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Abstract
The present study performed proteomic analysis of the midbrain and striatum of 6-hydroxydopamine (6-OHDA)-treated 
neonatal rats—a model of attention-defi cit hyperactivity disorder (ADHD). Proteomic analysis revealed that a 58-kDa 
glucose-regulated protein (Grp58) was temporarily phosphorylated and its level was elevated by 6-OHDA. Furthermore, 
6-OHDA increased the expression level of C/EBP homologous protein (CHOP), a mediator of endoplasmic reticulum (ER) 
stress response, in the midbrain and striatum. In vitro experiments using PC12 cells revealed that 6-OHDA or hydrogen 
peroxide could induce the elevation of Grp58 and CHOP. 6-OHDA could induce the elevation of Grp58 and CHOP in the 
presence of catalase, a hydrogen peroxide-removing enzyme, suggesting that the elevation of Grp58 and CHOP are induced 
by both hydrogen peroxide and p-quinone generated by 6-OHDA. Collectively, these fi ndings suggest that ER stress involv-
ing the alteration of Grp58 and CHOP play a signifi cant role in the induction of insults by 6-OHDA in vivo. 

Keywords: 6-Hydroxydopamine, hydrogen peroxide, p-quinone, Grp58, CHOP.
Introduction

6-Hydroxydopamine (6-OHDA) is a selective cate-
cholaminergic neurotoxin that has been widely used 
to generate Parkinson’s disease (PD) models in vitro 
and in vivo; it is known to induce toxicity that mimics 
the neuropathological and biochemical characteristics 
of PD [1]. It has also been reported that neonate rats 
with 6-OHDA-induced lesions on post-natal day 5 
exhibit behavioural hyperactivity similar to that 
observed in attention-defi cit hyperactivity disorder 
(ADHD) [2]. PD and ADHD models are induced by 
the depletion of dopamine in the striatum, which 
leads to a wide variety of behavioural changes such as 
motor dysfunction and hyperactivity [1,3]. In this 
ISSN 1071-5762 print/ISSN 1029-2470 online © 2010 Informa UK Ltd. (In
DOI: 10.3109/10715760903536349
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ADHD model, we have previously reported that 
spontaneous motor activity is signifi cantly increased 
in 4–5-week-old 6-OHDA-treated neonatal rats [2–4]. 
Alterations have been observed in several classes of 
gene expression, depending on the brain region; for 
example, enhanced expression of the glutamate trans-
porter gene in the striatum and increase of the expres-
sion of the dopamine receptor D4 and dopamine 
transporter in the midbrain, mimicking human hyper-
kinesias in both behaviour and gene expression [2,4]. 
Dopamine content, but not noradrenaline content, 
was reported to dramatically decrease in the striatum 
of ADHD rats [3,4]; however, the molecular 
mechanism underlying 6-OHDA-induced insults in 
forma Healthcare, Taylor & Francis AS)
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the brain, especially during the early events, has not 
been completely elucidated. 

6-OHDA has been demonstrated to induce toxicity 
in a wide range of in vitro neuronal models, including 
the rat adrenal pheochromocytoma cell line, PC12 
[5–7]. It has been reported that 6-OHDA is rapidly 
oxidized by molecular oxygen to yield superoxide 
anions, hydrogen peroxide, and 2-hydroxy-5-
(2-aminoethyl)-1,4-benzoquinone (p-quinone) as fol-
lows [8]:

6-OHDA + O2 → p-quinone + H2O2 (reaction 1)

It is thought that the reactive oxygen species (ROS) 
generated by 6-OHDA initiate cellular oxidative 
stresses. On the other hand, it has been reported that 
p-quinone mediates 6-OHDA-induced cell death [9]. 
It has been known that 6-OHDA is readily oxidized 
within a few minutes to produce H2O2 and p-quinone 
in the extracellular fl uid rather than in intracellular 
fl uid [7,8]. Since it has been shown that catalase, 
which is barely incorporated into cells, completely 
abolished the sole cytotoxic effects of H2O2, it is con-
sidered that the cytotoxicity of 6-OHDA in the pres-
ence of catalase might be primarily mediated by 
p-quinone [7]. We have reported that H2O2 generated 
by 6-OHDA plays a pivotal role in the 6-OHDA-in-
duced peroxiredoxin oxidation and cytochrome c 
release, while H2O2- and cytochrome c-independent 
caspase activation pathways are also involved in 
6-OHDA-induced neurotoxicity [7]. It is believed 
that the latter cytotoxic activity, which is estimated 
from the cytotoxicity of 6-OHDA in the presence of 
catalase, is mediated by p-quinone. Quinones are bio-
logically active compounds and all quinones are redox 
cycling agents that generate ROS. In contrast, par-
tially substituted quinones including p-quinone can 
function as arylating agents that react with cellular 
nucleophiles such as thiols, thereby forming cova-
lently linked quinone-thiol Michael adducts [10]. 
Differences in the endoplasmic reticulum (ER) stress 
induction property of arylating and non-arylating 
quinones have been reported [11]. It has been shown 
that glutathione (GSH) is capable of reacting with 
p-quinone at the second-position to form 2-S-
(glutathionyl)-6-OHDA [12]. Furthermore, it has 
been reported that the GSH and N-acetyl cysteine 
(NAC) effectively attenuate the 6-OHDA-induced 
cytotoxicity in cultured cells [7,13]. Although there is 
a difference in the O2 concentration between in vitro 
and in vivo conditions, a few studies have reported 
the protective effects of thiol compounds against 
6-OHDA neurotoxicity in vivo; for example, Soto-
Otero et al. [14] have reported that thiol compounds 
such as GSH and NAC can prevent the loss of tyrosine 
hydroxylase induced by 6-OHDA in vivo, as revealed 
by immunostaining [14]. However, the molecular 
mechanism underlying 6-OHDA-induced neurotox-
icity in vivo has not been completely elucidated. 
In the present study, we analysed the proteomes of 
the striatum and midbrain of a 6-OHDA-treated neo-
natal rat—an ADHD model—and compared the 
alterations in the in vivo experiment with those in the 
in vitro experiment. Among the omic technologies, 
proteomics is a rapidly developing analytical fi eld of 
study and is becoming a signifi cant source of informa-
tion for protein expression and post-translational 
modifi cation. The information regarding protein 
expression and protein modifi cation is important to 
understand the cellular stress response. We found that 
the expression of 58-kDa glucose-regulated protein 
58 (Grp58) and C/EBP homologous protein (CHOP) 
was altered in both in vivo and in vitro situations, sug-
gesting that ER stress via the formation of H2O2 and 
p-quinone is involved in the insults induced by 
6-OHDA in vivo. 

