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Abstract

When activated by proinflammatory stimuli, microglia release substantial levels of glutamate, and
mounting evidence suggests this contributes to neuronal damage during neuroinflammation. Prior
studies indicated a role for the Xc exchange system, an amino acid transporter that antiports glutamate
for cystine. Because cystine is used for synthesis of glutathione (GSH), we hypothesized that
glutamate release is an indirect consequence of GSH depletion by the respiratory burst, which
produces superoxide from NADPH oxidase. Microglial glutamate release triggered by
lipopolysaccharide was blocked by diphenylene iodonium chloride and apocynin, inhibitors of
NADPH oxidase. This glutamate release was also blocked by vitamin E and elicited by lipid
peroxidation products 4-hydroxynonenal and acrolein, suggesting that lipid peroxidation makes
crucial demands on GSH. Although NADPH oxidase inhibitors also suppressed nitrite accumulation,
vitamin E did not; moreover, glutamate release was largely unaffected by NO donors, inhibitors of
NO synthase, or changes in gene expression. These findings indicate that a considerable degree of
the neurodegenerative consequences of neuroinflammation may result from conversion of oxidative
stress to excitotoxic stress. This phenomenon entails a biochemical chain of events initiated by a
programmed oxidative stress and resultant mass-action amino acid transport. Indeed, some of the
neuroprotective effects of antioxidants may be due to interference with these events rather than direct
protection against neuronal oxidation.
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INTRODUCTION

Neuroinflammation exerts a degree of neurotoxicity that appears to contribute to clinical
symptoms in a wide array of conditions, including multiple sclerosis, Alzheimer’s disease,
brain abscess, ischemia, traumatic brain injury, and Parkinson’s disease. Much of the neuronal
damage occurring in such conditions appears to arise from microglia. When stimulated by
proinflammatory signals, microglia may undergo a reaction that includes a morphological
transformation from ramified to amoeboid shape; production of prostanoids, cytokines, and
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chemokines; induction of surface markers, including members of the major histocompatibility
complex family; elevated production of nitric oxide through expression of inducible NO
synthase (iNOS); and initiation of an oxidative burst that produces superoxide from an
orchestrated mechanism involving NADPH oxidase (Block and Hong 2005;Decoursey and
Ligeti 2005). Many of these responses are likely irrelevant to neurotoxicity, and it is clear that
states of activation occur in microglia that are actually neurotrophic or otherwise beneficial.
A key determinant of microglial neurotoxicity is the release of excitotoxins, including
glutamate (Piani et al. 1992;Barger and Basile 2001), quinolinate (Heyes et al. 1996), and D-
serine (Wu et al. 2004).

The release of excitatory amino acids (EAA) from microglia is consistent with a growing body
of evidence tying neuroinflammation to excitotoxic damage of neurons. Primarily mediated
by the NMDA-class of glutamate receptors, excitotoxicity can be characterized as an ionic
disturbance that results from excessive influx of cations—primarily sodium and calcium—
through ionotropic glutamate receptors. Large sodium influxes cause rapid necrotic death,
largely due to osmotic stress; prolonged excesses of intracellular calcium initiate signal
transduction cascades and mitochondrial stress that often result in a delayed, caspase-
independent form of programmed cell death (Choi 1988;Cheung et al. 2005). Lower levels of
excitotoxicity can be restricted to synapses and dendrites (Hutchins and Barger 1998), resulting
in pruning of these structures through a mechanism that may involve caspases (Mattson and
Duan 1999). Considerable evidence indicates that these events participate in neurodegeneration
in experimental models of neuroinflammation (Lipton 1996;Espey et al. 1998;Mascarucci et
al. 1998;Willard et al. 2000;Groom et al. 2003;Bossuet et al. 2004; Takeuchi et al. 2005;Rosi
et al. 2006). Furthermore, emerging evidence evokes these mechanisms in human disease
(Lipton 1996;Reisberg et al. 2003;Feller et al. 2005;Bolton and Paul 2006).

The release of glutamate from malactivated microglia is chiefly conveyed by the Xc (a.k.a.,
SLC7A11 or CCBR1) exchange system. This antiporter exchanges glutamate for cystine,
largely following the relative concentration gradients of each of these amino acids; Xc transport
is virtually the sole means of delivering cystine—and thus, cysteine—into most cell types.
Interference with the Xc exchanger by a-amino adipate or removal of extracellular cystine
blocks evoked glutamate release from microglia (Piani and Fontana 1994;Barger and Basile
2001). Inaddition, Xc exchange was recently implicated in the microglial neurotoxicity elicited
by Alzheimer amyloid p-peptide (Qin et al. 2006).

