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BACKGROUND AND PURPOSE

Glutamate-induced oxidative stress plays a critical role in the induction of neuronal cell death in a number of disease states.
We sought to determine the role of the c-Jun NH-terminal kinase (JNK)-p53-growth arrest and DNA damage-inducible gene
(GADD) 450 apoptotic cascade in mediating glutamate-induced oxidative cytotoxicity in hippocampal neuronal cells.

EXPERIMENTAL APPROACH

HT22 cells, a mouse hippocampal neuronal cell line, were treated with glutamate to induce oxidative stress in vitro. Kainic
acid-induced oxidative damage to the hippocampus in rats was used as an in vivo model. The signalling molecules along the
JNK-p53-GADD450. cascade were probed with various means to determine their contributions to oxidative neurotoxicity.

KEY RESULTS

Treatment of HT22 cells with glutamate increased the mRNA and protein levels of GADD45¢, and these increases were
suppressed by p53 knock-down. Knock-down of either p53 or GADD45a. also prevented glutamate-induced cell death.
Glutamate-induced p53 activation was preceded by accumulation of reactive oxygen species, and co-treatment with
N-acetyl-cysteine prevented glutamate-induced p53 activation and GADD450. expression. Knock-down of MKK4 or JNK, or
the presence of SP600125 (a JNK inhibitor), each inhibited glutamate-induced p53 activation and GADD450. expression.
In addition, we also confirmed the involvement of GADD45a in mediating kainic acid-induced hippocampal oxidative

neurotoxicity in vivo.

CONCLUSIONS AND IMPLICATIONS

Activation of the JNK-p53-GADD45a cascade played a critical role in mediating oxidative cytotoxicity in hippocampal
neurons. Pharmacological inhibition of this signalling cascade may provide an effective strategy for neuroprotection.

Abbreviations

GADD450, growth arrest and DNA damage-inducible gene 450; JNK, c-Jun NH,-terminal kinase; MAPK, mitogen-
activated protein kinase; MKK4, mitogen-activated protein kinase kinase 4; NAC, N-acetyl-cysteine; ROS, reactive

oxygen species; siRNA, small interfering RNA

Introduction

Oxidative stress is commonly referred to as an
imbalance between the cellular biochemical pro-
cesses that produce reactive oxygen species (ROS)

and those that remove them (Harman, 1981; Sayre
et al., 2008). Research over the past few decades has
led to the general conclusion that there is a wide-
spread involvement of oxidative stress in the aetiol-
ogy of neurodegenerative diseases (see Floyd, 1999;
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Andersen, 2004; Sayre et al., 2008). For instance,
many clinical studies have shown that increased
levels of oxidative stress markers often can be found
in human brain tissues during disease progression or
in affected brain regions at autopsy. Neuronal oxi-
dative stress can be caused by a variety of different
cellular mechanisms (Sayre et al., 2001). Glutamate,
an excitatory neurotransmitter in the central
nervous system, is highly neurotoxic when present
at abnormally high concentrations, partly via the
induction of cellular oxidative stress. Glutamate-
induced oxidative stress and neuronal death is
believed to be an important contributing factor in
the development of a number of neurodegenerative
diseases (including Alzheimer’s disease), occurring
before the onset of significant pathology and clini-
cal symptoms (Coyle and Puttfarcken, 1993; Smith
et al., 1994; Nunomura et al., 2001). Glutamate can
induce oxidative stress and cytotoxicity via two dif-
ferent pathways, that is, the receptor-mediated exci-
totoxicity and the non-receptor-mediated oxidative
cytotoxicity (Choi, 1990; Coyle and Puttfarcken,
1993; Tan et al., 1998). In the former case, glutamate
induces excitotoxicity via activation of the ionotro-
pic glutamate receptors, which results in transient
Ca* fluxes, increased levels of ROS and ultimately
cell death. In the latter case, glutamate induces oxi-
dative stress by inhibiting a glutamate-cystine anti-
porter and subsequently promoting cystine efflux
and/or blockade of cystine uptake. This results in
the loss of intracellular glutathione and accumula-
tion of intracellular ROS, and ultimately, oxidative
cell death (Murphy and Miller, 1989; Pereira et al.,
1997). Glutamate-induced oxidative cytotoxicity
has been described in neuronal cell lines (Murphy
and Miller, 1989; Froissard and Duval, 1994),
primary neuronal cultures (Erdo etal., 1990) and
oligodendrocytes (Oka et al., 1993).

The growth arrest and DNA damage-inducible
gene 450 (GADD45a) encodes an inducible nuclear
protein that plays a critical role in the checkpoint
control of cells in response to a wide spectrum of
DNA damaging or stress signals (Zhan ef al., 1994).
GADD450 has been implicated in apoptosis, cell
survival and immunity (Salvador et al., 2002). Cur-
rently, three GADD45 isoforms, namely, GADD450,
GADD45B and GADD45y, have been identified.
They have similar structural characteristics and
expression patterns in response to extracellular
stimuli (Takekawa and Saito, 1998). GADD450 can
interact directly with a number of cellular signalling
proteins, such as the proliferating cell nuclear
antigen (Smith et al., 1994), p21 (Kovalsky etal.,
2001), histone (Carrier et al., 1999) and the MAP
three kinase 1/MAP kinase kinase kinase 4 (MTK1/
MEKK4) (Mita etal.,, 2002), a mitogen-activated
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protein kinase (MAPK) kinase that can activate c-Jun
NHz-terminal kinase (JNK) and p38. GADD450. was
originally identified as a gene whose expression is
rapidly induced in response to unreplicated DNA or
DNA damage in a pS3-dependent manner (Kastan
etal., 1992). pS3 is a transcription factor that can
activate the transcription of many target genes in
the presence of DNA damage, such as p21, gadd45
and mdm2 (Harper et al., 1993). Other transcription
factors that may contribute to a pS3-independent
regulation of GADD45a include FoxO3a (Tran et al.,
2002), Octl (Takahashi et al., 2001), C/EBPa (Tao
and Umek, 1999) and Egrl (Thyss et al., 2005).

