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Neurobiology of Disease

Assessment at the Single-Cell Level Identifies Neuronal
Glutathione Depletion As Both a Cause and Effect of
Ischemia-Reperfusion Oxidative Stress

Seok Joon Won,'* Ji-Eun Kim,'> ®“Giordano Fabricio Cittolin-Santos,"> and “Raymond A. Swanson'
Departments of 'Neurology, University of California San Francisco, and 2Neurology Service, San Francisco Veterans Affairs Medical Center (SFVAMC), San
Francisco, California 94121

Oxidative stress contributes to neuronal death in brain ischemia-reperfusion. Tissue levels of the endogenous antioxidant glutathione
(GSH) are depleted during ischemia-reperfusion, but it is unknown whether this depletion is a cause or an effect of oxidative stress, and
whether it occurs in neurons or other cell types. We used immunohistochemical methods to evaluate glutathione, superoxide, and
oxidative stress in mouse hippocampal neurons after transient forebrain ischemia. GSH levels in CA1 pyramidal neurons were normally
high relative to surrounding neuropil, and exhibited a time-dependent decrease during the first few hours of reperfusion. Colabeling for
superoxide in the neurons showed a concurrent increase in detectable superoxide over this interval. To identify cause- effect relation-
ships between these changes, we independently manipulated superoxide production and GSH metabolism during reperfusion. Mice in
which NADPH oxidase activity was blocked to prevent superoxide production showed preservation of neuronal GSH content, thus
demonstrating that neuronal GSH depletion is result of oxidative stress. Conversely, mice in which neuronal GSH levels were maintained
by N-acetyl cysteine treatment during reperfusion showed less neuronal superoxide signal, oxidative stress, and neuronal death. At 3 d
followingischemia, GSH content in reactive astrocytes and microglia was increased in the hippocampal CA1 relative to surviving neurons.
Results of these studies demonstrate that neuronal GSH depletion is both a result and a cause of neuronal oxidative stress after ischemia-

reperfusion, and that postischemic restoration of neuronal GSH levels can be neuroprotective.
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Introduction

Ischemia-reperfusion leads to the production of superoxide and
nitric oxide by neurons and other cell types (Chan, 2001;
Brennan-Minnella et al., 2015). These oxidants form peroxyni-
trite and other highly reactive oxygen species (ROS) that rapidly
damage lipids, proteins, and DNA. DNA damage in turn triggers
the poly(ADP-ribose) polymerase cell death pathway (parthana-
tosis), which is the primary cause of acute neuronal death in
ischemia-reperfusion injury (Moroni, 2008; Andrabi et al., 2011;
Baxter et al., 2014).

Glutathione (GSH) plays a crucial role in cell defense against
oxidative stress (Dringen, 2000; Maher, 2006). GSH scavenges
superoxide and other ROS both directly and, more rapidly, in
enzyme-catalyzed reactions. One such reaction class reduces per-
oxides, as exemplified by the glutathione peroxidase reaction:
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2GSH + H,0, — GSSG + 2H,0. A second class of reactions
includes glutaredoxin-mediated repair of proteins that have been
oxidatively modified at cysteine residues. These reactions also
ultimately generate GSSG from GSH. The GSSG (glutathione
disulfide) formed in these processes can either be exported from
cells or recycled to GSH in the glutathione reductase reaction:
GSSG + NADPH — 2GSH + NADP *. GSSG has intrinsic cyto-
toxicity, and consequently cells export GSSG when formation
exceeds capacity for recycling to GSH (Homolya et al., 2003).
GSH moieties lost through GSSG export must be replaced by de
novo GSH synthesis, for which cysteine availability is usually the
rate liming factor (Jones, 2008). GSH depletion has also been
shown to impair mitochondrial ATP production (Vesce et al.,
2005) and promote mitochondrially driven apoptosis (Muyder-
man et al., 2007).

