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Apoptosis signal-regulating kinase-1 (ASK1), an early signaling element in the cell death pathway, has
been suggested to participate in the pathology of neurodegenerative diseases, which may be associated
with environmental factors that impact the diseases. Although it is not entirely elucidated,
3-nitropropionic acid (3-NP) provokes mitochondrial dysfunction and selectively forms striatal lesions
similar to those found in Huntington’s disease. The current study investigated whether ASK1 is involved
in striatal pathology following chronic systemic infusion of 3-NP. The results show that ASK1 acts as a
primary mediator of there active oxygen species (ROS) cell death signal cascade in the 3-NP-damaged
striatal region by disrupting the positive feedback cycle. In 3-NP-infused striatal lesions, ROS increased
ASK1. Superoxide dismutase transgenic (SOD-tg) mice reduced ASK1by scavenging ROS, and reduction
of ASK1leads to a reduction in cell death. However, ASK1 down-regulation in 3-NP infusion mice also
decreased striatal cell death without scavenging ROS. In contrast decreasing cell death by si-ASK1
treatment along with 3-NP in both SOD tg and wild-type mice (wt), cell death rebounded when ASK1
peptide was added to SOD tg mice. The present study suggests that ROS-inducing ASK1 may be an
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important step in the pathogenesis of 3-NP infused striatal lesions in murine brains.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

The compound3-nitropropionic acid (3-NP) produces selective
striatal lesions in animal models [1]. Although not entirely eluci-
dated, the mechanisms of neurotoxicity induced by 3-NP have
been shown to include the exhaustion of adenosine triphosphate,
mitochondrial membrane depolarization, dysregulation of intracel-
lular calcium homeostasis, calpain activation, and the release of
pro-apoptotic proteins from mitochondria [2-5]. The neurotoxic
mechanism and the reason for the selective vulnerability of the
striatum are not yet well understood.

Superoxide dismutase (SOD) functions to protect cells from the
effects of superoxide radicals by eliminating reactive oxygen
species (ROS).Several reports have shown that SOD overexpression
reduced the size of striatal lesions after 3-NP injection [6].
Increased cytosolic Cu/ZnSOD is a compensatory response to the
generation of ROS to reduce the toxic effects of the superoxide an-
ion. In addition, the cumulative effects of ROS exposure cause the
activation of various harmful cellular pathways [7-9].
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Apoptosis signal-regulating kinase-1 (ASK1), an early signaling
element in the cell death pathway [10], is activated by ROS [11]
and is required for ROS-induced apoptosis [12]. Previous studies
have indicated that increased activated ASK1limpacts the presenta-
tion of neurodegenerative diseases [13,14]. The rationale for
targeting ASK1 was based on findings that oxidative stress is caus-
ally related to apoptotic neuronal cell death in neurodegenerative
lesions commonly associated with abnormal protein fragments
and aggregates [9,15]. Although many investigations have shown
that ASK1 is essentially involved in neuronal cell death triggered
by various external injuries and expanded polyglutamine, the rela-
tionship of ASK1 and ROS in the selective striatal cell death by 3-NP
chronic and systemic infusion in mice remains is to be elucidated.
In addition, ASK1 was suggested to play a role in mediating the cell
death signal in striatal cells of aged mice that received 3-NP injec-
tions directly into the striatum.

Here, we examined whether increased levels of ASK1 are reci-
procal to the amount of ROS and also investigated the relationship
between ASK1 expression and striatal degeneration in 3-NP sys-
temic infusion mice. We suggest that overexpressed ASK1 ampli-
fies ROS damage, which can lead to cell death, and is a
deleterious primary responder to oxidative stress in the striatum
of 3-NP systemically infused mice.
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2. Materials and methods
2.1. Animal model

Male SOD1-tg mice (C57BL/6-TgN; Jackson Laboratory, USA)
and wild type (wt) male littermates were used in this study. All
procedures were performed in accordance with the guidelines for
the care and use of laboratory animals (Yonsei University), which
have been approved by the Association for Assessment and Accred-
itation of Laboratory Animal Care (AAALAC). The animals were
anesthetized with 2.0% isoflurane under 30% oxygen and 70%
nitrous oxide using a vaporizer (VMC Anesthesia Machine, MDS
Matrix, USA). The rectal temperatures were maintained at
37 £ 0.5 °C. For the sustained chronic administration of 3-NP infu-
sion, 3-NP (Sigma, USA) was dissolved in saline at a concentration
of 0.5 mg per pl (pH 7.4). The prepared 3-NP solution or vehicle
control was delivered by sustained infusion (180-220 mg/kg/day)
using osmotic mini-pump at an infusion rate of 0.5 pl/h for 7 days
(Alzet, USA).