Materials and methods

Materials

6-OHDA (purity, more than 97%) and desipramine 
were purchased from Sigma-Aldrich (St. Louis, MO). 
GSH and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl 
tetrazolium bromide (MTT) were purchased from 
Nacalai Tesque (Kyoto, Japan). CyDye difference gel 
electrophoresis (DIGE) Fluor Cy2, Cy3 and Cy5 
dyes were purchased from GE Healthcare Bioscience 
(Uppsala, Sweden). Lambda protein phosphatase 
(λ-PPase) was purchased from BioLabs Inc. Hydro-
gen fl uoride (HF)-pyridine was obtained from Fluo-
rochem Ltd. (Derbyshire, UK). 

Animals

All the experiments were conducted in accordance 
with the Guidelines for the Care and Use of Labora-
tory Animals of the National Institute of Advanced 
Industrial Science and Technology, Japan. Pregnant 
female Wistar rats were purchased from Clea Japan 
(Tokyo, Japan) 2 weeks after insemination. The ani-
mals were individually housed in acrylic cages illumi-
nated under a 12-h light/dark cycle (light: 07:00–19:00) 
at 22°C and were provided tap water and laboratory 
chow (Oriental Yeast, Tokyo, Japan).

Treatments of rats with 6-OHDA and dissection of 
the brain

Male rat pups (5-days-old) weighing ~ 10 g were 
intraperitoneally administrated 25 mg/kg of desipra-
mine, as described previously [2]. After 30 min, 
100 μg of 6-OHDA dissolved in 0.9 % NaCl was 
administered intracisternally. Control pups received 
an intracisternal injection of vehicle under similar 
conditions. Pups were randomly assigned to lactating 
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dams (5–7 pups/dam) and were weaned at 3 weeks of 
age. Rats were decapitated at 6 h, 12 h, and 1–3 weeks 
after treatment with 6-OHDA. The whole brain was 
removed rapidly and placed on an ice-cold glass plate 
with the ventral surface facing upward. The striatum 
and midbrain were separated from the whole brain. 
Tissue samples were frozen in liquid nitrogen and 
stored at �80°C.

Protein assay

Protein concentration was determined by using the 
bicinchoninic acid (BCA) protein assay kit (Pierce 
Biotechnology, Inc., Rockford, IL) with bovine serum 
albumin as a standard.

Determination of catecholamine contents

Catecholamine levels were measured in the striatum 
of rats after 6-OHDA treatment as described previ-
ously [3]. Tissue samples were homogenized in 0.5 ml 
of 0.2 M perchloric acid containing 100 μM ethyl-
enediaminetetraacetate (EDTA)-2Na and 100 ng of 
isoproterenol (internal standard). After centrifuga-
tion at 20 000 � g for 15 min, the supernatant was 
transferred to another tube and the pH was adjusted 
to 3 by adding 1 M sodium acetate. The samples were 
subjected to high-performance liquid chromatogra-
phy (HPLC). The catecholamines were separated 
using a reverse-phase column (4.6 � 150 mm) 
Eicompak MA-5ODS (Eicom, Kyoto, Japan) main-
tained at 25°C. A 0.83 M citrate-sodium acetic acid 
buffer, pH 3.5, containing 230 mg/L octane-sulphonic 
acid, 5 mg/L EDTA-2Na and 17% methanol was 
used as the mobile phase and the fl ow rate was 
adjusted to 1.0 mL/min. Dopamine (DA) and nor-
epinephrine (NE) were detected by an electrochemi-
cal detector (ECD-100; Eicom) at �750 mV using 
Ag/AgCl surface electrodes. DA (SIGMA H8502) 
and NE (SIGMA A7275) were used as a standard. 
The results were shown as nanograms per milligram 
of protein. 