It is not known whether the p53-GADD45a. sig-
nalling pathway is also involved in the development
of oxidative neuronal toxicity, and this is the focus
of our present study. A better understanding of the
cellular and molecular signalling pathways that are
activated during oxidative stress and neuronal death
is of importance because these studies may reveal
novel therapeutic targets for the prevention of oxi-
dative stress and cell death, and ultimately, for the
treatment and prevention of neurodegeneration.
We found that ROS accumulation following treat-
ment with glutamate results in JNK activation, pS3
translocation into the nucleus, and subsequently,
up-regulation of the transcription of the p53-
response gene GADD450. Detailed evidence is pre-
sented here to show that this signalling cascade is a
principal mediator of oxidative neuronal death in
cultured HT22 cells. In addition, using the kainic
acid-induced oxidative damage in the hippocampus
of rats as an in vivo model, we also provided evi-
dence demonstrating that hippocampal GADD45a
expression was involved in kainic acid-induced oxi-
dative neurodegeneration and memory impairment.

Methods

Cell culture conditions and assay of

cell viability

Glutamate-sensitive HT22 murine hippocampal
neuronal cells were a gift from Dr David Schubert
(Salk Institute, La Jolla, CA, USA). They were main-
tained in Dullbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% (v/v) fetal bovine
serum and antibiotics (penicillin-streptomycin),
and incubated at 37°C under 5% CO,. Cells were
subcultured once every 2 days. Cells were seeded in
96-well plates at a density of 5000 cells per well, and
were treated with glutamate for 24 h. The stock solu-
tion of glutamate (1 M in DMEM without serum)
was diluted in the culture medium immediately
before addition to each well at the desired final
concentrations. For assessment of cell viability, the
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MTT assay was used. MTT (10 uL, S mg-mL™) was
added to each well at a final concentration of
500 pg-mL™". The mixture was further incubated for
1 h and the liquid in the wells was removed there-
after. DMSO (100 uL) was then added to each well,
and the absorbance was read with a UV max micro-
plate reader (Molecular Device, Palo Alto, CA, USA)
at 560 nm. The relative cell viability was expressed
as percentage of the control cells that were not
treated with glutamate.

Immunofluorescence microscopy

For histocytochemical analysis, cells were first
washed three times with buffered saline (PBS)
and fixed in 3% paraformaldehyde solution
(3% paraformaldehyde, 0.1 mmol-L' CaCl, and
0.1 mmol-L! MgCl,, pH 7.4, in PBS) for 10 min.
Cells were then washed three times with PBS, per-
meabilized in 0.2% Triton® X-100/PBS for 5 min,
and washed again three times with PBS. They were
blocked with 10% normal goat serum (Jackson
Immuno Research labs, West Grove, PA, USA) for
1 h, and washed with PBS. The GADD45a. protein
was detected using the GADD450 monoclonal anti-
body (1:75 dilution; Santa Cruz Biotechnology,
Santa Cruz, CA, USA). The p53 and its phosphory-
lated (Serl5) form, p-pS3, proteins were separately
detected using polyclonal antibodies specific for
each protein (1:100 dilution; Cell Signaling Tech-
nology, Beverly, MA, USA). The first antibodies were
incubated for 24 h at 4°C, which was followed
by multiple washes in PBS. The same procedures
were repeated with a fluorescein isothiocya-
nate (FITC)-conjugated secondary antibody (1:200,
Jackson Immuno Research labs). The nuclei were
stained with Hoechst33342, and the coverslips were
mounted on slides with Vectashield Mounting
Medium (Vector Larboratories, Inc., Burlingame,
CA, USA). Fluorescein images were captured using a
confocal fluorescence microscope (AXIO, Carl Zeiss
Corporation, Thornwood, NY, USA).

TUNEL assay

The ApopTag plus peroxidase in situ apoptosis detec-
tion kit was obtained from Chemicon (Temecula,
CA, USA). After treatment with glutamate, cells were
harvested by trypsinization and washed with PBS
once. After centrifugation, cells were stained accord-
ing to the protocols provided by the manufacturer.
The in situ labelled nuclei were observed and pho-
tographed under a fluorescence microscope (AXIO,
Carl Zeiss).

Flow cytometric analysis
After treatment with glutamate, cells were harvested
by trypsinization and washed once with PBS (pH

7.4). After centrifugation, cells were stained with
propidium iodide (PI) for analysis of cell cycles or
annexin-V and PI using the annexin-V-FITC apop-
tosis detection kit (BD Bioscience, San Jose, CA,
USA) for analysis of the translocation of phosphati-
dylserine from inner to outer leaflets of the plasma
membrane. For cell cycle analysis, cells were resus-
pended in 1 mL of 0.9% NaCl, and 2.5 mL of ice-
cold 90% ethanol was added. After incubation at
room temperature for 30 min, cells were centrifuged
and the supernatant was removed. Cells were resus-
pended in 1 mL PBS containing 50 pg-mL™" PI and
100 pg-mL™! ribonuclease A and incubated at 37°C
for 30 min. After centrifugation, cells were resus-
pended in PBS. For annexin V-PI double staining,
the procedure was performed according to manufac-
turers’ protocols. Flow cytometric analyses were per-
formed by using a flow cytometer (model BD LSR I,
BD Bioscience).

Nuclear and cytoplasm extracts

For protein localization, the nuclear and cytosolic
fractions were prepared using the cytosolic/nuclear
fractionation kit obtained from Biovision Inc.
(Mountain View, CA, USA), following the instruc-
tions of the manufacturer. Briefly, cells were sus-
pended in hypotonic buffer and lysed with the
proprietary detergent from the kit. Samples were
centrifuged at 800x g for 10 min at 4°C. The super-
natant was collected, centrifuged for 5 min at
16 000x g to remove any remaining nuclei, and then
transferred to a new microtube (cytosolic protein
fraction). The original pellet was resuspended in the
nuclear extraction buffer and then incubated on ice
for 40 min with occasional vortexing. After salt
extraction, the nuclear pellet was centrifuged at
16 000x g for 10 min, and the supernatant was saved
as the nuclear extract. Extracts were stored in ali-
quots in —80°C until use.