2.2. ASK1gene silencing with siRNA and administration of ASK1-
peptide

The ASK1 gene was silenced using siRNA against ASK1 (sense,
GCUCGUAAUUUAUACACUGtt; antisense, CAGUGUAUAAAUUACGA
GCtt; concentration 5 uM; Ambion, Austin, TX, USA). After confir-
mation of efficiency in vitro, the transfecting reagent SiPORTNeoFX
(Ambion, USA) and ASK1-siRNA or nonfunctional mutantRNA (con-
trol siRNA; 5'-AAG AGA AAA AGC GAA GAG CCA-3'; Ambion) were
combined, mixed gently, and allowed to form siRNA liposomesfor
an additional 10 min at room temperature. An alzet micro-osmotic
pump (Durect, USA) containing 100 pl of the transfection reagent
or ASK1-siRNA was then placed subcutaneously on the backs of
the animals, and a brain infusion cannula connected to the pump
was positioned in the striatum (A, 0.7 mm; L, 1.2 mm, and
D, 3.3 mm) for 7 days during 3-NP infusion. The mice were sacri-
ficed 7 days after surgery, and the brains were processed for
experiments.

To restore ASK1, we synthesizedan ASK1 peptide containing ac-
tive sites (Thr845) from amino acids 836-875. The ASK1 protein
was transported with the dried BioPORTER Quiktease (Sigma-
Aldrich) reagent to the striatum of SOD tg mice concomitant with
3-NP infusion for 7 days by a micro-osmotic pump containing
100 pl of ASK1 protein (0.1 mg/ml in saline). As a control, con-
trol-peptides were infused in the 3-NP-infused SOD-tg mouse stri-
atum. To confirm the delivery, Western blot analysis was
performed with antibodies recognizing the Thr845 region.

2.3. Immunohistochemistry

To determine the patterns of DARPP32 (Epitomics, USA) and
ASK1 (SantaCruz Biotechnology, Cell signaling) expression, we per-
formed immunofluorescent staining. After sacrificing the animals,
brains were removed, fixed, and cut into 20 pm thickness coronal
sections on a cryostat. The fixed sections were incubated with a
blocking solution, as described previously [16], and incubated with
the appropriate primary antibodies. After washing, the sections
were incubated with fluorescein isothiocyanate (FITC)-conjugated
secondary antibodies (Jackson ImmunoResearch, USA). For
counter-staining, the sections were incubated with propidium io-
dide (PI, Sigma). After washing, stained tissue samples were
mounted using Vectashield mounting medium (Vector Lab, USA)
and coverslipped. The sections were then observed under a
LSM510 confocal laser scanning microscope (Carl Zeiss, USA).

2.4. Western blot analysis

The protein expression levels were analyzed by Western blot-
ting. Tissues were lysed in lysis buffer (20 mM Hepes-KOH, pH
7.5, 250 mM sucrose, 10 mM KCl, 1.5 mM MgCl,, 1 mM EDTA,
1 mM EGTA, 0.5 mM PMSF, 0.1 mM sodium vanadate, 0.1 mM pro-
teinase inhibitor cocktail), the samples were homogenized with a
Teflon homogenizer (Wheaton, USA), and then centrifuged at
8,000g for 20 min. The lysates were loaded onto SDS-polyacryl-
amide gels and after migration, the proteins were electro-trans-
ferred onto a polyvinylidenedifluoridle membrane (PVDF)
(Millipore, USA), which was then blocked in 5% skim milk and incu-
bated with one of the following primary antibodies: Cu/ZnSOD,
MnSOD, ASK1, pASK1. After washing, the blots were incubated
with horseradish peroxidase-conjugated secondary antibodies
(Roche Diagnostics), and the bands were visualized with an en-
hanced chemiluminescence reagent (Amersham Biosciences).

