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Ca%*-dependent generation of mitochondrial reactive
oxygen species serves as a signal for poly(ADP-ribose)
polymerase-1 activation during glutamate excitotoxicity

Yuntao Duan!-?, Robert A. Gross'® and Shey-Shing Sheu'!+?
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Mitochondrial Ca®" uptake and poly(ADP-ribose) polymerase-1 (PARP-1) activation are both
required for glutamate-induced excitotoxic neuronal death. Since activation of the glutamate
receptors can induce increased levels of reactive oxygen species (ROS), we investigated the
relationship of mitochondrial Ca?* uptake and ROS generation, and the possibility that ROS
increase is a required signal for PARP-1 activation in cultured striatal neurons. Based on the
spatial profile of NMDA-induced ROS generation, we found that only mitochondria showed
a significant ROS increase within 30 min after NMDA receptor activation. This ROS increase
was inhibited by the mitochondrial complex inhibitors rotenone and oligomycin, but not by the
cytosolic phospholipase A, or xanthine oxidase inhibitors. Mitochondrial ROS generation was
also inhibited by both removal of Ca®* from extracellular medium and blockage of mitochondrial
Ca®" uptake by either a mitochondrial uncoupler or a Ca>* uniporter inhibitor. Furthermore,
both DNA damage and PARP-1 activation induced by NMDA treatment was inhibited by
blocking mitochondrial Ca®>* uptake or by antioxidants. Our results demonstrate that ROS
production during the early stage of acute excitotoxicity derives primarily from mitochondria
and is Ca**-dependent. More importantly, the increase of mitochondrial ROS serves as a signal
for PARP-1 activation, suggesting that concomitant mitochondrial Ca?>* uptake and PARP-1
activation constitute a unified mechanism for excitotoxic neuronal death.
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Glutamate excitotoxicity is the central mechanism
underlying delayed neuronal death in either acute injury
such as stroke and trauma, or neurodegenerative diseases
such as Alzheimer’s disease (Choi & Rothman, 1990;
Hynd et al. 2004; Nicholls, 2004). Under pathological
conditions, glutamate undergoes an uncontrolled release,
which leads to a massive influx of extracellular Ca’* mainly
through N-methyl-p-aspartate (NMDA) receptors. The
overload of cytosolic Ca*" initiates a series of cytotoxic
events including mitochondrial Ca?* overload (Peng et al.
1998), mitochondrial depolarization (White & Reynolds,
1996), ATP depletion (Gunter & Gunter, 1994), generation
of ROS (Reynolds & Hastings, 1995) and nitric oxide
(NO) (Urushitani et al. 1998), delayed Ca*" deregulation
(DCD) (Vesce et al. 2004), opening of the mitochondrial
permeability transition pore (PTP) (Alano et al. 2002),
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activation of PARP-1 (Mandir et al. 2000), and release of
cytochrome ¢ and apoptosis-inducing factor (AIF) (Wang
et al. 2004).

In this cascade, two events are critical for excitotoxic
neuronal death: mitochondrial Ca®* uptake and PARP-1
activation, which is caused by DNA damage. Studies
have shown that either eliminating the driving force for
mitochondrial Ca?* uptake by depolarizing mitochondria
(Stout et al. 1998), or genetically knocking out PARP-1
(Yu et al. 2002) protects neurons from excitotoxic death.
However, a unified scheme linking these two components
of excitotoxicity is still lacking. NO has been implicated
as a signal for PARP-1 activation (Zhang et al. 1994).
Interestingly, mitochondrial uncoupler did not change
NO production while it prevented neuronal death (Stout
et al. 1998). This suggests that other signals, which are
inhibited by blocking mitochondrial Ca?* uptake, also
participate in activating PARP-1. Evidence suggests that
mitochondrial Ca*" increase leads to ROS production
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(Urushitani et al. 2001). Because superoxide (O, ~) can
react with NO to form peroxynitrite (ONOO™), which is
more deleterious for DNA damage (Kennedy et al. 1997;
Szabo & Ohshima, 1997), O, ™ may also serve as a signal
for PARP-1 activation.

Generation of O, ™ also plays a key role in glutamate
excitotoxicity (Patel et al. 1996). Several O, ~-generating
pathways have been suggested in both the cytosol and
the mitochondria under excitotoxic conditions. The
cytosolic pathways include the metabolism of
arachidonic acid (AA) (Lafon-Cazal et al. 1993), and
the xanthine/xanthine oxidase (X/XO) system (Atlante
et al. 1997). Mitochondria have been considered as a
major source of ROS in the cell under many pathological
conditions (Nicholls & Budd, 2000; Nishikawa et al.
2000; Lesnefsky ef al. 2001). The proposed mechanism
is the electron leak to oxygen from the respiratory
chain to produce O, (Brookes et al. 2004). Although
mitochondrial ROS generation has been implicated
in excitotoxicity (Dugan et al. 1995; Urushitani et al.
2001), no direct evidence has been shown yet. However,
abolishment of excitotoxicity by blocking mitochondrial
Ca’" uptake alone indicates that either the amount of
ROS produced via cytosolic pathways is not sufficient
for cell death, or the ROS produced via mitochondrial
pathways exert a ‘privileged” action on nuclear PARP-1
activation.

In this study we tested the hypothesis that mitochondrial
Ca** uptake during intense NMDA receptor activation
leads to mitochondrial ROS production. This production
of mitochondrial ROS is required for the subsequent
PARP-1 activation in cultured striatal neurons.

Methods
Chemicals and reagents

Dihydroethidium (DHE), 5-(and 6-)chloromethyl-
2/,7'-dichlorodihydrofluorescein diacetate acetyl
ester (CM-H,DCFDA), tetramethylrhodamine ethyl
ester (TMRE), 2/,7'-bis-(2-carboxyethyl)-5-(and-6)-
carboxyfluorescein acetoxymethyl ester (BCECF AM),
LysoTracker Red DND99, and fura-2AM were
purchased from Molecular Probes (Eugene, OR,
USA). Arachidonyltrifluoromethyl ketone (AACOCEF3),
oligomycin, Ru360, Mn(III)tetrakis(4-benzoic acid)
porphyrin chloride (MnTBAP) and anti-PAR rabbit
antibody were from Calbiochem (San Diego, CA, USA).
Fetal bovine serum was from HyClone (Logan, UT, USA),
and culture mediums were from Invitrogen (Carlsbad, CA,
USA). Rotenone, carbonyl cyanide p-[trifluoromethoxy]-
phenyl-hydrazone (FCCP), glutathione reduced ethyl
ester (GSHee) and other reagents were purchased from
Sigma (St Louis, MO, USA).
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Primary cell culture

Striatal neurons were cultured from E18 embryos from
Sprague-Dawley rats based on a published protocol
(Peng et al. 1998). All procedures for animal use were
in strict accordance with the NIH Guide for the Care
and Use of Laboratory Animals, and were approved by
the Institutional Animal Care and Use Committee of
the University of Rochester. Briefly, pregnant rats were
killed by exposure to a rising concentration of CO,
until they stopped breathing for 5 min, and the fetuses
were removed. Striata were dissected from embryonic
rat brains, and dissociated by gently triturating after
incubating with 0.125% trypsin for 10 min at 37°C. Then
the suspension was layered onto 5ml of fetal bovine
serum (FBS) and centrifuged at 500 ¢ for 10 min. After
centrifugation, the pellet was resuspended in 5ml of
MEM-FBS (Eagle’s MEM medium (Gibco) supplemented
with 10% (v/v) FBS, 10 mm glucose, 2 mm L-glutamine,
2.5 ugml™! fungizone, and 50 ug ml~! gentamicin). The
isolated neurons were then plated onto laminin-coated
glass coverslips at a density of 1 x 10° cells per dish and
incubated in the MEM-FBS at 37°C in an atmosphere
of 5% CO,. After 3days in vitro (DIV), half of the
culture medium was replaced by MEM-FBS containing
5 uM cytosine arabinoside for 48 h to inhibit proliferation
of non-neuronal cells. After 6 DIV, cells were fed by
half medium changes with serum-free NB medium
(Neurobasal Medium (Gibco), N1 supplement (Sigma),
10 mm glucose, and 0.5 mMm L-glutamine 27.5 mm NaCl,
2.5 ug ml~! fungizone, and 50 g ml~! gentamicin) for 3
consecutive days. Cultured neurons were maintained in
this medium and used for experiments between 11 and
15 DIV.

