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Abstract

Oxidative stress caused by glutathione depletion after prolonged exposure to extracellular glutamate
leads to a form of neuronal cell death that exhibits morphologically mixed features of both apoptosis
and necrosis. However, specific downstream executioners involved in this form of cell death have
yet to be identified. We report here that glutamate exposure does not activate caspase-3 in the HT22
neuronal cell line. Furthermore, no cytoprotection was achieved with either the pan-caspase inhibitor
Z-VAD-fmk or the caspase-3-specific inhibitor DEVD-CHO. In contrast, inhibition of the
proteasome by lactacystin protected both HT22 cells and rat primary neuronal cells against cell lysis.
In parallel, oxidatively altered and ubiquitinated proteins accumulated in the mitochondrial fraction
of cells after proteasome inhibition. These findings suggest that caspases can be decoupled from
oxidative stress under some conditions, and implicate the ubiquitin/proteasome pathway in neuronal
cell death caused by oxidative glutamate toxicity.
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Oxidative stress is one of the major causes of delayed neuronal cell death after stroke, brain
trauma and a variety of neurodegenerative diseases. One of its hallmarks is a decrease in the
reduced form of the major intracellular antioxidant, glutathione. Experimentally, this can be
induced in cell lines or in primary neuronal culture by interfering with the cell's capacity to
synthesize glutathione (Murphy et al. 1990; Ratan et al. 2002). Extracellular glutamate can be
utilized to this effect in the neuronal cell line HT22 or in freshly cultured primary neurons,
both of which lack functional glutamate receptors and are thus not subject to excitotoxic cell
death. Glutathione synthesis is disrupted because extracellular glutamate blocks a glutamate-
cystine anti-porter in the plasma membrane, leading to a deficit in one of the building blocks
for glutathione synthesis. This form of glutamate-induced oxidative injury leads to rapid
neuronal cell lysis.

Extensive efforts have been made to define a cell death cascade for this oxidative stress-induced
cell death. Morphologically, features of both apoptosis and necrosis can be detected in various
types of neuronal cell lines including HT22 and HT4 cells (Tan et al. 1998; Tirosh et al.
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2000). On a molecular level, a central role has been ascribed to activation of 12-lipoxygenase
following the depletion of glutathione (Li et al. 1997a; Canals et al. 2003; Khanna et al.
2003). In addition, a requirement for de novo protein synthesis, activation of the extracellular
signal-regulated kinase (ERK) MAPK and of soluble guanylyl cyclase have been reported (Li
et al. 1997a,b; Satoh et al. 2000; Stanciu et al. 2000). Nevertheless, the downstream proteases
that execute this form of neuronal cell death have yet to be defined.

In this study, we investigated candidate proteases that may be activated in the course of
oxidative glutamate toxicity. In both HT22 cells and primary neuron cultures, we report that
neither caspase nor calpain inhibition decreased cell death. In contrast, inhibition of the
proteasome was significantly neuroprotective. These data suggest that the ubiquitin-
proteasome pathway is a central part of the cell death cascade following prolonged exposure
to extracellular glutamate.

