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CELLULAR AND MITOCHONDRIAL CHANGES IN GLUTAMATE-INDUCED
HT4 NEURONAL CELL DEATH
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Abstract—Elevated levels of extracellular glutamate are neurotoxic. The cytotoxic property of extracellular glutamate is known to
mediate two primary mechanisms, excitotoxicity and excitotoxicity-independent processes. The excitotoxicity-independent path-
way was investigated in the current study in a mouse hippocampal-derived HT4 cell line. Exposure of HT4 cells to glutamate for
12 h induced loss of cell viability preceded by rapid loss of intracellular reduced glutathione followed by accumulation of
intracellular reactive oxygen species, elevation of intracellulat* Cprogressive loss of mitochondrial membrane potential

swelling and loss of mitochondrial outer membrane integrity.

Glutamate-induced loss of DNA integrity has been detected. The

antioxidantsa-tocopherol and trolox, mitochondrial calcium uniporter inhibitor Ruthenium Red and protein synthesis inhibitor
cycloheximide all showed protection against glutamate-induced toxicity. None of the protective agents exeeptégpherol
controlled the glutamate-induced reactive oxygen species build-up. However, these cell death regulators prevented the glutamate-
induced mitochondrial damage and regulated glutamate-induced increase in intracelRilaC@donyl cyanide p-trifluoro-
methoxyphenyl-hydrazone, a mitochondrial uncoupler, partially protected against glutamate-induced cell death and mitochondrial
damage, while the mitochondrial ribosomal inhibitor chloramphenicol and extracellufdr c@&lator ethylene glycol-big¢
aminoethyl etherN,N,N’,N'-tetraacetic acid did not protect the cells against glutamate treatment.

The results of this study demonstrated that mitochondrial dysfunction was a key event in the excitotoxicity-independent
component of neuronal cell death. Reactive oxygen species accumulation and glutathione depletion were prominent in gluta-
mate-treated cells; however, these events were not direct mediators of cell@ea0 IBRO. Published by Elsevier Science Ltd.
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Glutamate functions as a major excitatory neurotransmitter in role in glutamate-induced excitotoxicity-independent cell
the brain. Elevated levels of extracellular glutamate, however, death. However, cycloheximide, a protein synthesis inhibitor

are neurotoxié® The cytotoxic property of extracellular

glutamate is known to be mediated by two primary mech-
anisms, excitotoxicity and excitotoxicity-independent pro-
cesse$:1046 Oxidative stress is thought to play a role in the
excitotoxicity-independent pathway of glutamate-induced

which inhibits the toxic effect of glutamate, does not block the
decrease in cellular glutathione content; therefore, the exact
nature of the death mechanisms remains largely unknéwn.
Mitochondria play a central role in several pathways lead-
ing to neuronal cell death?®?! Apoptosis is associated with

cell death’® Several studies have attempted to characterize mitochondrial permeability transition (MPT) pore opening,

the excitotoxicity-independent events involved in glutamate-
induced deatf#19.27-29.31.324IA yariety of in vitro models

(e.g., HT4, HT22, PC12 and C6 cells), lacking a fully func-
tional excitoxicity pathway, have been used to specifically
study excitotoxicity-independent glutamate-induced cell
death!417:27-2932.3446These studies have consistently shown

loss of mitochondrial membrane potential (MMP), and
release of apoptogenic factors such as cytochrore the
cytosol 87222330 a study of HT22 neuronal cells investigat-
ing the excitotoxicity-independent path of glutamate-induced
cell death, a central role of mitochondria has been repdfted.
However, glutamate’s effect on the MMP and the organelle

that glutamate-induced death is preceded by loss of intra- structural integrity was not addressed. Although results
cellular glutathione and accumulation of intracellular reactive obtained in our laboratoty*°as well as other laboratori&'
oxygen species (ROS). In addition, it has been observed that aclearly show that glutamate-induced death of HT cells is pre-
wide variety of structurally unrelated antioxidants prevent ceded by elevation of intracellular ROS, there is no straight-
glutamate-induced death of these céll3+3* These data  forward evidence establishing a causative role of ROS in the
have led to the hypothesis that oxidative stress plays a centraldeath pathway. In addition to that, the temporal loss of the
MMP and the mitochondrial structural changes underlying
such mitochondrial dysfunction, had not yet been described
in excitoxicity-independent glutamate-induced cytotoxicity.
The objective of the current study was to develop an under-
standing of the intracellular events involved in glutamate-
induced death of HT4 cells with emphasis on elucidating
the putative role of mitochondria and ROS.
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Abbreviations: AM, acetomethoxyl; [C&;, intracellular free calcium
ions; CsA, cyclosporin A; DCF, dichlorofluorescein; EGTA, ethylene
glycol-bis@@-aminoethyl etherN,N,N’,N’-tetraacetic acid; FCCP, carbo-
nyl cyanide p-trifluoromethoxyphenyl-hydrazone; GSH, reduced
glutathione; HDCF-DA, dichlorodihydrofluorescein diacetate; HPLC,
high-performance liquid chromatography; JC-1, %% -tetrachloro-
1,1,3,3-tetraethylbenzimidazolcarbocyanine iodide; MMP, mitochon-
drial membrane potential; MPT, mitochondrial permeability transition;
PBS, phosphate-buffered saline; ROS, reactive oxygen species.