Measurement of ROS in cultured neurons

The intracellular ROS levels in individual neurons were
measured using two redox-sensitive fluorescent indicators:
DHE and CM-H,DCFDA. DHE is a blue fluorescent
dye and shifts to red emission upon oxidation to
ethidium by O, ~ (Bindokas et al. 1996). However, DHE
cannot provide information about the original location
of ROS generation, because ethidium intercalates into
DNA and gives fluorescence primarily from the nucleus.
To obtain the spatial aspect of ROS generation, we
used CM-H,DCFDA, according to a previously reported
method (Reynolds & Hastings, 1995). CM-H,DCFDA
is membrane permeable so that it can accumulate in
intracellular compartments such as mitochondria, where
it is cleaved by esterases and then converted into its
fluorescent form upon oxidation primarily by hydrogen
peroxide (H,0,) and hydroxyl radical (OH-). (Kirkland
& Franklin, 2001). Cultured neurons were incubated
with either 5um DHE or 100nm CM-H,DCFDA in
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Hepes buffer (10 mm Hepes, 10 mm glucose, 140 mm
NaCl, 5mmMm KCl, 2mm CaCl,, 5mm NaHCOs;, 0.6 mm
Na,HPO,, 1.2 mm Na,SO,, pH7.4) at 37°C for 30 min.
After incubation, cells were washed three times with
indicator-free Hepes buffer, and then the coverslips were
mounted onto the stage of microscope for experiments.
For the experiments in which inhibitors or antioxidants
were used, cells were pre-incubated with different
drugs for 30min in Hepes buffer, and then drugs
were kept in the buffer throughout the experiments
(this pretreatment procedure was also used for other
measurements).

Single cell images were taken by either fluorescence
(TILL Photonics LLC, Pleasanton, CA, USA) or confocal
(Leica TCS SP2, Bannockburn, IL, USA) microscopy.
The fluorescence imaging system uses a Nikon TE2000s
inverted microscope with a x40 oil objective. The dyes
were excited by a 150 W xenon lamp from the illumination
unit polychrome V. Excitation and emission wavelength
areat515 nmand 580-630 nm for DHE, and at 488 nm and
495-535 nm for CM-H,DCFDA, respectively. A confocal
laser scanning microscope with a FITC filter was also
used to acquire images for CM-H,DCFDA. To minimize
photo-induced oxidation and photo bleaching, only two
scans were acquired for each time point. Images were taken
with 2 min intervals and NMDA treatments were added
after 10 min recording of baseline. The nuclear region of
each single cell was used as the region of interest (ROI)
for DHE data analysis due to the DNA-binding property
of the oxidized dye. To determine the mitochondrial
signal from CM-H,DCFDA fluorescence, cells were
simultaneously loaded with 20nm TMRE. TMRE is a
voltage-sensitive indicator that accumulates preferentially
into the mitochondria due to their negative membrane
potential (AW ), therefore it can be used as a marker
for mitochondrial location. The fluorescence patterns
of TMRE were chosen as the ROI and then applied
onto CM-H,DCFDA images of the same cells to identify
the mitochondrial area. Data are shown as the ratio of
fluorescence at any given time point (F) to the first
time point, 0 min (F,). All average data represent the
mean = S.E.M.

Lysosomes labelling

Lysosomes were labelled by using LysoTracker Red DND
99, which is a fluorescent indicator that specifically
accumulates in acidic cellular compartments. Neurons
were incubated with 50 nm LysoTracker Red in Hepes
buffer for 30 min at 37°C and then were washed 3
times with indicator-free buffer. Single cell images were
taken by fluorescence microscopy (TILL), the indicator
was excited at 550 nm and fluorescence was collected at
605 £ 25 nm.
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Intracellular Ca?2* measurement

The relative intracellular Ca?* concentration ([Ca?T];) in
individual neurons was measured using the fluorescent
probes fura-2 AM and fura-2FF AM according to methods
previously reported (Alano et al. 2002). Neurons
were incubated with either 4 um fura-2 AM or 4 um
fura-2FF AM in Hepes buffer for 30 min at 37°C and
then were washed 3 times with indicator-free Hepes
buffer. Single cell Ca?* images were taken by fluorescence
microscopy (TILL) at room temperature. The dye was
excited at 340 and 380 nm, and the emission fluorescence
was collected at 510 = 15 nm. Images were taken every 30 s
in a time-lapse fashion and a stable baseline was recorded
before any treatment. The fluorescence over whole cell
bodies was chosen as ROIs and the results are presented
as the fluorescence ratio of 340/380 nm of individual
neurons.

pH measurement

Intracellular pH was measured by using the
membrane-permeable pH-sensitive dye, BCECF-AM.
Cultured cells were loaded with 1 um BCECEF for 30 min
in Hepes buffer at 37°C. After loading, the dye was
excited at 440 and 488 nm and the emission was collected
at 5154+20nm. Single cell images were acquired by
fluorescence microscopy (TILL) once per minute during
a 60 min time course. The ratio of emission intensity at
the two different excitation wavelengths was determined
for individual cells. Data are presented as a ratio of
fluorescence at any given time point over time 0 (F/F,).

SDS electrophoresis and Western blotting

For Western blots, each assay consisted of approximately
3 x 10° cells. After 15min NMDA treatments, cultures
were lysed in a buffer containing 50mm Tris-HCI,
10 mm KCl, 1.5 mm MgCl,, 1 mm DTT, 1% (w/v) SDS,
Imm EDTA, 1mm EGTA, protease inhibitor cocktail
(1 tablet per 50 ml, Roche), pH7.4. Equal amounts
of protein were loaded onto a 4-15% gradient poly-
acrylamide gel for electrophoresis, and then electro-
transferred onto a nitrocellulose membrane (Bio-Rad
Laboratories, Hercules, CA, USA). The membranes were
blocked with 2% fat-free milk in PBS for 1.5h followed
by incubation with an anti-PAR rabbit polyclonal anti-
body (1:2000 dilution) in the blocking buffer for 3h
at room temperature. After washing for 3 times with
PBS containing 0.1% (v/v) Tween 20 (0.1% PBST), the
membranes were incubated with a 1:10000 dilution
of peroxidase-labelled goat anti-rabbit IgG antibody
in blocking buffer for 1.5h at room temperature.
After the incubation with the secondary antibody, the
membranes were washed 3 times again with 0.1% PBST,
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and then the signal was visualized using a Supersignal
ChemiLuminiscence detection kit (Pierce, Rockford, IL,
USA).