We have proposed that activation of the Xc exhanger in microglia is a function of mass-action
demand for cysteine to replenish the reduced glutathione (GSH) that has been depleted in
cellular self-defense against the oxidative burst effected by NADPH oxidase (Barger 2004).
GSH is the primary antioxidant in the cytosol and participates in the reduction of hydrogen
peroxide, itself generated by superoxide dismutase activity. Glutathione reductases can recycle
oxidized glutathione, but GSH is consumed irreversibly in a covalent detoxification of lipid-
peroxidation products such as 4-hydroxynonenal (4-HNE) and acrolein, a reaction catalyzed
by specific isoforms of glutathione S-transferase (GST) (Awasthi et al. 2004). Thus, lipid
peroxidation may make a larger contribution—uvis-a-vis soluble oxidants such as hydrogen
peroxide itself—to an oxidative increase in the demand for GSH and, thus, cysteine. We have
tested this model through a series of experiments utilizing lipopolysaccharide (LPS) as a
microglial stimulant and glutamate release as an endpoint. For comparison to more generalized
aspects of activation, we also explored connections to NO/iNOS, a system that now appears
to be independent from glutamate release.
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MATERIALS AND METHODS

Materials

LPS was E. coli 026:B6 from Sigma-Aldrich (St. Louis MO). N-propyl-arginine, SP600125,
U0126, caffeic acid phenethyl ester, and Bay 11-7082 were from Calbiochem/EMD
Biosciences (San Diego CA); 1400W was from Alexis Biochemicals (San Diego CA). All
other reagents were from Sigma-Aldrich (St. Louis MO).

Primary microglial cultures

Neonatal (P0-P1) Sprague-Dawley rats were utilized for the generation of mixed glia cultures
as described previously (Wu et al. 2004). After 7-10 days in culture, microglia were removed
from the astrocyte monolayer by vigorous lavage, collected by centrifugation, and replated in
24- or 96-well multiwell plates at 4 x 10° or 7 x 104 cells/well, respectively; for RNA extraction
and qRT-PCR experiments, cultures were plated in 35-mm plates at 6 x 10° cells/plate. The
plates were washed in growth medium (minimal essential medium, Earle’s salts [MEM]; 10%
fetal bovine serum) 30 min after plating to reduce contamination by astrocytes and other slowly
adhering cell types. The following day, cultures were washed to serum-free MEM and various
pharmacological agents were applied at least 30 min prior to LPS stimulation.

Glutamate assay

Release of glutamate into the culture medium was determined by an enzymatic reaction of
small aliquots with glutamate dehydrogenase. These determinations utilized an assay kit from
r-biopharm, via Roche (Mannheim, Germany). Assays were conducted according to the
manufacturer’s instructions except that volumes were reduced 25-fold from those
recommended; endpoints of the reaction were taken at 15, 17, and 19 min to ensure linearity.
Experimental values were interpolated within a standard curve of 0, 5, 50, and 500uM
glutamate.

Nitrate assays

MTT assays

The production of NO was monitored by determinations of its more stable, oxidized form:
NO,™. Conventional Griess reactions were performed on aliquots of medium, and values were
interpolated within a standard curve of 0, 5, 10, 15, 20, and 25uM sodium nitrite, as described
previously (Barger et al. 2000).

The potential effects of treatments on the viability or growth of the microglia were determined
by assaying their ability to reduce 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) to formazen. After removal of culture medium for the above assays, MTT was
added to all wells at 125ug/ml in growth medium and incubated at 37°C for 30 min. Then all
medium was removed from each well, the formazen crystals were dissolved in 100uL DMSO,
and the plate was read at 540 nm in a spectrophotometer.