2D-DIGE and image analysis

The striatum and midbrain samples were lysed by 
sonication in an appropriate lysis buffer for 2D-DIGE 
analysis [8 M Urea, 30 mM Tris-HCl, and 4% 3-[(3-
chol-amidopropyl)-dimethylammonio]-1-propane 
sulphonate (CHAPS), pH 8.5]. Protein extracts were 
labelled according to the manufacturer’s instructions 
(CyDye DIGE fl uor minimal labelling kit; GE Health-
care). Protein extracts (25 mg each of control or 
6-OHDA-treated samples) were labelled with 200 
pmol of Cy3 or Cy5 fl uorescent dye on ice for 30 min 
in the dark. Equal amounts of proteins from four 
samples were combined to generate an internal pool. 
This pool was labelled with Cy2 fl uorescent dye and 
included in all the gels run. The labelling reaction was 
quenched with 10 mM lysine. After the labelling reac-
tion, three samples, along with a pool aliquot, were 
mixed and run on a single gel. The samples were 
mixed with 2D-DIGE sample buffer [8 M Urea, 4% 
CHAPS, 130 mM dithiothreitol (DTT), and 0.5% 
immobilized pH gradient (IPG) buffer, pH 4–7]. The 
strips were rehydrated with Cy-labelled samples in 
the dark overnight. The fi rst-dimensional isoelectric 
focusing (IEF) was performed using the IPGphor 
apparatus (GE Healthcare) as recommended by the 
supplier. The IPG strip was equilibrated for 15 min 
with gentle shaking in 100 mM Tris-HCl, pH 8.8, 
containing 6 M Urea, 2% (w/v) sodium dodecyl sul-
phate (SDS), 65 mM DTT, 30% glycerol, and trace 
of bromophenol blue. Iodoacetamide (53 mM) was 
added to the second equilibration buffer instead of 
DTT, and the strips were incubated for 15 min in this 
solution. The second-dimensional separation was 
achieved by performing 12.5% SDS-polyacrylamide 
gel electrophoresis (SDS-PAGE). Proteins were visu-
alized by using fl uorescence scanner at appropriate 
wavelengths for Cy2, Cy3, and Cy5 dyes (Typhoon 
9400; GE Healthcare). Image analysis was performed 
using the DeCyder 5.0 software (GE Healthcare). 
The differential in-gel analysis (DIA) module was 
used for pairwise comparisons of each control and 
6-OHDA treatment samples and calculation of nor-
malized spot volumes/protein abundances. The spot 
maps corresponding to the four gels were used to 
calculate the average abundance changes and paired 
Student’s t-test derived p-values for each protein 
across the four gels. This was achieved by using the 
DeCyder biological variation analysis (BVA) module 
and the Cy3/Cy2 and the Cy5/Cy2 ratios for each 
protein.

In-gel trypsin digestion and identifi cation by liquid 
chromatography/mass spectrometry (LC/ MS) 

Differentially expressed protein spots were excised 
from a 2-D gel stained with SYPRO Ruby dye, trans-
ferred to sterile 1.5 mL micro-centrifuge tubes, and 
digested with sequencing-grade modifi ed trypsin 
according to a previously described procedure with 
minor modifi cations [15]. Briefl y, protein spots were 
washed twice with 100 mM ammonium bicarbonate 
(pH 8.5) and then dehydrated with acetonitrile. The 
gel pieces were reduced with 10 mM DTT at 56°C 
for 45 min and alkylated with 50 mM iodoacetamide 
for 45 min at room temperature in the dark in ammo-
nium bicarbonate buffer. The gel pieces were washed 
with ammonium bicarbonate buffer, dehydrated with 
acetonitrile, and dried. They were subjected to in-gel 
trypsin digestion with 20 μL of 20 mM ammonium 
bicarbonate buffer containing 15 ng/μL trypsin at 
37°C for 18 h. The peptides were extracted from the 
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gel pieces twice with 20 μL of 20 mM ammonium 
bicarbonate buffer and thrice with 20 μL of 0.5% 
trifl uoroacetic acid in 50% acetonitrile. The peptides 
yielded after the 5-step extraction procedure were 
pooled together and concentrated to 20 μL using a 
Speed Vac (Thermo Electron). 

The peptide extracts were subjected to analyse using 
liquid chromatography–electrospray ionization–mass 
spectrometry (LC- ESI-MS/MS) which consisted of a 
low fl ow LC system with fl ow splitter (MAGIC 2002, 
Microm BioResoueces, CA) and an ion trap mass 
spectrometer (LCQ Deca, Thermo Fisher Scientifi c, 
MA, USA) interfaced with nanospray ion source 
(AMR Inc., Tokyo, Japan). The samples were injected 
to reverse-phase trap column (0.2 mm � 5 cm; 
MonoCap for fast-fl ow; GL Science, Tokyo, Japan). 
Concentrated and desalted sample by the trap col-
umn was eluted to a fast-equilibrating C18 capillary 
column (monolith-type column; i.d., 0.1 mm; length, 
50 mm; GL Science) for the separation. The gradient 
profi le consisted of a linear gradient from 5% of 
solvent B [H2O/acetonitrile/formic acid, 10/90/0.1 
(v/v/v)] to solvent A [H2O/acetonitrile/formic acid, 
98/2/0.1 (v/v/v)] for a duration of 40 min at a fl ow 
rate of 300 nL/min. The separated sample was analy-
sed in the data-dependent positive acquisition mode 
on an ion trap mass spectrometer via fused-silica 
Fortis Tip emitter (o.d., 150 μm; i.d., 20 μm; AMR, 
Inc). The following dynamic exclusion settings were 
used: repeat count of 2, repeat duration of 0.5 min, 
exclusion list size of 25, and exclusion duration of 3.0 
min. After obtaining each scan (m/z 400–2000), a 
data-dependent triggered MS/MS scan was acquired 
for the most intense parent ion.