Comet assay

Comet assays (also called single cell gel electrophoresis
assays) were conducted as previously described (Olive et al.
1990) with modifications to evaluate DNA strand breaks.
In brief, striatal neurons were cultured in 60 mm dishes
with density of 2.5 x 10° cells per dish. Control or treated
neurons were washed twice with PBS (Ca*" and Mg** free)
and harvested by centrifugation at 700 ¢ for 5 min. Cells
were then resuspended in ice-cold PBS at 1 x 10° ml™!.
Aliquots of cells (15 ul) were mixed with an equal volume
of 1% low-melting-point agarose in PBS, and 20 ul of
the cell-gel mixtures were then pipetted onto microscope
slides pre-coated with 30 111 0f0.5% normal-melting-point
agarose and covered gently with a coverslip. The slides were
placed at 4°C in the dark for 30 min for gel solidification.
After removing the coverslips, the slides were immersed in
ice-cold fresh lysis solution (1% laurosylsarcosinate, 2.5 M
NaCl, 100 mM Na,EDTA, 10 mMm Tris, 10% DMSO, 1%
Triton X-100) for 90 min at 4°C, and then transferred to
an alkaline solution (0.3 m NaOH, 1 mm EDTA, pH > 13)
for 20 min at 4°C. Electrophoresis was performed in
the same alkaline solution at 30V, 300 mA for 10 min.
After electrophoresis, the slides were washed twice with
a neutralization buffer (0.4m Tris-HCI) and stained
with 4/,6-diamidino-2-phenylindole (DAPI, 10 ug ml™).
For quantitative measurement, at least 10-20 pictures
were taken and 100-300 cells were analysed for each
sample using Komet 5.5 software (Kinetic Imaging Ltd,
Nottingham, UK). The olive tail moment (defined as the
product of the percentage of DNA in the tail multiplied
by the tail length) was chosen as the parameter to evaluate
DNA damage.

Data analysis

Statistical analyses were performed using one-way ANOVA
followed by Tukey’s test for multiple comparisons
(Origin 7, Origin Lab). Results are considered as either
nonsignificant (P > 0.05), significant (P <0.05), or
highly significant (P <0.01). Each trace from ROS
measurements represents the mean value & s.e.m. of more
than 30 individual cells from at least three independent
experiments.

Results

Mitochondria are the major sites of NMDA-induced
ROS generation

Change of O, ™~ level from cultured striatal neurons during
NMDA receptor activation was first monitored with DHE
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by fluorescence microscopy. DHE-loaded neurons showed
a basal spontaneous ROS generation as evidenced by
a slow increase in the baseline fluorescence. After the
addition of 100 um NMDA together with 10 M glycine,
DHE fluorescence increased immediately and reached
161.5 & 4.7% of baseline values within 30 min, indicating
O, production induced by NMDA (Fig. 1A and B, n = 37
for the average trace). From the single-cell traces, some
cells also showed a delayed secondary rapid phase of ROS
increase, which is consistent with a previous study (Vesce
et al. 2004). Although these secondary rapid increases in
ROS in single-cell traces could be due to DCD, it is difficult
for us to draw a precise conclusion since we did not measure
Ca** dynamics and ROS generation simultaneously as this
is not the main focus of the present study. We then used
CM-H,DCFDA to assess the spatial profile of the ROS
increase. Neurons loaded with CM-H,DCFDA showed
homogeneous fluorescence with a slightly higher signal in
the nucleus (Fig. 1C, 0 min). Surprisingly, NMDA induced
alocalized increase in CM-H,DCFDA fluorescence which
is completely distinct from that in the DHE signal. There
was a gradual appearance of bright fluorescent spots
throughout the cells (Fig. 1C, 20 min). This punctate
pattern is not due to translocation of the dye upon
oxidation, because artificially oxidizing the dye by treating
cellswith 1 mm H, O, showed ahomogeneous fluorescence
increase over the whole cell body (Fig. 1D).

We next investigated the identity of the bright
fluorescent spots in CM-H,DCFDA images after NMDA
treatment. To test the idea that mitochondria are
the source of this signal, neurons were loaded with
CM-H,DCFDA and TMRE simultaneously. By merging
the CM-H,DCFDA image acquired 15 min after NMDA
treatment and the TMRE image acquired prior to NMDA
treatment (when AW, is not depolarized by NMDA),
we shows that the two images overlapped in both the
soma (Fig.2Aa, b, ¢ and d) and neurites (Fig.2A4e, f, ¢
and h). Although the overlap is not complete because of
mitochondrial movement, fission and fusion during the
15 min time lapse or the heterogeneity of ROS generation,
certain spots that appeared later in the CM-H,DCFDA
signal in neurites, where individual mitochondria can be
easily identified, colocalized exactly to the TMRE signal
(Fig. 24e, f, g and h, arrows). There are some spots in
the CM-H,DCFDA signal that did not colocalize to any
TMRE signal (Fig. 2Ae, f, g and h, arrowheads). However,
those spots mostly appeared before the NMDA treatment,
indicating that those mitochondria might have already
depolarized and generated ROS before the treatment. To
rule out that the punctate pattern of the CM-H,DCFDA
signal was from other organelles such as lysosomes
and endosomes, we used LysoTracker Red, which is
a fluorescent indicator that specifically labels acidic
cellular compartments. LysoTracker Red staining did not
produce any colocalized pattern with CM-H,DCFDA
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signal (Fig. 2Ai, j, k and [). It is possible that lysosomes
were able to take up some CM-H,DCFDA. However,
due to their lack of ROS generation capability, they were
not able to produce CM-H,DCFDA signals as significant
as could mitochondria. Indeed, the acidic environment
inside lysosomes or endosomes will cause a decrease of
CM-H,DCEFDA fluorescence due to the pH effect. These
data add support to the idea that the NMDA-induced
ROS generation is from mitochondria. The TMRE
signals were then used to define the mitochondrial
ROIs in CM-H,DCFDA images and the fluorescence
changes of CM-H,DCFDA from different intracellular
compartments were quantitatively analysed. The profiles
of CM-H,DCFDA fluorescence were different in nucleus,
cytoplasm and mitochondria. Both nucleus and cytoplasm
showed a decrease in fluorescence, while mitochondria
showed a small transient decrease and then an increase
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in fluorescence (Fig.2B, n=31). A representative time
course of mitochondrial CM-H,DCFDA fluorescence
from a single neuron is shown in Fig.2C. The
decrease in fluorescence in the cytosol and nucleus
was most likely due to the effect of NMDA-induced
intracellular acidification (Hartley & Dubinsky, 1993) on
CM-H,DCFDA fluorescence (Reynolds & Hastings, 1995).
To confirm thisin our study, we monitored intracellular pH
change induced by NMDA using BCECEF. Neurons exposed
to NMDA showed a rapid decrease of BCECF fluorescence
indicating intracellular acidification (Fig. 2D).

