1% SDS and a protease inhibitor cocktail (all chemicals

from Sigma) and total protein content was determined

(Lowry et al. 1951).

Nuclei–cytosol Separation

To extract separately nucleic and cytosolic proteins

(Caruccio and Banerjee 1999), tissues from different brain

areas were homogenized in an extraction buffer with low

salt (20 mM HEPES, pH 7.9, 10 mM NaCl, 3 mM MgCl2,

0.1% Nonidet P-40, 10% glycerol, 0.2 mM EDTA, 1 mM
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dithiothreitol (DTT), protease inhibitor cocktails, all from

Sigma) and left on ice for 10–15 min with occasional

tapping. The nuclei were pelleted by centrifuging at 7009g

for 5 min at 4�C. The cytoplasmic supernatant fraction was

collected in another Eppendorf tube. The nuclei were

washed with 200 ll of a washing buffer (20 mM HEPES,

pH 7.9, 0.2 mM EDTA, 20% glycerol, 1 mM DTT, pro-

tease inhibitor cocktails) to remove NP-40 and centrifuged

at 7009g for 5 min at 4�C. The pelleted nuclei were then

resuspended into 60 ll of an extraction buffer with salt

(20 mM HEPES, pH 7.9, 400 mM NaCl, 0.2 mM EDTA,

20% glycerol, 1 mM DTT, protease and phosphatase

inhibitor cocktails) on ice for 45 min with periodic mixing

by tapping to extract the nuclear proteins. Following cen-

trifugation at 14,5009g for 15 min at 4�C, the supernatants

were removed. The cytoplasmic fraction was further clar-

ified by adding 1/3 volume of a cytoplasmic extraction

clarification buffer (20 mM HEPES, pH 7.9, 400 mM

NaCl, 0.2 mM EDTA, 40% glycerol, 1 mM DTT, protease

and phosphatase inhibitor cocktails) for 30 min at 4�C to

equilibrate the cytoplasmic proteins with NaCl, followed

by centrifugation at 14,5009g for 15 min. Total protein

content was measured in both the cytoplasmic and the

nuclear fractions (Lowry et al. 1951) before to aliquot and

store them at -80�C. The samples were subsequently

subjected to western blot analysis and some of the nuclear

extracts were also used to measure histone deacetylase

activity, as described below.

Western Blotting

Equal amounts of protein (30 lg for total extracts or 20 lg

for nuclear and cytosolic fractions) from each sample were

diluted in 49 loading buffer (200 mM Tris/HCl pH 7.0, 8%

Sodium Dodecyl Sulfate, 40% glycerol, 0.4% bromophenol

blue, and 200 mM DL-Dithiothreitol, all chemicals were

from Sigma), sonicated and resolved in 12.5% sodium

dodecyl sulfate–polyacrylamide gel electrophoresis before

electroblotting. Membranes were incubated with antibodies

against tyrosine hydroxylase (TH), a-synuclein (polyclonal

C-20, which recognize the full-length forms of the protein),

or ubiquitin (monoclonal P4D1, which is the most widely

used clone of antibodies to recognize free ubiquitin as well

as the mono- and polyubiquitinated protein) or histone H3

or acetylated (lys 9/14) histone H3 (all from Santa Cruz

Biotechnology Inc., Santa Cruz, CA, USA) or b-actin

(Sigma), diluted 1:1000 in phosphate-buffered saline (PBS)

containing 0.1% Tween 20 and 5% defatted dry milk (Bio-

Rad Laboratories, Hercules, CA, USA). Membranes were

then incubated with horseradish peroxidase-linked second-

ary antibodies (Santa Cruz Biotechnology) and visualized

by enhanced chemiluminescence (Amersham International,

Buckinghamshire, UK). The specificity of a-synuclein

antibody was tested by using a specific blocking peptide

(Santa Cruz Biotechnology). The films were scanned and

densitometry was performed using the software ‘NIH

Image’ (Scion Image, Frederick, MD, USA). Quantitation

of TH and a-synuclein was performed with reference to the

invariant cytoskeletal protein, b-actin, as a loading control.