The obligatory role of GSH in these anti-oxidant and repair
processes suggests that intracellular GSH levels could be an im-
portant factor affecting neuronal survival during ischemia-
reperfusion, but there are several gaps to our understanding in
this area. It is not known whether ischemia-reperfusion reduces
GSH levels specifically in neurons, if so by what mechanism, or if
this reduction significantly contributes to neuronal demise.
There is also uncertainty as to the relative GSH concentrations in
neurons compared with astrocytes. Studies of pure neuronal and
astrocyte cultures suggest that neurons contain far less GSH than
astrocytes (Makar et al., 1994; Dringen et al., 1999); however, this
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Immunohistochemical quantification of neuronal GSH content. A, Confocal images of mouse hippocampal sections treated with NEM to generate NEM-GSH adducts and immunostained

with antibody for GSH-NEM (green). Sections were counterstained (red) with either anti-MAP2 to identify neuronal processes or GFAP to identify astrocyte processes. Specificity was validated by lack
of GSH-NEM signal in sections not treated with NEM, and in sections pretreated with iodoacetamide to render sulhydryl groups unreactive with NEM (B). Scale bar, 20 pum. €, In ex vivo brain slices,
neuronal GSH-NEM signal was reduced after incubation with T mm BSO plus 500 wum SINT for 6 h. Scale bar, 20 um. D, Inmunohistochemical quantification of neuronal GSH in ex vivo brain slices.

E, Biochemical quantification of GSH in the same ex vivo brain slices (*p << 0.05).

may be a cell culture artifact because cultured astrocytes display a
reactive phenotype in which the GSH biosynthetic pathway is
upregulated (Shih et al., 2003), and neuron levels of GSH are
artificially depressed when cultured in the absence of astrocytes
(Dringen et al., 1999; Dringen, 2000).

To resolve these issues, we used an immunohistochemical
method to evaluate GSH content in individual neurons. Results
of these studies show that GSH levels in hippocampal pyramidal
neurons are normally greater than astrocyte GSH levels, and that
neuronal GSH levels fall in a time-dependent manner after
ischemia-reperfusion. Blocking superoxide production during
reperfusion preserves neuronal GSH levels, and supporting neu-
ronal GSH levels with N-acetyl cysteine reduces oxidative stress
and neuronal death.

Materials and Methods

Studies were approved by the SFVAMC animal studies committee. Mice
were male, C57BL/6, 35 months of age. Wild-type (WT) mice were
obtained from Simonsen Laboratories. p47P"**~/~ Mice were obtained
from The Jackson Laboratory, and subsequently back-crossed to WT
C57BL/6 mice for >10 generations. Reagents were obtained from Sigma-
Aldrich except where otherwise noted.

Transient forebrain ischemia. Ischemia was induced by transient occlu-
sion of both common carotid arteries, as described previously (Barone et
al., 1993; Won et al., 2010). Mice were fasted overnight and anesthetized
with 2% isoflurane in a 70% N,0/30% O, mixture. Body temperature
was maintained at 37 = 0.3°C with a homeothermic blanket and heating

lamp (Harvard Apparatus). The common carotid arteries were exposed
through a midline neck skin incision and occluded for 12 min with small
aneurysm clips. Artery occlusion and reperfusion was confirmed in each
case by visual inspection. Anesthetics were discontinued after skin clo-
sure. When mice showed spontaneous respiration, they were returned to
a recovery chamber maintained at 37°C until ambulatory. Sham-
operated animals received neck incisions without artery occlusion.

Where used, N-acetyl cysteine (NAC), apocynin, or their correspond-
ing vehicles were administered as 10 ul/g intraperitoneal injections at the
time of reperfusion. NAC was dissolved in physiological saline, and apo-
cynin was dissolved in 1% dimethylsulfoxide. For studies using hyper-
glycemia, mice were given intraperitoneal injection of 50% glucose in
saline, (2.5 ul/g body weight) immediately before reperfusion as de-
scribed previously (Suh et al., 2008). The corresponding normoglycemic
mice received equal volumes of saline only. Blood glucose was measured
from tail vein samples 15 min before ischemia onset and 30 min after
reperfusion using ACCU-CHEK glucometer (Roche).