We further examined the contribution of cytosolic
pathways to NMDA-induced ROS increase. Two cytosolic
ROS-generating pathways have been proposed under
excitotoxic conditions. One is the metabolism of
arachidonic acid, which is released by phospholipase A,
(PLA,) (Lazarewicz et al. 1990; Lafon-Cazal et al. 1993;

A 0 min 10 min 20 min
B Single Cells Average
= ] i
& 2 i
§ § 1.4 %
Figure 1. NMDA-induced ROS generation in g g 1.24 .f
cultured striatal neurons & £ i [
A, fluorescence images illustrate a representative L w g+
response of a DHE-loaded neuron to NMDA. % E | NMD;\
Images are shown at 0, 10 and 20 min after the P
treatment of 100 um NMDA and 10 um glycine. 0 10 20 30 40 50 0 10 20 30 40 50
Note that only the nuclear region (N) shows a e {min}
significant increase in DHE fluorescence. 50 min

B, single-cell traces and quantitative analysis of
DHE fluorescence during a 50 min time course.
Baseline fluorescence was recorded prior to
NMDA treatment (arrow). Data are shown as the
ratio of fluorescence at each time point (F) to
time 0 min (Fp). The single-cell traces are from
one representative experiment, and the average
trace represents the mean =+ s.e.m. of 37 cells
from at least 3 different experiments. C and D,
CM-H;DCFDA-loaded neurons were treated with
either 100 um NMDA and 10 uM glycine (C) or

1 mm HyO; (D) at time 0 min. Representative
images of a single neuron are shown at the
indicated time points after treatments. NMDA
induced a different localized pattern in
CM-H,DCFDA fluorescence. These experiments
were performed on at least 5 additional
coverslips. N, nucleus. Scale bar: 10 um.
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Vesce et al. 2004), and the other is the conversion
of xanthine to uric acid by XO (Atlante et al. 1997).
To evaluate their roles in our study, two inhibitors —
arachidonyltrifluoromethyl ketone (AACOCF3, 50 um),
a specific PLA, inhibitor, and allopurinol (20 um), a
specific XO inhibitor — were used to inhibit these two
pathways. Cells were pre-incubated with each inhibitor
for 30 min, after which ROS generation was measured
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by DHE. In control experiments, a dramatic increase
in DHE fluorescence was obtained again after NMDA
treatment and reached a plateau after about 15min
(n=237), consistent with the DCFDA data. However,
neither AACOCF3 nor allopurinol had any significant
inhibitory effect on this ROS generation (10 =+ 3.6%
inhibition, n =43, P > 0.3, and 16 & 4.3% inhibition,
n =36, P > 0.5, respectively, Fig. 3A and B), indicating
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Figure 2. Mitochondria are the source of NMDA-induced ROS production

Cells loaded with different dyes were exposed to 100 um NMDA and 10 uMm glycine for all experiments. Aa—h,
confocal images taken from CM-H, DCFDA (green) and TMRE (red) double stained cells are shown at the indicated
time points after NMDA treatment for both the soma (a, b, c and d) and neurites (e, f, g and h). TMRE fluorescence
is used to show mitochondrial location. Merged images demonstrate that the pattern of the CM-H,DCFDA signal
after NMDA treatment colocalizes with mitochondria. Note that the spots in the CM-H; DCFDA signal that showed
up after NMDA treatment in neurites (arrows) colocalize with the TMRE signal, whereas spots already present
before the NMDA treatment (arrowheads) do not have TMRE staining. i~/, fluorescence images from neurons
double stained with both CM-H,DCFDA (green) and LysoTracker Red (red). Merged image shows that these
two signals are not colocalized with each other. N, nucleus. Scale bar: 10 um. B, time courses of CM-H,DCFDA
fluorescence from somatic mitochondria (m), cytosol (@) and nucleus (A). C, representative trace of mitochondrial
signal from a single cell. D, effect of NMDA on cytosolic CM-H,DCFDA fluorescence (m) and BCECF fluorescence
(®). Traces are normalized in the same way as Fig. 1B. Data represent the mean =+ s.e.m. of 30-40 cells in each

experiment.
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that these cytosolic pathways did not play a major role
in the NMDA-induced ROS generation.

As a comparison, the contribution of the mitochondrial
pathway to this ROS generation was also tested. Studies
have shown that inhibiting complexI with rotenone
decreases mitochondrial ROS in living cells (Becker et al.
1999; Carriedo et al. 2000; Hongpaisan et al. 2004). In our
study, we used rotenone (1 um and 10 um) together with
complex V inhibitor oligomycin (5 um), which is used
to limit AW,, depolarization induced by rotenone and
to prevent ATP depletion caused by the reverse mode of
ATP synthase (Nicholls & Budd, 2000; Hongpaisan et al.
2004). This was confirmed by monitoring AW, in the
neurons treated with rotenone (10 um) in the presence
or absence of oligomycin. A significant drop of AW,

A 25 min

0 min

Control

AACOCF3

Allopurinol

Rot (10 uM)
fOligo
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was observed in the neurons without oligomycin
pretreatment, as indicated by a loss of about 40% of TMRE
fluorescence within 15 min. However, in the presence of
oligomycin, rotenone only caused a minor depolarization
(10% decrease in TMRE fluorescence, data not shown).
Then ROS generation in neurons pretreated with
rotenone and oligomycin was measured and a rotenone
concentration-dependent inhibition of NMDA-induced
ROS generation was observed. Rotenoneat 1 M produced
a 55.7 £ 8.6% inhibition (n =61, P < 0.001) and 10 um
rotenone produced an 87.1 & 11.3% inhibition (n = 30,
P <0.0001) of ROS generation (Fig.3C). These results
suggest that mitochondria are the major sites of ROS
generation during the early stage of acute glutamate
excitotoxicity.
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Figure 3. Contribution of cytosolic and mitochondrial pathways to ROS generation induced by NMDA

in cultured striatal neurons

A, DHE fluorescence images from individual neurons are shown at the indicated time points after exposure to
100 um NMDA and 10 uM glycine either with no pretreatment (first row), or pretreated with: 50 um AACOCF3
(second row), 20 um allopurinol (third row) or 10 um rotenone and 5 um oligomycin (fourth row). N, nucleus.
Scale bar: 10 um. B, time courses of NMDA-induced DHE fluorescence changes in the presence of inhibitors of
the cytosolic ROS generation pathways. Neurons were either with no pretreatment (control, m), or pretreated with
AACOCF3 (a) orallopurinol (@). Data represent the mean = s.e.m. of 37-43 cells. C, time courses of NMDA-induced
DHE fluorescence changes in the presence of inhibitors of the mitochondrial respiratory chain. Neurons were either
with no pretreatment (control, m), or pretreated with 1 um () or 10 um (@) rotenone with 5 um oligomycin. Data

represent the mean =+ s.e.M. of 30-61 cells.
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NMDA-induced mitochondrial ROS generation
is Ca?t-dependent

Ca** plays a critical role in the excitotoxic cascade, because
either removing Ca*" from extracellular medium (Choi,
1987) or preventing Ca*" from entering mitochondria by
uncouplers (Stout et al. 1998) protects neurons against
excitotoxic injury. To test the possible role of Ca’* in the
regulation of mitochondrial ROS generation, we measured
ROS generation under these two conditions. An external
buffer containing low (5 um) Ca** was used to reduce

Y. Duan and others

J Physiol 585.3

Ca** influx through NMDA receptors. Also, and 1 um
FCCP was co-administrated with NMDA to depolarize
mitochondria and therefore prevent mitochondrial Ca**
uptake in normal Ca** buffer (2 mm).