Immunoprecipitation

Tissues were homogenized in cold radioimmunoprecipita-

tion (RIPA) buffer (50 mM Tris–HCl, pH 7.4, 150 mM

NaCl, 1% NP-40, 0.25% Na-deoxycholate, 1 mM EDTA,

1 mM Na3VO4, 1 mM NaF, protease, and phosphatase

inhibitor cocktails). The lysates were sonicated, pre-cleared

for 30 min at 4�C with control IgG and protein A/G Plus

agarose (Santa Cruz Biotechnology) and centrifuged at

1,0009g. Aliquots of the supernatants were incubated

either with 2 lg (10 ll) of a monoclonal antibody against

ubiquitin (clone P4D1; Santa Cruz Biotechnology) or of a

polyclonal antibody against a-synuclein (C-20; Santa Cruz

Biotechnology), together with 5 lg (20 ll) of protein A/G

plus agarose and rocked at 4�C overnight. The protein G

beads were pelleted and washed 3/4 times with RIPA

buffer. The precipitates were resolved on 12.5% (wt/vol)

sodium dodecyl sulfate–polyacrylamide gel electrophoresis

and subjected to western blot analysis, as described above.

Samples immunoprecipitated with the polyclonal anti-a-

synuclein antibody (C-20; Santa Cruz Biotechnology) were

detected with the monoclonal antibody against ubiquitin

(clone P4D1; Santa Cruz Biotechnology) or, as controls,

against either polyclonal (C-20; Santa Cruz Biotechnology)

or monoclonal (clone 42; BD Biosciences Europe, Erem-

bodegem, Belgium) a-synuclein or b-actin (Sigma).

Homogenates immunoprecipitated with the monoclonal

anti-ubiquitin antibody (clone P4D1; Santa Cruz Biotech-

nology) were reacted with the polyclonal anti-a-synuclein

antibody (C-20; Santa Cruz Biotechnology) or with the

polyclonal anti-ubiquitin antibody (FL-76; Santa Cruz

Biotechnology), as controls.

Histone Deacetylase Activity

The activity of histone deacetylase was measured in the

nuclear extracts from substantia nigra of control and

4-week VPA-fed rats by using a fluorometric assay kit

(Biovision, Mountain View, CA 94043, USA). Briefly,

equal amounts (50 lg) of each sample in duplicate were

incubated in a 96-well plate with the fluorogenic substrate

Boc-Lys(Ac)-AMC, at the final concentration of 400 lM,

for 30 min at 37�C. The reaction was then stopped by

adding a Lysine Developer and further incubated at 37�C

for 30 min. Values were read in a Victor3V fluorimetric

detector (PerkinElmer, Waltham, Massachusetts 02451,
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USA) with Ex. = 350–380 nm and Em. = 440–460 nm. A

standard curve was prepared using known amounts (from 0

to 40 lM) of the Deacetylated Standard Boc-Lys-AMC. As

negative controls, parallel samples were analyzed in the

presence of the HDAC inhibitor Trichostatin A 20 lM and,

as a positive control, measure of HDAC activity in HeLa

nuclear extracts were run in parallel. The results were

expressed as nmoles of deacetylated substrate/mg prot/h.

Immunohistochemistry

Animals were anaesthetized with ether and perfusion-fixed

through heart with 4% paraformaldehyde in 0.1 mM

phosphate buffer pH 7.4. Brains were removed, post-fixed

overnight in the same fixative and washed in buffered 18%

sucrose until sunk. Sections were cut with a freezing

microtome at 40 lm thickness, permeabilized for 20 min

with PBS containing 0.1% Triton X-100, followed by a

20-min incubation in methanol containing 0.3% H2O2 to

quench endogenous peroxidase activity. Subsequently,

sections were incubated for 30 min in PBS containing 2%

normal goat serum to block non-specific binding sites. For

immunohistochemical localization of tyrosine hydroxylase,

we used a monoclonal antibody (TH-16) at a dilution of

1:10,000 (Sigma). Antibody exposure was performed

overnight in the cold room, followed by a 90-min incu-

bation with a secondary antibody HPR-linked (Amersham)

and the immunoreaction was visualized using diam-

inobenzidine tetrahydrochloride as chromogen (Vectastain

DAB Kit, Vector Laboratories, Burlingame, CA).