Immunohistochemistry. Mice were anesthetized and transcardially per-
fused with cold saline followed by 4% formaldehyde solution. Brains
were removed and postfixed in 4% formaldehyde overnight. Brains
used for 4-hydroxynonenal (4HNE) and nitrotyrosine (NT) immu-
nostaining were embedded in paraffin for collection of 7 wm coronal
sections. The sections were deparaffinized with xylene, rehydrated,
and then boiled in 10 mm sodium citrate, pH 7.0, for 10 min to achieve
antigen retrieval (Shi et al., 1991). Brains used for other outcome
measures were cryoprotected in sucrose and cryostat sectioned at
either 25 wm thickness for Fluoro-Jade B staining, or 40 um thickness
for all other measures.
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GSH was detected in sections that were
preincubated with 10 mMm N-ethylmaleimide
(NEM) for 4 h at 4°C, using a mouse antibody
to GSH-NEM (clone 8.1GSH, Millipore) as de-
scribed previously (Miller et al., 2009; Escartin
et al., 2011). The sections were subsequently
incubated with rabbit antibodies to 4HNE (Ab-
cam), NT (Millipore), MAP2 (Millipore), GFAP
(Millipore), or Ibal (Waco). Antibody binding
was visualized using AlexaFluor 488-conjugated
goat anti-mouse IgG or AlexaFluor 594-
conjugated goat anti-rabbit IgG (Invitrogen).

For detection of superoxide-derived ROS, 3
mg/kg dihydroethidium (Invitrogen) dissolved
in 1% dimethylsulfoxide was intraperitoneally
injected 15 min before artery occlusion and
brains were harvested at the designated time
points following reperfusion. Cryostat sections
were photographed with a fluorescent micro-
scope using excitation at 510-550 nm and
emission >580 nm to detect oxidized ethidium
species (Eth) (Murakami et al., 1998; Won et
al., 2010).

Quantification of fluorescent labeling was
performed using four evenly spaced sections
collected through the hippocampus of each
mouse. Each section was photographed with a
fluorescence microscope using uniform condi-
tions. Antibody or Eth fluorescence intensity
was measured in the bilateral CA1 pyramidal
layer of each of section, and the values obtained
in the four sections were averaged for each
brain. To assess colocalization of glutathione
and superoxide formation at the single-cell
level, brain sections from dihydroethidium-
injected mice were immunostained with anti-
GS-NEM and photographed with a confocal
fluorescence microscope. Eth and anti-GS-
NEM fluorescence were measured in each neu-
ronal soma of hippocampal CAl, with >70
cells analyzed in each section.

Neuron death. Degenerating neurons were
evaluated by Fluoro-Jade B staining as de-
scribed previously (Schmued and Hopkins,
2000; Won et al.,, 2010), using five evenly
spaced sections through the hippocampus. In
brief, 25 um sections mounted on slides were
immersed in a basic alcohol solution followed
by 0.06% potassium permanganate for 15 min,
placed in 0.0004% Fluoro-Jade B (Millipore)
for 20 min. The number of degenerating neu-
rons in CA1 pyramidal layer was counted bilat-
erally and averaged over the five sections from
each brain.

Acute brain-slice cultures. Mouse brains were
vibratome sectioned into 300 wm coronal
slices. The slices were placed in ice-cold artifi-
cial CSF (130 mm NaCl, 3.5 mm KCI, 1.25 mm

<«

Figure 2.  Transient forebrain ischemic injury produces a
delayed depletion of GSH in hippocampal CA1 pyramidal neu-
rons. A, Hippocampal brain sections harvested at the desig-
nated times after ischemia-reperfusion or sham surgery and
immunostained for GSH. Scale bar, 20 yum. B, Quantification
of neuronal GSH immunoreactivity (*p << 0.05 vs sham). C,
Neuronal death as detected with Fluoro-Jade B under condi-
tions as in A. Scale bar, 20 wm.
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Inverse relationship between superoxide and GSH levels in postischemic hippocampal neurons. A, Confocal images showing glutathione (GSH-NEM, green) and superoxide (Eth, red)

in neurons of hippocampal sections harvested after ischemia-reperfusion or sham surgery. Scale bar, 20 pm. B, Scatterplot shows relative levels of GSH and superoxide measured in individual
neurons harvested 3 h afterischemia or sham surgery (sham n = 4,744 cells; ischemia n = 4,783 cells). €, Histograms show the distribution of data plotted in B. D, Box-and-whisker plots show the

median values from n = 4 animals in each treatment group (*p << 0.05).