Database search and protein identifi cation

Acquired LC-MS/MS data were transferred to a 
local MASCOT (version 2.1, Matrix Science, Inc., 
London, UK) server (www.matrixscience.com) for 
querying all MS/MS ion searches against National 
Center for Biotechnology Information (NCBInr, Rat 
Protein Database, updated on 9 September 2006). 
The typical parameters used in the MASCOT MS/
MS ion search were as follows: maximum of one 
trypsin miss cleavage; fi xed modifi cation, cysteine 
carbamidomethylation; variable modifi cation, methi-
onine oxidation; peptide mass tolerance, � 2 Da 
threshold (p � 0.05); minimum ion counts, 0; and 
fragment mass tolerance, � 0.8 Da. 

1D-PAGE and 2D-PAGE for western blotting 

For 1D-PAGE, an equal amount of protein from each 
sample (30 μg) was electrophoresed on 12.5% SDS-
PAGE. For the fi rst dimension of 2D-PAGE, IPG gel 
strips (pH 4–7; non-linear, 7 and 13 cm) were used. 
The samples were mixed with rehydration buffer [9 
M Urea, 5% CHAPS, 65 mM dithioerythreitol 
(DTE), 0.5% ampholyte (pH 4–7)] and applied on a 
gel (75 μg protein for a 7-cm gel and 150 μg for a 
13-cm gel). The voltage for the electrophoresis was 
increased stepwise to 5000 V or 8000 V at maximum 
current of 200 mA for 3–5 h.

After the samples were separated by either 
1D-PAGE or 2D-PAGE, they were transferred onto 
polyvinylidene fl uoride (PVDF) membranes (Milli-
pore, Bedford, MA). The membranes were blocked in 
Tris-buffered saline (pH 7.4) containing 0.1% Tween 
20 (TBS-T) by a semi-dray electroblotter (Bio-Rad, 
CA), incubated with rabbit anti-Grp58 polyclonal 
antibodies (StressGen Biotechnologies) for 3 h, 
washed with TBS-T, incubated with horseradish per-
oxidase-conjugated secondary antibodies against rab-
bit IgG at least for 1 h and washed with TBS-T. 
Immunoreactivity to the anti-Grp58 antibodies was 
visualized using an enhanced chemiluminescence 
system (Millipore Co.). 

Protein phosphatase treatment

The samples were incubated with 100 unit of λ-PPase 
in λ-PPase buffer (50 mM Tris-HCl, 0.1 mM Na2E-
DTA, 5 mM DTT, 0.01% Triton X-100, pH 7.5) for 
3 h at 30°C. Next, the samples were separated with 
2D-PAGE and immunoblotted using anti-Grp58 
antibodies.

Dephosphorylation of proteins using HF-pyridine

Dephosphorylation of proteins using HF-pyridine 
was performed as described previously [16]. 
Samples were dephosphorylated using HF-pyidine, 
neutralized with NaOH, mixed with chloroform/
methanol (4:1), and the protein layer was subjected 
to 2D-PAGE and immunoblotted using anti-Grp58 
antibodies.

Undifferentiated PC12 cell cultures

The rat pheochromocytoma cell line PC12 was rou-
tinely maintained in Dulbecco’s modifi ed Eagle’s 
medium (DEM/F-12) containing 10% heat-inacti-
vated foetal bovine serum and 5% heat-inactivated 
horse serum at 37°C under an atmosphere of 95% air 
and 5% CO2. In order to analyse the toxicity of 
6-OHDA, the PC12 cells were grown on plates at a 
density of 2 � 105 cells/mL. After the cells adhered 
to the plates (16–18 h), they were treated with 
6-OHDA at different concentrations for the indicated 
times. For determining the cell viability, MTT assay 
was performed for the indicated periods. The cells 
were incubated with 0.5 mg/mL MTT in fresh 
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medium at 37°C for 2 h. Isopropyl alcohol containing 
0.04 N HCl was added to the culture medium (3:2 
by volume) and mixed through by a pipette until the 
formazan dissolved completely. The optical density of 
formazan was measured at 570 nm using a Multiskan 
Ascent plate reader (Theromo Labsystems, Helsinki, 
Finland). 