HPLC Analysis of Dopamine and Related Metabolites

Tissue levels of dopamine (DA) and its metabolites,

3,4-dihydroxyphenylacetic acid (DOPAC) and homova-

nillic acid (HVA) were quantified by high performance

liquid chromatography (HPLC). Briefly, frozen striatum

slices previously dissected from rat brain belonging to the

three experimental groups were homogenized by sonica-

tion in 20 volumes of 0.1 M perchloric acid (HClO4). A

small volume (20 ll) of the homogenate was collected for

total protein content determination, while the remaining

sample was centrifuged at 12,000g for 5 min at RT. In

order to analyze the DA content, diluted aliquots of each

sample were further extracted and purified on a precolumn

cartridge system on line with the chromatographic appa-

ratus, before column separation. For DOPAC and HVA

levels determination, diluted aliquots of the same samples

were directly injected into an automated reversed-phase

HPLC system coupled with a colorimetric electrochemical

detector. Analytical conditions for both DA and its

metabolites were selected according to those previously

described (Grossi et al. 1991).

DNA Fragmentation Assay

Cell Death Detection ELISA PLUS kit (Roche Diagnostics

GmbH, DE-68305 Mannheim, Germany) was used to

measure DNA fragmentation as an index of cell death in

the substantia nigra from rats belonging to the different

groups. The assay was performed following the manufac-

turer’s instructions, with few modifications (White and

Barone 2001; Monti and Contestabile 2003). Collected

samples kept in the deep freezer were gently homogenized

in 4 volumes of lysis buffer and centrifuged twice at 2009g

for 10 min. Supernatants used for the determination were

read in a microplate reader at the end of reaction (Bio-

Rad).

Statistical Analysis

All results were subjected to statistical analysis with one-

way ANOVA followed by Bonferroni’s post hoc compar-

ison test or with Student’s t-test, in order to evaluate the

significance of the differences.

Results

Subcutaneous administration of rotenone at the dosage

used in the present study resulted in death of some of the

treated animals (8 out of 23) and in development of motor

disturbances (reduced motor activity and rigidity) in sev-

eral of the surviving ones. None of the vehicle-treated or

VPA-fed, rotenone-treated animals died or showed similar

motor disturbances at a comparable extent.

Western blot analysis of whole homogenates from the

various brain regions dissected after 7 days of rotenone

treatment showed a sizable decrease of the marker enzyme

for dopaminergic neurons, TH, in the substatia nigra and

striatum (Fig. 1a). Quantification of western blots con-

firmed the decrease in the expression of TH in these two

regions of rotenone-treated rats, while no alterations were

noticed in other brain regions taken as controls, such as the

cortex, hippocampus, and cerebellum (Fig. 1b). Chronic

dietary treatment with VPA abrogated the effect of rote-

none administration on TH levels in the substantia nigra

and striatum (Fig. 1c, d). Noticeably, VPA treatment per

se, significantly increased the basal expression of TH in the

substantia nigra but not in the striatum (Fig. 1c, d) or in

other brain regions (not shown). The selective decrease of

TH in the substantia nigra and striatum was in line with the

known sensitivity of nigro-striatal dopaminergic neurons to

rotenone toxicity (Sherer et al. 2003b; Meurers et al. 2008).

To confirm that the observed decrease of TH levels was

actually related to degeneration of nigro-striatal dopami-

nergic neurons and that VPA protected these neurons from
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rotenone toxicity we sought evidence from different

experimental approaches. Immunohistochemistry for TH

revealed a substantial decrease of stained cells in the sub-

stantia nigra of rotenone-treated rats and this deficit was

largely rescued by VPA administration (Fig. 2a). The toxic

effect of rotenone administration towards nigral neurons

was quantitatively estimated through the use of a frag-

mented DNA detection kit previously used to assess cell

death in brain tissue (White and Barone 2001; Monti and

Contestabile 2003). Samples of the substantia nigra col-

lected from rats subjected to rotenone administration from

6 days showed a remarkably high level of cell death

compared to controls and VPA treatment reversed this

effect (Fig. 2b). In the striatum of the same rats, rotenone

treatment resulted in 50% decrease of dopamine level and

this effect was significantly, even if not completely,

counteracted by chronic VPA administration (Fig. 2c).