Western blotting

For Western blotting, cells were washed first, and
then suspended in 100 uL of the lysis buffer
(20 mmol-L™'  Tris-HCI, 150 mmol-L"!  NaCl,
1 mmol-L! EDTA, 1% Triton X-100, 10 mmol-L™!
NaF, 2 mmol-L! Na3VO, and a protease inhibitor
cocktail, pH 7.5). The amount of proteins was deter-
mined using the Bio-Rad protein assay (Bio-Rad,
Hercules, CA, USA). An equal amount of proteins
was loaded in each lane. The proteins were sepa-
rated by 10% SDS-polyacrylamide gel electrophore-
sis and electrically transferred to a polyvinylidene
difluoride membrane (Bio-Rad). After blocking the
membrane using 5% skimmed milk, target proteins
were immunodetected using specific antibodies.
All primary antibodies were obtained from Cell
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Signaling Technology, except the anti-JNK1/2
phospho-specific antibody, which was obtained
from Biosource (Camarillo, CA, USA). Thereafter,
the horseradish peroxidase-conjugated anti-rabbit
IgG was applied as the secondary antibody, and the
positive bands were detected using Amersham ECL
plus Western blotting detection reagents (GE Health
care, Piscataway, NJ, USA).

Small-interfering RNA (SiRNA)

The role of GADD45a, p53 and MAP kinase kinase
4 (MKK4) in mediating glutamate oxidative cyto-
toxicity was examined wusing GADD450-siRNA
(siGADD45a), pS3-siRNA (sip53) and MKK4-siRNA
(siMKK4) to selectively silence the GADD45a, pS3
and MKK4 genes respectively. The siGADD45a
(catalogue No. sc-35439), sipS3 (catalogue No.
sc-29436), siMKK4 (catalogue No. sc-35910) and
siRNA negative control (catalogue No. sc-37007)
were purchased from Santa Cruz Biotechnology.
HT22 cells were seeded the night before transfection
at a density of 30-50% confluence by the time of
transfection. A total of 40 nmol of siGADD45q,
sip53, siMKK4 and siRNA negative control was used
for transfection using Lipofectamine 2000 (Invitro-
gen, San Diego, CA, USA) according to the manu-
facturer’s instructions. Transfected cells were
maintained in culture for 2 days before harvesting
and further analyses. The efficiency of the siRNA
knock-down was determined by Western blot
analysis.

RNA isolation and cDNA synthesis

Total RNA was isolated using TRIzol (Invitrogen)
from HT22 cells treated with 5 mmol-L™ glutamate.
cDNA was synthesized with random hexamers
(PerkinElmer Life Sciences, Boston, MA, USA and
Roche Applied science, Indianapolis, IN, USA) using
Moloney murine leukaemia virus reverse tran-
scriptase (PerkinElmer Life Sciences).

Real-time PCR

Real-time PCR was performed on a PE Biosystems
ABI PRISM 7300 sequence detection system. In brief,
quantitative RT-PCR was done with a CYBR green
RT-PCR kit (Applied Biosystems, Foster City, CA). A
25-uL reaction contained 1x CYBR green reaction
mix with 50 ng of primers and 1 uL. cDNA from the
reverse transcription. Forty cycles of PCR reactions
were done with 30 s of denaturing at 95°C, 30 s of
annealing at 60°C and 1 min of PCR reaction at
72°C. Primers used were GADD45c, forward (5'-
CTGGAGGAAGTGCTCAGCAAGG-3’), GADD450,
reverse (5-CTGATCCATGTAGCGACTTTCC-3") and
GAPDH, forward (5-GGCACAGTCAAGGCCGA
GAA-3"), GAPDH, reverse (5-CAGCAATGCATC
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CTGCACCA-3’). Fold of induction of the expression
was determined according to a published method
(Livak and Schmittgen, 2001). Analysis of relative
gene expression data using real-time quantitative
PCR and the 2*“T method. Briefly, the method
involved obtaining the Cy values for the GADD45a
mRNA, normalizing to a house-keeping gene,
GAPDH, and deriving the fold increase compared
with the corresponding control cells.

ROS measurement

Reactive oxygen species in HT22 cells were detected
using 2/, 7’-dichlorofluorescin diacetate (H,-DCF-
DA, Molecular Probes, Eugene, OR). H,-DCF-DA is a
non-polar compound that rapidly diffuses into cells,
where it is hydrolysed to the fluorescent polar
derivative DCF and trapped within the cells. Cells
were treated with or without 5 mmol-L™ glutamate
for 8 h. Subsequently, 10 umol-L! H,-DCF-DA was
added to the cells. After incubation for 10 min at
37°C, the liquid was removed and then Hank’s bal-
anced salt solution buffer was added. Intracellular
ROS accumulation was observed and photographed
under a fluorescence microscope (AXIO, Carl Zeiss).

Treatment with kainic acid to induce
neuronal damage in vivo
All animal care and experimental procedures were
approved by the Institutional Animal Care and Use
Committee of the University of Kansas Medical
Center and strictly followed the guidelines for
humane care of animals from the National Institutes
of Health. Male Sprague-Dawley rats, weighing 250-
270 g, were purchased from Harlan (Indianapolis,
IN) and kept in a plastic bottomed cage with a 12-h
light/12-h dark cycle, with controlled room tempera-
ture (at 25°C) and humidity (60%). They were
allowed free access to laboratory pellet chow and
water. After arrival, the animals were allowed to
acclimatize to the new environment for 1 week
before use in the experiment. Rats were randomly
divided into various experimental groups (n=35) with
no significant difference in average body weights.
Kainic acid (1 uL of 1pg-uL™ solution) was
injected into the left and right lateral ventricles
(anterior/posterior, -1.0; rostral, =*=1.6; dorsal/
ventral, 4.5) using a microlitre syringe under anaes-
thesia with ketamine and xylazine (50 and
5 mg-kg™, s.c.). The needle was withdrawn 4 min
later and scalp was sutured. The control rats were
injected with 1 pL of saline instead of kainic acid
(He et al., 20006).