EXPERIMENTAL PROCEDURES

Materials

Sources were as followsL-Glutamic acid monosodium salt,
cycloheximide, chloramphenicol, Ruthenium Red, carbonyl cyanide
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p-trifluoromethoxyphenyl-hydrazone (FCCP), cytochromepotas-
sium cyanide, sodium succinate, EGTA, cylosporin A (CsA) (Sigma,
St Louis, MO, U.S.A.)d-a-tocopherol 98% (Henkel Corporation, La
Grange, IL, U.S.A)); trolox (Aldrich, Milwaukee, WI, U.S.A.), high
glucose containing Dulbecco’'s modified Eagles medium (Gibco,
Gaithersburg, MD, U.S.A)); fetal calf serum, penicillin and strepto-
mycin (University of California, San Francisco, CA, U.S.A)); tissue
culture dishes 10815 mn? (Becton Dickinson, Palo Alto, CA,
U.S.A)); and JC-1 dichlorodihydrofluorescein diacetate,DEF—
DA), propidium iodide, calcium green-1, AM (Molecular Probes,
Eugene, OR, U.S.A.). Material used for electron microscopy and
related sample preparation was from Ted Pella, Redding, CA, U.S.A)).

Cell culture

Mouse hippocampal HT4 cells, kindly provided by D.E. Koshland
Jr, University of California at Berkeley, were grown in Dulbecco’s
modified Eagles medium supplemented with 10% fetal calf serum,
penicillin (100 U/ml) and streptomycin (1Q0g/ml) at 37C in a humi-
dified atmosphere containing 95% air and 5% ,C8emi-confluent
cells were trypsinized and subcultivated 5 ml per culture dish at a
concentration of 6.8 10* cells per ml. Following 24 h of seeding,
the culture medium was replaced with fresh medium supplemented
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monocholoroacetic acid and scraped. All samples were immediately
frozen in liquid nitrogen and stored at80°C, until analysis by high-
performance liquid chromatography (HPLC). Immediately before the
assay, samples were thawed, vortexed and then centrifuged at 5,000
for 2min. The clear supernatant was removed and injected into
the HPLC system. HPLC-EC detection of intracellular reduced
glutathione (GSH) was performed using an ESA (Chelmsford, MA,
U.S.A.) coulometric detectdY.

Assessment of mitochondrial changes

Flow cytometry Determination of mitochondrial membrane poten-
tial was carried out using the ratiometric dye JC-1. JC-1: a dual-
emission potential-sensitive probe. The green fluorescent (emission
at 529 nm) JC-1 (5/%,6-tetrachloro-1,4,3,3-tetraethylbenzimida-
zolylcarbocyanine iodide) exists as a monomer at low concentrations
or at low membrane potential. However, at higher concentrations
(aqueous solutions above QM) JC-1 forms red fluorescent
“J-aggregates” that exhibit a broad excitation spectrum and an emis-
sion maximum at-590 nm. Both components of the dye are known to
be sensitive to the mitochondrial membrane potential (MMP) and
changes in the ratio between green to red fluorescence can provide
information regarding the MM To stain cells with JC-1, % 10°

with serum and antibiotic as stated above. The cells were then exposedcells were resuspended in 0.5 ml of medium containing 10% fetal

to 10 mM glutamate according to a model of glutamate induced cyto-
toxicity that has been previously described for PC12 cells and HT22
cells 146

Cell viability

Cell viability was determined on the basis of lactate dehydrogenase
(LDH) leakage as described previouShPaccording to the formula of
viability = LDH activity of cells in monolayer/total LDH activity
(LDH activity of cells in monolayer- LDH activity of detached
cells+ LDH activity in the cell culture medium).

DNA integrity
HT4 cells were exposed to 10 mM glutamate for 12 h. Following the

treatment, both detached and cells in a monolayer were collected and

centrifuged (60@, 5 min). The pellet was resuspended in a solution
containing 50.g/ml propidium iodide, 0.1% (w/v) sodium citrate and
0.1% (v/v) Triton X-100. The permeabilized cells were kept in the dark
for 6 h at £4C and their DNA integrity was analysed using a flow
cytometer (XL, Coulter, FL). An argon-ion laser was used for excita-
tion at 488 nm and the emission was recorded at 57348 Data
were collected from at least 10,000 cells.

Intracellular reactive oxygen species

Intracellular ROS were detected usingdlCF—DA as described in
our earlier work!” Following different treatments, the cells were
washed three times with phosphate-buffered saline (PBS). Cells were
detached from the monolayer using trypsin, and centrifuged ¢600
5min). The cells were resuspended in PBS and incubated with
H,DCF-DA (25p.M) for 30 min at 3PC. For the detection of intra-
cellular fluorescence the fluorochrome-loaded cells were excited using
a 488-nm argon-ion laser in a flow cytometer (XL, Coulter, FL,
U.S.A)). The dichlorofluorescein (DCF) emission was recorded at
530 nm. Data were collected from at least 10,000 cells.