Measurement in the same samples of the two main dopa-

mine metabolites, DOPAC and HVA, allowed us to cal-

culate a significant increase of the ratio DOPAC ? HVA/

Dopamine, indicative of an increased dopamine turn-over,

caused by the rotenone and the rotenone ? VPA treat-

ments (Fig. 2d).

The chronic VPA treatment adopted here, has been

previously shown to increase histone acetylation in brain

tissue (Eleuteri et al. 2009). In the present study, we were

able to show that the increased acetylation state of histone

H3 in the nuclear fraction extracted from the substantia

nigra of VPA-fed rats (Fig. 3a), correlated with a mea-

surable inhibition of histone deacetylase activity in the

same samples (Fig. 3b).

Decrease of TH in the substantia nigra and striatum was

paralleled by a decreased expression in the same brain

regions of the 19 kDa, native form of a-synuclein, while a

substantial increase of a 27 kDa a-synuclein-immunore-

active band did occur (Fig. 4a–c). As we had previously

observed that a protein of the same molecular size, found in

neuronal cultures exposed to the dopaminergic toxin

6-OHDA, was a monoubiquitinated form of a-synuclein

(Monti et al. 2007), we performed immunoprecipitation

experiments to establish whether this was also the case for

the present in vivo experiments. Immunoprecipitation of

substantia nigra and striatum homogenates with a-synuc-

lein antibody revealed an ubiquitin immunoreactive band

of size corresponding to 27 kDa and the same was true

for immunoprecipitates with ubiquitin antibody revealed
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Fig. 1 Western Blot analysis of TH expression. a Representative

Western Blot for TH and b-actin, as control, expression in substantia

nigra (S.N.) and striatum (Str) from Rotenone- (R) and vehicle-treated

rats (C). b Relative densitometry of TH expression in different brain

areas, i.e., cerebellum (cer), cortex (ctx), hippocampus (hip),

substantia nigra (S.N.), and striatum (Str), of Rotenone- and

vehicle-treated rats. The level of TH was normalized for the b-actin

content in each sample and the data were expressed as arbitrary units.

Each bar represents the mean ± S.E. of 6–10 samples from different

animals. ***P \ 0.001, compared to control, Student’s t-test. c, d
Western Blot analysis and its relative densitometry in vehicle-treated

(C), Rotenone-treated (R), VPA ? vehicle-treated (V), or

VPA ? Rotenone-treated (R ? V) rats, shows that chronic VPA

treatment completely abolishes the decrease of TH expression

induced by Rotenone in both substantia nigra (S.N.) and striatum

(Str) and, by itself, increases the basal TH expression in S.N. The

level of TH was normalized for the b-actin content in each sample and

the data were expressed as arbitrary units. Each bar represents the

mean ± S.E. of 6–10 samples from different animals. *P \ 0.05,

***P \ 0.001, compared to control, ###P \ 0.001, compared to

Rotenone-treated animals, Bonferroni’s test after ANOVA
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with a-synuclein antibody (Fig. 4d). As described in the

‘‘Material and Methods’’ section, appropriate controls

performed by crossing the antibodies used to challenge the

immunoprecipitated samples gave negative results (data

not shown), thus confirming that the 27 kDa a-synuclein-

immunoreactive protein was a monoubiquitinated form of

the protein. Furthermore, our results demonstrated that this

form of a-synuclein was increased by rotenone treatment as

the immunoreactive bands were much stronger than those

of control animals (Fig. 4D).

Chronic treatment with VPA was also able to reverse the

effect of rotenone treatment on a-synuclein, as both the

decrease of the 19 kDa form and the increase of the 27 kDa

form were abrogated (Fig. 5a–c). Interestingly, also in this

case, VPA treatment was able, per se, to increase the level

of the native form of a-synuclein in the substantia nigra and

striatum (Fig. 5a–c). In a previous in vitro study (Monti

et al. 2007), the monouniquitinated form of a-synuclein

was found to be prevailingly localized in the nuclear

compartment of injured neurons. We, therefore, performed

a Western blot analysis on the cytosolic and the nuclear

fractions of the substantia nigra of control and treated rats.

The 19 kDa form of a-synuclein resulted decreased in the

cytosolic fraction of rotenone-treated rats while the 27 kDa

form was increased in the nuclear fraction of the substantia

nigra of the same rats (Fig. 6a–c). In both cases, VPA

treatment abrogated the altered expression caused by

rotenone administration (Fig. 6a–c).