The difference in NMDA-induced Ca?* influxes was
first examined in the conditions of normal Ca’t, low
Ca** and normal Ca?* plus FCCP. In normal Ca®t
buffer, cells exhibited an abrupt increase in [Ca*"]; after
NMDA treatment, as monitored by the Ca’"-sensitive
dye, fura-2 AM. In many cells, a secondary increase in
[Ca?*]; was observed within 30 min of NMDA addition,
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Figure 4. The mitochondrial ROS increase is Ca?*-dependent

A, NMDA-induced increase in intracellular Ca2* was measured with either fura-2 AM (a—d) or fura-2FF AM (e and
f). Neurons were treated with 100 um NMDA and 10 um glycine (indicated by arrows) in the presence of either
2mm (a) or 5 um extracellular CaZt (b), or with coadministration of 1 um FCCP in 2 mm Ca%t buffer (c). Each
trace represents the fluorescence change from a single neuron. A typical trace from each condition is shown in
the last panel for a clear presentation (d). NMDA-induced Ca?* influx was also measured using the low affinity
indicator fura-2FF AM (e and f) in the same conditions as in a and c, respectively, to rule out the possibility of dye
saturation. B and C, ROS generation was measured by CM-H, DCFDA using the same experimental conditions as in
A. Fluorescence images (B) from cells double stained with CM-H,; DCFDA (green) and TMRE (red, before NMDA and
FCCP applications) and time courses of mitochondrial CM-H;DCFDA fluorescence (C) are shown to demonstrate
that localized mitochondrial ROS generation occurs only in the 2 mm Ca?* buffer (m), but not in the 5 um Ca®*+
buffer (@), or in the presence of FCCP (). Data represent mean =+ s.e.M. of 30-39 cells. N, nucleus. Scale bar:

10 um.
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which may correspond to DCD (Fig. 4Aa). In experiments
using low Ca’" buffer, the NMDA-induced [Ca®*];
increase was almost completely abolished (Fig. 4Ab). In the
presence of FCCP, the increase in [Ca*"]; was higher,
which was expected due to the absence of mitochondrial
Ca?* uptake (Fig.4Ac). More importantly, none of the
cells had the secondary Ca’" increase in this condition,
indicating that DCD may be due to the release of
mitochondrial Ca’* content, which is consistent with our
previous study (Alano et al. 2002). To clearly illustrate the
difference in the increases of [Ca?*]; under these three
conditions, a typical cell response from each condition
is shown in Fig. 4Ad. To rule out the possibility that the
lack of secondary Ca’' increases in FCCP-treated cells
was due to saturation of fura-2 AM (K4 =224 nM), we
also used another low-affinity Ca®*-sensitive indicator,
fura-2FF AM (K4 =25 um). However, there was no
secondary Ca’" increase observed in FCCP-treated cells,
as with fura-2 AM, except the average signal level for
the NMDA-evoked Ca** influx was lower in magnitude
(Fig. 4Ae and f).

When ROS generation was measured in the same
conditions, the mitochondrial pattern of the DCFDA
signal, which was shown when using the normal Ca**
buffer, was totally abolished in cells kept in the low Ca**
buffer (Fig.4B). A lack of the localized pattern of ROS
increase was also found when FCCP was co-administered
with NMDA in normal Ca®* buffer (Fig. 4B and C). In
addition, the decrease of CM-H, DCFDA fluorescence was
also absent in the presence of the proton ionophore, FCCP,
consistent with the idea that the fluorescence decrease was
due to pH change.

To further test that Ca’" uptake into mitochondria is
required for ROS generation, we inhibited mitochondrial
Ca?* transport during NMDA application. Ruthenium
Red (RuR) is a well-known inhibitor of the mitochondrial
Ca’* uniporter. However, studies have shown that it can
also inhibit the Ca’* influx across the plasma membrane
(Duchen, 1992). Consistent with this observation, we
found that RuR produced a substantial suppression
on the NMDA-induced increase in [Ca’*]; (authors’
unpublished data). Therefore, we used another more
specific inhibitor of mitochondrial Ca?* uniporter, Ru360,
which is a membrane-permeable derivative of RuR.
Cells were treated with 10 um Ru360 for 30 min before
and throughout the experiments. The inhibition of
mitochondrial Ca** uptake by Ru360 was first confirmed
by measuring a FCCP-induced increase in [Ca®*]; after
NMDA receptor activation, a means of assessing the
mitochondrial pool of Ca’" (Budd & Nicholls, 1996).
In control cells, a direct application of FCCP (1 um)
induced a small increase in [Ca®"];, indicating a release
of basal mitochondrial Ca?* content due to loss of AW,
(Fig. 5Aa). When treated with NMDA, cells again showed
a robust cytosolic Ca®* increase, which was attenuated by
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adding 10 um MK801 2 min after NMDA treatment. After
ashortrecoverytime, addition of FCCP caused a secondary
increase in cytosolic Ca”*, which is much higher than the
FCCP-induced Ca** increase in control cells, indicating
a substantial Ca’>" uptake by mitochondria following
NMDA receptor activation (Fig. 5Ab). In Ru360-treated
cells, the levels of NMDA-induced Ca’t influxes are
higher than the non-treated cells (Fig.5Ab and ¢, the
first 4 min; and Fig. 5B, 2.5min), which is similar to
the FCCP-treated cells in Fig.4A (a and ¢, the first
5 min). However, the FCCP-induced mitochondrial Ca?*
release was significantly diminished when compared to
the non-treated cells (Fig. 5Ab and ¢, after 7 min; and
Fig. 5B, 10 min). The statistical analysis of the Ca*"
level at the different time points in these conditions
are plotted in Fig.5B (n=24-35, **P < 0.001). These
data suggest that Ru360 efficiently inhibits mitochondrial
Ca?* uptake, while having no effect on cytosolic Ca**
influx. When ROS generation was measured by DHE,
Ru360 also produced a significant inhibition (59.1 = 5.6%
decrease in fluorescence, n = 35, P < 0.001) compared to
control (Fig. 5C, n = 33). These data suggest that not only
extracellular influx, but also mitochondrial uptake of Ca**,
is required for ROS production.

Ca?*-dependency of NMDA-induced PARP-1
activation and DNA damage

Since PARP-1 activation is another required event for
NMDA-induced neuronal death due to its mediation of
the translocation of AIF from the mitochondria to the
nucleus (Yu et al. 2002), a link between mitochondrial
Ca’* uptake and PARP-1 activation has to exist to connect
these two pathways in a unified mechanism. To confirm
this point, we next investigated whether PARP-1 activation
is also Ca’"-dependent. Cells were treated with NMDA
for 15min in either 2mm Ca** buffer or 5um Ca?*
buffer. PARP-1 activation was then examined after NMDA
treatment by immunoblot to detect the formation of
poly(ADP-ribose) (PAR) polymer, a product of PARP-1
activation. Control cells had a low basal PARP-1 activity
(Fig. 6A, first lane). After cells were treated with 100
and 300 um NMDA in 2 mMm Ca** buffer, we detected a
dramatic concentration-dependent stimulation of PARP-1
activation (Fig.6A, second and third lane). However,
no increase in PARP-1 activation was observed in 5 um
Ca?* bulffer for either concentration of NMDA treatment
(Fig. 6A, fourth and fifth lane). To further examine
whether the stimulation of PARP-1 activation requires the
entry of Ca*" into mitochondria, neurons were pretreated
with Ru360. As shown in Fig. 6B (fourth lane), Ru360
caused a strong inhibition of PARP-1 activation. These
data suggest that PARP-1 activation is a downstream event
of mitochondrial Ca®* uptake.
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However, the signal to activate PARP-1 from
mitochondria is still unclear. Since damage to DNA
is the cause of PARP-1 activation, the NMDA-induced
mitochondrial ROS generation, which could lead to DNA
damage and is mitochondrial Ca’"-dependent, stands
out as an excellent candidate. To explore this possibility,
we first examined the Ca*"-dependency of DNA lesions
in NMDA-treated neurons. DNA strand breaks were
evaluated by comet assay, which separates damaged DNA
from intact DNA. DAPI was used to stain the DNA
content of the cells. After electrophoresis, control cells
showed bright circular staining indicating intact DNA
(Fig. 6C, n=143). When neurons were treated with
100 um NMDA for 15 min, we observed obvious comet
tails from almost all the cells, representing a significant
fraction of damaged DNA (n = 154). Again, Ru360 was
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used to block mitochondrial Ca** uptake during NMDA
stimulation, and NMDA-induced comet tails were greatly
attenuated in these cells (n=289). Statistical data are
shown in Fig. 6D. Tail moment, which represents both
DNA percentage in the tail and the length of the tail,
was used as the parameter to evaluate the level of DNA
damage. NMDA-induced DNA damage is about 9 times
over the non-treated control (**P < 0.01), and reduced to
1.7 times in the Ru360-pretreated cells.