NaH,PO,, 2 mm MgSO,, 2 mm CaCl,, 20 mm NaHCO; and 10 mm
glucose, pH7.2) while equilibrated with 95% oxygen and 5% CO,. After
30 min, the incubation temperature was raised to 30°C and one-half of
the slices were treated with 0.5 mm 3-morpholinosydnonimine (SIN-1)
plus 1 mm buthionine sulfoxamine (BSO) to reduce glutathione content
(SIN-1 generates peroxynitrite, which avidly reacts with GSH, and
BSO prevents de novo GSH synthesis; Griffith and Meister, 1979;
Zhang et al., 1997). After 6 h, slices were either frozen for biochemical
GSH determination or fixed in 4% formaldehyde for GSH-NEM
immunohistochemistry.

GSH assay. Brain slices were sonicated with 0.5 ml of 5% sulfosalicylic
acid and centrifuged at 10,000 X g for 10 min at 4°C. The supernatant was
mixed with 1 mm dithiobis-2-nitrobenzoic acid and 1 mm EDTA in 100
mM sodium phosphate buffer, pH 7.5, and 1 mm NADPH and 200 U/ml
of glutathione reductase were added (Baker et al., 1990). GSH standards
were treated identically, and optical absorbance of samples and standards
was measured at 405 nm. Values were normalized to protein content as
determined with a BCA protein assay kit (Thermo Scientific).

Statistical analyses. Quantified data are presented as box-and-whisker
plots, with the boxes showing the median and the upper and lower quar-
tiles, and the whiskers showing the highest and lowest values in each the

dataset. Statistical significance was assessed with the Mann—Whitney U
test for two-group comparisons, and with the Kruskal-Wallis nonpara-
metric one-way ANOVA test followed by Dunn’s test for multiple group
comparisons. Pvalues <0.05 were considered significant. The number of
mice in each experimental group is displayed in each figure.

Results

Ischemia reduces neuronal GSH content

To evaluate cell-type-specific changes in glutathione content, we
adapted an immunohistochemical approach that uses antibody to
GSH-NEM adducts. This method specifically identifies GSH in
NEM-treated tissues, and thereby overcomes the more limited spec-
ificity of antibodies directed to native GSH (Miller et al., 2009). Hip-
pocampal sections evaluated using this approach showed a strong
GSH signal in the CA1 pyramidal neuron soma, with lesser signal in
the adjacent neuropil and astrocyte cell bodies (Fig. 1A). The CAl
pyramidal layer was chosen for analysis of neuronal GSH changes
because this region is relatively poor in astrocyte processes (Ouyang
et al., 2007). This was confirmed here by staining for the astrocyte
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Figure4. Neuronal GSH levels areinfluenced by postischemic superoxide production. Neuronal superoxide and GSH levels were
assessed in hippocampal CA1 pyramidal neurons fixed 3 h after ischemia-reperfusion or sham surgery. 4, Superoxide levels were
increased by normoglycemicischemia-reperfusion (NG), and further increased in mice rendered hyperglycemic during reperfusion
(HG; *p << 0.05 vs sham). Neuronal GSH exhibited reciprocal changes. Blood glucose levels were 4.61 2 0.82 mmol/Lin normogly-
cemic mice and 14.89 = 2.93 mmol/L in the hyperglycemic mice. B, Apocynin (15 mg/kg) reduced superoxide production in
postischemic neurons, and prevented GSH depletion (*p << 0.05). C, Ischemia-reperfusion did not increase superoxide levels in
p47°" ="~ mice, and neurons in these mice showed no significant fall in GSH levels.
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pocampal slices. In one-half of the slices
GSH levels were lowered by 6 h incubations
in medium containing 3-morpholinosy-
dnonimine and r-buthionine sulfoxamine.
Slices treated this way showed a ~50% re-
duction in total slice GSH-NEM signal, and
a comparable reduction in biochemically
measured slice GSH content (Fig. 1C-E).

We then used the GSH-NEM method
to evaluate changes in the GSH content of
hippocampal CA1 pyramidal neurons at
serial time points after transient forebrain
ischemia. GSH levels were not detectably
altered at 30 min after reperfusion, but
were significantly decreased at 3 h and
nearly absent at 24 h after reperfusion
(Fig. 2A,B). To determine whether these
decreases were simply indicative of neuro-
nal death, degenerating neurons were
identified by Fluoro-Jade B staining in ad-
jacent sections. The Fluoro-Jade B stain-
ing showed only scattered dead neurons at
24 h and no signal at the earlier time
points (Fig. 2C), consistent with delayed
neuronal death in this stroke model (Bar-
one et al., 1993; Bennett et al., 1996; Lee et
al., 2004; Won et al., 2010).