Caspase activity assay

Caspase activity was measured by cleavage of the 
Asp-Glu-Val-Asp (DEVD) peptide-conjugated 
4-methyl-coumaryl-7-amide (AMC), the Ile-Glu-
Tyr-Asp (IETD)-AMC, and the Leu-Glu-His-Asp 
(LEHD)-AMC, according to the protocol outlined by 
the manufacturer of APOPCYTO Caspase Fluoro-
metric Assay kit (Medical & Biological Laboratories). 
Substrate cleavage, which resulted in the release 
of AMC (excitation and emission wavelengths of 
380 nm and 460 nm, respectively), was measured by 
using a Multiskan Ascent plate reader (Thermo Lab-
systems). Absorbance units were converted to pmoles 
of AMC using a standard curve generated by free 
AMC.

Statistical analysis

Data have been expressed as mean � SD of at least 
three separate experiments. Statistical analysis was 
performed by the analysis of variance (ANOVA) using 
Dunnett’s and Tukey’s tests for multiple comparisons. 
The analysis method has been described in each 
fi gure legend.

Results

Toxic insults on dopaminergic neurons of neonatal rats 
treated with 6-OHDA

We have previously reported that the spontaneous 
motor activity of 5-day-old neonatal rats treated with 
both 6-OHDA is signifi cantly increased at 4–5 weeks 
of age [2]. In order to elucidate the toxic insults on 
dopaminergic neurons, especially during the early 
phases, induced by 6-OHDA, the DA and NE contents 
in the striatum were measured at each sampling time 
after 6-OHDA administration. DA content signifi -
cantly decreased at 12 h, but not at 6 h, after 6-OHDA 
treatment (Table I). The DA content continued to 
decrease up to 3 weeks after 6-OHDA treatment; it was 
254.6 � 28.6 ng/mg protein and 20.8 � 18.8 ng/mg 
protein in the control and 6-OHDA-treated rats, 
respectively. There was no signifi cant difference in the 
NE content after 6-OHDA treatment. These results 
suggest that the insults of 6-OHDA on dopaminergic 
neurons along with neuronal loss occurred after 12 h 
of treatment.
Proteomic analysis of the striatum and midbrain in 
neonatal rats treated with 6-OHDA

In order to investigate the molecular mechanisms 
underlying dysfunction induced by 6-OHDA, protein 
extracts prepared from the striatum and midbrain of 
rats treated with 6-OHDA for 6 h to 3 weeks were 
labelled with fl uorophore Cy2, Cy3, or Cy5 and anal-
ysed by Ettan DIGE system. Figures 1A and B show 
representative 2D-profi les of the samples from the 
control and 6-OHDA treated striatum. These images 
were analysed by using DeCyder software. On the 
basis of the differences in their normalized and aver-
aged intensities on triplicate 2-D gels, we found that 
the density of four spots (numbers G1–G4) was sig-
nifi cantly altered in the 6-OHDA-treated samples 
(Figures 1A and B). Those spots were identifi ed as 
58 kDa glucose-regulated protein (Grp58) by ESI-
LC-MS/MS, which is also called protein disulphide 
isomerase A3 (PDI A3) and endoplasmic reticulum 
protein 57 (Erp57) [17]. Figures 1C and D show the 
time-dependent changes in the four spots derived 
from Grp58 in the striatum and midbrain of rats 
treated with 6-OHDA. After 6 h of 6-OHDA treat-
ment, there was a signifi cant increase in the density 
of spots G3 and G4, which returned to the basal 
levels within 12 h. This acidic shift of Grp58 suggests 
that it underwent post-translational modifi cation. On 
the other hand, the density of spot G1 (Grp58) from 
the striatum and midbrain increased after 12 h, 
1 week, and 2 weeks of 6-OHDA-treatment, indicat-
ing the induction of Grp58 protein. Collectively, these 
results suggest that Grp58 protein was temporarily 
altered and induced by 6-OHDA. 

In order to investigate the post-translational modi-
fi cation of Grp58, we conducted western blot analy-
sis. As shown in Figure 2A, the acidic spot shift of 
Grp58 was detected by western blot analysis. It has 
been reported that the acidic spot shift of Grp58 
occurs due to its phosphorylation [18]. To determine 
whether Grp58 was phosphorylated by 6-OHDA-
treatment, we treated the striatum sample with 
λ-PPase and subjected it to western blot analysis. 
Consequently, a slight decrease in the density of spot 
G3 and concomitant increase in the density of spot 
G1 were observed (Figure 2B). Furthermore, the 
HF-pyridine treatment effectively reduced the acidic 
spot shift of Grp58 (Figure 2C). These results indi-
cated that Grp58 is phosphorylated by 6-OHDA. 

Induction of CHOP in the striatum and midbrain of 
rats treated with 6-OHDA

It has also been reported that 6-OHDA can induce 
ER stress and CHOP expression via pancreatic ER 
kinase (PERK) signalling pathway [19]. Furthermore, 
Grp58 is a stress protein that is localized in the lumen 
of ER whose expression is induced in several stress 
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Table I. Effects of neonatal treatment with 6-OHDA on endogeneous catecholamine levels in the rat striatum.a

0 h 6 h 12 h 24 h

DA level
 Control 199.0 � 9.4 220.4 � 7.4 227.9 � 19.7 225.5 � 7.6
 6-OHDA 234.3 � 14.2 246.4 � 8.5 45.5 � 6.0∗  63.4 � 27.8∗