Y-maze test
Six days after i.c.v. injection of kainic acid or saline,
memory impairment in rats were measured using
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the Y-maze test. The Y-maze is a three-arm maze
with equal angles between all arms, which were
50 cm length and 10 cm width, with walls 20 cm
high. The maze floor and walls were constructed
from dark grey polyvinyl plastic. Rats were initially
placed within one arm, and the sequence and
number of arm entries were recorded manually. The
percentage of triads with all three arms represented,
that is, ABC, CAB or BCA, but not ABB, was recorded
as an alternation to estimate the short-term
memory. Arms were cleaned by using 70% ethanol
between tests to remove odours and residues. The
alternation score (%) for each rat was defined as
the ratio of the actual number of alternations to the
possible number (defined as the total number of
arm entries minus two) multiplied by 100 as shown
by the following equation: % of alternations =
[(humber of alternations)/(total arm entries — 2)] x
100 (Sarter etal., 1988). Investigators who per-
formed the Y-maze test were unaware of the differ-
ent treatments.

Immunohistochemistry staining

At the end of the experiment, the animals were
anaesthetized with ketamine and xylazine (50 and
5 mg-kg!, s.c.) and then perfused with 0.1 M neutral
phosphate-buffered 10% formalin (containing a
final concentration of 4% formaldehyde) via the
abdominal aorta. Brain tissues were removed and
postfixed overnight in the same fixative solution
(0.1 M neutral phosphate-buffered 10% formalin).
After cryoprotection in 30% sucrose/phosphate
buffer, the tissues were frozen in liquid nitrogen and
sectioned serially (30 um) through the entire brain.
The sections were collected in 0.1 M neutral phos-
phate buffer, mounted on slides, then air-dried on a
slide warmer at 50°C for at least half an hour, and
stained with haematoxylin and eosin for histopatho-
logical analysis. Three brain regions at the level of
bregma —-3.6 mm according to anatomical locations
defined in a rat brain atlas were examined bilaterally
(Paxinos and Watson, 1997): CAl, CA3 and the
dentate gyrus of the hippocampus. Fluoro-Jade B
staining was performed by following the protocols
described by Schmued and Hopkins (2000) with
minor modifications. Briefly, the slides were trans-
ferred to a solution of 0.06% potassium permanga-
nate for 10 min, preferably on a shaker table to
ensure consistent background suppression between
sections. The staining solution was prepared from a
0.01% (w-v!) stock solution of Fluoro-Jade B in dis-
tilled water. After 20 min in the staining solution,
the slides were rinsed and placed on a slide warmer
until they were fully dry. Cell counts were performed
using grid morphometric techniques under low- and
high-power magnification fields. The cell bodies of

the Fluoro-Jade B-positive neurons were viewed
under a fluorescence microscope. The number of
stained neurons in the images was counted using the
Axiovision image analysis software (Carl Zeiss, Inc.,
Thornwood, NY, USA). For analysis of the hippoc-
ampus, the total number of stained neurons was
counted in the dorsal hippocampal region (between
—-1.5 and -2.5 mm from bregma) by using three sec-
tions from each rat. For the detection of GADD45a
in rat brain tissues, tissue sections were incubated
successively with mouse monoclonal anti-
GADD450o antibody (1:50, Santa Cruz Biotech-
nology), goat-biotinylated-conjugated polyclonal
anti-mouse antibody (1:200, Vector Laboratories),
and horseradish-peroxidase conjugated avidin-
biotin complex (Vector Laboratories). Sections were
then exposed to a 3,3’-daminobenzidine substrate
kit (Vector Laboratories).

Statistical analysis

Results were expressed as mean * SD. The statistical
significance was determined by analysis of variance
(ANovA) followed by a multiple comparison test
with a Bonferroni correction. P-values of less than
0.05 or 0.01 were considered statistically significant
or very significant respectively.

Materials

Glutamate, glutamic acid and fetal bovine serum
were obtained from Sigma (St. Louis, MO, USA).
Pifithrin-oo (PFT-0) was obtained from Calbiochem
(San Diego, CA, USA). DMEM was obtained from
Life Technology (Rockville, MD, USA). The antibiot-
ics solution containing 10 000 U-mL™ penicillin
and 10 mg-mL™" streptomycin was obtained from
Invitrogen (Carlsbad, CA), and trypsin-versene
mixture (containing 0.25% trypsin and 0.02%
EDTA) from Lonza Walkersville (Walkersville, MD,
USA). The names of drugs and molecular targets
used here follow Alexander et al. (2009).

Results

Glutamate induces GADD45 o expression

in HT22 cells

Exposure to 3-10 mmol-L™' glutamate for 24 h
induced cytotoxicity in cultured HT22 neuronal
cells in a concentration-dependent manner (data
not shown), which confirmed earlier observations
(Davis and Maher, 1994). Next, we determined the
regulation of GADD45a gene expression and its
protein levels during glutamate-induced oxidative
cytotoxicity. As shown in Figure. 1A,B, GADD45a
mRNA and protein levels were increased in a
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Figure 1

GADD450, contributes to glutamate-induced oxidative cytotoxicity in HT22 cells. After the HT22 cells were incubated with 5 mmol-L™' glutamate
for 6, 12 and 24 h, they were subjected to analysis of the GADD450. mRNA levels by real-time PCR (A, left panel) and GADD450. protein levels
by Western blotting (B). The membrane was stripped for analysis of GAPDH, which was used as a loading control (B, lower panel). The relative
GADD450. protein levels were determined by densitometric scanning and calculated by averaging the data obtained from three experiments (B,
upper panel). Cell viability was measured using the MTT assay, and each value is the mean = SD from three separate experiments (A, right panel).
(C, D, E) Twenty-four hours after the HT22 cells were transfected with 40 nmol-L”" GADD45a. siRNA (siGADD45a), they were treated with 5 or
8 mmol-L™" glutamate (Glu) for additional 24 h. Real-time PCR analysis was performed to determine GADD450. mRNA levels (C). Glutamate-
induced GADD45a. expression was compared with the mock transfection procedure (Lipofectamine only). Cell viability was measured using the
MTT assay, and each value is a mean * SD from three separate experiments (D). Representative photographs showing the morphological changes
of the cells are presented in E. These photos were taken under a phase-contrast microscopy (original magnification, x100). (F) Localization and
relative intensity of the GADD45a: protein in HT22 cells treated with 5 mmol-L™ glutamate (immunofluorescence staining, original magnification
at x200). *P < 0.05; **P < 0.01, significantly different from vehicle.
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Hoechst

siCon + Glu

F

siGADD45c + Glu

Figure 1

Continued.