Discussion

The present study was undertaken to demonstrate whether

VPA was neuroprotective in an animal model of PD and,

additionally, to verify whether alterations in the expression

and the molecular state of the disease-marker protein,
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Fig. 2 Effect of chronic VPA treatment on dopaminergic markers

and cell death in Rotenone-treated rats. a Immunohistochemical

analysis of TH expression in substantia nigra of vehicle-treated (C),

Rotenone-treated (R), or VPA ? Rotenone-treated (R ? V) rats.

Calibration bar, 200 lm. b Measure of DNA fragmentation in

substantia nigra of vehicle-, Rotenone-, or VPA ? Rotenone-treated

rats. Data are expressed as Abs/mg prot and each bar represents the

mean ± S.E. of 8–10 samples from different animals. c Quantifica-

tion of dopamine content in the striatum of vehicle-, Rotenone-, or

VPA ? Rotenone-treated rats. Data are expressed as pmoles/lg prot

and each bar represents the mean ± S.E. of 8–10 samples from

different animals. d (DOPAC ? HVA)/DA ratio in the striatum of

vehicle-, Rotenone-, or VPA ? Rotenone-treated rats. Each bar

represents the mean ± S.E. of 8–10 samples from different animals.

**P \ 0.01, ***P \ 0.001 compared to control and #P \ 0.05,
##P \ 0.01, ###P \ 0.001 compared to Rotenone-treated animals,

Bonferroni’s test after ANOVA
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a-synuclein, caused by the neurotoxic challenge could be

reverted by treatment with the same drug. Our novel results

are that chronic dietary administration of VPA significantly

protects nigro-striatal dopaminergic neurons from rote-

none-induced degeneration and that the alterations of

a-synuclein observed in rotenone-treated animals are

brought back to the normal condition in VPA-fed rats. The

neuroprotective effect of VPA correlates with inhibition of

histone deacetylase activity and with increased histone

acetylation in the substantia nigra. In the present experi-

ments, we have focused our attention on the effect of VPA

on histone deacetylase and histone acetylation state as this

mechanism is emerging as a very important one in pro-

moting neuronal survival (Jeong et al. 2003; Leng and

Chuang 2006; Sinn et al. 2007). While the correlation we

have found indicates a role for histone deacetylase inhibi-

tion in the neuroprotective effect of VPA, the multiple

functions described for this drug do not allow us to exclude

the contribution of other known molecular targets of VPA

with well-characterized neuroprotective role such as, for

instance, heath shock proteins, neurotrophins, and anti-

apoptotic genes (Chuang 2005; Monti et al. 2009).

The experimental model used here, essentially corre-

sponds to the model of animal Parkinsonism originally

devised to obtain degeneration of nigro-striatal dopami-

nergic neurons in rats (Bertarbet et al. 2000; Sherer et al.

2003a, b). The model and the reasons for the peculiar sen-

sitivity of nigro-striatal dopaminergic neurons to brain

concentrations of rotenone that only partially inhibit mito-

chondrial complex 1 have been discussed elsewhere (Sherer

et al. 2003b). Furthermore, a recent study has confirmed, at

the level of regulation of gene expression, the preferential

response of these neurons also to sub-toxic doses of rote-

none (Meurers et al. 2008). In the present study, by using a

standard dosage of rotenone administration (3 mg/Kg/day),

continuously delivered through osmotic mini pumps, and by

limiting the time of exposure to 7 days, we were able to

obtain a sizable decrease of dopaminergic markers in the

substantia nigra and striatum of the treated rats and to sig-

nificantly revert the effect of the neurotoxic insult through

chronic dietary administration of VPA that results in blood

concentration of the drug close to the human therapeutic

window (Hao et al. 2004). This neuroprotective effect

correlated well with cell death data in the substantia nigra

and with the survival data that demonstrated substantial

mortality (around 30%) in rotenone-treated rats and no

mortality at all in rats subjected to the same treatment but

chronically fed with VPA. While this correlation is well-

supported by the combination of neuroprotection and

survival data, protection of nigro-striatal dopaminergic

neurons may not be the sole determinant for VPA pro-sur-

vival effect, due to the vast array of neuroprotective actions

promoted by VPA (Chuang 2005; Monti et al. 2009). The

neuroprotective effect also correlated with a significant

VPA-stimulated increase in the expression of both TH and

a-synuclein in the substantia nigra. The VPA effect on

positive regulation of TH has been previously observed at

the mRNA expression level in the rat locus coeruleus and

may be part of a more generalized ability of histone

deacetylase inhibitors to regulate expression of TH gene

both in vivo and in vitro (Sands et al. 2000; DeCastro et al.