Antioxidants prevent both NMDA-induced
DNA damage and PARP-1 activation

To further test the possibility of mitochondrial
ROS increase as the signal to activate PARP-1, the
effects of different antioxidants on inhibiting both
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Figure 5. Blocking mitochondrial Ca2™ uptake by Ru360 inhibits ROS generation

A, FCCP-induced increase in cytosolic Ca?t after NMDA treatment was measured by fura-2 AM. a, control cells
were treated only with FCCP (1 M) to release a basal mitochondrial Ca?* content. b and c, cells were treated with
100 uM NMDA and 10 um glycine in the absence (b) or presence (c) of 10 um Ru630. The NMDA receptor blocker
MK801 (10 um) and FCCP were then added at 2 and 6 min after NMDA application to inhibit extracellular Ca2*
influx and release mitochondrial Ca2*, respectively. The FCCP-induced secondary Ca?* increase was significantly
attenuated in the presence of Ru360. B, the statistical analysis of the CaZ* level at four different time points, 0,
2.5, 7 and 10 min, that correspond to the four different states of the experiments in A, baseline, after NMDA, after
MK801 and after FCCP, respectively. Data are normalized to the fluorescence at time 0. n = 24-35, **P < 0.001.
C, effect of Ru360 on the NMDA-induced ROS generation. Time courses of DHE fluorescence are shown in the
absence (m) or presence (®) of Ru630. Data represent mean =+ s.e.M. of 33 and 35 cells.
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DNA damage and PARP-1 activation were tested
next. Two superoxide dismutase (SOD) mimics,
Mn(II)tetrakis(4-benzoic acid)porphyrin (MnTBAP)
and Mn(III)tetrakis(N-ethylpyridinium-2yl)porphyrin
(MnTE-2-PyP), as well as a cell membrane-permeable
form of glutathione, glutathione ethyl ester (GSHee), were
used. The ability to scavenge ROS was first confirmed
for these drugs. Cells were pretreated with either 200 um
MnTBAP, 20 um MnTE-2-PyP or 1mm GSHee for
30 min, and then left in the drug-containing buffers
during experiments. ROS generation was measured by
DHE. As shown in Fig.7A, all three drugs produced
strong inhibition of NMDA-induced mitochondrial ROS
generation (n=30-47). Since MnTE-2-PyP is a very
potent antioxidant, the NMDA-induced cell swelling
actually caused a slow decrease of DHE fluorescence due
to the dilution of the dye in MnTE-2-PyP-pretreated cells.
NMDA-induced Ca*" influxes were also examined under
the same conditions to exclude the possibility that the
attenuation of ROS increase by antioxidants was due to the
blockage of NMDA receptors. No significant difference
was observed between control and antioxidant-treated
cells (see online Supplemental Fig. 1). Next, DNA damage
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was measured by comet assay to determine whether it
still occurs in the absence of ROS increase. Again, NMDA
induced long bright comet tails in about 90% of cells,
and the comet tails were almost completely inhibited by
all three antioxidants with slightly different efficiency
(Fig. 7Band C, n = 130-175). Lastly, we examined PARP-1
activation after NMDA stimulation in the presence of
these antioxidants. Consistent with the ROS measurement
and comet assay data, PARP-1 activation was inhibited
by all three antioxidants (Fig.7D). These data strongly
suggest that the NMDA-induced mitochondrial ROS
generation is the signal to activate PARP-1 via induction of
DNA damage. Since evidence has suggested that PARP-1
activation is also NO dependent, as NMDA-induced PAR
polymer formation is inhibited in the cell cultures from
nNOS knockout mice (Wang et al. 2004), we tested the
ability of N“-nitro-L-arginine methyl ester (L-NAME), a
NOS inhibitor, to inhibit PARP-1 activation. Consistent
with the previous finding, L-NAME (500 um) produced
a strong inhibition of PARP-1 activation as well (Fig. 7E,
n = 3). ROS generation was also measured in the presence
or absence of L-NAME, but no significant difference
was observed between these two conditions (Fig.7F,
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Figure 6. NMDA-induced PARP activation and DNA damage is also Ca?2*-dependent

A and B, PARP-1 activation assayed by immunoblot using an antibody against the PAR polymer. Cells were exposed
to the indicated concentrations of NMDA for 15 min in 2 mm or 5 um Ca%* buffer and then subjected to immuno-
blot assay. A significant concentration-dependent PARP-1 activation was detected in the 2 mm Ca2* buffer, but not
inthe 5 um Ca?t buffer (A) or in the presence of Ru360 (B). Immunoblot for GAPDH was used as a loading control.
These experiments were repeated at least three times with similar results. C and D, DNA damage was evaluated
by comet assay with or without the pretreatment of Ru360. Representative fluorescence images of comet assays
(C) and quantitative analysis of tail moment (D) show that comet tails, caused by NMDA treatment, were strongly
attenuated by Ru360. **P < 0.01. Data represent mean = s.e.m. of 143-289 cells.
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n=125-53), suggesting that the inhibition of PARP-1
activation was not due to L-NAME causing any reduction
of ROS generation. The requirements for both ROS and
NO indicate that ONOO™ may play a more prominent role
in inducing PARP-1 activation.
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Discussion

In the current study, we provided novel findings on
several points. Firstly, the data from CM-H,DCFDA
images and rotenone inhibition showed direct evidence
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Figure 7. Antioxidants inhibit NMDA-induced ROS generation, DNA damage and PARP-1 activation

A, neurons were exposed to 100 um NMDA and 10 um glycine, and ROS generation was measured by DHE either
with no pretreatment (m), or pretreated with: 200 uM MnTBAP (@), 20 um MnTE-2-PyP (A), or 1 mm GSHee (x). All
three antioxidants exhibit strong inhibition of the NMDA-induced ROS generation. Data represent mean = S.E.M.
of 30-47 cells. B and C, DNA damage was measured by comet assay under the conditions of: (1) no treatment,
(2) NMDA, (3) NMDA with MnTBAP, (4) NMDA with MnTE-2-PyP, and (5) NMDA with GSHee. Representative
fluorescence images (B) and quantitative analysis (C) show that all antioxidants effectively eliminated the comet
tails induced by NMDA. *P < 0.05, **P < 0.01. Data represent mean =+ s.e.m. of 130-175 cells. D and £, PARP-1
activation induced by NMDA is inhibited by all three antioxidants (D), which is consistent with the observations
from A and B, or by L-NAME (E). GAPDH was used as a loading control. These experiments were repeated at least
two times with similar results. F, effect of .-NAME on the NMDA-induced ROS generation. Time courses of DHE
fluorescence are shown in the absence (®) or presence (a) of L-NAME. Data represent mean = s.e.m. of 25 and