time-dependent manner over the controls, with a
maximal induction seen at 24 h after exposure to
5 mmol-L™" glutamate. The time-dependent increase
in GADD450. mRNA and protein levels paralleled
the decrease in cell viability (Figure 1A, right panel).
Transfection with GADD450-specific siRNA
almost abolished GADD450. gene expression
induced by 5 mmol-L! glutamate and, concomi-
tantly, the cell viability was also strongly protected
(Figure 1C,D). In comparison, GADD45a siRNA
only partially suppressed GADD45o. expression
induced by a very high concentration (8 mmol-L™)
of glutamate (causing >90% loss of cell viability),
and consequently, it also did not appreciably protect
glutamate-induced cell death (Figure 1E). Based on
this observation, the 5 mmol-L! glutamate con-
centration was used for subsequent experiments
designed to probe the role of GADD450 in
glutamate-induced oxidative stress in HT22 cells.
Immunocytochemical analysis showed that the
GADD450 protein was basically undetectable in
untreated cells (Figure 1F, top panels), but a marked
elevation of this protein was seen in cells treated
with glutamate (Figure 1F, middle panels). As

FITC

Merge

GADD45q.

expected, transfection with GADD45a siRNA dimin-
ished the induction of GADD45a protein following
exposure to S mmol-L' glutamate (Figure 1F
bottom panels). These results suggested that
GADD450 was involved in regulating glutamate-
induced cell death in HT22 cells.

Glutamate-induced neuronal cell death is
associated with p53 activation

It is known that often pS3 is activated in response
to oxidative stress, resulting in transcriptional
up-regulation of GADD45a. Hence, we further
examined the role of p53 in glutamate-induced cell
death. Phosphorylation of p53 at SerlS was rapidly
and continuously elevated during the time tested
(at 3-24 h after glutamate treatment) (Figure 2A),
although the level of its mRNA was not significantly
changed (data not shown). These observations
suggest that p53 expression was not significantly
altered. Next, we examined whether the phospho-
pS3 (SerlS) was translocated to the nucleus, using
immunofluorescence microscopy analysis. Clearly,
there was an increase in p53 nuclear translocation
from the cytoplasmic compartment (Figure 2B).
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Over 80% of the cells displayed p53 nuclear trans-
location at 24 h after glutamate exposure (Figure 2B,
ii). As a positive control, HT22 cells were also treated
with doxorubicin (at 0.2 ug-mL™), an established
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stimulator of p53 activation and nuclear transloca-
tion (Figure 2B, iii). Transfection with p53 siRNA
suppressed the induction of pS3 protein following
glutamate treatment (Figure 2B, v), whereas
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transfection with the negative control siRNA did not
alter the effect of glutamate (Figure 2B, iv). These
observations were further corroborated with the
levels of phospho-p53 and p53 in the cytosolic and
nuclear extracts (Figure 2C). In addition, transfec-
tion with p53 siRNA inhibited the up-regulation of
pS3 and p-p53 (Serl5) following glutamate expo-
sure, whereas transfection with the negative control
siRNA did not appreciably modulate the effects of
glutamate (Figure 2D).

GADD45 o induction by glutamate is
dependent on p53 activation

To elucidate whether pS3 mediated the activation of
GADD450a in response to glutamate, we transfected
cells with p53 siRNA to knock-down pS3 expression.
As expected, p53-specific siRNA reduced the levels of
GADD450. mRNA and prevented glutamate-induced
loss of cell viability, while the negative control
siRNA exerted no appreciable effect (Figure 3A, left
and right panels). In addition, pretreatment of HT22
cells with 10 pmol-L™ PFT-o. (a chemical inhibitor of
pS53) for 1 h markedly reduced glutamate-induced
GADD450a gene expression (Figure 3B). As shown in
Figure 3C, knock-down of p53 led to a decrease in
the protein levels of GADD45a (2.7 vs. 0.8-fold)
and pS3 (3.2 vs. 0.9-fold). Moreover, immunofluo-
rescence staining showed that p53 knock-down
prevented glutamate-induced GADD45a activation
(Figure 3D). These results indicate that glutamate-
induced GADD450a expression is dependent on pS3
activity.

To determine whether the p53-GADD45a. signal-
ling cascade participated in regulating glutamate-
induced cell death, we examined the effects of pS3
siRNA and GADD45a siRNA using flow cytometric
analysis. Glutamate treatment increased the popu-
lation of sub-G; cells by 67%, but transfection with
pS3 siRNA or GADD450 siRNA, but not with the
control siRNAs, markedly reduced these effects of
glutamate (Figure 4A). Transfection with GADD450
siRNA also decreased the number of glutamate-
induced TUNEL-positive cells (Figure 4B, upper
panels). The high number of apoptotic nuclei was
revealed by nuclear staining (Figure 4B, lower
panels), 24 h after glutamate treatment. Collec-
tively, these results show that the p53-GADD45a
signalling cascade plays an important role in medi-
ating cell death following glutamate exposure.

Glutamate-induced ROS generation is
involved in the activation of p53 and JNK

In this study, we also determined the role of intrac-
ellular ROS accumulation in the activation of p53
and JNK in HT22 cells. When cells were pretreated
with 1 mmol-L™" N-acetyl-cysteine (NAC), a scaven-

ger of ROS, for 1 h before treatment with glutamate
for additional 8 h, the accumulation of intracellular
ROS was suppressed (Figure 4C, left and right), con-
firming earlier observations (Min et al., 2006; Fukui
et al., 2009). As shown in Figure 4D, immunofluo-
rescence staining showed that NAC treatment
inhibited glutamate-induced p53 activation and
reduced the levels of GADD45a. mRNA (Figure 4E,
left panel) and protein (Figure 4E, right panel),
suggesting that ROS generation is upstream of the
activation of p53 and GADD450.