NE level
 Control 18.4 � 0.9 16.1 � 1.8 20.2 � 1.5  17.5 � 14.0
 6-OHDA 17.3 � 1.0 19.4 � 4.3 16.6 � 1.7  14.0 � 3.8

aRats received intracisternal administration of 6-OHDA after intraperitoneal injection of desipramine at 5 days of age. At each time, rats 
were sacrifi ced and catecholamine levels were measured by HPLC-ECD as described in Materials and methods. Results are expressed as 
ng/mg protein and mean � SD.
∗p � 0.05 vs respective control value (Student’s t-test).
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conditions [17,20]. On the basis of this background 
information, we attempted to determine the altera-
tions in CHOP expression in the striatum and mid-
brain by 6-OHDA-treatment using western blot 
analysis. As shown in Figures 3A and B, CHOP pro-
tein level signifi cantly increased by up to ~ 3-fold in 
the striatum and midbrain of rats treated with 
6-OHDA for 6 h. These results indicate that not only 
Grp58 but also CHOP levels in the striatum and mid-
brain increased by 6-OHDA-treatment. 

Cytotoxicity and caspase activation in the PC12 cells 
treated with 6-OHDA and the roles of hydrogen 
peroxide and p-quinone generated

In order to understand the molecular mechanism 
underlying the insults induced by 6-OHDA in the rat 
ADHD model, we next conducted in vitro experi-
ments using PC12 cells. We previously reported that 
both H2O2 and p-quinone generated by 6-OHDA 
play unique roles in the 6-OHDA-induced cytotoxic-
ity [7]. Since the cytotoxic effect induced by H2O2, 
which is the secondary product of 6-OHDA, was 
completely abolished in the presence of catalase, it 
was believed that 6-OHDA elicited its effect in the 
presence of catalase by means of p-quinone-mediated 
cytotoxicity in PC12 cells. Cell viability assay based 
on the mitochondrial function suggested that 
6-OHDA and H2O2 exhibit similar levels of cytotox-
icity [7], while the p-quinone-induced mitochondrial 
toxicity is lower than that induced by 6-OHDA 
(Figure 4A). 

Furthermore, we assessed the activity of caspases, 
which are required for the execution of the intrinsic 
apoptosis pathway. In this experiment, we used 100 μM 
of 6-OHDA, which is the cytotoxic concentration 
generating 50 μM of H2O2 and 100 μM of p-quinone 
[7]. Concomitant with the results of our previous 
study, the caspase 3 enzyme activity in 6-OHDA- and 
p-quinone-treated cells was higher than that of the 
H2O2-treated cells (Figure 4B). Interestingly, it was 
observed that both caspase 8 and caspase 9 were acti-
vated under each stress condition (Figure 4B). Taken 
together, these results suggest that H2O2 and p-
quinone generated from 6-OHDA play unique roles 
in the 6-OHDA-induced cytotoxicity: p-quinone pos-
sesses potent biological activity to activate caspases. 

Induction of Grp58 and CHOP in PC12 cells treated 
with 6-OHDA and the roles of hydrogen peroxide and 
p-quinone generated

In order to understand the roles of reactive species 
responsible for the alteration observed in the in vivo 
proteomic analysis, we analysed the post-translational 
modifi cation and protein induction in 6-OHDA-
treated PC12 cells. Although reproducible results 
were not obtained for the phosphorylation of Grp58 
(data not shown), signifi cant induction of Grp58 and 
CHOP proteins was observed at cytotoxic concentra-
tion of 6-OHDA applied for 24 h (Figure 5A). Time-
dependent analysis revealed that these proteins were 
induced after 6 h of treatment with 6-OHDA (Figures 
5B and C). In order to understand the role of reactive 
species generated by 6-OHDA, we analysed the effect 
of H2O2 and p-quinone. As shown in Figure 5D, both 
H2O2 and p-quinone increased Grp58 and CHOP 
levels. It has been known that GSH can protect the 
insults induced by 6-OHDA via the suppression of 
reaction 1 as well as the elimination of generated reac-
tive species [6,7,14]. At an effective concentration 
against cell death induced by 6-OHDA [7], GSH sig-
nifi cantly attenuated the increase of Grp58 and 
CHOP levels (Figure 5D). 

In order to determine whether the observations 
described above apply to other arylating quinones or 
are specifi c to p-quinone, we analysed the effect of the 
arylating 1,4-benzoquinone. As shown in Figures 5E 
and F, 1,4-benzoquinone increased the levels of both 
Grp58 and CHOP, suggesting that arylating quinone 
can induce both proteins. It was further confi rmed 
that ER stress inducer tunicamycin could increase 
Grp58 and CHOP levels (Figures 5E and F). These 
evidences suggest that H2O2 and p-quinone play a 
signifi cant role in the induction of Grp58 and CHOP 
proteins via ER stress response.
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Discussion