2.5. Apoptotic cell-death assay

Apoptosis-related DNA fragmentation assays were quantified
using a commercial enzyme immunoassay kit (Chemicon) and
cytoplasmic histone-associated DNA fragment kit (Roche Diagnos-
tics). According to the manufacturers’ protocols, cytosolic samples
were used in each assay. In addition, we performed a TUNEL assay
to detect cell death following the manufacturer’s protocol (Roche
Diagnostics). Tissue were prepared as described above, and
immune-fluorescent labeling was performed as previously de-
scribed [17,18]. The sections were incubated with 50 pl of the
TUNEL reaction mixture, and the sections were counterstained
with Hoechst (Molecular Probe, USA), mounted, and observed
under a confocal laser scanning microscope (Carl Zeiss). The num-
ber of TUNEL-positive cells was counted in the striatum in three
sections from each mouse at different levels.

2.6. ROS detection by staining

ROS were investigated in the brains of 3-NP-infused mice using
green-fluorescence (CM-H,DCFDA) in situ detection (Molecular
Probes). Each mouse was placed in a stereotaxic frame (Stoelting)
under general anesthesia, the CM-H,DCFDA (2 ul, 50 ug/50 ul
dimethylsulfoxide) was infused for 10 min into the striatum with
a Hamilton syringe. The animals were sacrificed and trans-cardially
perfused with heparin and formaldehyde 1h after infusion of
CM-H,DCFDA. After preparing a frozen block of brain tissue, ROS
was detected to appear as green dots by CM-H,DCFDAwhen
examined under confocal laser scanning microscope (Carl
Zeiss).The nucleus was stained with PI (Sigma).

2.7. ROS detection by flow cytometry analysis

CMXRosamine (MitoTracker-Red™) and CMH,-DCFDA (Molecu-
lar Probe) were obtained from Molecular Probes, dissolved in
DMSO, and stored at 20°C in the dark. Both Mito Tracker
(50 uM) and CM-H,DCFDA (50 1 M) were administered into the
cortex and striatum at the position described above 30 min before
sacrifice. As a control, DMSO was injected in the same locations at
the same time before sacrifice in some mice. Following this proce-
dure, the mouse brain was removed, dissected out striatum, and
minced finely with a scalpel. Minced striatum tissue was placed
in separate tubes containing 2 ml digestion solution, and cells were
dissociated with Accumax (Millipore) for 1 h at 37 °C with agita-
tion in the dark. The cell suspension was filtered through a
100 pm mesh (BD Biosciences) and diluted with PBS after fixing
the single cells with 3.7% formaldehyde in the dark, the
fluorescence of the bound dyes within each cell was analyzed using
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a FACSCalibur (BD Biosciences; over 100,000 total events; 5,000
events/gate), and the data were analyzed using Cell Quest
software (version 3.3; BD Biosciences). Negative controls were
prepared by reacting the tissues with PBS, FITC-conjugated IgG, or
PE-conjugated IgG (BD Biosciences).

2.8. Detection of DNA oxidation in mouse striatum

We evaluated DNA oxidation usinga monoclonal antibody
against 8-OHdG according to a previous report [7]. The brain tissue
was fixed, and treated with DNase-free RNase(Roche)at 37 °C for
1 h. Next, the sections were denatured in 4 N HCI and neutralized
with 50 mM Tris-base. After washing, the samples were incubated
with an anti-mouse 8-OHdG antibody and also incubated with sec-
ondary antibody (MOM kit, Vector Laboratory, USA). The slides
were mounted with Vectashield and coverslipped.

2.9. Rotarod test

The motor function of the animals was assessed with a rotarod
apparatus (UgoBasile, USA), where the time that the animals were
able to remain on the rod was measured at an accelerating speed
from 4 to 40 rpm. Each mouse was pre-trained before implanting
the osmotic pump filled with 3-NP or saline. After 30 min rest per-
iod, and mice were then placed back on the rotarod for five trials of
a maximum of 5 min at an accelerating speed.

2.10. Statistical analysis

Data are expressed as the mean+SD. The statistical
comparisons among multiple groups were performed using
analysis of variance followed by Fisher’s post hoc protected least-
significant difference test, and comparisons between two groups
were performed using the unpaired t test (StatView, version
5.01; SAS Institute Inc., Cary, NC, USA).

3. Results

3.1. Systemic infusion of 3-NP led to the formation of selective striatal
lesions in wt, but SOD-tg mice

Mice infused with 3-NP were examined for symptoms, and the
degenerated brain region was validated with cresyl violet staining.
Primarily, we confirmed an obvious decrease in body weight by
7 days after systemic3-NP reservoir implantation. The mouse body
weight reduced an average of 70% of the initial body weight. Seven
days after 3-NP administration, most mice presented with severe
motor dysfunctionin addition to weight loss. Histological evalua-
tion of the 3-NP-infused mice at day 7 demonstrated striatal
abnormalities and cell loss (Fig. 1A).