Determination of intracellular free calcium

Intracellular free calcium ions [C&]i was detected using aceto-
methoxyl (AM) ester of calcium green-1. Following different treat-

ments, cells were washed three times with PBS. Cells were detached

from monolayer using trypsin, and centrifuged () min). After

calf serum and incubated with 3@/ml of JC-1 for 15 min at room
temperature. The cell were then washed twice with ice-cold PBS and
analysed by flow cytometri?

Transmission electron microscog@ells in monolayer were washed
with PBS and harvested by trypsinization. The cells were fixed for 6 h
in a 2% v/v solution of glutaraldehyde in 0.1 M sodium cacodylate
buffer (pH. 7.2) and post-fixed in 1% osmium tetroxide in sodium
cacodylate buffer for 1 h. The samples were dehydrated in a series of
ethanol embedded in epon-araldite. Sections (60 nm) were cut using
MT 6000XL (RMC, Tucson, AZ, U.S.A.) and post-stained in 2% w/v
aqueous uranyl acetate and lead tartrate. The grids were examined
under a transmission electron microscope (100 SX; JEOL, Tokyo,
Japan) operating at 80 kV.

Mitochondrial outer membrane integrity assailigh-amplitude
mitochondrial swelling was suggested as a mechanism to disrupt the
outer mitochondrial membrane and to cause release of mitochondrial
pro-apoptogenic factors located in the mitochondrial intermembrane
space®® The accessibility of cytochrometo the inner mitochondrial
membrane was studied by modification of the method described by
Vander Heidenet al.®® In brief, succinate-dependent cytochrome
reduction was measured. Cells were treated with glutamate. Following
an appropriate time interval of treatment, cells in monolayer were
washed twice with PBS, gently scraped by a cell-lifter and centrifuged
(6009, 5 min). The cells were resuspended in hypotonic 50 mM phos-
phate buffer (pH 7.5) containing 0.2 mM of potassium cyanide to
inhibit cytochrome oxidase activity. Reduction of cytochromim the
presence of succinate as substrate for mitochondrial respiration was
followed spectrophotometrically at 550 nfThe final concentrations
of cytochromec and succinate in the reaction mixture were 0.5 mg/ml
and 20 mM, respectively. In the absence of exogenous succinate,
reduction of cytochrome in the assay system was negligible.

Statistics

Data are reported as mearS.D. of at least three experiments.
Comparisons between multiple groups were made by analysis of
variance (ANOVA).P < 0.05 was considered statistically significant.

RESULTS

another wash, the cells were resuspended in PBS and loaded withintracellular events in glutamate cytotoxicity

calcium green-1, AM (M) for 20 min at room temperature. For
the detection of intracellular fluorescence the fluorochrome-loaded
cells were excited using a 488-nm argon-ion laser in a flow cytometer
(XL, Coulter, FL, U.S.A.). The emission was recorded at 530 nm. Data
were collected from at least 10,000 cells.

Intracellular glutathione
HT4 cells were washed with ice-cold PBS, treated with 2% (w/v)

Exposure of HT4 cells to glutamate induced significant loss
of cell viability as measured by the release of LDH from the
cells to the culture medium (Fig. 1). On response to glutamate
treatment, cell, started to lose viability after 6 h. Over 90% of
cell death was observed following 12 h of treatment (loss of
cell viability tested by LDH leakage was confirmed by propi-
dium iodide exclusion test; not shown). High basal levels of
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cell viability (%)

time (h)

Fig. 1. Loss of cell viability following treatment with glutamate. HT4 cells

were treated with 10 mM glutamate for 2—-12 h and cell viability was

measured by lactate dehydrogenase leakage. Control (-) represents cells

cultured for 12 h with no glutamate treatment? % 0.05, lower than
control cells.

GSH were detected in HT4 cells. Exposing cells to elevated
level of extracellular glutamate resulted in rapid loss of intra-
cellular GSH. Approximately 50% and 80% of intracellular
GSH was depleted following 3 and 6 h of glutamate treat-
ment, respectively (Fig. 2A). Glutathione depletion was
followed by accumulation of intracellular ROS in glutamate-
treated cells. Elevated level of intracellular ROS, as deter-
mined by DCF fluorescence, was detected after 3h of
glutamate treatment. The intracellular ROS level peaked
after 6 h of treatment (Fig. 2B). After 8 h of glutamate treat-
ment, however, intracellular ROS levels declined. Elevation
of [Ca®"]; was observed in cells challenged with glutamate. In
glutamate-treated cells [€4; increased progressively as a
function of time (Fig. 2C).