6-OHDA has been widely used as a neurotoxin for 
generating not only PD models but also ADHD mod-
els; however, the molecular mechanism underlying 
6-OHDA-induced neurotoxicity in vivo, especially 
during the early events, has not been completely elu-
cidated. In the present study, we demonstrated 
that in an ADHD model, 6-OHDA induces Grp58 
Figure 1. Proteomic analysis of the striatum and midbrain in neonatal rats treated with 6-OHDA. Representative 2D-gel image of the 
striatum of rats treated with control saline (A) and 6-OHDA (B) using pre-cast IPG strip (13 cm, pH 4–7) in the fi rst dimension; 75 µg  
of protein was loaded. The protein spots marked by arrow indicate Grp58 identifi ed by using LC/MS analysis. Time-dependent changes 
in the four spots derived Grp58 in the striatum (C) and midbrain (D) of rats treated with 6-OHDA. The results were expressed as relative 
spot normalize volumes compared to control and reported as mean � SD (n � 4). ∗p � 0.01 in comparison with the control sample on 
each time (t-test).
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phosphorylation and CHOP elevation at 6 h and then 
induces Grp58 elevation and DA depletion at 12 h 
after treatment. On the basis of the in vitro experi-
mental results using PC12 cells, it is considered that 
H2O2 and p-quinone generated by 6-OHDA play a 
signifi cant role in the induction of Grp58 and CHOP. 
Collectively, it is considered that the conversion of 
6-OHDA to H2O2 and p-quinone might occur in the 
rat brain, and ER stress induced by these compounds 
might be responsible for the neurotoxicity of 
6-OHDA. 

Grp58 is a member of the protein disulphide 
isomerase family and catalyses disulphide bond for-
mation in glycoprotein and is also induced under cel-
lular stress conditions [17]. It has also been reported 
that Grp58 phosphorylation is induced by a variety 
of stimuli such as leptin in the liver [18], angiotensin 
II in the smooth muscle cells [21], and gamma-knife 
surgery in the brain [22]. Grp58 is a molecular chap-
eron localized in the lumen of the ER; it possesses an 
ER-retention signal in the C-terminal region. It is 
thought that the sub-cellular localization of Grp58 is 
regulated by the phosphorylation of the tyrosine and 
serine residues [23]. Previous data revealed the asso-
ciation between Grp58 and signal transducer and 
activator of transduction 3 (STAT3), and it has been 
postulated that the phosphorylation of Grp58 might 
release STAT3 from the plasma membrane compart-
ment, resulting in the activation of the down-stream 
signal transduction pathway [24,25]. STAT3 is a sig-
nalling molecule that mediates the activation of sev-
eral cytokines and growth factors. In the present 
study, we could detect the increase in Grp58 phos-
phorylation in the in vivo experiments, but not in the 
in vitro experiments performed using PC12 cells. At 
present, it is not clear why Grp58 phosphorylation is 
Figure 2. Phosphorylation of Grp58 in the striatum of rats treated with 6-OHDA. (A) Western blot analysis of the striatum of rats treated 
with 6-OHDA for 6 h using an anti-Grp58. The relative spot densities of spot G3 calculated using Phoretix 2D software are shown. 
∗p � 0.01 in comparison with the control sample (t-test). (B) The effect of phosphatase treatment. The striatum samples treated with 
phosphatase in the presence or absence of phosphatase inhibitor were subjected to western blot analysis. (C) Effect of dephodphorylation 
using HF-pyridine. The striatum samples treated with HF-pyridine were subjected to western blot analysis. 
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induced by 6-OHDA in vivo, but not in vitro. Since 
it is considered that Grp58 phosphorylation-inducing 
stimuli such as angiotensin II and gamma-knife sur-
vey induce oxidative stress, it has been postulated that 
reactive species generated by 6-OHDA are responsi-
ble for the phosphorylation of Grp58 in vivo; how-
ever, the detailed molecular mechanism has not yet 
been elucidated. In order to understand the biological 
signifi cance of Grp58 phosphorylation, it is necessary 
to identify the kinase responsible for Grp58 phospho-
rylation and the mechanism associated with the acti-
vation of this kinase. 