2005; D’Souza et al. 2009). We demonstrate here that also

TH protein is upregulated in its expression in the substantia

nigra of rats chronically treated with VPA. Why this effect

appears to be specific for brain regions characterized by

neurons provided with constitutive high expression of TH,

such as the locus coeruleus and the substantia nigra, should

be interesting to investigate in the future. Regarding
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Fig. 3 Chronic VPA treatment increases histone acetylation and

inhibits HDACs activity in substantia nigra. a: Western blot analysis

and its relative densitometry shows that the level of acetylated histone

H3 on the lysines 9/14, normalized for total histone H3, increases in

the substantia nigra nuclear fraction extracted from 4 week VPA-fed

rats (V) compared to controls (C). Data are expressed as arbitrary

units and each bar represents the mean ± S.E. of 6 samples from

different animals. ***P \ 0.001, compared to control, Student’s

t-test. b HDACs activity in the same samples. Data are expressed in

nmoles of acetylated substrate/mg prot/h. ***P \ 0.001, compared to

control, Student’s t-test
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a-synuclein, VPA-induced up-regulation of this protein has

been previously described in primary neuronal cultures and

has been related to a neuroprotective action (Leng and

Chuang 2006; Monti et al. 2007), while present results are

the first demonstration of a similar effect in vivo.

Our results point at a role of a-synuclein in PD-related

neurodegeneration that challenges the dominant concept

which attributes a primary neurotoxic role to a-synuclein in

PD pathogenesis, based on its fibrillary accumulation in

Lewy bodies and to its mutations in heritable forms of the

disease (Polymeropoulos et al. 1997; Krüger et al. 1998;

Norris et al. 2004; Zarranz et al. 2004). A growing body of

evidence, indeed, suggests that a-synuclein is a survival

factor in neuronal cultures (Alves da Costa et al. 2002; Seo

et al. 2002; Jensen et al. 2003; Leng and Chuang 2006;

Monti et al. 2007). Furthermore, while contrasting results

have been obtained regarding overexpression of a-synuc-

lein on neurotoxicity toward nigral dopaminergic neurons

in intact animals (Masliah et al. 2000; Matsuoka et al.

2001; Rathke-Hartlieb et al. 2001; Kirik et al. 2002;

Yamada et al. 2004), transgenic overexpression was neu-

roprotective against herbicide (paraquat)-induced degen-

eration of nigral neurons (Manning-Bog et al. 2003).

Interestingly, in this latter study (Manning-Bog et al.

2003), a dissociation was reported between the deposition

of intraneuronal a-synuclein and neurodegeneration. Thus,

a-synuclein may be involved in neurodegeneration not

only through a gain of toxic function but also through a

loss of neuroprotective defense. Our present data provide

novel evidence for a neuroprotective role of normal expres-

sion of a-synuclein in a model of PD-like neurodegenera-

tion, as rotenone-induced degeneration of nigro-striatal
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Fig. 4 Western Blot analysis (a) and the relative densitometries

(b, c) of a-synuclein and b-actin, as control, expression in substantia

nigra (S.N.) and striatum (Str) from Rotenone- (R) and vehicle-treated

rats (C) and immunoprecipitation experiment that shows that the

27 kDa form of a-synuclein corresponds to monoubiquitinated a-

synuclein (d). a, b, c Rotenone induces a significant decrease of the

19 kDa native form of a-synuclein and a significant increase of a

27 kDa form of the protein. The level of a-synuclein was normalized

for the b-actin content in each sample and the data were expressed as

arbitrary units. Each bar represents the mean ± S.E. of 6–10 samples

from different animals. *P \ 0.05, ***P \ 0.001 compared to

control, Student’s t-test. d Western Blot analysis (a) of immunopre-

cipitation for a-synuclein (polyclonal antibody) revealed with the

monoclonal antibody against ubiquitin and of immunoprecipitation

for ubiquitin (monoclonal antibody), stained with the polyclonal

antibody against a-synuclein (see text for further details), performed

in in substantia nigra (S.N.) and striatum (Str) from Rotenone- (R) and

vehicle-treated rats (C)
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dopaminergic neurons was accompanied by comparable

decrease of the physiological 19 kDa form of the protein.