Treatment of cells with glutamate for various durations
resulted in progressive loss of MMP (Table 1) as determined
by the ratiometric membrane potential-sensitive dye JC-1.
Glutamate treatment for up to 8 h did not induce a complete
obliteration of MMP. Treatment of cells with FCCP demon-
strated a further loss of MMP. To evaluate mitochondrial
damage and to determine whether mitochondrial outer mem-
brane integrity was disrupted following exposure to high levels
of glutamate, the accessibility of exogenous cytochromoghe
inner mitochondrial membrane was evaluated in permeabilized
cells. The rate of cytochrome reduction by succinate cyto-
chromec reductase of the inner mitochondria membrane was
studied. Cells exposed to glutamate for various time intervals
demonstrated a progressive increase in cytochoreduction

GSH nmol/mg protein

DCF fluorescence
(ambitrary units)

calcium green-1 fluorescence

o}

(arbitrary units)

time (h)
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rate, indicating disruption of the outer membrane. A marked Fig. 2. Kinetic of intracellular events in HT4 cells treated with glutamate.

increase in cytochromereduction was observed between 6 and (A) Reduced glutathione content of HT4 cells. GSH was extracted under
acidic conditions and analysed by HPLC-EC. Control (-) represents cells

s . . not treated with glutamate P*< 0.05, lower than control cells. (B) Intra-
Transmission electron microscographs illustrate the cejiuiar ROS production. Cells treated or not with glutamate were loaded
morphological changes in the cells and mitochondria in with an oxidation sensitive fluorescent probe, dichlorodihydrofluorescein

8 h of glutamate treatment (Fig. 3).

response to glutamate treatment for 8 h. In non-challengeddiacetate (HDCF-DA). Fluorescence of the oxidized product DCF was

control cells the mitochondria had a regular shape (Fig. 4A).
Glutamate treatment for 8 h resulted in substantial mito-

analysed using a flow cytometer?* 0.05, higher than control cells. (C)
Measurements of intracellular cytosolic free calcium. Cells treated or not
with glutamate were loaded with the cell-permeable calcium-sensitive

chondrial changes, which were observed before any typical probe calcium green-1, AM, and were analysed by flow cytometry.

apoptotic nuclear changes had appeared (Fig. 4B). Large and
optically less dense mitochondria with spare cristae were

*P < 0.05, higher than control cells.

noted in these cells, indicating swelling and mitochondrial Inhibition of the death pathway

degeneration. Discontinuity of the mitochondrial outer
membrane is illustrated (Fig. 4C).

Cell viability. The relative efficacy of selected antioxidants



534 O. Tiroshet al.

Table 1. Changes in mitochondrial membrane potential 0.04 — *
Treatment Mitochondriab ¥ in HT4 cells s 2
(relative to control) = 8 0.034
S ’
No glutamate 8 h (control) 10.09 'QU, o *
No glutamate 8 k- FCCP 0.22+ 0.04* =
Glutamate 3 h 0.83 0.04* o * 0.024
Glutamate 6 h 0.52 0.05* e =
Glutamate 8 h 0.32 0.02* 5 E
Glutamate 8 h+ FCCP 0.2£0.01t £ 3o0.014
Glutamate 12 h (dead cells) 0.320.002* g w
-
>
HT4 cells treated with glutamate were stained with the ratiometric dye JC-1 © 0
(10 wg/ml) in regular culture medium and the mitochodrial membrane | ] I |
potential was determined by flow cytometry using the ratio of FL2/FL1 - 3 6 8
fluorescence intensities. Open bars represent cells treated with FCCP time (h)
(0.5 M) 5 min before JC-1 staining.
*P < 0.05, lower than non-glutamate treated cells. Fig. 3. Changes in mitochondrial outer membrane integrity in cells. Mito-
1P < 0.05, lower than the corresponding glutamate-treated cells. chondrial outer membrane damage as was measured by the accessibility of

exogenous cytochrome to the inner mitochondrial membrane and its
) reduction. Cells treated with glutamate were washed scraped and resus-
to protect the cells from glutamate-induced death was tested.pended in hypotonic phosphate buffer. The activity of succinate cyto-

