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Brief Communications

Activation of Neuronal NMDA Receptors Induces
Superoxide-Mediated Oxidative Stress in Neighboring
Neurons and Astrocytes

Reno C. Reyes,* Angela M. Brennan,* Yiguo Shen, Ylva Baldwin, and Raymond A. Swanson
Department of Neurology, University of California San Francisco, and Neurology Service, San Francisco Veterans Affairs Medical Center, San Francisco,
California 94121

Excitotoxic neuronal death is mediated in part by NMDA receptor-induced activation of NOX2, an enzyme that produces superoxide and
resultant oxidative stress. It is not known, however, whether the superoxide is generated in the intracellular space, producing oxidative
stress in the neurons responding to NMDA receptor activation, or in the extracellular space, producing oxidative stress in neighboring
cells. We evaluated these alternatives by preparing cortical neuron cultures from p47°"* '~ mice, which are unable to form a functional
NOX2 complex, and transfecting the cultures at low density with GFP-tagged p47P"** to reconstitute NOX2 activity in widely scattered
neurons. NMDA exposure did not induce oxidative stress or cell death in the nontransfected, p47-phox '~ cultures, but did produce
oxidative stress and neuronal death in neurons surrounding the transfected, NOX2-competent neurons. This cell-to-cell spread of
NMDA-induced oxidative injury was blocked by coincubation with either superoxide dismutase or the anion channel blocker 4'-
diisothiocyanostilbene-2,2’-disulphonate, confirming superoxide anion as the mediating oxidant. In neurons plated on a preexisting
astrocyte layer, NMDA induced oxidative stress in both the neurons and the astrocytes, and this was also prevented by superoxide
dismutase. These findings show that activation of NMDA receptors on one neuron can lead to oxidative stress and cell death in neigh-

boring neurons and astrocytes by a process involving the extracellular release of superoxide by NOX2.

Introduction

Sustained activation of NMDA-type glutamate receptors leads to
excitotoxic neuronal death (Choi, 1988). An important but
poorly understood aspect of excitotoxicity is its propensity to
spread from one cell to another. This process may contribute to
the propagation of injury in acute neurological disorders such as
stroke, brain trauma, and seizures (Faden et al., 1989; Meldrum,
1993; During et al., 2000), and also in more slowly progressive
disorders such as amyotrophic lateral sclerosis, Alzheimer’s dis-
ease, and Huntington’s disease (Lipton, 2004; Rothstein, 2009;
Milnerwood and Raymond, 2010).

Neuronal production of the gaseous signaling molecules, ni-
tric oxide and superoxide, is recognized as a crucial step linking
NMDA receptor activation to cell death (Lafon-Cazal et al., 1993;
Dawson, 1995; Pacher et al., 2007; Brennan et al., 2009; Forder
and Tymianski, 2009; Girouard et al., 2009). Neither superoxide
nor nitric oxide is intrinsically highly toxic, but these molecules
avidly combine to form peroxynitrite and other substances that
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readily react with lipids, DNA, and other cell constituents
(Pacher et al., 2007). Nitric oxide is produced in a subset of neu-
rons in response to NMDA receptor activation, and it then passes
freely across cell membranes (Bredt et al., 1991; Sattler et al.,
1999; Garthwaite, 2008). The origin and distribution of superox-
ide is less clear. NMDA-induced superoxide was originally
thought to originate from mitochondria, as a consequence of
mitochondrial calcium uptake (Dykens, 1994; Dugan et al,
1995). However, it was more recently demonstrated that neurons
express the superoxide-generating enzyme NADPH oxidase
(Sorce and Krause, 2009), and manipulations that block NADPH
oxidase activity effectively block NMDA-induced superoxide
production (Brennan et al., 2009; Girouard et al., 2009; Guemez-
Gamboa et al., 2011).

The NADPH oxidase isoform NOX2 is the predominate form
expressed by neurons (Sorce and Krause, 2009). NMDA-induced
NOX2 activation is calcium-dependent and occurs in many, if
not all, neurons with NMDA receptors (Brennan et al., 2009;
Girouard et al., 2009). NOX2 is composed of two membrane-
bound subunits, p22P"** and gp91, and three cytosolic subunits,
p47P"°% p67PP% and p40P"°*, Phosphorylation of p47P"** leads
to assembly of the active complex at cell membranes (Dang et al.,
2001; Bedard and Krause, 2007). Evidence suggests that NOX2
produces superoxide at intracellular membranes in some cell
types and at the plasma membrane in others (Jesaitis et al., 1990;
Bedard and Krause, 2007; Prosser et al., 2011), and its functional
location in neurons is uncertain. The distinction is important
because, unlike nitric oxide, superoxide does not readily cross cell
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Figure 1.

Activation of neuronal NMDA receptors produces superoxide-mediated oxidative stress in neighboring neurons. A, GFP expression and 4HNE immunostaining in neuron cultures.