Materials and methods

Inhibitor studies

HT22 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10%
fetal bovine serum and penicillin/streptomycin (all media from Invitrogen, Carlsbad, CA,
USA). For viability experiments, cells were seeded at 5 x 10° cells/well in 24-well plates
(Corning, Acton, MA, USA) and treated when 70% confluent. Primary neurons were isolated
from E17 rats as described elsewhere (Ratan et al. 2002) and treated after 18 h in culture.
Treatment consisted of exchanging the medium to 1 mL fresh culturing medium and adding 5
mw glutamate [stock solution 400 mw in phosphate-buffered saline (PBS)] in the presence or
absence of dimethylsulfoxide (DMSO) (maximum 0.1% final concentration) as control or the
indicated concentrations of inhibitors: Baicalein (Cayman Chemicals), ZVAD-fmk (Caspase
Inhibitor I, Calbiochem, San Diego, CA, USA), DEVD-CHO (Calbiochem), Calpain Inhibitor
I11 (Calbiochem), Lactacystin (Sigma, St. Louis, MO, USA), MG132 (Sigma), Proteasome
Inhibitor I (Calbiochem), Epoxomicin (Calbiochem). After 24 h treatment, medium was
collected and the cells were lysed in 1 mL 0.4% Triton-X-100, by incubating for 30 min at 37°
C. Lactate dehydrogenase (LDH) content was determined separately for the cell extracts and
corresponding media using a Cytotoxicity Detection Kit (Roche Molecular Biochemicals,
Indianapolis, IN, USA), and the percentage of LDH released to the medium calculated after
subtracting the corresponding background value. Results are given as mean + SD. Multigroup
comparisons were carried out by one-way anova followed by Tukey—Kramer HSD comparison.

Isolation of mitochondrial fractions

For isolation of a mitochondrially enriched fraction, HT22 cells were grown on 10 cm dishes
(Corning) and treated when 70% confluent. After 11 h, cells were trypsinized, collected, and
washed with PBS. Cells were then resuspended in 200 pL of a lysis buffer containing 20 mwu
HEPES-KOH pH 7.4, 10 mw NaCl, 1.5 mu MgCly, 1 mu EDTA, 1 mm EGTA, 250 mw sucrose
and freshly added 1 mw dithiothreitol (DTT), 2 pg/mL aprotinin, and 0.1 mw
phenylmethylsulfonyl fluoride (PMSF). To disrupt the plasma membrane, cells were
resuspended 25 times with a yellow pipette tip, followed by grinding eight times with a
Disposable Pellet Pestle (Kontes Glass Co., Vineland, NJ, USA). Unbroken cells and nuclei
were removed by centrifugation for 15 min at 1025 g, followed by 15 min centrifugation at 10
000 g to pellet mitochondria. For derivatization of oxidized proteins using the Oxyblot kit
(Chemicon, Temecula, CA, USA), mitochondria were isolated as above, but the buffer
contained 50 mm DTT and no PMSF. Twenty micrograms of protein were derivatized and
analyzed as recommended by the manufacturer.
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Proteasome activity assay

For proteasome activity assays, HT22 cells were grown on 10 cm plates and lysed after 6 h of
treatment, prior to any effects on cell viability, in cell membrane lysis buffer (see above)
containing 4 mm DTT and 2 mm ATP. After centrifugation for 10 min at 20 800 g, supernatants
(20 pg protein) were incubated with 30 pw Proteasome Substrate | (Calbiochem) in a total
volume of 100 pL for 60 min at 37°C. Fluorescence was measured in a 96-well plate reader
(Biotek FL600) using a 360/40 nm excitation filter and a 460/40 nm emission filter.

Western blotting

For western blots, cells were incubated for the times indicated with or without 5 mw glutamate
in the presence or absence of lactacystin. After washing once with PBS, cells were trypsinized,
washed, and then either processed for mitochondrial isolation (see above) or extracted using
cell lysis buffer (Cell Signaling Technology, Beverly, MA, USA) containing 0.1 mm PMSF
(Sigma). Extracts, representing 20 ug protein per lane, were separated on 4-12% NuPAGE
gels (Invitrogen), blotted to nitrocellulose membranes and probed with antibodies to total
caspase-3 and to cleaved caspase-3 (both from Cell Signaling), or with an antibody to ubiquitin
(Sigma).

FACScan analysis

Results

To analyze glutamate-induced cell death by FACScan analysis, HT22 cells were incubated for
24 h in the presence or absence of 5 mu glutamate and either 10 pw lactacystin, 50 nw
epoxomicin, or 1 puu Proteasome Inhibitor 1. Cells were then trypsinized, washed twice with
PBS and stained with the Annexin V-FITC Apoptosis Detection Kit Il (BD Biosciences,
Billerica, MA, USA) according to the manufacturer's protocol. A minimum of 5000 cells per
sample was counted.