In the concentration range 148 a-tocopherol, a lipophilic chrome ¢ reductase was evaluated spectrophotometrically at 550 nm
gntioxidant, _showed remarkable protection against gIutc’slm_r’:}te-f()lIonwa'l?eg é%drlrt:,?ﬂr)] gf<0 B%X;, gpﬁgﬁgftﬁgﬁ?ﬁgﬁ%ﬁ&?@ﬁ:ﬁ cséjlﬁzc.l
induced toxicity. In contrast, the cell-permeable hydrophilic
analog of a-tocopherol, trolox, failed to protect the cells
against glutamate at a concentration qff. Methyl esteri-  against glutamate-induced intracellular depletion of GSH
fication of trolox conferred lipophilicity to the antioxidant. (Table 2).
At 5 uM, methyl-trolox completely protected cells against
glutamate-induced cytotoxicity (not shown). At higher con-
centration (5QuM) trolox partially protected HT4 cells (Fig.
5A). Significant ROS accumulation was detected in the HT4 cells
The protein synthesis inhibitor cycloheximide (iL§/ml) treated with glutamate for 6 h (Fig. 6A, By-Tocopherol, a
protected neuronal cells against glutamate challenge (Fig.lipophilic antioxidant, and the water-soluble analog trolox
5A). However, the selective mitochodrial ribosomal inhibitor were tested for the control of glutamate-induced accumula-
chloramephenicé? did not protect cells against glutamate tion of intracellular ROS«-Tocopherol effectively inhibited
challenge. The MPT inhibitor CsA%also did not protect the  the peroxides accumulation while trolox did not (Fig. 6A). In
cells against the glutamate challenge. Ruthenium Red, anthe presence of trolox, higher levels of ROS were detected in
inhibitor of the mitochondrial C& uniportefs, completely the glutamate-exposed cells (Fig. 6A).
protected against glutamate-induced cytotoxicity (Fig. 5B).  The effect of cycloheximide and Ruthenium Red on intra-
To evaluate whether extracellular calcium contributed to cellular ROS levels were tested. Although these compounds
glutamate-induced cytotoxicity, EGTA (1 mM) was added prevented glutamate-induced cell death they did not prevent
to the cell culture medium before treating the cells with gluta- the accumulation of ROS (Fig. 6A). Modulators of mitochon-
mate. EGTA treatment did not protect cells against the drial function, such as chloramphenicol, which is known to
glutamate challenge, indicating that extracellular calcium is suppress the electron transport cif&ior the mitochondrial
not involved in glutamate-induced cell death (Fig. 5B). The uncoupler FCCP did not prevent the ROS accumulation at 6 h
FCCP, a mitochondrial uncoupler, provided marginal protec- and high levels of intracellular ROS were detected (Fig. 6B).
tion against glutamate-induced death (Fig. 5B). Treatment of
cells with FCCP (1Q.M) for 12 h was slightly toxic and Intracellular calcium.Treatment of cells witlx-tocopherol
induced 10% loss of cell viability compared with FCCP prevented the glutamate-induced increase in?{Ga(Fig.
non-treated control. In 15 h FCCP treatment resulted in the 7A). Ruthenium Red had a moderate inhibitory effect and
death of more than 50% of the cells (data not shown). only partially prevented the increase in [Ch (Fig. 7A).
Cycloheximide also inhibited the glutamate-induced increase
in intracellular [C&"]; (Fig. 7B). Extracellular EGTA did not
influence glutamate-induced changes in{Qa(Fig. 7B).

Intracellular reactive oxygen species

DNA damage and intracellular glutathione level: effectof
tocopherol

Glutamate treatment for 12 h induced significant DNA Protection against glutamate-induced mitochondrial
fragmentation, a parameter that is characteristic of apoptosisdamage. Glutamate induced a loss of mitochondrial outer
(Table 2).a-Tocopherol prevented the loss of DNA integrity membrane integrity, as evaluated by the increased in cyto-
induced by 12-h exposure to elevated levels of extracellular chromec reduction resulting from higher accessibility of exo-
glutamate (Table 2). Howeves-tocopherol did not protect  genous cytochrome to the inner mitochondrial membrane.

Fig. 4. Morphological changes in response to glutamate challenge. (A) Control cells with no glutamate. Mitochondria appeared with regulaogtiape and

density. (B) Glutamate-treated (8 h) cell. The mitochondria appeared to be swollen (larger in size with low optical density). (C) Glutamate €&dmevij tr

for 8 h resulted in swollen and degraded mitochondria as was observed with higher magnification. Mitochondrial outer membrane disruption.iScélserved
bars=1.85um (A, B), 0.21pum (C).
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Fig. 5. Glutamate-induced loss of cell viability and its regulation. (A) Inhibition of glutamate toxicity (treatment for 12 h) by antioxidantmatedJay
determination of LDH leakageEffect of a-tocopherol (a-Toc) and trolox when added to the cell culture medium 5 min before the glutamate treatment.
*P < 0.05, higher than cells treated with glutamate alofe<<{0.05, lower than the glutamate-treated cells in the presencabf& Toc. (B) Effect of various
inhibitors on glutamate toxicity. The inhibitors that were used argd/nl of cycloheximide (CH), 5@ug/ml of chloramphenicol (CP), 1M of CsA, 20uM
of Ruthenium Red (RR), 1 mM of EGTA and 1M of FCCP. None of the compounds tested was toxic to cells except for FCCP (see R&Buit€).05,

higher than glutamate-treated cells.

Glutamate-induced loss of outer mitochondrial membrane mitochondrial membrane integrity (Fig. 8B). Cycloheximide

integrity was prevented by-tocopherol co-treatment with and Ruthenium Red completely prevented the glutamate-
glutamate.a-Tocopherol added 6 h after the glutamate treat- induced damage to the outer mitochondrial membrane (Fig.
ment, however, did not prevent the damage (Fig. 8A). FCCP 8C, D). Chloramephenicol, a specific mitochondrial ribosomal
partially protected against glutamate-induced damage to outerinhibitor, had no effect on the glutamate-induced augmented