Next, we examined the role of the JNK1/2 signal-
ling pathway in mediating glutamate-induced acti-
vation of the p53-GADD450 cascade, as well as the
oxidative cytotoxicity. As shown in Figure 5A, phos-
phorylation of JNK1/2 was observed at 6 h after
glutamate treatment, and was sustained at elevated
levels during the 24-h treatment with glutamate.
Moreover, phosphorylation of c-Jun and MKK4
was increased after glutamate treatment, whereas
phosphorylation of MKK7 was not changed after
glutamate treatment for 24 h. Furthermore, the
level of glutamate-induced GADD450. gene expres-
sion (real-time PCR assay) was decreased in the pres-
ence of SP600125, a known inhibitor of JNK1/2
(Figure 5B), and this change was accompanied by a
marked reduction in cell death (Figure 5C). Immu-
nofluorescence staining showed that pretreatment
of cells with SP600125 inhibited glutamate-induced
pS3 (SerlS) phosphorylation and GADD45a activa-
tion (Figure 5D). Similar observations on cell death
were obtained from flow cytometry analysis of cells
stained with PI and annexin V-FITC (Figure SE).
Additionally, we showed that transfection of
cells with JNK1 siRNA decreased glutamate-induced
expression of JNK1, p53 and GADD450 proteins
(Figure SF, upper panel). Knock-down of JNK1
almost abolished glutamate-induced loss of cell
viability (Figure SF, lower panel). Similarly, transfec-
tion with MKK4 siRNA suppressed glutamate-
induced phosphorylation of c¢-Jun and the
activation of GADD45o. (Figure 5G, upper panel),
accompanied by a strong protection of cell viability
(Figure 5G, lower panel). Taken together, these data
provide strong support for the role of the JNK sig-
nalling pathway as an important upstream mediator
in the activation of p53 and the subsequent induc-
tion of GADD45a expression.

Kainic acid induces GADD45o. expression

in vivo

Using kainic acid-induced hippocampal damage
in rats as an in vivo model for oxidative neu-
ronal damage and memory impairment, we also
examined the expression of hippocampal GADD45a
following kainic acid administration. As shown in
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Figure 3

Knock-down of p53 suppresses glutamate-induced GADD450. expression. (A, left panel) HT22 cells were transfected with either the negative
control siRNA (siCon) or p53 siRNA (sip53), and 24 h later, cells were exposed to 5 mmol-L™" glutamate for additional 24 h before analysis of the
GADD450. mRNA level by real-time PCR. The method for quantifying the fold of increase in mRNA levels was described in Methods. Glutamate-
induced GADDA450. expression was compared with the mock transfection procedures (Lipofectamine only). (A, right panel) Cell viability was
measured using the MTT assay. Each value is a mean = SD from three separate experiments. (B) Cells were first pretreated for 1 h with 10 umol-L™
PFT-o. and then exposed to 5 mmol-L™' glutamate (Glu) for additional 24 h before analysis of GADD45c. mRNA level by real-time PCR. (C, left
panel) HT22 cells were transfected with either the negative control siRNA (siCon) or p53 siRNA (sip53), and 24 h later, cells were exposed to
5 mmol-L™' glutamate (Glu) for additional 24 h before analysis of GADD45c. and p53 protein levels by Western blotting. Glutamate-induced
GADD450. expression was compared with the mock transfection procedure (Lipofectamine only). (C, right panel) The relative protein levels for
GADD450. and p53 were calculated according to their densitometry readings, which were normalized according to the corresponding readings
for the GAPDH protein bands. Each value is mean = SD from three independent experiments. *P < 0.05; **P < 0.01. (D) Cells were transfected
with the negative control siRNA (siCon) or p53 siRNA (sip53), and after 24 h, they were exposed to 5 mmol-L™" glutamate for additional 24 h. They
were then analysed for the immunofluorescence staining of GADD450. (original magnification, x200).

neurodegeneration in the hippocampus was also
assessed using the Fluoro-Jade B staining. There was
a marked decline in the overall number of neurons
as well as a dramatic increase in the number of

Figure 6A, histological analysis of the hippocampal
region of the brain, 7 days after the i.c.v. injection of
kainic acid, showed a progressive shrinkage of neu-
ronal cell bodies as well as the formation of peri-

neuronal vacuoles in the CA3 region (haematoxylin
and eosin staining). In contrast to this brain region,
the CA1 region showed only very mild condensa-
tion of neuronal cell bodies and vacuolation, 24 h
after kainic acid treatment (Figure 6A). The extent of
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degenerating neurons (>93%) in the CA3 region in
kainic acid-treated rats (Figure 6B,C). Similarly,
kainic acid significantly decreased the spontaneous
alternation behaviour (used as a measure of working
memory) in these animals compared with control
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Knock-down of p53 or GADD450. suppresses glutamate-induced apoptosis. (A) HT22 cells were first transfected with the negative control siRNA
(siCon), p53 siRNA (sip53), GADD450. siRNA (siGADD45a), or a mock transfection procedure (Lipofectamine only), and 24 h later, cells were
exposed to 5 mmol-L" glutamate for additional 24 h. Flow cytometric analysis for sub-G; cells (dead cells) was performed. (B) Representative
photographs of apoptotic cells incubated with or without 5 mmol-L™" glutamate in siGADD45a-transfected cells as detected by TUNEL staining
(upper panels) and Hoechst staining (lower panels). The original magnification is x200. (C, left panel) Cells were pretreated with T mmol-L”" NAC
for 1 h, and then cells were exposed to 5 mmol-L™" glutamate for additional 8 h. Intracellular ROS production was determined using a
fluorescence-based assay (H,-DCF-DA) under a laser scanning confocal microscope (x100). (C, right panel) The relative fluorescence intensity was
quantified and presented as fold of the control group (mean = S.D. of triplicate measurements). (D) Cells were first pretreated with 1 mmol-L™!
NAC for 1 h and then exposed to 5 mmol-L™" glutamate for additional 8 h. Then cells were analysed by immunofluorescence staining for
phospho-p53 or GADD450.. (E) Analysis of GADD450. mRNA level (real-time PCR, left panel) and its protein level (Western blotting, right panels).
The relative protein level for GADD450. was calculated according to their densitometry reading, which were normalized according to the
corresponding reading for the GAPDH protein band. Each value is a mean * SD from three separate experiments. *P < 0.05; **P < 0.01.
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Continued.