53 cells.
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both visually and pharmacologically that ROS generation
induced by NMDA receptor activation was mainly from
mitochondria during the early stage of acute glutamate
excitotoxicity. Secondly, inhibiting the Ca®* uniporter
by Ru360, compared to FCCP-induced depolarization,
blocked mitochondrial Ca** uptake in a cleaner way, in
which both AW, and ATP levels are maintained, and the
results showed that mitochondrial Ca** uptake is required
for NMDA-induced mitochondrial ROS generation.
Finally and more importantly, our study demonstrated
that this mitochondrial ROS generation served as a signal
to activate PARP-1, thus linking mitochondrial Ca®*
uptake and PARP-1 activation as required components
in a unified mechanism for excitotoxic neuronal
death.

Since every fluorescent indicator currently available for
ROS detection has its limitations, in this study we used the
two most common dyes, DHE and CM-H,DCFDA. DHE
provides better temporal resolution of the initiation of the
NMDA-induced ROS generation, whereas CM-H, DCFDA
provides superior spatial distribution of ROS generation.
We noticed that the rates of ROS generation decreased at
the end of both DHE and CM-H,DCFDA time courses.
This may reflect a certain level of dye saturation, since
we observed a continuously increasing fluorescence when
we left DHE in the experimental buffer. However, the
kinetic results for the pharmacological manipulations of
ROS generation are essentially the same as those we
obtained in the dye-washing experiments (Supplemental
Fig.2). Although CM-H,DCFDA has other drawbacks
such as pH effect, we were still able to see the localized
fluorescence increase, which is consistent with previous
reports (Reynolds & Hastings, 1995). When we measured
the NMDA-induced pH change using BCECFE, which is also
able to accumulate into mitochondria (Ruiz-Meana et al.
2003; Costa et al. 2006), there was no punctate increase
in the BCECF signal. This indicates that the increase
in CM-H,DCFDA fluorescence was not due to localized
pH change. However, the NMDA-induced cytosolic
acidification caused an overall decrease in CM-H, DCFDA
fluorescence in the first 5-10 min after NMDA treatment
(Fig. 2D; also see Reynolds & Hastings, 1995). This
effect counteracted the ROS-induced CM-H,DCFDA
fluorescence increase. For instance, the CM-H,DCFDA
fluorescence from a single cell in Fig. 2C shows a biphasic
feature with a transient decrease (due to the rapid
pH change) followed by a gradual increase. Due to
the variations in the magnitude and time course of
response in individual cells and in subcellular regions,
the averaged time courses of CM-H,DCFDA fluorescence
from somatic mitochondria (Fig. 2B, squares) showed a
few minutes delay in the increase when compared to
DHE data. Nevertheless, the data from either DHE or
CM-H,DCFDA measurement cannot directly determine
whether the increased fluorescence was due to an increased
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ROS production or a decreased antioxidant protection.
However, this question can be clarified indirectly by the
inhibitory effect of rotenone.

The morphological similarity of the localized
CM-H,DCFDA pattern to the TMRE staining directly
linked the sources of ROS generation to mitochondria.
Although the overlay at the two different time points was
not 100% in the soma due to mitochondrial dynamics,
comparing these two signals from single mitochondria
in neurites reveals an exact overlapping pattern, strongly
suggesting that the NMDA-induced ROS generation
is from mitochondria. Interestingly, mitochondria in
the neurites showed a higher degree of heterogeneity
in CM-H,DCFDA responses. This may be in part due
to some sick mitochondria, which are in transit back
to the soma for repair or regeneration; in part due to
more heterogeneous mitochondrial Ca’t uptake as a
result of more localized NMDA receptor-mediated Ca*"
microdomains; and in part due to some mitochondria
being more likely to undergo the opening of permeability
transition pores, even during physiological activities.

The mitochondrial origins of NMDA-induced ROS
production are also supported by the results that both
inhibition of the mitochondrial electron transport chain
(ETC) by rotenone and blockage of mitochondrial Ca**
uptake by FCCP or Ru360 was able to efficiently inhibit
this ROS generation. Furthermore, the inhibition of ROS
increase by rotenone indicates that ROS are generated
directly from the mitochondrial ETC. Rotenone acts to
block electron transfers through complex I to ubiquinone.
Hence, it also indicates that the ROS-generating site may
be downstream of the ETC. This is relevant because
complex IIT is a source of O, (Boveris et al. 1976;
Cadenas et al. 1977; Muller et al. 2004). Complex I may
not produce much ROS in our conditions, although it has
been suggested as a ROS-generating site when inhibited
in other studies (Kushnareva et al. 2002; Votyakova
& Reynolds, 2005). However, extra caution should be
taken when using inhibitors of complexes as they may
produce different results with ROS production under
different conditions, including different mitochondrial
preparations (isolated mitochondria versus mitochondria
in intact cells), mitochondria from different tissues,
different pharmacological combinations (rotenone with or
without oligomycin), or utilization of different respiratory
substrates. Moreover, although mitochondria did not
depolarize significantly during rotenone pretreatment in
our study, we cannot exclude the possibility that the
rotenone-inhibited mitochondria more easily lose their
membrane potential after NMDA challenge. The loss
of mitochondrial membrane potential would lead to a
decreased mitochondrial Ca** uptake and thus contribute
to the rotenone-mediated ROS decrease.

Our data suggest that cytosolic pathways may not
play a major role in ROS generation in cultured striatal
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neurons. Although PLA,-mediated metabolism of AA
could produce ROS during glutamate excitotoxicity due
to the Ca®* dependence of PLA,, inhibition of PLA, with
4-(4-octadecyl)-4-oxobenzene-butanoic acid (OOBB)
only produced limited protection against glutamate-
induced neuronal death (Ciani et al. 1996). Consistent
with this observation, PLA, inhibitor only caused a
partial decrease in the early rate, but not the amplitude
of the ROS generation in our study. Moreover, PLA,; is
activated by Ca** at concentrations below micromolar
(Six & Dennis, 2000). However, a detailed study of the
relationship of glutamate-induced ROS production and
DCD has shown that the increase in ROS production
only started after DCD (Vesce et al. 2004). This raises
the question of why ROS generation, if mediated by
PLA,, is not stimulated by the glutamate-induced
initial [Ca*"]; increase, which can be up to micromolar,
that is, within the range of concentration that would
activate PLA, (White & Reynolds, 1997; Alano et al.
2002). Inhibition of another cytosolic ROS-generating
pathway, the X/XO system, had almost no effect on
ROS generation, which is also consistent with Ciani’s
study that the XO inhibitor, allopurinol, produced
no protection against excitotoxic neuronal death. In
addition, it is known that NOS, when activated with
a low concentration of the substrate L-arginine can
produce O, (Porasuphatana et al. 2003). However, the
contribution of NOS-produced O, to NMDA-induced
ROS production seems minor, if any, since both the general
NOS inhibitor, .-NAME, and a nNOS-specific inhibitor
(4S)-N-(4-amino-5[aminoethyl]aminopentyl)-N'-nitro-
guanidine (50 uMm, authors’ unpublished data), failed to
significantly change the ROS generation in our study.
Recent studies have shown that another O, ~-producing
enzyme, NADPH oxidase is also up-regulated in ischaemic
brain (Vallet et al. 2005) and involved in ROS production
(Abramov et al. 2007). However, this enzyme is unlikely
to contribute to ROS production in the experimental
settings of the present study, since according to Abramov’s
study, NADPH oxidase produced ROS after about 40 min,
the time when the experiments in the present study were
almost completed.