A 3.5 B
3.5_ *
3_.
3 * {-
° 2.5
8 £ 2s5- . '}
C
o O
o O 2 - * T
8 2 27 .
o ©
2 .g 1.5 1.5
L ®
O Ld _
o E 14 1
£
0.5 0.5
0 0 R R N E—
glutamate - + + * ©  glutamate - + + 4+ 9+ - + + -
a-Toc - - - - R
+ inhibitor - . CHCPFCCP- - RR RR
trolox - - - + +

Fig. 6. Intracellular reactive oxygen species level following 6 h of glutamate treatment. (A) Effect of oxidants on intracellular ROS. DCF fagovessen

recorded using flow cytometryP*< 0.05, lower than glutamate-treated cells. (B) Effect of various inhibitors on intracellular ROS. DCF fluorescence recorded

from cells following exposure to glutamate for 6 h in the presence of either protein synthesis inhibitors cycloheximide (CH) or chlorampheniset! (&P)

concentrations of 1Q.g/ml and 50uwg/ml, respectively, or in the presence of the mitochondrial uncoupler FCCN).@solid bars). The effect of Ruthenium

Red (RR) (20.M) on intracellular ROS accumulation following glutamate treatment for 6 h (open ba&s).0t05, higher than non-glutamate treated
controls.
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Table 2. Glutamate-induced loss of DNA integrity and intracellular GSH, treatment for 8 h (Fig. 9A). Howeverg-tocopherol was

and effects otx-tocopherol ineffective when added 6 h after the glutamate treatment (Fig.
Treatment (A) Fragmented DNA 9A). Ruthenium Red co-treated or a_dded 6 h after glutamate
(percentage) prevented the loss of MMP. Protection ytocopherol was
markedly impaired when the antioxidant was added 6 h follow-
No glutamate 12 h 14.6 2.6 ing glutamate treatment. However, Ruthenium Red provided
Glutamate 12 h 47.¢ 13* significant protection even when added 6 or 8 h after glutamate
g’“t,"\"/lr)“ate 12 & a-tocopherol 13.99+ 0.7% challenge (Fig. 9B). Cycloheximide, which was observed to
H abrogate glutamate cytotoxicity, also prevented the glutamate-
induced loss in MMP (data not shown).
Treatment (B) Glutathione content
(nmol/mg protein)
DISCUSSION
No glutamate 8 h 62 3.4 . .. . .
G|utgamate6h 9.6- 2.8% Excitotoxicity and o>_<|dat|ve stress are two ph_enome_na
Glutamate 6 h+ a-tocopherol (5.M) 8.5+ 0.3% that have been described as being implicated in a wide
Glutamate 8 h 5.0- 0.9¢ range of disorders of the nervous systtmT4 neuronal
Glutamate 8 h 5.3 1.5%

cells represent a cell line that is not sensitive to excito-

Treatment (A): glutamate treatment for 12 h induced loss of DNA integrity toxicity. High amounts Of.glmamate and Iong-term_expo-
as evaluated by the level of fragmented DNA. Cells following glutamate SUre Were_neede.d to activate th? death pathway 'n.these
treatment were collected, permeabilized in hypotonic solution and mouse-derived hippocampal cell lines. However, the intra-
stained with propidium iodide. The percentage of fragmented DNA cellular events observed in response to glutamate treat-
was evaluated using flow cytometry based on the lower fluorescence mant revealed similarities between the receptor-mediated
intensity recorded from fragmented DNA compared with diploid-intact lut t itotoxicit d th t diated
DNA. a-Tocopherol (5.M) co-treated with glutamate protected against glutamate exciotoxicity - an . € non-receptor-me _'a e
glutamate-induced DNA fragmentation. death. Events such as the requirementdemovosynthesis

Treatment (B): glutamate treatment for 6 h induced loss of intracellular of proteins, disruption of [C4]; homeostasis, accumulation
GS'_"-OE'TF‘;OP“?O,' E,E‘*ML‘fo'tre"’}‘stﬁ“h glutamate did not protect  of [Ca?*]; by the mitochondria, mitochondria deterioration
against glutamate-inducead loss 0O . . . . H H

*P < 0.05, higher than non-glutamate-treated control. and loss of its membrane pOtentla.I des_c:r_lbgd in this study

1P < 0.05, lower than the glutamate-treated cell. are also components of the excitotoxicity-induced death

FP < 0.05, lower compared with glutamate non-treated control. pathway?’13'4°’51’52

succinate-dependent cytochronte reductase activity (not ~ Glutamate cytotoxicity

shown). Reactive oxygen speciésn elevated level of extracellular
glutamate induces cell death in a unique way that has char-
Loss of mitochondrial membrane potential in relation to acteristics of both apoptosis and necrdgisndeed, in the
loss of cell viability.a-Tocopherol co-treated with glutamate HT4 model we found characteristics of both types of cell
significantly inhibited the loss in MMP induced by glutamate death. The apoptotic characteristics were the loss of DNA

400 A 500 B
Q
e 400
3 300
) *
=
s E 300
= 3
« 200+
¢ £ 200 *
5
> < 100
S 100
3
S
8
0 0 T T T
glutamate - + + + + glutamate - + + +
a-Toc - - + - - CH - ) + }
RR - - - + - EGTA - - - +
Fccpo - - - -+