The fact that VPA significantly protects these neurons from

the challenge of rotenone toxicity and, in parallel, restores

the levels of the physiological form of a-synuclein con-

stitutes, for the first time in vivo, a strong indication for a

link between VPA neuroprotection and a-synuclein

expression so far only described in neuronal cultures (Leng

and Chuang 2006; Monti et al. 2007). As discussed above,

the multiplicity of potential neuroprotective targets of VPA

renders a univocal interpretation of the results difficult.

However, the recently emerged neuroprotective role of

a-synuclein and the evidence that VPA mediates hyper-

acetylation of histone H3 at the a-synuclein promoter, thus

enhancing gene expression (Leng and Chuang 2006; Monti

et al. 2007), strongly suggest that VPA neuroprotection and

VPA regulation of a-synuclein expression observed in the

present study are functionally related events. Our results,

additionally disclose a novel way of processing a-synuclein

that seems to be relevant to understand PD-like
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Fig. 5 Chronic VPA treatment reverts the Rotenone effect on

a-synuclein expression. Western Blot analysis and its relative

densitometry in vehicle-treated (C), Rotenone-treated (R), VPA ?

vehicle-treated (V) or VPA ? Rotenone-treated (R ? V) rats are

shown in a–c. a Representative Western Blot. b VPA treatment

completely reverts the decrease of the 19 kDa form of a-synuclein

induced by Rotenone in both substantia nigra (S.N.) and striatum (Str)

and, by itself, increases the basal level of the 19 kDa form of

a-synuclein in S.N. c VPA treatment counteracts the Rotenone-induced

increase of the 27 kDa monoubiquitinated form of a-synuclein in both

S.N. and Str. The level of a-synuclein was normalized for the b-actin

content in each sample and the data were expressed as arbitrary units.

Each bar represents the mean ± S.E. of 6–10 samples from different

animals. *P \ 0.05, ***P \ 0.001, compared to control, ###P \ 0.001,

compared to Rotenone-treated animals, Bonferroni’s test after ANOVA
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Fig. 6 Western Blot analysis of a-synuclein nuclear–cytosol distri-

bution in substantia nigra (S.N.) from vehicle-treated, Rotenone-

treated and Rotenone ? VPA-treated rats. a Representative Western

Blot of a-synuclein expression in nuclear (n) and cytosolic (c) extracts

from subtantia nigra (S.N.) of vehicle-treated (C), Rotenone-treated

(R), or Rotenone ? VPA-treated (R ? V) rats. b The 19 kDa form of

native a-synuclein is mainly present in the cytosolic compartment,

where its expression decreases in Rotenone-treated rats, while VPA

reverts this effect. c The 27 kDa monoubiquitinated form has a

primary nuclear localization and its nuclear level increases in

Rotenone-treated rats, while VPA almost completely abolishes this

effect. Each bar represents the mean ± S.E. of 3–4 samples from

different animals. **P \ 0.01, ***P \ 0.001, compared to control,
#P \ 0.05, compared to Rotenone-treated animals, Bonferroni’s test

after ANOVA
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neurodegeneration of nigro-striatal dopaminergic neurons,

i.e., the strong increase of monoubiquitinated a-synuclein

restricted to brain areas affected by neurodegeneration.