As mentioned above, it has been reported that 
Grp58 expression is induced under a variety of cel-
lular stress conditions such as glucose starvation [20], 
viral infection [26], and dopamine [27]. These condi-
tions might result in the misfolding of proteins within 
the ER and the induction of the transcription factors 
such as activating transmembrane precursors 4 
(ATF4) and CHOP-mediators of ER stress response. 
Gene chip analysis in the dopaminergic cell line 
MN9D treated with 6-OHDA has revealed that 
Grp58 and CHOP transcripts are increased by 
6-OHDA [19]. It has been known that not only oxida-
tive stress induced by H2O2 but also the electrophilic 
quinone, namely arylating quinone, can induce ER 
stress response [11]. The electrophilic quinone can 
function as an arylating agent that can react with 
nucleophiles such as the reduced sulphydryl groups 
in glutathione and cysteine or the cysteinyl residues 
in the proteins to form covalently-linked quinone-
thiol adducts [10]. We previously reported that the 
arylating quinone, γ-tocopheryl quinone, but not the 
non-arylated α-tocopheryl quinone, can induce ER 
stress and adaptive response involving CHOP and 
ATF4 induction [28]. The ER, where the oxidative 
protein folding leads to the formation of disulphide 
bonds, is one of the most susceptible organelles to 
oxidation [29]. The relative abundance of oxidized 
glutathione (GSSG) compared with the reduced form 
of glutathione in the ER lumen has led to the assump-
tion that GSSG serves as the oxidizing equivalent 
during protein folding [30]. Therefore, the ER is vul-
nerable to oxidative stress. Exogenously added H2O2 
is known to diffuse rapidly into cells and react with 
cellular components and antioxidants [31], while ary-
lating p-quinone might attack the nucleophiles in the 
cells. It has been observed that H2O2 plays an impor-
tant role in the mitochondrial insults induced by 
6-OHDA, while the knowledge on the effect of p-qui-
none is limited [7]. In view of the insults against ER, 
the data shown in the present study suggest that both 
H2O2 and p-quinone generated by 6-OHDA can 
exhibit neurotoxicity by inducing ER stress. 
Figure 3. Induction of CHOP in the striatum and midbrain of rats 
treated with 6-OHDA. Western blot analysis of the striatum (A) 
and midbrain (B) of rats treated with 6-OHDA for 6 h were 
conducted by using anti-CHOP polyclonal antibodies. The relative 
densities calculated using Phoretix 2D software are shown. 
∗p � 0.01 in comparison with the control sample (t-test). 
Figure 4. Effect of 6-OHDA and p-quinone on the viability and 
caspase activity of PC12 cells. (A) The cells were treated with 
variable amounts of 6-OHDA (open circle) in the presence 
(p-quinone, closed square) or absence (open circle) of 50 U/ml 
calatase for 24 h, and the viability was measured by MTT assay, 
as described in Materials and methods. ∗p � 0.05 when compared 
with control (Dunnett, ANOVA). (B) The cells were exposed to 
100 μM 6-OHDA, 100 μM p-quinone or 50 μM H2O2 for 12 h, 
and were subjected to the enzyme assay using DEVD-AMC 
(Caspase 3 like), LEHD-AMC (caspase 9 like), and IEHD-AMC 
(caspase 8 like) as a substrate, as described under Materials and 
methods. The values represent the means for duplicate.
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It has been reported that 6-OHDA treatment causes 
loss of GSH in vivo and in vitro [32,33]. On the other 
hand, it has been reported that GSH can suppress the 
neurotoxicity of 6-OHDA in vivo and in vitro [6,14]. 
We previously reported the signifi cant protective 
effects of thiol compounds such as GSH and NAC 
against 6-OHDA-induced cell death in PC12 cells 
[7]. It has been reported that thiol compounds can 
suppress the conversion of 6-OHDA to H2O2 and 
p-quinone by acting against transition metals [14]. It 
is also known that GSH can accelerate the reduction 
of H2O2 to water in combination with glutathione 
peroxidase [34]. Furthermore, it has been demon-
strated that GSH directly diminishes the electrophilic 
properties of arylating p-quinone [12]. Collectively, it 
is postulated that thiol compounds like GSH exhibit 
neuroprotective effects against 6-OHDA by not only 
suppressing the conversion of 6-OHDA but also elim-
inating the generated reactive species. In fact, we 
observed that GSH elicited a protective effect against 
the 6-OHDA-induced elevation of Grp58 and CHOP 
(Figure 5D), suggesting that GSH can inhibit ER 
stress induced by 6-OHDA. NAC is readily taken up 
by cells and subsequently acts as the source of cel-
lular GSH, while it is known that GSH is barely 
incorporated into cells. Therefore, it is considered that 
GSH exhibits the inhibitory effect against the 6-OHDA-
induced elevation of Grp58 and CHOP in the 
extracellular fl uid. The cytoprotective effects of 
GSH also suggest that the conversion of 6-OHDA to 
H2O2 and p-quinone in the extracellular fl uid is a 
critical step in its cytotoxicity. Collectively, these 
observations emphasize the signifi cance of developing 
neuroprotective therapy using thiol compounds 
Figure 5. Effect of p-quinone and H2O2 on the Grp58 and CHOP levels in PC12 cells. (A) PC12 cells were treated with variable amounts 
of 6-OHDA for 24 h and subjected to western blot analysis using antibodies against Grp58 and CHOP. (B, C) The cell samples treated 
with 100 μM 6-OHDA for the indicated time periods were subjected to western blot analysis using antibodies against Grp58 (B) and 
CHOP (C). (D) The cell samples treated with 100 μM 6-OHDA, 100 μM p-quinone, or 50 μM H2O2 in the presence or absence of 
indicated amount of GSH for 6 h were subjected to western blot analysis using antibodies against Grp58 and CHOP. (E, F) The cell 
samples treated with 30 μM 1, 4-benzoquinone or 5 μg/ml tunicamycin for 6 h were subjected to western blot analysis using antibodies 
against Grp58 (E) and CHOP (F).
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against neurodegenerative diseases involving the 
degradation of dopaminergic neurons.

In conclusion, the present study revealed that 
6-OHDA induced the alteration of Grp58 and CHOP 
protein during the early phase in both in vivo and in 
vitro experiments and suggested that H2O2 and p-qui-
none generated by 6-OHDA elicit detrimental effects 
on dopaminergic neurons by inducing ER stress. Our 
results might contribute to the understanding of the 
molecular mechanism underlying the insults induced 
by 6-OHDA in ADHD and PD models.

 Declaration of interest: The authors report no con-
fl icts of interest. The authors alone are responsible for 
the content and writing of the paper. 
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