Fig. 7. Glutamate-induced changes in intacellulaf'Ceomeostasis. (A) Treatment of cells with glutamate for 8 h resulted in an increase in intracellular free

calcium as measured in cells loaded with esterified calcium green-1pfMvef a-tocopherol (a-Toc), 2.M Ruthenium Red (RR) or 1AM of FCCP was

added 5 min before glutamate treatmei<* 0.05, lower than glutamate-treated cells. (B) Elevation of intracellular free calcium following 8 h of glutamate
treatment and the inhibitory effect of cycloheximide (CH) {d&@'ml) or EGTA (1 mM). *P < 0.05, lower than glutamate-treated cells.
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Fig. 8. Loss of mitochondrial outer membrane integrity in response to glutamate treatment Cells treated with glutamate (8 h) were washed, scraped anc
resuspended in hypotonic phosphate buffer. The activity of succinate cytoclroadeictase was evaluated spectrophotometrically at 550 nm following
addition of exogenous cytochroneg(0.5 mg/ml) and succinate (20 mM). (A) Effect ofu8V of a-tocopherol (a-Toc) co-treated with glutamate, Open bar
represents M of a-Toc added 6 h after glutamate treatment. (B) Effect oflBOFCCP co-treated with glutamate. (C) Effect of 16/ml cycloheximide

(CH) co-treated with glutamate. (D) Effect of 20M of Ruthenium Red (RR) co-treated with glutamat.< 0.05, lower than glutamate-treated cells.

integrity and a requirement for protein synthesis, while loss of lipophilic phenolic antioxidant,a-tocopherol, more effec-
membrane integrity and the lack of phosphatidylserine tively than by the corresponding water-soluble analog trolox.
externalization (data not shown) were the characteristics of a-Tocopherol was also effective in preventing the ROS accu-
necrosis. Genomic instability (DNA fragmentation) was mulation in cells challenged with glutamate. Although the
studied previously in HT22 cells after exposure to 5 mM source of intracellular ROS is still elusive it is likely to
glutamate by two separate methods, agarose gel andoriginate from a lipophilic compartment in the cell. This
[®H]thymidine releas€. No DNA fragmentation was hypothesis is supported by the observation that lipophilic
observed with the first method and a minor DNA fragmenta- antioxidants such as-tocopherol completely prevented accu-
tion was observed when the second method was used, leadingnulation of intracellular ROS even under GSH-deficient
to the conclusion that in glutamate-induced cytotoxicity there conditions. Accumulation of intracellular ROS was insensi-
is no involvement of nuclear damageHowever, by using tive to treatment with cycloheximide, Ruthenium Red, FCCP
permeabilized HT4 cells stained with propidium iodide and and trolox, all of which significantly protected the cells
sensitive flow-cytometric detection up to 60% of DNA frag- against glutamate-induced death. These findings indicate
mentation was observed in cells treated with glutamate for that accumulation of intracellular ROS and loss of cellular
12 h, indicating that the death process probably included acti- glutathaione do not directly contribute to the glutamate-
vation of endonucleases leading to nuclear instability and induced cytotoxicity. However, the ability of a wide variety
DNA fragmentation. of structurally unrelated antioxidants to prevent glutamate-
In this current model, antioxidants were found to potently induced death to HT4 cefsuggests that the death pathway
suppress the death pathway. Cell death was inhibited by themay include one or more redox-sensitive components.
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Fig. 9. Inhibition of glutamate-induced loss of mitochondrial membrane potential and cell viability. (A) HT4 cells treated with glutamate (8stdinede

with the radiometric dye JC-1 (30g/ml) in regular culture medium and the MMP was evaluated by flow cytometry. The effe¢tMdf & tocopherol (a-Toc)

or 20 .M Ruthenium Red was evaluated. Solid bars represent co-treatment with glutamate. Open bars represent inhibitors added 6 h after glutamate treatment

*P < 0.05, higher than glutamate-treated cells. (B) Loss of viability of HT4 neuronal cells following treatment with glutamate for 12 h and the pefiéettive

of 5 uM a-tocopherol (solid bars) or 20M Ruthenium Red (open bars)-Tocopherol or ruthenium red was co-treated with the glutamate or added to the cell
culture medium 3, 6 or 8 h after glutamate treatmeRt<#0.05, higher than the corresponding glutamate-treated cells in the presemt¢eanipherol.