Also this neurodegeneration-dependent modification of

a-synuclein was prevented by VPA treatment and this

result further strengthens the link between VPA neuro-

protection and maintenance of a-synuclein physiological

state. Recent reports, indeed, have demonstrated that Lewy

bodies contain a fraction of monoubiquitinated a-synuclein

and that increased levels of monoubiquitinated a-synuclein

are toxic to dopaminergic neurons (Engelender 2008; Rott

et al. 2008). In primary neuronal cultures, we have recently

shown that exposure to the dopaminergic neurotoxin,

6-OHDA, results in a situation very similar to the one

reported here in vivo, namely decrease of native a-synuc-

lein, increase of its monoubiquitinated form and restoration

to normal state by VPA treatment (Monti et al. 2007). We,

furthermore, observed that part of the monoubiquitinated

a-synuclein translocated to the nuclei of cultured neurons

subjected to the neurotoxic insult (Monti et al. 2007). This

prompted us to study whether a similar process also hap-

pened in our animal model and we were able to show that

in the substantia nigra of rotenone-treated rats, the nuclear

fraction was actually enriched in monoubiquitinated

a-synuclein, an effect that was fully abrogated by VPA

treatment. While polyubiquitination drives proteins

towards proteasome degradation, monoubiquitination reg-

ulates several cellular processes (reviewed by Hicke 2001).

In particular, a role is emerging for monoubiquitination in

the nuclear–cytoplasmic shuttling of several proteins and

for the involvement of this process in pathological states

(Salmena and Pandolfi 2007). The neuronal nuclear local-

ization of a-synuclein is known from its discovery and is

implicit in its name (Maroteaux et al. 1988), but it has been

rarely described in vivo in a systematic way (Yu et al.

2007). It has been previously observed that in paraquat-

and in rotenone-treated rodents, a-synuclein localizes to the

nuclei of nigral cells (Goers et al. 2003; Feng et al. 2006).

These data suggested that the nuclear localization of

a-synuclein in substantia nigra could be correlated to PD-

like neurodegeneration. This suggestion was strongly sup-

ported by recent data demonstrating that neurodegeneration

was promoted by nuclear localization of a-synuclein in a

dopaminergic cell line, as well as in transgenic flies

(Kontopoulos et al. 2006). Furthermore, a-synuclein

mutations found in some forms of familial PD, A30P and

A53T, caused increased nuclear targeting of the protein in

cell cultures (Kontopoulos et al. 2006). The nuclear pres-

ence of monoubiquitinated a-synuclein in both glia and

neurons has been previously described in a rare neurode-

generative disease, multiple system atrophy (Lin et al.

2004; Yoshida 2007). Thus, convincing experimental data

are emerging that suggest a precise correlation between the

nuclear localization of a-synuclein and neurodegeneration.

Our present results provide correlative evidence that this

may also be the case for PD-like neurodegeneration. Why

and how a-synuclein promotes neurodegeneration when

localized to the nucleus is still unclear, but recent data have

provided a possible explanation based on a-synuclein

interference with histone function in PD-like neurodegen-

eration. In paraquat-treated mice, it has been shown that

a-synuclein forms complex with histones and increases its

fibrillation rate under these conditions (Goers et al. 2003).

Moreover, neurotoxicity obtained by targeting a-synuclein

to the nucleus results from inhibition of histone acetylation

(Kontopoulos et al. 2006). Accordingly, the neurotoxic

effect of nuclear a-synuclein is reversed by administration

of histone deacetylase inhibitors (Kontopoulos et al. 2006).

VPA is a well-established inhibitor of histone deacetylases

(Göttlicher et al. 2001; Göttlicher 2004; Phiel et al. 2001)

and our present observations confirm that its chronic

administration actually inhibits histone deacetylase and

increases histone H3 acetylation in the substantia nigra.

Thus, the neuroprotective effect of VPA and the concom-

itant decrease of nuclear synuclein reported in the present

report could be the combined effects of VPA action on

histone acetylation.

In conclusion, our present results constitute, to our

knowledge, the first evidence for a neuroprotective role of

VPA in an animal model of PD and strongly corroborate

previous results on VPA neuroprotection in models of

PD-like neurodegeneration in culture (Pan et al. 2005; Chen

et al. 2006, 2007; Monti et al. 2007). A recent study has

shown that rotenone challenge regulates in nigral dopami-

nergic neurons the expression of a vast array of genes, some

of which potentially dangerous while others neuroprotec-

tive (Meurers et al. 2008). By increasing histone acetylation

in the same neurons, VPA may shift the balance towards

expression of neuroprotective genes. Whether further

studies will be able to confirm this hypothesis, novel per-

spectives will be opened for better comprehension of VPA

action and for its possible use in therapy.
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