To study the involvement of proteases in oxidative glutamate toxicity, we initially measured
the impact of caspase and calpain inhibitors on viability of glutamate-treated HT22 cells.
Neither the pan-caspase inhibitor ZVAD-fmk (10 um) nor the more specific caspase-3 inhibitor
DEVD-CHO (20 pw) had a significant impact on glutamate-induced cell death (Fig. 1a). Pre-
treatment with an inhibitor of calpain (calpain inhibitor 111, 10 puw) also did not yield
cytoprotection, suggesting that this other major executioner protease was also not involved. In
contrast, the 12-lipoxygenase inhibitor baicalein was fully protective, as previously reported
(Lietal. 1997a).

Because most pathways of caspase-mediated cell death converge in activation of caspase-3,
we examined cleavage of caspase-3 to the active form by western blotting. The 17/19 kDa
cleaved forms of caspase-3 were not detected at all time points measured between 6 and 24 h
of exposure to 5 mw glutamate (Fig. 1b), indicating that even at late time points caspase-3 is
not activated.

In contrast, the proteasome played a central role in this form of neuronal cell death in our model
systems. The potent proteasome inhibitor lactacystin significantly reduced cytoxicity in HT22
cells after glutamate-induced toxicity (Fig. 2a). To confirm the relevance of this pathway,
experiments were also conducted in primary neuronal cells freshly isolated from E17 rat brains.
Similarly, lactacystin significantly reduced glutamate-induced neurotoxicity (Fig. 2b). These
results may seem somewhat surprising, because another proteasome inhibitor MG132, has
previously been shown to induce apoptosis in HT22 cells (Stanciu and DeFranco 2002). We
thus decided to investigate toxicity of these proteasome inhibitors themselves, in the absence
of glutamate. As previously reported, MG132 was cytotoxic in HT22 cells in a dose-dependent
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manner, whereas lactacystin showed relatively little toxicity up to 30 uw concentration (Fig.
2¢).

Given these differential effects of lactacystin and MG132, we decided to study additional
inhibitors of the proteasome. Epoxomicin and Proteasome Inhibitor | are structurally unrelated
to lactacystin and known to be specific proteasome inhibitors. Both protected HT22 cells
against oxidative glutamate toxicity with similar efficacy as lactacystin, suggesting that the
protection against oxidative stress afforded by lactacystin is indeed mediated by inhibition of
the proteasome (Fig. 2d).

One possible explanation for this apparent discrepancy would be a differential effect of the
inhibitors on proteasome activity. We therefore used a fluorogenic substrate to measure
proteasome activity in HT22 cell lysates. After 6 h of treatment, prior to any effects on cell
viability, proteasome activity was significantly reduced by all of the inhibitors tested (Fig. 2¢).
These results indicate that the proteasome was inhibited to a similar extent by all inhibitors at
the concentrations used for the viability experiments. Furthermore, proteasome activity against
the synthetic substrate was not significantly changed by glutamate treatment. Similar levels of
reduction of proteasome activity were seen after 18 h of treatment with lactacystin or MG132
(data not shown). Thus, despite similar inhibitory activity towards the chymotrypsin-like
proteasome activity in vitro, MG132 is cytotoxic for HT22 cells, whereas lactacystin,
epoxomicin and Proteasome Inhibitor | are protective against oxidative glutamate toxicity.

To assess whether the protection afforded by lactacystin lasts beyond 24 h, we extended the
incubation time with glutamate in the presence or absence of lactacystin to 48 h. Although
cytotoxicity was slightly increased over time, reduction of glutamate-induced LDH release by
lactacystin after 48 h remained statistically significant (Fig. 2f).