Reduced neuronal GSH content is
accompanied by increased superoxide
levels

Superoxide and certain superoxide-
derived ROS produced during ischemia-
reperfusion can be detected by evaluating
oxidation of dihydroethidium to fluores-
cent oxidized Eth (Murakami et al., 1998;
Peshavariya et al., 2007; Won et al., 2010).
We prepared confocal images from sec-
tions double-labeled for Eth formation
and GSH-NEM to evaluate the relation-
ships between superoxide and GSH levels
in individual neurons. Eth formation in
hippocampal sections harvested at serial
time points after ischemia-reperfusion
showed increased signal in the CA1 pyra-
midal neurons at 0.5, 3, and 24 h after
reperfusion (Fig. 3A). Focusing on the 3 h
time-point, preceding neuronal death, the
colabeling showed a corresponding reduc-
tion in neuronal GSH levels (Fig. 3A-D).

Superoxide production causes neuronal
GSH depletion after ischemia

GSH is consumed in the process of scaveng-
ing superoxide and superoxide-derived re-
active oxygen species. As a consequence,
the reciprocal changes in GSH and super-

marker, GFAP (Fig. 1B; see also Fig. 7A). GSH-NEM staining was  oxide levels in postischemic neurons could result either from
absent in sections that had not been treated with NEM, and in sec-  increased GSH consumption in neurons with increased superox-
tions treated with iodoacetamide to render sulthydryl groups unre-  ide formation, or from reduced superoxide-scavenging capacity
active to NEM (Fig. 1B). To further evaluate the specificity of this  in neurons with reduced GSH content. To test these possibilities,
histochemical approach, we compared the GSH-NEM signal to  we first evaluated the effects of increased and decreased superox-
biochemical measurements of GSH in acutely isolated hip-  ide production on neuronal GSH levels. Superoxide formation
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was increased by rendering mice hyper- A

and Li, 2006; Kamada et al., 2007; Suh
et al., 2008; Won et al, 2011). The
hyperglycemia-induced increase in super-
oxide production produced a corre-
sponding decrease in neuronal GSH
content (Fig. 4A). Next, we suppressed su-
peroxide formation by treating mice with
the NADPH oxidase inhibitor apocynin
(Stolk et al., 1994; Suh et al., 2008). The
reduced superoxide signal in neurons of
these mice was accompanied by a corre-
sponding increase in neuronal GSH con-
tent (Fig. 4B). We also evaluated this
relationship in p47°"**~/~ mice, which
cannot assemble a functional NADPH
oxidase-2 complex (Bedard and Krause,
2007). Ischemia-reperfusion in these mice
produced no significant increase in neu-
ronal superoxide signal, and no reduction
in neuronal GSH content (Fig. 4C). To-
gether, these findings support the idea
that accelerated superoxide production is
the primary cause of GSH depletion in
postischemic neurons. The absence of
ischemia-induced neuronal Eth forma-
tion in mice lacking NADPH oxidase-2
activity also confirms that this signal is at-
tributable to superoxide or superoxide-
derived ROS. B
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(Fig. 5), suggesting that the nor- S

malized GSH content prevents elevated 2

superoxide levels during reperfusion. This
suggestion was supported by measures
of 4-hydroxynonenal and nitrotyrosine,
which are oxidative modifications of lip-
ids and proteins that are produced in part
by superoxide (Reiter et al., 2000; Awasthi
et al., 2004). Both 4-hydroxynonenal and nitrotyrosine were
formed in CA1 neurons after ischemia-reperfusion (Fig. 6A), and
their formation was attenuated in mice treated with NAC (Fig.
6A,B). NAC administration also reduced CA1 neuronal death, as
measured by Fluoro-Jade B in brains harvested 3 d after ischemia-
reperfusion (Fig. 6C,D). Together, these findings results indicate
that neuronal GSH levels contribute to the ability of neurons
to scavenge superoxide and suppress oxidative damage after
ischemia-reperfusion.