DARPP32 (dopamine- and cyclic adenosine monophosphate-
regulated phosphoprotein), an establishedof striatal neuronmar-
ker, showed weak immunoreactivity in 3-NP-infused wt mice;
however, the immunoreactivity in SOD-tg mice was significantly
more dense (Fig. 1B). The induction of DNA damage in striatal neu-
rons was evaluated by terminal TUNEL staining (Fig. 1C). The aver-
age number of TUNEL-positive nuclei was determined using
multiple images in the four different mice of each group. Fig. 1C re-
veals a statistically significant increase in TUNEL-positive nuclei in
the 3-NP-infused wt mice, which was scarcely demonstrated by
the DARPP32-positive cells.
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Fig. 1. Pathological examination in the striatum after systemic infusion of 3-NP. A,
Histological analysis was performed by cresyl violet staining (left). Body weight
which measured on day 7 after infusion of 3-NP is expressed as a percentage of the
weight before 3-NP infusion (right upper). Motor function is shown the duration
sustained on the rotarod (right lower). B, DARPP32-postive cells shown by
immunohistochemistry was sparsely detected in the wt mice, while positive cells
were more plentiful in the SOD-tg. C, TUNEL-positive cells were more densely
detected in the 3-NP-infused wt mice compared to the SOD-tg mice (left). A
quantification graph is presented showing relative values of positive cells to
counterstained cells in the unit area (right). *p < 0.05.

3.2. Greater ROS production, oxidative damage and ASK1 levels
andactivity were detected in striatal lesions

Using FACS analysis to quantify ROS, the total amount of ROS in
the striatum significantly decreased from 99.57% in wt to 28.75% of
SOD-tg mice (Fig. 2A). In contrast, there was a slight difference in
the ROS quantity in mitochondria that were directly injured after
3-NP infusion between wt and SOD-tg mice (Fig. 2A), as revealed
by FACS (wt, 99.99%; SOD-tg, 81.37%).

As an alternative way to compare the changes in the amount of
ROS, levels of MnSOD, and Cu/ZnSOD proteins, were determined by
Western blot analysis in the lesioned striatum from each brain.
MnSOD protein amounts were not different in the damaged
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Fig. 2. Environmental changes and oxidative damage in the striatum after 3-NP infusion. A, After 3-NP infusion, CM-H,DCFDA-for evaluating total ROS levels, and Mito
Tracker-Red for mitochondrial ROS levels were assayed by flow cytometry (left), and the events are presented in a quantified graph (right). B, The MnSOD and Cu/ZnSOD
protein levels in the striatum are shown in Western blot analysis (left) and the quantitative values are presented in the graphs (right). C, The 8-OHdG illustrates that the
8-OHdG-positive cells were more densely detected in the wt mice compared to the SOD-tg mice. A quantified graph is presented showing relative values of positive cells to
counterstained cells in the unit area. D, The changes of ASK1 and pASK1expression levels were assayed by Western blot (left) and presented the quantified graph (right).
*p < 0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

striatum between wt and SOD-tg, whereas relatively higher levels
of Cu/ZnSOD were detected in SOD-tg than wt (Fig. 2B). Unaltered
pattern of MnSOD likely dues the direct attack of the mitochondrial
dysfunction reagent, 3-NP. Cytosolic SOD levels, however, were
greater in the SOD-tg than in the wt mice because of the restoring
effect of SOD overexpression in the SOD tg mice.

Representing DNA oxidation, 8-OHdG-positive cells were scar-
cely detected in the 3-NP-infused SOD-tg striatum; however, the
immune-reactivity was strong in striatum of wt mice (Fig. 2f andC),
suggesting that the ROS was produced following mitochondrial
dysfunction and subsequent DNA damage (Fig. 2C). Under oxida-
tive conditions, increased ASK1 protein levels, one of the first
ROS-responsive molecules, were measured, and also measured in-
creased pASK1 activated by phosphorylationat Thr845. The 3-NP
infusion elevated total ASK1 protein amounts the SOD-tg and wt
mice however, this increase was meager in the SOD-tg group. Cor-
responding to total ASK1 amounts, the levels of pASK1 were also
significantly lower in SOD-tg mice (Fig. 2D).