Although LDH release is a good measure of cell death as the final outcome, its reduction by
lactacystin treatment does not necessarily imply that the remaining cells are healthy. To
investigate a possible activation of an apoptotic program by treatment with the proteasome
inhibitors, we analyzed HT22 cells using FACScan analysis, after 24 h incubation. Control
cells were overwhelmingly negative for staining with both propidium iodide and FITC-labeled
annexin V (Fig. 3a), while glutamate treatment shifted most of the cells to an apoptotic/necrotic
phenotype, characterized as either annexin positive or both annexin and propidium iodide
positive (Fig. 3b). In contrast, all three protective proteasome inhibitors shifted the majority
of cells back to the annexin-negative field (Fig. 3c—e), arguing against an apoptotic state of
these cells.

Nonetheless, because the proteasome is involved in the turnover of cellular proteins, we
decided to examine the effects of lactacystin on levels of ubiquitinated proteins. Large amounts
of ubiquitinated proteins of high molecular mass accumulated in the Triton-insoluble fraction
of cells treated with both glutamate and the proteasome inhibitor lactacystin (Fig. 4a). To
determine whether this type of lactacystin-dependent accumulation of ubiquitinated high
molecular mass proteins was specific to an intracellular compartment, mitochondria-enriched
fractions were isolated from HT22 cells. Indeed, the mitochondrial fraction of the lactacystin-
treated cells, but not of those treated with glutamate alone or untreated, was enriched for
ubiquitinated high molecular mass proteins (Fig. 4b). This finding underscored the efficacy of
lactacystin in inhibiting the proteasome and indicated that the inhibition may be particularly
relevant for the mitochondria. Finally, protein turnover may be impacted by oxidative
glutamate toxicity because of oxidative damage to cellular proteins. These oxidatively
modified proteins with carbonyl groups, known to be favored substrates specifically of the
20S proteasome (Weih et al. 2001), can be identified after derivatization with
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dinitrophenylhydrazine (Singhal et al. 2002). Lactacystin treatment led to an accumulation of
oxidized proteins in the mitochondrial fraction (Fig. 4c).

Discussion

In this study, we used the mouse hippocampal cell line HT22 and freshly isolated rat primary
neurons to investigate pathways of oxidative toxicity that lead to neuronal cell death after
glutamate injury. Our results identify the proteasome, the major catabolic protease in the
cytosol, as part of the oxidative cell death cascade. Incubation of HT22 cells or freshly isolated
rat primary neurons with glutamate in the presence of the specific proteasome inhibitor
lactacystin leads to enhanced cell survival. Concomitantly, ubiquitinated proteins as well as
oxidatively modified proteins accumulate specifically in the mitochondrial fraction of the cells.
These findings also suggest a role for mitochondria, which, from ultrastructural studies, are
known to be damaged prior to significant cell lysis (Tan et al. 1998; Tirosh et al. 2000) in the
cell death pathway. Surprisingly, this proteasome involvement can be detected when using the
highly specific inhibitor lactacystin but not the peptide inhibitor MG132, which is known to
cause apoptosis in HT22 cells (Stanciu and DeFranco 2002). Because both inhibitors reduced
proteasome activity in vitro to a similar extent (Fig. 2e), MG132 may act on an additional target
besides the proteasome; alternatively, different activities of the multicatalytic proteasome may
be affected to varying degrees. Concentration-dependent pro- or anti-apoptotic effects of
MG132 have previously been demonstrated for Sindbis virus-induced cell death (Lin et al.
1998). That lactacystin-mediated inhibition of the proteasome is indeed responsible for
protection against oxidative glutamate toxicity was verified by use of two additional,
structurally unrelated proteasome inhibitors, epoxomicin and Proteasome Inhibitor | (Fig. 2d).
In each case, we titrated the proteasome inhibitors over a wide concentration range in
preliminary experiments; the concentrations shown here are all in a range commonly used for
cultured cells. In contrast to the proteasome, neither caspases nor calpains appear to be involved
in oxidative glutamate neurotoxicity.