Quantitative RT-PCR

Two-step, real-time RT-PCR was performed on the unique subunit (xT) of the Xc transporter.
RNA was prepared from microglial cultures with the RNAqueous kit (Ambion, Austin TX)

according to the manufacturer’s instructions; residual DNA was removed by treatment with

RNase-free DNase | (Roche, Mannheim Germany); RNA quality was assessed on the Agilent
Bioanalyzer (Agilent, Palo Alto CA). The reverse-transcription (RT) reaction utilized 500 ng
RNA and TagMan Reverse Transcription Reagents (including random hexamers for priming).
PCR was performed with the Power SYBR-Green PCR Master Mix (Applied Biosystems) in
an ABI 7900HT Fast Real-time PCR System (Applied Biosystems, Foster City CA). The xCT
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signal was quantified relative to that for 18S rRNA. Equal amounts of RT-PCR from each
sample were pooled to use for standard curve reactions with each primer set. A melting curve
was generated for both xCT and 18S rRNA to ensure that a single peak of the predicted T,
was produced and no primer-dimer complexes were present. The relative standard curve
method was used to calculate the amplification difference between the samples for each primer
set. This is performed by correcting for signal concentration with the concentration of 18S
signal for each sample (signal conc./18S conc.). The XCT primers used were as follows;
forward: 5-CCC AGA TAT GCA TCG TCC TT,; reverse: 5-ACA ACC ATG AAG AGG
CAG GT. Primer sequences for 18S were forward: 5-TTC GAACGT CTG CCC TAT CAA-3';
reverse: 5'-ATG GTA GGC ACG GCG ACT A-3.

Dose-response curves were analyzed by ANOVA and Scheffe post-hoc test. Pairwise
comparisons were made by Student’s t-test. Values of p less than or equal to 0.05 were taken
to be significant.

Activation of primary microglia by LPS (10-100 ng/ml) induced a release of glutamate that
reached concentrations on the order of 1074 M within 16-24 h. Glutamate release was also
triggered after application of LPS to the BV2 microglial cell line, though these cells exhibited
a higher basal accumulation of glutamate and thus a smaller dynamic range of response (not
shown). We tested the role of oxidation in LPS-evoked glutamate release by pretreating primary
microglia with the lipid-soluble antioxidant vitamin E (a-tocopherol) or the water-soluble
antioxidant N-acetylcysteine (NAC) (both of which are cell-permeant). At 500uM NAC was
ineffective (Fig. 1A). However, vitamin E completely blocked glutamate release with an
ECsg of ~7uM (Fig. 1B). The effectiveness of a lipid-soluble antioxidant suggested that lipid
peroxidation contributes to glutamate release. This idea was supported by elevated glutamate
release after direct application of the lipid peroxidation products 4-HNE and acrolein (Fig. 2).

Much of the oxidation resulting from inflammatory activation of microglia is generated by a
programmed activation of NADPH oxidase. We tested the role of this system in the release of
glutamate with inhibitors diphenylene iodonium chloride (DPIC) and apocynin
(acetovanillone). Glutamate release triggered by LPS was inhibited by DPIC and apocynin in
a dose-dependent manner (Fig. 3). In contrast to DPIC, the maximal efficacy of apocynin was
incomplete. As with all our assays of glutamate release, we also examined viability of the
cultures using MTT reduction. Neither DPIC nor apocynin produced a decrease in this index
of viability.

In assays of glutamate release, we also measured nitrite accumulation as an index of general
activation. Although vitamin E inhibited glutamate release, it had no effect on nitrite production
(Fig. 1). DPIC and apocynin did inhibit nitrite accumulation, though with different
concentration dependencies than those for glutamate release (Fig. 3). This led to consideration
of a potential role for NO in glutamate release. We tested this possibility through both the
application of NO donors (sufficiency) and treatment with LPS in the presence of NOS
inhibitors (necessity). Among three NO donors tested, only sodium nitroprusside (NaNP)
generated a significant elevation of extracellular glutamate (Fig. 4A). This appears to be an
artifact of the oxidative stress generated by the ferricyanide anion that results after liberation
of NO from NaNP, as potassium ferricyanide had a similar effect. To test whether NO was a
necessary but insufficient component of the glutamate release, NOS inhibitors nitro-L-
arginine, 1400W, and N-propyl-arginine were applied to microglia before exposure to LPS.
None of these agents significantly inhibited glutamate release (Fig. 4B). Nitro-L-arginine and
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1400W both provided effective inhibition of nitrite accumulation (not shown), further
uncoupling this mechanism from glutamate release.