3.3. ASK1 amounts mediated the striatal cell death without change of
ROS level

ASK1 gene silencing by siRNA sufficiently regulated ASK1 pro-
tein down (Fig. 3A). However, ASK1 silencing did not alter the
amounts of ROS by 3-NP infusion. Indeed, ROS levels were similar
or abundant both in the si-ASK1-treated and the si-control-treated
wt mice. ROS detected with CM-H,DCFDA were scant in 3-NP-in-
fused SOD-tg mice, while the CM-H,DCFDA in normal and ASK1-
silenced 3NP infusion mice abundantly stained the striatal region
with a punctuate shape (Fig. 3B).The results showed that the
down-regulation of ASK1 did not affect ROS generation. Although
the down-regulation of ASK1 did not affect ROS scavenging, it
was sufficient to reduce cell death and improve the motor function
(Fig. 3E and F). On the other hand, ASK1-peptide administration
triggered cell death without increasing ROS levels.

To confirm whether overexpression of ASK1 plays a role in
mediating cell death, synthesized ASK-peptide was infused for
7 days in the SOD-tg mice striatum starting with 3-NP systemic
infusion (Fig. 3C). In 3-NP-infused SOD-tg mice, the ROS levels
were assessed in the control-peptide and ASK1-peptide treated

groups by FACS (Fig. 3D). ASK1-peptide did not alter the amount
of ROS generated. A DNA fragmentation assay showed that striatal
apoptotic cell death occurred in the 3-NP-infused wt mice and de-
creased significantly in both SOD-tg mice and siASK1-treated wt
mice with 3-NP infusion. In contrast, the DNA fragmentation re-
curred in the ASK1-peptide-treated SOD tg mice and also aggravate
movement ability (Fig. 3E and F).

4. Discussion

The results of the present work show an improvement in behav-
ioral impairment by ASK1 down-regulation, despite 3-NP infusion.
We propose the hypothesis that ASK1 overexpression by systemic
infusion of 3-NP promotes the formation of selective striatal le-
sions, and this occurs apart from ROS generation. The results of
our study showed that increased ASK1andpASKlexpression by
harmful ROS signals augmented neuronal cell death in the
striatum.

Mitochondria are key players in the production of ROS and have
been reported to have an important role in 3-NP injury-induced
pathology [19]. We evaluated amounts of total ROS produced in
mitochondria and cytosol MitoTracker-Red CMH,XRos (MT Red
CM-H,XRos) is a molecule that has been used to measure mito-
chondrial free radicals (MFRs) in various cell cultures. Because this
dye has been reported to be sequestered into the nucleus and ves-
icles [20,21], we administered it to detect the generation of MFRs
in 3-NP-infused mice and to measure MFR generation in situ. Be-
sides of mitochondrial dysfunction, 3-NP also raises cellular oxida-
tive stress. The alteration of Cu/Zn-SOD is a compensatory
mechanism that protects cells from free radical-induced damage,
and systemic infusion of 3-NP altered Cu/Zn-SOD enzyme levels
in this study. It has been previously reported that 3-NP induced
major changes in SOD activity in the striatum of 3-NP-injected rats
[22]. Our study displayed that 3-NP caused a reduction in
Cu/Zn-SOD, but had no effect on MnSOD protein levels. It can be in-
ferred that the overexpression of Cu/ZnSOD is primarily responsi-
ble for cellular anti-oxidant protection in 3-NP-infused SOD-tg
mice, possibly by compensating for the overexpression of ROS. In
wt mice, however, the endogenous antioxidant system could not
enough to eliminate the increased ROS, as Cu/ZnSOD amounts
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Fig. 3. Down regulation and induction of ASK1. A, In the striatum, ASK1 proteins were declined by siRNA-ASK1 (left), and quantified graph (right). B, CM-H,DCFDAin the
striatum was detected in abundance in the si-control- or si-ASK1-treated wt mice, but was decreased in the 3-NP-infused SOD-tg mice. H,DCFDA, green; PI, red. C, Western
blot analysis shows the expression levels of ASK1 in the striatum of wt or ASK1-peptide-added SOD-tg mice with 3-NP infusion. D, After 3-NP infusion, total ROS levels was
evaluated with CM-H,DCFDA in each group (con-pep vs ASK1-pep) by flow cytometry. E, Apoptotic cell death using DNA fragmentation assay was found in each treated
mouse striatum. F, Motor function is shown as the duration sustained on the rotarod in each treated group. *p < 0.05. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

were diminished. The lesions of 3-NP indicate that striatal oxida-
tive damage has occurred, and that this damage is associated with
changes in the cellular antioxidant system [23]. The Cu/ZnSOD lev-
els were much greater in the SOD-tg mice compared to the wt
mice, likely to overcome the oxidative damage. However, the
changes in SOD protein levels during oxidative stress do not deter-
mine whether protect or not, although it is certain that overexpres-
sed SOD amounts protect against harmful oxidative environments
[8].