Figure5.
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N-acetyl cysteine administered after ischemia-reperfusion restores neuronal GSH and reduces detectable superoxide.
A, Representative photomicrographs showing relative levels of GSH and superoxide detection in hippocampal CAT neurons. NACor
saline vehicle was administered at reperfusion, and tissues were harvested 3 h later. Scale bar, 20 m. B, Quantified results (*p <
0.05, **p < 0.01 vs ischemia/vehicle).

GSH content is increased in glia at 3 d after ischemia-reperfusion
Although our findings show a fall in neuronal GSH content over
the first few hours after ischemia-reperfusion, prior studies using
biochemical GSH determinations have identified an increase in
bulk tissue GSH content at later time points (days) after
ischemia-reperfusion (Uemura et al., 1991; Ningaraj and Rao,
1998; Namba et al., 2001). To determine whether the later in-
crease in GSH content might be in non-neuronal cells, we per-
formed double-labeling for GSH-NEM with astrocyte and
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mg/kg NAC or saline vehicle at reperfusion, and tissues were harvested 3 h later. Scale bar, 20 wm. B, Quantification of 4HNE and NT immunofluorescence. C, Fluoro-Jade B staining identifies
degenerating hippocampal CA1 neurons in mouse brain 3 d after ischemia-reperfusion. Scale bar, 50 wm. D, Quantified cell death (*p << 0.05 vs ischemia/vehicle).

microglial markers in brains harvested 3 d after ischemia reper-
fusion. These studies showed reduced GSH signal in the CAl
pyramidal layer, corresponding to a reduced number of surviving
neurons. However, these studies also showed increased GSH con-
tent in both astrocytes and microglia in the underling stratum
radiatum (Fig. 7). High-power views (Fig. 7C,D) suggested an
increase in GSH concentration in the glial processes, in addition
to increased numbers of cells and processes.

Discussion

These findings demonstrate that ischemia-reperfusion causes
both a fall in GSH and an increase in superoxide levels in pyra-
midal CA1 neurons. Pharmacological or genetic blockade of su-
peroxide production preserved neuronal GSH content, whereas
conversely, N-acetyl cysteine treatment supported GSH levels
and reduced superoxide levels, oxidative stress, and neuronal
death. These results indicate that GSH depletion is both a result
and a cause of neuronal oxidative stress after ischemia-
reperfusion, and that restoration of neuronal GSH levels during
reperfusion can be neuroprotective.

It can be difficult to reliably distinguish between GSH and
other thiols by histochemical methods. Initial studies of brain
tissue using mercury orange as a label found a relatively low GSH
signal in neuronal somata (Slivka et al., 1987), but this agent was
later found to react with protein sulfhydryls in addition to GSH
(Thomasetal., 1995). Studies using monochlorobimane to detect
GSH also suggested a relative paucity of GSH in neurons (Bragin
etal., 2010). However, the reaction between monochlorobimane
and GSH requires glutathione S-transferase. The GSH-bimane
signal is therefore influenced by cell-type differences in this en-
zyme, as well as by differing rates of GSH-bimane excretion
(Ublacker et al., 1991). In contrast to these histochemical meth-

ods, immunostaining with antibodies to GSH showed abundant
labeling in neuronal soma and processes (Ong et al., 2000), in-
line with the present results. Nonenzymatic GSH labeling with
fluorescently labeled C5-maleimide also shows strongest signal
in neurons (Aoyama et al., 2006; Escartin et al., 2011). The
NEM-GSH antibody method used here uses antibodies to
N-ethylmaleimide-glutathione adducts to further improve spec-
ificity for GSH (Miller et al., 2009).

In the present studies, comparisons of GSH-NEM staining
with biochemical GSH measures in acute hippocampal slices
confirmed that the GSH-NEM method provides a quantitative
measure of brain tissue GSH content. The GSH-NEM approach
has limitations, however, as with other immunohistochemical
methods a linear relationship between neuronal GSH content
and the GSH-NEM signal cannot be assumed to hold over the full
range of signal detected. Additionally, the inability to discrimi-
nate between neuronal and non-neuronal processes in the neu-
ropil restricted our analysis to neuronal cell bodies, and it is
possible that these do not uniformly reflect GSH metabolism in
the neuronal processes.