Studies in various neuronal cells have found both toxic and protective effects of proteasome
inhibitors (Sadoul et al. 1996; Canu et al. 2000; Phillips et al. 2000; Qiu et al. 2000; Weih et
al. 2001). It is especially possible that prolonged proteasome inhibition may lead to
perturbations in mitochondrial turnover and accumulation of lipofuscin inclusions in the
cytoplasm, which may have profound clinical implications in terms of Parkinson's disease
(Lang-Rollin et al. 2003; Sullivan et al. 2004). Although we did not see loss of neuroprotection
at 48 h in our model, a major caveat in this study remains the lack of ultrastructural data that
may tell us about organelle integrity over time. Ultimately, variable consequences of
proteasome inhibition may be found even in somewhat similar neuronal cell paradigms
(Hoglinger et al. 2003; Sawada et al. 2004), so that extrapolation into clinical applications
should be undertaken with caution.

At this point, it is not known whether there is a specific protein target of proteasomal
degradation that functions as a ‘death switch’ in the oxidatively challenged cell, or whether
bulk degradation of oxidized proteins by the proteasome pushes the cell so far out of
equilibrium that recovery is not possible. Proteasome activity against a synthetic substrate was
not significantly elevated in lysates of HT22 cells challenged with glutamate (Fig. 2e), but
oxidation of proteins generates a larger pool of substrates available for degradation. Likewise,
it is unclear whether transcription factors regulated by the proteasome such as p53, HIF1a, and
NF«B are involved (Jaakkola et al. 2001;Jesenberger and Jentsch 2002). Our attempts to
prevent nuclear uptake of activated NF«B with the inhibitory peptide SN50 did not protect
glutamate-treated cells against cell death (data not shown), but this is certainly not a definitive
test for NFxB involvement. Thus, at this point we cannot determine if the proteasome is an
upstream mediator or if it functions downstream of 12-lipoxygenase activation, which has been
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shown to be involved in oxidative neuronal death. The effects of proteasome inhibition include
the accumulation of both ubiquitinated and oxygenated proteins in the mitochondria of the
cells, suggesting involvement of this organelle in the cell death process. Interestingly,
alterations in mitochondrial turnover can be detected in neuronal cells after exposure to low
levels of proteasome inhibitor (Sullivan et al. 2004). Quite possibly, the proteasome contributes
to the mitochondrial damage seen during ultrastructural studies in both HT22 cells and the
related HT4 cell line after glutamate challenge (Tan et al. 1998;Tirosh et al. 2000). One
implication of these findings is that protection against oxidative glutamate toxicity by
proteasome inhibition may only be transient; eventually, damage to mitochondrial proteins
may be toxic to these oxidatively stressed cells even though the oxidized proteins are not
degraded. After 48-h of glutamate treatment in the presence of lactacystin, cell death as
measured by LDH release into the medium is increased compared with the 24 h time point, but
is still significantly lower than with glutamate treatment alone (Fig. 2f).

In contrast to the ubiquitin/proteasome pathway, we have not found evidence for caspase-3 or
calpain involvement in our models. Most apoptotic pathways involving caspases ultimately
converge in the activation of caspase-3. However, we cannot unequivocally rule out the
involvement of other members of the caspase family. Both the caspase-1 inhibitor Ac-YVAD-
cmk (Tan et al. 1998; Dargusch and Schubert 2002) and the pan-caspase inhibitor Z-VAD-
fmk used at 50 um (Stanciu and DeFranco 2002) have been shown to protect against glutamate
toxicity, although other proteases may also be inhibited at that concentration (Schotte et al.
1999; Caserta et al. 2003). Ultimately, the role of different proteases may be critically
dependent on the model systems used. Notably, the proteasome is also implicated in interferon
gamma (IFNy)-induced apoptosis in murine lens epithelial cells, also without caspase-3
activation (Awasthi and Wagner 2004). Overall, our findings here suggest that under some
conditions, oxidative stress can be decoupled from caspase activation.