The data above are consistent with mechanism whereby glutamate release is driven by mass-
action biochemical events creating a gradient of cystine across the cell membrane. However,
the unique subunit of the Xc transporter, XCT, can undergo elevations of expression in response
to proinflammatory stimulation (Sato et al. 2001). To determine if glutamate release from
activated microgliarequired an increase in XCT expression, we treated cultures with a-amanitin
and cycloheximide, inhibitors of transcription and translation, respectively. Neither compound
blocked the ability of LPS to evoke glutamate release (Fig. 5A). In separate experiments,
30ug/mL CHX was determined to block >95% of the 3°S-methionine incorporation into TCA-
precipitable protein (not shown). The relative depression of glutamate by a-amanitin was
similar to its relative reduction of viability, as assessed by MTT (not shown). The remaining
glutamate release was deduced to have come from live cells; while a-amanitin reduced viability
by a similar degree in the absence of LPS, it did not elevate glutamate levels in this case.
Cycloheximide did not influence viability over the time-frame of these experiments.

To further test the potential contribution of XCT induction, we sought to correlate glutamate
release with the relative levels of xCT mRNA in microglia under various treatment conditions.
Jun N-terminal kinase (JNK) and extracellular signal-regulated kinases (ERK) mediate some
aspects of LPS signal transduction, notably induction of iNOS and other events involving gene
transcription. We tested an inhibitor of INK (SP600125) and an inhibitor of the ERK pathway
(U0126) alongside a-amino adipic acid, which blocks the Xc transporter. Microglia were
pretreated with these compounds and then challenged with LPS. Culture medium was assayed
for glutamate, and the cells were harvested for RNA preparation; XCT mRNA levels were
compared by qRT-PCR. As shown in Figure 5B, effects of these agents on glutamate release
were not directly correlated to their effects on xCT mRNA levels. Although LPS promoted the
expected elevation of xCT, its levels were essentially unaffected by a-amino adipic acid. More
importantly, a substantial glutamate release occurred in the presence of JINK and MEK
inhibitors even though these agents dramatically attenuated the induction of XCT. We also
tested caffeic acid phenethyl ester (CAPE) and Bay 11-7082 (inhibitors of NF«kB activation)
for their effects on glutamate release with negative results (not shown).

DISCUSSION

The release of glutamate from malactivated microglia has been documented by our studies and
others to require the Xc exchange of cystine. Because of the role of cystine in antioxidant
defenses, we proposed that this mechanism is directly dependent upon the respiratory burst
instigated by NADPH oxidase. We have tested that hypothesis here by examining the
sufficiency of oxidative stress and the necessity of NADPH oxidase and other mechanisms,
namely nitric oxide and gene expression. The LPS-induced release of glutamate was mimicked
qualitatively by oxidative stress, particularly products of lipid peroxidation, and was blocked
by a lipophilic antioxidant and inhibitors of NADPH oxidase. Inhibitors of nitric oxide synthase
or macromolecular synthesis did not substantially influence LPS-evoked glutamate release.
Together, these data suggest a biochemical chain reaction whereby the activation of an
oxidative burst, particularly lipid peroxidation, creates a need for additional GSH, the synthesis
of which is dependent upon cystine import at the expense of glutamate antiport (Figure 6). In
addition to lending support to the excitotoxic hypothesis of neuroinflammation, these findings
imply that one benefit of antioxidants is the attenuation of glutamate release from microglia.
These findings further indicate that it may be possible to ameliorate microglial neurotoxicity
through strategies that do not rely upon manipulation of gene expression.
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When exposed to proinflammatory stimuli, microglia initiate several responses that elevate the
general stresses related to motility, energy utilization, and macromolecular synthesis. In
addition to simple metabolic demands, activated microglia can produce cytotoxins that are
responsible for collateral or “bystander” damage, and it is only reasonable that this could
include autonomous damage. Indeed, activation of microglia has been reported to compromise
their viability (Liu et al. 2001), and some of this vulnerability likely comes from the oxidative
stress of the respiratory burst. Though much of the superoxide generated by NADPH oxidase
is released to the cell’s exterior, intracellular production also occurs (Kobayashi et al. 2001).
The superoxide and resulting hydrogen peroxide, per se, may not be particularly stressful to
microglia’s autonomous antioxidant defenses. Catalase can help to reduce peroxide levels, and
the oxidation of GSH by glutathione peroxidase can be reversed by glutathione reductase.
However, the peroxide that slips these controls and oxidizes lipids creates products that can be
exquisitely toxic (Keller and Mattson 1998). The primary cellular defense against lipid
peroxidation products is covalent attachment of GSH by glutathione S-transferases (GSTs)
such as GSTA4-4 and GST5.8 (Awasthi et al. 2004). Because this utilization of GSH is
irreversible, it stands to make a larger impact on the steady-state levels of GSH. This hypothesis
is consistent with two of our observations: the inhibition of glutamate release by vitamin E (a
lipophilic antioxidant) and the elevation of glutamate release by 4-HNE and acrolein.