Oxidative DNA damage results from direct ROS attacks. There
are some types of oxidative DNA damage detective method. Among
them, 8-OHdG results in oxidative DNA damage. The results pre-
sented here show that the oxidative DNA lesions are markedly aug-
mented in the 3-NP-infused wt mouse brain.

Once ROS are generated, they can damage mitochondria causing
additional free-radical generation and loss of antioxidant capacity,
leading to a deleterious cycle [24]. Therapeutic prevention of oxi-
dative stress has been proposed to “break the cycle” of cell death
[24], and studies have been carried out in the neurodegenerative
field attempting to modulate key enzymatic components that reg-
ulate oxidative stress [8]. Our study was performed on the assump-
tion that mitochondrial complex II inhibitors generate ROS, and

contribute to cell death. Furthermore, because ASK1is known to
be involved in ROS-induced cell death, we propose that ASK1plays
an instrumental role and even amplifies this process. The ASK1 sig-
naling-mediated cell fate decision appears to depend in part on the
extent and duration of ASK1amounts and its activation. A previous
report found that a mutated SOD induced ER stress and activated
the ASK1-mediated cell death pathway [25]. Also, the deletion of
ASK1 mitigated neuronal loss and extended the life span of
SOD1-mutated mice [25].

Recent studies with animal models have revealed that oxidative
stress is a causative factor in the initiation and progression of
Alzheimer's disease (AD) and Parkinson’s disease, where antioxi-
dants have the capacity to attenuate the phenotypes associated with
these neurodegenerative disorders. Although antioxidants can pre-
vent the oxidative stress-mediated progression of neurodegenera-
tive diseases [26], antioxidant treatment is not sufficient to halt
disease progression. We implied that inhibition of ASK1, the major
downstream activator, may disrupt the positive feedback Therefore
we propose that mitochondrial dysfunction by 3-NP induces an in-
crease in ROS level; ROS-activated ASK1 mediates harmful oxidative
signals; and cells eventually undergo apoptosis. The precise mecha-
nisms have not yet been elucidated and have to be investigated.
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In conclusion, this study indicates that ROS-induced ASK1 is an
important step in the pathogenesis of 3-NP-mediated striatal le-
sion, and suggests that ASK1 acts as an amplifier of the ROS signal
cascade. Taken together, we suggest a combination of ASK1 inhibi-
tion and ROS elimination for more effective therapy.

References

[1] M.F. Beal, E. Brouillet, B.G. Jenkins, RJ. Ferrante, NW. Kowall, .M. Miller
E. Storey, R. Srivastava, B.R. Rosen, B.T. Hyman, Neurochemical and histologic
characterization of striatal excitotoxic lesions produced by the mitochondrial
toxin 3-nitropropionic acid, J. Neurosci. 13 (1993) 4181-4192.

N. Bizat, J.M. Hermel, F. Boyer, C. Jacquard, C. Creminon, S. Ouary, C. Escartin

P. Hantraye, S. Kajewski, E. Brouillet, Calpain is a major cell death effector in

selective striatal degeneration induced in vivo by 3-nitropropionate:

implications for Huntington’s disease, ]J. Neurosci. 23 (2003) 5020-5030.

W.T. Lee, H.S. Yin, Y.Z. Shen, The mechanisms of neuronal death produced by

mitochondrial toxin 3-nitropropionic acid: the roles of N-methyl-D-aspartate

glutamate receptors and mitochondrial calcium overload, Neuroscience 112

(2002) 707-716.

[4] S. Almeida, A. Domingues, L. Rodrigues, C.R. Oliveira, A.C. Rego, FK506 prevents
mitochondrial-dependent apoptotic cell death induced by 3-nitropropionic
acid in rat primary cortical cultures, Neurobiol. Dis. 17 (2004) 435-444.