Production of ROS in HT22 cells treated with glutamate was obligatory components of the death pathway. Taken together,
suggested to be 12-lipoxygenase dependent and a bi phasithese findings indicate that cellulate novosynthesis of
phenomenon, and the production of ROS during the secondproteins which are encoded by the nucleus and not by the
phase was 200-400-fold above con&®i® However, in the mitochondrial genome are necessary to cause glutamate-
HT4 cells we did not detect this second high-yield phase of induced cell death.
ROS production and the amount of ROS produced in the A key role of mitochondria in the death pathway was
glutamate-treated cells was insufficient to kill the cells, indi- indicated by the evidence that the mitochondrial calcium
cating that other pathways were involved in the cell death uptake inhibitor Ruthenium Ré&lcompletely protected the
process. cells against the glutamate cytotoxicity. Previously it has
been reported for HT22 neuronal cells, a subclone of
Protein synthesis and calcium mobilization. De novo HT4,! that extracellular C& plays an important role in the
protein syntheses have been shown to be required in a varietyexcitotoxicity-independent cell death process of HT22 clls.
of death pathway$234°Consistently, we observed that inhi- Our experiments with extracellular EGTA clearly indicated
bition of protein synthesis by cycloheximide protected HT4 that extracellular C& does not contribute to the glutamate-
cells against glutamate cytotoxicity. ROS, especially hydro- induced increase in [G4];; in addition, pretreatment of the
gen peroxide, have been shown to serve as intracellularcells with 20uM of CoCl, (an extracellular calcium influx
messengers:?5424ROS are also known to mediate calcium blocker) did not protect the HT4 cells against glutamate
release from mitochondria and from other intracellular cytotoxicity (data not shown). Thus, following glutamate
pools3¢-38 o-Tocopherol inhibited the accumulation of free challenge calcium that was mobilized from intracellular
calcium and ROS in the cytosol, suggesting that oxidative pools was sufficient to facilitate the HT4 cell death process.
stress and calcium homeostasis may be strongly related. Accumulation of mitochondrial calcium has been shown to
Interestingly, cycloheximide completely protected the cells be an important component of neuronal death proéess.
against accumulation of intracellular cytosolic free calcium Our findings support the hypothesis that mitochondrial
without any effect on the intracellular ROS build-up. This Ca* uptake associated with mitochondrial degradation may
indicates thatle novoprotein synthesis is required to cause be an important element in the execution of neuronal cell
disruption of calcium homeostasis in glutamate-treated cells. death.
Mitochondrial proliferation and mitochondrial protein synth-
esis were suggested to occur during the course of neuronal
apoptosis. To evaluate the possible role of mitochondrial
protein synthesis in the current glutamate-induced death path- Mitochondrial damage is known to play a major role in
way, we tested the effect of the mitochondrial ribosomal inhi- apoptotic processé<Electron microscopic study of glutamate-
bitor chloramphenicot.Chloramphenicol did not protect HT4  treated cells showed mitochodrial degeneration, swelling and
cells against glutamate-induced cytotoxicity, indicating that outer membrane damage. Mitochondrial swelling, spare cristae
mitochondrial protein synthesis and biogenesis are not and decrease in optical density were reported previously to

Mitochondrial changes
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occur during glutamate-induced cytotoxicityHowever, the Partial maintenance of MMP during the early phase of
issues of outer membrane integrity and the changes inthe death process allows the mitochondria to continue
membrane potential were not addressed in excitotoxicity- accumulating cytosolic Ga. Cycloheximide, Ruthenium
independent glutamate-induced cytotoxicity pathwHys. Red anda-tocopherol normalized the MMP and prevented
Swelling was observed in the mitochondria of HT4 cells. the increase in cyrosolic [C4];. This observation links
Loss of MMP in response to glutamate treatment with a [Ca?']; homeostasis to mitochondrial function. However,
simultaneous increase in mitochondrial outer membrane per-FCCP, a mitochondrial uncoupler, provided only partial
meability were observed, indicating a mechanism by which protection to glutamate-treated cells. This minor protective
apoptogenic factors can be released from the mitochondriaeffect may be due to slowing down of MMP-dependent
intermembrane space into the cytosol. Ca" uptake, as suggested previously in acute glutamate

A significant part of the MMP was maintained during the excitotoxicity where a combination of mitochondrial inhi-
first 8 h of glutamate treatment. €aaccumulation into the  bitors (rotenone- oligomycin) collapsed the MMP and
mitochondria is known to be MMP dependénit. Calcium provided protection.
cycling (uptake and release) by the mitochondria has been In conclusion, mobilization of intracellular calcium and
shown to induce mitochondrial swelling and degradation MMP-dependent calcium uptake by the mitochondria were
eventually leading to cell death. The phenomenon of calcium noted to be major contributors to the cell death process.
cycling by mitochondria is known to be accelerated by oxida- Mitochondrial dysfunction was found to be a key event in
tive damage and to be prevented by Ruthenium Rétin the excitotoxicity-independent component of glutamate-
the glutamate-treated cells Ruthenium Red treatment signifi-induced neuronal cell death. intracellular ROS accumulation
cantly lowered cytosolic [Cd];, which may be due to a and glutathione depletion were prominent in glutamate-
[Ca®"]; buffering effect by other cellular organelles. Ruthe- treated cells but these events were not direct mediators of cell
nium Red protected the cells even when added 6 or 8 h death.
following glutamate treatment and was able to recover the
MMP. These findings indicate that mitochondrial degradation
was a late event culminating in cell death. Mitochondrial ]
swelling and loss of membrane potential are characteristics Acknowledgementswe thank Dr John Maguire and Dr
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