Our results showed that mitochondrial ROS generation
is Ca’*-dependent. Moreover, the inhibition of this ROS
generation by FCCP and Ru360 indicates that Ca** has
to be taken up into mitochondria to stimulate ROS
production. This is consistent with the central role
that mitochondrial Ca’>" plays in excitotoxicity (Krieger
& Duchen, 2002; Nicholls, 2004). Although the Ca®*
influx through the uniporter contributes to the majority
of mitochondrial Ca®* uptake, two other Ca*" uptake
mechanisms have been identified: RaM (Sparagna et al.
1995) and the ryanodine receptor (Beutner et al. 2001;
Beutner et al. 2005), which account for fast Ca®* uptakes.
This could partially explain why Ru360, which specifically
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blocks the uniporter, only inhibited about 60% of the ROS
increase (Fig. 6B). Interestingly, Ru360 almost completely
inhibited NMDA-induced DNA damage and PARP-1
activation in our study. One possible explanation is that
there may be a threshold for ROS. Above this threshold,
ROS will induce all the damaging events and lead to cell
death, but below this threshold, the ROS-induced damage
may be minor. In other words, cells are able to handle a
certain level of ROS, probably by the antioxidant system.
Indeed cells need some ROS as signalling molecules under
physiological conditions (Droge, 2002; Poli et al. 2004).
In NMDA-treated cells, the ROS levels rise much higher
than the threshold and therefore trigger those cell death
events. Although Ru360 does not completely inhibit the
ROS generation, it could bring the ROS levels below the
threshold and therefore, we do not see much increase of
the damaging effects.

Although our data showed that the ROS increase
requires Ca’" entry into mitochondria, the exact
mechanism by which Ca’* stimulates ROS production
inside mitochondria is still unclear. Several possible
mechanisms have been proposed previously (for review,
see Brookes et al. 2004). For instance, mitochondrial
Ca’* overload may lead to the inhibition of respiratory
activity (Kushnareva et al. 2005), or the releases of
cytochrome ¢ from mitochondria via the Ca*"-induced
PTP (Newmeyer & Ferguson-Miller, 2003). Studies have
shown that a pathological level of Ca’>" can release as
much as 45% of the total releasable pool of cytochrome ¢
(Petrosillo et al. 2004). Decreased levels of cytochrome ¢
slow down the electron transfer from complexIIl to
complex IV and therefore enhances ROS generation at
the Q cycle. The cytochromec release-triggered O, ~
generation from mitochondria has been shown in both
intact cells and isolated mitochondria (Cai & Jones, 1998;
Kushnareva et al. 2002; Starkov et al. 2002). Actually,
even the dislocation of cytochrome ¢ from mitochondrial
inner membrane, which is the first step of the two-step
releasing process (Ott et al. 2002), would be enough to
disrupt the ETC and induce ROS generation. In other
words, ROS generation can occur even earlier than cyto-
chrome ¢ release from mitochondria. This may explain
the temporal discrepancy between ROS generation and
cytochrome ¢ release, which is usually considered as a
delayed event. Moreover, this effect may be enhanced by
the activation of several Ca®*-sensitive dehydrogenases in
the TCA cycle, which results in an increased production
of substrates and thus more electron supply to the ETC
(Hajnoczky et al. 1995; Duchen, 2000). This, together
with the release of cytochrome ¢, synergistic increases the
probability of reduced states of the chain components,
and therefore the probability of electron leak to O,.
Another possibility is Ca’*-induced production of NO or
its derivatives, suchas ONOO™ and S-nitrosothiols (SNO),
causing inhibitions of complex I and IV activities due
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to S-nitrosation of certain complex subunits (Stewart &
Heales, 2003; Brown & Borutaite, 2004; Zhang et al. 2005).
However, since NOS inhibitors had little effect on ROS
generation in our study, this possibility is unlikely to be the
case.

Our study also showed that mitochondrial Ca’* uptake
is required for PARP-1 activation. This novel finding is
important because it suggests that PARP-1 activation is
a downstream event of mitochondrial Ca’* overload.
The inhibition of both DNA strand breaks and PARP-1
activation by antioxidants indicates that mitochondrial
ROS generation is a signal to activate PARP-1 via DNA
damage. As the major reactive oxygen species produced
from the ETC, O, ~ will be converted to H,O, by SOD.
O, can also react with NO, which has been shown to
be produced in glutamate excitotoxicity (Stout et al. 1998;
Urushitani et al. 1998), to generate ONOO™. Both H,0,
and ONOO™ could produce more severe DNA damage
than O, because of the poor membrane permeability and
low intrinsically reactivity of O, ~. Although our results
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did not directly show which species is more responsible
for causing the DNA lesion, it seems that ONOO~
is more relevant for the following reasons. Firstly, the
SOD mimics, which enhance the dismutation of O, ™ to
H,0,, produced strong inhibition of DNA damage. This
indicates that H,O, may not induce much DNA damage
in our conditions. Secondly, PARP-1 activation during
NMDA excitotoxicity was also significantly inhibited by
L-NAME, consistent with previous findings from an nNOS
knockout mice study (Wang et al. 2004), indicating
that NO is also critical for PARP-1 activation. This
suggests that ONOO™ may be the key signal for PARP-1
activation.

In conclusion, the

present observations link

mitochondrial Ca?* overload and nuclear PARP-1
activation as a unified mechanism for excitotoxic
neuronal death. This is summarized in Fig. 8. In this
scheme, the Ca’*-mediated mitochondrial ROS work
along with NO for PARP-1 activation during the
progression of excitotoxicity.

Nucleus

&N =

9 L
PARP-1|4— =1y @ =
3

el Call Death ersereemrervemmmen i g ;

Figure 8. Diagram of the excitotoxic cascade showing mitochondrial ROS generation as the link between
mitochondrial Ca?* uptake and PARP-1 activation in excitotoxicity

Under pathological conditions, the massively activated NMDA receptors cause a strong increase in the cytosolic
Ca?* level, which is then taken up by mitochondria. The mitochondrial Ca2* overload leads to a loss of AW, and
an explosion of O~ generation, probably through the opening of PTP and the subsequent release of cytochrome c.
The elevated cytosolic Ca2* also activates nNNOS and increases NO production. ONOO™ is formed from the reaction
of Oz~ with NO, and then diffuses into the nucleus to cause DNA damage. In response to this DNA damage, PARP-1
is activated, which results in excessive production of PAR polymers and depletion of NAD™. The activation of PARP-1
further induces AIF translocation from the mitochondria to the nucleus, which causes DNA fragmentation. The
mechanism for the PARP-1 activation-dependent AIF translocation is still not fully understood, both the depletion
of NAD™ and the accumulation of PAR polymer could be the hypothetic signal (Alano et al. 2004; Yu et al. 2006).
Finally, the profound DNA damage in combination with the energy failure caused by mitochondrial dysfunction
and NAD™ depletion leads to cell death. NAD™, nicotinamide adenine dinucleotide.
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