[5] S. Almeida, M. Laco, T. Cunha-Oliveira, C.R. Oliveira, A.C. Rego, BDNF regulates
BIM expression levels in 3-nitropropionic acid-treated cortical neurons,
Neurobiol. Dis. 35 (2009) 448-456.

[6] P. Kumar, H. Kalonia, A. Kumar, Possible nitric oxide modulation in protective
effect of FK-506 against 3-nitropropionic acid-induced behavioral, oxidative,
neurochemical, and mitochondrial alterations in rat brain, Drug Chem. Toxicol.
33 (2010) 377-392.

[7] GW. Kim, P.H. Chan, Oxidative stress and neuronal DNA fragmentation
mediate age-dependent vulnerability to the mitochondrial toxin, 3-
nitropropionic acid, in the mouse striatum, Neurobiol. Dis. 8 (2001) 114-126.

[8] J.K. Andersen, Oxidative stress in neurodegeneration: cause or consequence?,
Nat Med. 10 (Suppl) (2004) S18-25.

[9] MJ. Hsu, C.Y. Hsu, B.C. Chen, M.C. Chen, G. Ou, C.H. Lin, Apoptosis signal-
regulating kinase 1 in amyloid beta peptide-induced cerebral endothelial cell
apoptosis, J. Neurosci. 27 (2007) 5719-5729.

[10] H. Ichijo, E. Nishida, K. Irie, P. ten Dijke, M. Saitoh, T. Moriguchi, M. Takagi
K. Matsumoto, K. Miyazono, Y. Gotoh, Induction of apoptosis by ASK1, a
mammalian MAPKKK that activates SAPK/JNK and p38 signaling pathways,
Science 275 (1997) 90-94.

[11] M. Saitoh, H. Nishitoh, M. Fujii, K. Takeda, K. Tobiume, Y. Sawada, M. Kawabata,
K. Miyazono, H. Ichijo, Mammalian thioredoxin is a direct inhibitor of
apoptosis signal-regulating kinase (ASK) 1, EMBO ]. 17 (1998) 2596-2606.

[12] K. Tobiume, A. Matsuzawa, T. Takahashi, H. Nishitoh, K. Morita, K. Takeda
0. Minowa, K. Miyazono, T. Noda, H. Ichijo, ASK1 is required for sustained
activations of J]NK/p38 MAP kinases and apoptosis, EMBO Rep. 2 (2001) 222-
228.

[2

3

[13] L. Arning, D. Monte, W. Hansen, S. Wieczorek, P. Jagiello, D.A. Akkad, J. Andrich,
P.H. Kraus, C. Saft, ].T. Epplen, ASK1 and MAP2K6 as modifiers of age at onset in
Huntington’s disease, ]. Mol. Med. 86 (2008) 485-490.

[14] Y. Sekine, K. Takeda, H. Ichijo, The ASK1-MAP kinase signaling in ER stress and
neurodegenerative diseases, Curr. Mol. Med. 6 (2006) 87-97.

[15] J.H. Fox, D.S. Barber, B. Singh, B. Zucker, M.K. Swindell, F. Norflus, R. Buzescu
R. Chopra, R]J. Ferrante, A. Kazantsev, S.M. Hersch, Cystamine increases
L-cysteine levels in Huntington’s disease transgenic mouse brain and in a PC12
model of polyglutamine aggregation, ]. Neurochem. 91 (2004) 413-422.

[16] KJ. Cho, B.I. Lee, S.Y. Cheon, HW. Kim, HJ. Kim, G.W. Kim, Inhibition of
apoptosis signal-regulating kinase 1 reduces endoplasmic reticulum stress and
nuclear huntingtin fragments in a mouse model of Huntington disease,
Neuroscience (2009) 1128-1134.

[17] G.W. Kim, P.H. Chan, Involvement of superoxide in excitotoxicity and DNA
fragmentation in striatal vulnerability in mice after treatment with the
mitochondrial toxin, 3-nitropropionic acid, J. Cereb. Blood Flow Metab. 22
(2002) 798-809.

[18] K. Heo, Y,J. Cho, KJ. Cho, HW. Kim, HJ. Kim, H.Y. Shin, B.I. Lee, G.W. Kim,
Minocycline inhibits caspase-dependent and -independent cell death
pathways and is neuroprotective against hippocampal damage after
treatment with kainic acid in mice, Neurosci. Lett. 398 (2006) 195-200.