The actions of NADPH oxidase inhibitors indicate that the oxidative stress responsible for
microglial glutamate release is generated by the respiratory burst. Apocynin (acetovanillone)
was less efficacious than DPIC at maximal doses, but apocynin has been reported to stimulate
v-glutamylcysteine synthetase activity (Lapperre et al. 1999) which could create a cystine
deficit on its own. The hypothesized involvement of NADPH oxidase in glutamate release is
consistent with the findings of Nakamura et al. (Nakamura et al. 2003), who showed a
requirement for protein kinase C (PKC) in LPS-evoked microglial glutamate release. A key
rate-limiting component of NADPH oxidase, p47pnox, has several PKC consensus
phosphorylation sites, and PKC has been linked to the stimulation of NADPH oxidase (Nauseef
et al. 1991;Korchak et al. 1998;L.i et al. 1999). Nakamura et al. also tested for relationships
between nitric oxide production and glutamate release. Whereas they did report inhibition by
N-Arg, they also found that NO was unnecessary for stimulation of glutamate release by the
PKC agonist phorbol myristolyl acetate; they showed that a NO donor was insufficient to elicit
glutamate release, as well. The latter was confirmed by our tests of three different NO donors.
Some studies have actually reported inhibition of the oxidative burst in macrophages by NO
donors (Lee et al. 2002;VVon Knethen and Brune 2002), even in vivo (Stehr et al. 2004). Indeed,
evidence suggests that iINOS induction is secondary to the respiratory burst (Fries et al.
2003;Alblas et al. 2005). Interestingly, NO can trigger the release of vesicular glutamate from
astrocytes via a transporter-independent mechanism (Bal-Price et al. 2002).

The poor correlation between microglial glutamate release and NO production may be extended
to the difference between these phenomena with regard to their requirements for gene
expression. Most of the NO produced upon activation of monocytic phagocytes results from
the increased transcription of iINOS, resulting primarily from activation of NF«xB. We
previously showed that INK was required for maximal induction of iNOS during microglial
activation (Bodles and Barger 2005). If the “cystine deficit” model (described above and
illustrated in Figure 6) is viable, there should be little requirement for gene induction in the
release of glutamate. This is consistent with our demonstration that inhibitors of protein
(cycloheximide) and RNA (a-amanitin) synthesis were largely ineffective in assays of LPS-
stimulated glutamate release. Moreover, we found that glutamate release was poorly correlated
with the effects of various pharmacological agents on XCT expression. LPS did indeed elevate
XCT mRNA levels, consistent with prior reports (Sato et al. 2001). Therefore, a quantitative
augmentation of glutamate release may result from the elevation of expression of the xCT
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subunit of the Xc antiporter. However, this induction does not appear to be qualitatively
required for triggering glutamate release.

In summary, we have analyzed various aspects of the glutamate release triggered in
malactivated microglia. The results are consistent with the hypothesis that the respiratory burst
initiates a biochemical deficit for GSH and, by equilibrium-dependent transfer, cystine; the
chain of chemical reactions and transport means that these events may occur independent of
changes in gene expression. This is not to say that other aspects of microglial activation make
no contribution to neurotoxicity. Indeed, neurological deficits may even arise independently
of neurotoxicity via the physiological effects of cytokines (e.g., interleukin-1 and tumor
necrosis factor) on functional parameters of synapses (Curran et al. 2003;Griffin et al. 2006).
Furthermore, proinflammatory cytokines can interfere with astrocytic glutamate uptake (Wang
et al. 2003;Korn et al. 2005), which would otherwise attenuate the effects of microglial
glutamate release. Nevertheless, our hypothesis suggests that a significant portion of the
oxidative stress arising during neuroinflammation may be most relevant in the cell of origin,
microglia, rather than in the neurons that are eventually harmed. Piani et al. (Piani et al.
1992) found that microglial neurotoxicity could be ameliorated by glutamate-receptor
antagonists but not by the extracellular application of antioxidant enzymes. Together, these
findings reinforce that the supposition that the neurotoxicity exhibited by microglia is not
mediated by ROS themselves; instead, the microglial oxidative stress seems to be converted
to an excitotoxic stress, manifest through the liberation of a neurotransmitter that is stable and
diffusible enough to impact neurons over intermediate distances.
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Figure 1. Antioxidant effects on microglial glutamate release