animals (Figure 6D, P < 0.05). While GADD45a
immunoreactivity was very low in the normal hip-
pocampus, it was markedly increased in the CA3
pyramidal neurons and dentate granule cells after
kainic acid treatment (Figure 6E). Furthermore, real-
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GAPDH

p-p53 (Ser15)

GADD450
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time PCR was performed to confirm the expression
of GADD450. gene, and Western blot analysis was
performed to determine protein expression in
kainic acid-treated brain tissues. As shown in
Figure 6F,G, the levels of GADD450 gene expression
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JNK activation contributes to glutamate-induced cell death (A, upper panels). HT22 cells were first incubated with 5 mmol-L™" glutamate for 3,
6, 12 and 24 h, and then the cellular extracts were subjected to Western blotting for the levels of phospho-JNK, total JNK, phospho- MKK4, MKK4
and phospho-c-Jun. (A, lower panels) Western blot analysis of the phospho-MKK?7 in HT22 cells treated with 5 mmol-L™' glutamate for 12 or 24 h.
Membranes were also stripped for determining the levels of GAPDH, which was used as a loading control. (B) Cells were pretreated for 1 h with
20 umol-L™" SP600126 (an inhibitor of JNK1/2) and then stimulated for additional 24 h with 5 mmol-L™" glutamate (Glu) before analysis of
GADD450. mRNA level by real-time PCR. (C) Cell viability was measured by the MTT assay. Each value is a mean = SD from three separate
experiments. (D) Cells were pretreated for 1 h with 20 umol-L™' SP600126 (an inhibitor of JNK1/2), and then exposed to 5 mmol-L™" glutamate
for additional 24 h. The cells were analysed using immunofluorescence staining for phospho-p53 or GADD450.. Representative photomicrographs
were taken using a phase-contrast microscope (upper panels) or a fluorescence microscope (original magnification, x200) (lower panels). (E) HT22
cells were transfected with the negative control siRNA (siCon), p53 siRNA (sip53) or GADD45a. siRNA (siGADD450), and 24 h later, the cells were
exposed to 5 mmol-L™" glutamate for additional 24 h. The cells were stained with annexin V-FITC and PI for flow cytometric analysis of apoptotic
cell death. The experiments were repeated more than three times, and similar results were obtained. A representative dataset is shown. (F, upper
panels) HT22 cells were first transfected with siCon, siINK1 or sip53, and 24 h later, cell extracts were prepared for Western blot analysis of
phospho-JNK1/2, JNK1/2, p53 (Ser15) and GADD450.. (G, upper panels) HT22 Cells were transfected with siCon or siMKK4, and 24 h later, cell
extracts were prepared for Western blot analysis of p-c-Jun and GADD45c.. The relative levels for the phosphorylated proteins were calculated
according to the corresponding reading for the total protein levels. The quantitative data (mean = SD) from three separate experiments are shown
under the corresponding immunoblots (the control group without glutamate treatment is arbitrarily set at 1.0). (F and G, lower panels) Cell
viability was measured by the MTT assay. Each value is a mean = SD from three separate experiments. *P < 0.05; **P < 0.01.
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Continued.

or GADD450. and p53 protein expression were
increased in kainic acid-treated animals but not in
vehicle-treated control animals. These in vivo data
provide support for the involvement of GADD45a
activation in the development of kainic acid-
induced neuronal damage.

Discussion

The p53-GADDA450 signalling pathway has been
implicated in the excitotoxicity of neuronal cells
mediated by the activation of ionotropic glutamate
receptors present on the surface of many types of
neurons (Zhu etal.,, 1997; Culmsee etal., 2001;
Laabich etal.,, 2001). It is not known, how-
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ever, whether this signalling pathway is also
involved in the development of glutamate receptor-
independent oxidative toxicity in neuronal cells,
which is the focus of our present study. Because
HT22 murine hippocampal cells lack the ionotropic
glutamate receptors, they are not susceptible
to glutamate-induced excitotoxicity (Sagara et al.,
1996; Li et al., 1997; Tan et al., 1998). This property
provides a unique model for dissecting the selective
mechanism underlying the oxidative neurotoxicity
induced by high concentrations of glutamate in
cultured neuronal cells. We demonstrated that the
levels of GADD450. mRNA and protein are increased
by treatment of HT22 cells with glutamate at
cytotoxic concentrations, and selective knock-down
of GADD45a gene expression strongly suppressed
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Figure 6

Involvement of the p53-GADD45a: signalling pathway in the induction of hippocampal neuronal damage in rats following kainic acid treatment.
Kainic acid (1 uL of 1T pug-uL™" solution) was injected into the left and right lateral ventricles of male rats (anterior/posterior, —1.0; rostral, +1.6;
dorsal/ventral, 4.5) using a microlitre syringe under anaesthesia with ketamine and xylazine (50 and 5 mg-kg™, s.c.). The control rats (sham-
operated) were injected with 1 pL saline. (A) Histopathological analysis (H/E staining) of the hippocampal region (upper panels) and an enlarged
CA3 region (lower panels). The original magnification is x40. (B) Fluoro-Jade B staining for the detection of neurodegeneration in the hippocampal
region (upper panels) and an enlarged CA3 region (lower panels). (C) Quantitative data for the relative extent of neurodegeneration in the CA3
region of the control and kainic acid-treated rats. The y axis unit is the total number of degenerating neurons in an enlarged CA3 region as shown
in B. (D) Change in the working memory (based on Y-maze test) in kanic acid-treated rats. The test was performed 6 days after kainic acid
treatment. (E, upper panel) Immunohistochemical staining (3,3’-diaminobenzidine, DAB) of GADD450. in the hippocampal region (upper panels)
and an enlarged CA3 region (lower panels). (F) The relative levels of GADD450. mRNA and protein as well as p53 protein in the hippocampal
region of the control and kainic acid-treated rats. The relative GADD45c. and p53 protein levels were normalized according to the corresponding
reading for the GAPDH protein band (the control group without glutamate treatment is arbitrarily set at 1.0). (G) Representative Western blots
for GADD450, p53 and GAPDH proteins from the control and kainic acid-treated rats. For all the quantitative data, each value is the mean = SD
(n=35). *P < 0.05 versus sham-operated control group.