Processes of oxidative glutamate toxicity have been previously found to involve, among others,
activation of soluble guanylyl cyclase and the ERK MAPK pathway (Li et al. 1997a,b; Satoh
et al. 2000; Stanciu et al. 2000). Our study now finds an additional component in the
proteasome, although its place in the sequence of events has yet to be determined. Clearly, one
of the first steps is the depletion of intracellular glutathione, which is also known to be one of
the major factors in the delayed brain damage following stroke and traumatic injury, indicating
that oxidative toxicity may be a major pathway by which neuronal cells die in these diseases.
Ultimately, understanding oxidative glutamate toxicity may thus lead to novel therapeutic
approaches to ameliorate brain damage. Regarding the proteasome, it has already been
determined that a proteasome inhibitor closely related to lactacystin, MLN519, is
neuroprotective after ischemia and reperfusion in rats (Phillips et al. 2000; Zhang et al.
2001; Williams et al. 2003), and clinical trials for this inhibitor as stroke treatment are underway
(Shah et al. 2002). Our data here suggest that reduction of oxidative stress-mediated cell death
may partially account for the neuroprotective effect of this proteasome inhibitor.
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Fig. 1.

Caspase-3 is not activated by oxidative glutamate toxicity. (a) LDH release was measured after
24 h exposure of HT22 cells to 5 mm glutamate in the presence of 10 uv Z-VAD-fmk, the
specific caspase-3 inhibitor DEVD-CHO (20 pw), 10 puwm calpain inhibitor 111, or the 12-
lipoxygenase inhibitor baicalein (10 pw). *p < 0.05 versus glutamate alone. (b) Caspase-3 is
not cleaved to the activated form in HT22 cells after glutamate challenge. First lane, hypoxia-
treated rat primary neurons as control.
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Fig. 2.

Inhibition of the proteasome with lactacystin protects against oxidative glutamate toxicity. (a)
The proteasome inhibitor lactacystin protects HT22 cells against glutamate challenge. *p <
0.05 versus glutamate alone. (b) Lactacystin is also protective in freshly cultured primary
neuronal cells. *p < 0.05 versus glutamate alone. (c) In contrast to MG132, lactacystin is not
toxic to HT22 cells. *p < 0.05 versus control. (d) Two additional proteasome inhibitors,
epoxomicin and Proteasome Inhibitor I, also protect HT22 cells against oxidative glutamate
toxicity. *p < 0.05 versus glutamate alone. (e) Proteasome activity against a synthetic substrate
in HT22 lysates inhibited by various proteasome inhibitors. Cont = control, Glu =5 mwu
glutamate, MG = 10 pv MG132, Lact = 10 pw lactacystin, Epox = 50 nu epoxomicin, Pl 1 =1
uwm Proteasome Inhibitor 1. *p < 0.05 versus control, #p < 0.05 versus glutamate alone. (f) Long-
term protection against glutamate by lactacystin. Cell death is increased after 48 h in the
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presence of glutamate and lactacystin, but less than with glutamate alone. Lact = lactacystin,
*p < 0.05 versus 24 h glutamate alone, #p < 0.05 versus 48 h glutamate alone.
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FACScan analysis of HT22 cells subjected to glutamate and proteasome inhibitor treatment.
HT22 cells were incubated for 24 h in the presence or absence of 5 mu glutamate and either
10 um lactacystin, 50 nw epoxomicin, or 1 um Proteasome Inhibitor | and stained with annexin

V-FITC and propidium iodide.
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Fig. 4.

Consequences of proteasome inhibition in HT22 cells. (a) In the presence of lactacystin,
ubiquitinated high molecular mass proteins accumulate in the Triton-X-100-insoluble fraction.
(b) Ubiquitinated proteins accumulate specifically in the mitochondrial fraction of lactacystin-
treated HT22 cells. (c) After inhibition with lactacystin, oxygenated proteins also accumulate
specifically in the mitochondrial fraction. Mitochondrial proteins were derivatized with
dinitrophenylhydrazine (+ DNPH) or sham-treated (— DNPH).
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