Primary microglia were treated with vitamin E or NAC for 30 min prior to application of LPS
(100 ng/ml). After 20 h, medium was harvested for assay of nitrite (A only) and glutamate. In
A, vitamin E was 100uM and NAC was 500uM. Values represent the means + SEM of
quadruplicate (A) or triplicate (B) cultures. Effects of vitamin E on glutamate were significant
by ANOVA and Scheffe post hoc test (*p<0.01 vs. LPS alone).
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Figure 2. Lipid peroxidation products evoke glutamate release
Primary microglia were treated with acrolein or 4-HNE alone at the indicated concentrations;

after 20 h glutamate levels were measured. Values represent mean + SEM of quadruplicate
cultures. All responses above 3uM were significant (*p<0.0001, #p<0.002 vs. control) by
ANOVA and Scheffe post hoc test.
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Figure 3. Effect of NADPH oxidase inhibition in microglial glutamate release

Primary microglia were treated with DPIC (A) or apocynin (B) for 30 min prior to application
of LPS (100 ng/ml). After 20 h, medium was harvested for assay of nitrite and glutamate.
Values represent the means + SEM of quadruplicate (A) or triplicate (B) cultures. Bars
represent levels of nitrite (open) and glutamate (filled) in untreated cultures. Effects of DPIC
and apocynin on glutamate were significant by ANOVA and Scheffe post hoc test
(*p<0.0002, #p<0.02, Tp<0.05 vs. LPS alone).
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Figure 4. Tests of a role for nitric oxide in microglial glutamate release

Primary microglia were treated with NO donors (A) or LPS (30 ng/ml) with and without
inhibitors of NO synthase (B). After 20 h, medium was harvested for assay of glutamate. Values
represent the means £ SEM of quadruplicate cultures. The glutamate levels in untreated cultures
(open bar, B) or in cultures treated with LPS alone (black bars) are also indicated. Abbr.: NaNP,
sodium nitroprusside; SNAP, S-Nitroso-N-acetylpenicillamine; SIN-1, 3-
morpholinosydnonimine; nitro-Arg, No-nitro-L-arginine; N-propyl-Arg, N-propyl-L-
arginine. No significant effects of the NO donors or NOS inhibitors was found by ANOVA
and Scheffe post hoc test.
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Figure 5. Glutamate release is independent of macromolecular synthesis

A: Cycloheximide or a-amanitin was applied to primary microglia for 1 h prior to the
application of LPS (30 ng/ml). After 16 h, medium was collected for assay of glutamate. The
glutamate levels in untreated cultures (white bar) or in cultures treated with LPS alone (black
bar) are also indicated. Values represent mean + SEM of quadruplicate cultures. The effect of
a-amanitin was significant by ANOVA and Scheffe post hoc (p<0.02). B: The indicated
inhibitors were applied to primary microglia in triplicate for 1 h prior to the application of 30
ng/ml LPS; “JNK inh” = SP600125 (30uM), “MEK inh” = U0126 (10uM), a-AA = a-amino
adipate (2.5 mM). After 20 h, medium was collected for assay of glutamate, and the cells were
harvested for preparation of RNA. Solid bars represent glutamate values as mean = SEM (#
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p<0.05 vs. LPS alone). Stipled bars indicate the level of xCT mRNA relative to 18S rRNA in
each sample; values represent mean £ SEM (* p<0.02 vs. LPS alone).
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Figure 6. Hypothetical chain of events connecting NADPH oxidase to glutamate release
Evidence from other studies indicates that PKC activation and phosphorylation of p47poy are
important events in the activation of NADPH oxidase by proinflammatory stimuli. Once
assembled at the membrane, p47phox and the other components of NADPH oxidase produce
superoxide. This is dismutated by SOD to hydrogen peroxide. Some of the peroxide is reduced
by glutathione peroxidase, consuming GSH. Some peroxide putatively initiates lipid oxidation,
which must be halted by covalent conjugation of GSH to the lipid by glutathione S-transferase,
particularly GSTA4-4. The depletion of GSH resulting from these events is replaced by de
novo synthesis, requiring cysteine, imported into the cell as cystine via the Xc exchange
mechanism. Though not required for the initiation of this mechanism, events mediated by JNK
and ERK can also elevate expression of the antiporter’s xCT subunit. Pharmacological agents
shown in the present work to block these events are enclosed in red boxes; entry into the chain
of events at the point of lipid peroxidation is highlighted by the green box.
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