British Journal of Pharmacology (2011) 162 175-192 189



H) Choi et al.

glutamate-induced neuronal death. These results
show, for the first time, that GADD45a is an impor-
tant mediator of neuronal oxidative cytotoxicity.

pS3, a tumour suppressor protein, is often acti-
vated in response to oxidative stress, which then
results in increased transcription of GADD450. In
this study, we provided definitive evidence showing
that the induction of GADD450. in HT22 hippocam-
pal cells following glutamate-induced oxidative
cytotoxicity was dependent on the functions of p53.
Selective knock-down of p53 expression or the use
of a p53 inhibitor, PFT-0, prevented the increased
GADD4500 mRNA and protein levels induced by
glutamate in HT22 cells. These changes were accom-
panied by an increased survival of glutamate-treated
cells.

Using kainic acid-induced hippocampal damage
in rats as an in vivo model for oxidative neuronal
damage and memory impairment, we also investi-
gated the expression of hippocampal GADD45a. fol-
lowing kainic acid administration. We found that
the loss of neurons in the CA3 hippocampal region
was detectable within 4 h of kainic acid treatment,
and so were the increased number of degenerating
neurons and the increased levels of p53 and
GADD450. The detection of neuronal death in CA3
region together with increased expression of p53
and GADD45a suggests that the neuronal death in
this brain region is mostly likely to be also mediated
by the same intracellular signalling pathways as
seen in glutamate-treated HT22 cells in vitro. Further
studies are needed to ascertain the functional
importance of the p53-GADD45a signal pathway in
neuronal death and survival in vivo, and also to
determine whether pharmacological manipulation
of these signalling molecules or their expression will
be a viable strategy for neuronal protection.

The relationship between GADD45a. expression
and JNK activation has not been clearly demon-
strated before. It is known that JNK is rapidly acti-
vated by exposure of cells to a variety of stress
signals, including UV light, y-radiation and toxic
metals (Samet et al., 1998; Chen et al., 1999). In our
recent study (Fukui et al., 2009), glutamate-induced
ROS accumulation activated JNK and such activa-
tion was inhibited by the presence of antioxidants,
such as NAC. In the present study, we showed
that JNK activation preceded glutamate-induced
GADD450 expression. While JNK activation nearly
reaches maximum approximately 6h after
glutamate treatment, GADD45a is lagged behind,
reaching the maximal level of activation 24 h or
later after glutamate treatment. Moreover, inhibi-
tion of JNK activation with a pharmacological
inhibitor (SP600125), the JNK1 siRNA, or knock-
down of MKK4 (an upstream activator of JNK) each
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markedly reduced glutamate-induced increase in
the mRNA and/or protein levels of both p53 and
GADD450. The changes in GADD45a levels were
accompanied by an increased survival of glutamate-
treated HT22 cells. These data suggest that JNK acti-
vation is an upstream, rather than a downstream,
event in GADD45a. induction following glutamate
treatment. As alteration in JNK activity that resulted
in changes in glutamate-induced GADD450. expres-
sion was accompanied by corresponding changes in

Glutamate

~

SP600125

— sip53 or PFT-a

GADDA45¢.
ln— SIGADD450,

Oxidative neuronal cell death

Figure 7

Schematic illustration of the role of JNK-p53-GADD45a signalling
cascade in mediating the oxidative cytotoxicity in HT22 neuronal
cells. During glutamate-induced oxidative stress, JNK is activated first
as a result of ROS accumulation, and the activated NK then activates
p53, which subsequently induces sustained expression of GADD45a
protein. The increased GADD450. expression will lead to oxidative
neuronal cell death. As depicted, NAC can protect against oxidative
neuronal death by reducing ROS accumulation, whereas SP600125
and PFT-o. can also do so by selectively inhibiting the activity of INK
and p53 respectively. Likewise, the selective siRNAs for INK1, p53
and GADD450. each would be highly effective for protecting against
glutamate-induced oxidative cytotoxicity by selectively suppressing
different components along the JNK-p53-GADD450. signalling
cascade. Collectively, the data presented in this study demonstrate
that the [NK-p53-GADD45a signalling cascade plays an essential role
in mediating oxidative neuronal death. These findings also suggest
that the JNK-p53-GADD45a signalling cascade represents new drug
targets for the treatment and protection of ROS-induced oxidative
stress and neuronal death.
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pS3 activity, these observations, in turn, suggested
that JNK exerted its regulation of GADD450. expres-
sion in a pS3-dependent manner.

Finally, it is also of note that the accumulation of
the intracellular ROS was decreased following treat-
ment with a p53 inhibitor, PFTo or p53 knock-
down. These findings suggest that p53 is not only a
downstream target in the ROS-mediated neuronal
death signalling, but it is also a feed-forward activa-
tor of intracellular ROS accumulation in HT22
neuronal cells. Although the mechanism by which
pS3 exerts its feed-forward stimulation of the ROS
accumulation in these neuronal cells is not clear at
present, the observations are of considerable inter-
est. These observations also support the notion that
the induction of the p53-GADD45a signalling
pathway is an essential step in the development of
neuronal oxidative cytotoxicity following exposure
to glutamate or other oxidants.

In summary, the results of our present
study showed that the JNK-p53-GADD45a sig-
nalling cascade played a critical role in mediating
glutamate-induced oxidative cytotoxicity in cul-
tured neuronal cells. Activation of the JNK-
pS3-GADDA450. signalling was preceded by ROS
accumulation. In addition, we have presented evi-
dence showing that JNK1 functioned as an upstream
regulator of the GADD45o function in a pS53-
dependent manner in HT22 neuronal cells. A
general scheme depicting the role of the ROS-JNK-
p53-GADD450. signalling cascade in mediating
the oxidative cytotoxicity of glutamate in HT22
neuronal cells is summarized in Figure 7.
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