[19] A. Sawa, G.W. Wiegand, ]J. Cooper, R.L. Margolis, A.H. Sharp, J.F. Lawler Jr.
J.T. Greenamyre, S.H. Snyder, C.A. Ross, Increased apoptosis of Huntington
disease lymphoblasts associated with repeat length-dependent mitochondrial
depolarization, Nat. Med. 5 (1999) 1194-1198.

[20] AW. Dunah, H. Jeong, A. Griffin, Y.M. Kim, D.G. Standaert, S.M. Hersch
M.M. Mouradian, A.B. Young, N. Tanese, D. Krainc, Sp1 and TAFII130
transcriptional activity disrupted in early Huntington’s disease, Science 296
(2002) 2238-2243.

[21] C. Bucana, L. Saiki, R. Nayar, Uptake and accumulation of the vital dye
hydroethidine in neoplastic cells, J. Histochem. Cytochem. 34 (1986) 1109-
1115.

[22] A. Santamaria, F. Perez-Severiano, E. Rodriguez-Martinez, P.D. Maldonado
J. Pedraza-Chaverri, C. Rios, ]. Segovia, Comparative analysis of superoxide
dismutase activity between acute pharmacological models and a transgenic
mouse model of Huntington’s disease, Neurochem. Res. 26 (2001) 419-424.

[23] GW. Kim, Y. Gasche, S. Grzeschik, J.C. Copin, CM. Maier, P.H. Chan,
Neurodegeneration in striatum induced by the mitochondrial toxin 3-
nitropropionic acid: role of matrix metalloproteinase-9 in early blood-brain
barrier disruption?, ] Neurosci. 23 (2003) 8733-8742.

[24] M.T. Lin, M.F. Beal, Mitochondrial dysfunction and oxidative stress in
neurodegenerative diseases, Nature 443 (2006) 787-795.

[25] H. Nishitoh, H. Kadowaki, A. Nagai, T. Maruyama, T. Yokota, H. Fukutomi
T. Noguchi, A. Matsuzawa, K. Takeda, H. Ichijo, ALS-linked mutant SOD1
induces ER stress- and ASK1-dependent motor neuron death by targeting
Derlin-1, Genes Dev. 22 (2008) 1451-1464.

[26] S. Bahadorani, AJ. Hilliker, Antioxidants cannot suppress the lethal phenotype
of a Drosophila melanogaster model of Huntington’s disease, Genome 51
(2008) 392-395.


http://refhub.elsevier.com/S0006-291X(13)01476-9/h0005
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0005
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0005
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0005
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0010
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0010
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0010
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0010
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0015
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0015
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0015
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0015
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0020
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0020
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0020
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0025
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0025
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0025
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0030
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0030
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0030
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0030
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0035
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0035
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0035
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0040
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0040
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0045
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0045
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0045
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0050
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0050
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0050
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0050
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0055
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0055
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0055
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0060
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0060
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0060
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0060
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0065
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0065
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0065
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0070
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0070
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0075
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0075
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0075
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0075
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0080
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0080
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0080
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0080
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0085
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0085
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0085
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0085
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0090
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0090
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0090
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0090
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0095
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0095
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0095
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0095
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0100
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0100
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0100
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0100
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0105
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0105
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0105
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0110
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0110
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0110
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0110
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0115
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0115
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0115
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0115
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0120
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0120
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0125
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0125
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0125
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0125
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0130
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0130
http://refhub.elsevier.com/S0006-291X(13)01476-9/h0130

	Apoptosis signal-regulating kinase-1 aggravates ROS-mediated striatal degeneration in 3-nitropropionic acid-infused mice
	1 Introduction
	2 Materials and methods
	2.1 Animal model
	2.2 ASK1gene silencing with siRNA and administration of ASK1-peptide
	2.3 Immunohistochemistry
	2.4 Western blot analysis
	2.5 Apoptotic cell-death assay
	2.6 ROS detection by staining
	2.7 ROS detection by flow cytometry analysis
	2.8 Detection of DNA oxidation in mouse striatum
	2.9 Rotarod test
	2.10 Statistical analysis

	3 Results
	3.1 Systemic infusion of 3-NP led to the formation of selective striatal lesions in wt, but SOD-tg mice
	3.2 Greater ROS production, oxidative damage and ASK1 levels andactivity were detected in striatal lesions
	3.3 ASK1 amounts mediated the striatal cell death without change of ROS level

	4 Discussion
	References