When used in studies of ischemia-reperfusion, GSH-NEM
staining showed GSH depletion in hippocampal pyramidal neu-
rons over the first few hours of ischemia-reperfusion. This deple-
tion occurs long before neuronal death, as evidenced both by
Fluoro-Jade B staining (Fig. 2C) and by prior work showing de-
layed CA1 neuronal death in this transient ischemia model (Bar-
one et al., 1993; Bennett et al., 1996; Lee et al., 2004; Won et al.,
2010). Biochemical measurements of GSH in brain tissue ho-
mogenates have shown a decrease in bulk tissue GSH content
over this same time period (Uemura et al., 1991; Shivakumar et
al., 1995), and a subsequent normalization or supranormaliza-
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tion after 72 h (Ningaraj and Rao, 1998; Namba et al., 2001). Our
studies using GSH-NEM staining together with cell-type-specific
markers indicates that this later recovery of GSH levels is at-
tributable to GSH accumulation in reactive astrocytes and
microglia, rather than to a rebound increase in surviving neu-
rons. The mechanism and functional effects of this delayed
GSH accumulation are not known, but may be attributable to
increased NRF2 signaling in reactive astrocytes (Hamby and
Sofroniew, 2010).

Although Eth formation is specific for superoxide under cell-
free conditions, the presence of metals and peroxidases in cells
allows H,0O, and other peroxides to oxidize dihydroethidium to
Eth species (Fernandes et al., 2007). Elevated Eth signal is gener-
ally considered an indicator of increased ROS production, but in

the present studies, the high Eth signal observed in neurons with
low GSH content more likely reflects impaired superoxide scav-
enging. Superoxide is scavenged in part by direct reaction with
GSH, and superoxide-derived peroxides and protein oxidation
products are reduced primarily by enzymatic processes coupled
to GSH (Dringen, 2000; Maher, 2006).

The mechanism by which ischemia-reperfusion causes GSH
depletion has not been identified, but our results suggest that
superoxide production is a major factor. We found that neuronal
GSH depletion was attenuated when superoxide production by
NADPH oxidase-2 was blocked, and increased in when superox-
ide production was accelerated by hyperglycemia (Fig. 4A4). GSH
is oxidized to GSSG in the process of scavenging superoxide and
superoxide-derived peroxides, and exported from cells when
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GSSG formation outstrips its reduction back to GSH (Homolya
et al., 2003).

GSH that is lost in the form of exported GSSG must be re-
placed by de novo synthesis from cysteine, glycine, and glutamate,
of which cysteine availability is the rate-limiting factor. NAC is
membrane-permeable form of cysteine that can be de-acetylated
and used for GSH synthesis by neurons (Berman et al., 2011;
Samuni et al., 2013). Prior studies have shown that NAC admin-
istered before brain ischemia can be neuroprotective (Knuckey et
al., 1995; Carroll et al., 1998; Cuzzocrea et al., 2000). Our results
additionally show that NAC administered during reperfusion fol-
lowing ischemia can restore or maintain intracellular GSH con-
tent in neurons, and thereby limit oxidative neuronal damage
and death. It is possible that the effects of NAC are due in part to
direct actions of this thiol with superoxide or other ROS; how-
ever, this is likely a minor factor because the reaction between
NAC and superoxide is slow (Samuni et al., 2013), and because
unlike GSH, NAC cannot serve as a substrate for either the reduc-
tion of peroxides by glutathione peroxidase or the repair of oxi-
dized proteins by glutaredoxins. Accordingly, prior studies show
that the antioxidant effects of NAC during acute oxidative stress
are negated if de novo GSH synthesis is prevented with buthionine
sulfoximine (Wong and Corcoran, 1987; Yang et al.,, 2003;
Aoyama et al., 2006). This control was not feasible in the present
ischemia studies because inhibitors of GSH synthesis downregu-
late NMDA receptor activity and thus also affect superoxide pro-
duction (Ryu et al., 2003; Brennan et al., 2009).

The observation that both GSH depletion and neuronal de-
mise were attenuated in mice treated with NAC during reperfu-
sion after ischemia also suggests that this approach could have
therapeutic potential. NAC is inexpensive and safe, and it is al-
ready approved by the US Federal Drug Administration for other
indications (Miller and Rumack, 1983). Our findings suggest that
administration of NAC to stroke patients during the initial period
of reperfusion could improve outcomes, but the “therapeutic
window of opportunity” remains to be established.
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