477"/~ neurons were transfected at low efficiency with GFP alone as controls (upper rows) or with GFP-labeled p47 P"to reconstitute NADPH oxidase activity (lower rows). Merge images show
4HNE formation primarily in nontransfected neurons. Cultures were treated with 100 . NMDA for 30 min or with medium exchanges alone. Cultures were additionally treated with SOD (1000 U)
or DIDS (20 um), where indicated. Scale bar, 50 wm. B, Quantification of 4HNE. **p << 0.01 versus NMDA-treated, p47 PhOX_GEP transfected cultures (n = 3). €, GFP expression and oxidized Eth
fluorescencein neuron cultures. Cultures were incubated with 5 um dihydroethidium and otherwise treated as in A. Merge images show Eth formation primarily in nontransfected neurons. Scale bar,
50 wm. D, Quantification of Eth. *p << 0.05 and **p << 0.01 versus the NMDA-treated, p47 P"™*-GFP transfected cultures (n = 4). E, Effects of DIDS and SOD on Eth fluorescence in neuron cultures
assessed 30 min after treatment with exogenous superoxide (40 um KO,). Cultures were treated with 20 um DIDS, 1000 U SOD, or heat-inactivated SOD (HI) as indicated. **p << 0.01 versus KO, alone

(n=4).

membranes, and superoxide production at the cell surface pro-
vides a mechanism for propagating NMDA-induced oxidative
stress to neighboring cells. Here we show that activated NOX2
releases superoxide to the extracellular space and produces oxi-
dative injury in neighboring neurons and astrocytes.

Materials and Methods

Reagents were purchased from Sigma-Aldrich unless otherwise specified.
Experiments were performed in accordance with protocols approved by
the San Francisco Veterans Affairs Medical Center Animal Studies sub-
committee. C57BL/6 wild-type and p47°"°~/~ mice were purchased
from Simonsen and Jackson Laboratories, respectively. The p47[’””x7/7
mice were maintained as homozygotes, using breeder stock that was
backcrossed to WT C57BL/6 mice after every eight generations.
Cultures. Neuronal monocultures were prepared from the cortices of
embryonic day 14 mice of either sex and plated in 24-well culture plates
or on poly-p-lysine-coated glass coverslips. After 1 d in culture, 10 um
cytosine arabinoside was added for 24 h to prevent glial proliferation.

The neurons were subsequently maintained with serum-free NeuroBasal
medium (Invitrogen) containing 5 mm glucose, at 37°C in a 5% CO,
atmosphere. These cultures contain 95% neurons, 5% astrocytes, and no
detectable microglia (Kauppinen and Swanson, 2005). Neuron—astro-
cyte cocultures were prepared by plating neurons onto a preexisting
astrocyte monolayer, as previously described (Alano et al., 2010).

Transfection. Transfections with green fluorescent protein (GFP) and
GFP-tagged p47P"°* (gifts from L. Terada, University of Texas South-
western, Dallas, TX) were done with p47 pPhox—/= L eyrons on day6or7in
vitro. Culture medium was replaced with Opti-MEM (Invitrogen) that
contained 0.3% Lipofectamine (Invitrogen) and 400 ng of DNA con-
struct. This medium was changed back to NeuroBasal medium after 4 h
incubation.

Experimental procedures. Neurons were used for experiments at day
9-12 in vitro. Studies were initiated by washing the cultures into a bal-
ance salt solution (BSS) containing 137 mm NaCl, 5.3 mm KCl, 1.2 mm
CaCl,, 0.8 mm MgSO,, 0.4 mm KH,PO,, 0.3 mm Na,HPO,, 5 mm glu-
cose, and 10 mm 1,4-piperazinediethanesulfonate buffer, pH 7.2. Bovine
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Figure 2.  NMDA-induced oxidative stress correlates with proximity to NOX2-competent neurons. A, Scatter plot showing
percentage change in neuronal soma Eth fluorescence versus distance to nearest visualized p47 ""*-positive neuronal process.
Cultures prepared as in Figure 1A. Dashed line shows linear regression (r*> = 0.16, p < 0.01 versus a zero slope). B, Cultures
prepared and treated as in Figure 14, in which neuronal processes are labeled with MAP2 (blue). The expanded and enlarged view
of the merged panel shows 4HNE-positve neuronal bodies and processes in proximity to processes of p47 P"*-reconstituted
neurons. Scale bar, 10 um. €, Cocultures of wild-type neurons and astrocytes in which Fura-2 (green) identifies cell bodies and
processes, and Eth fluorescence (red) identifies nuclei of cells with oxidative stress. The angulated, process-bearing neuronal soma
are identified in each panel by red or white asterisks. NMDA incubations (100 rum) produced oxidative stress in all of the neurons and
astrocytes, and this effect was blocked in cultures co-incubated with SOD. Representative of n = 4 experiments, all with similar results.
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erythrocyte superoxide dismutase type 2
(SOD) was prepared in BSS, and heat-
inactivated SOD was prepared by heating to
90°C for 5 min. Solutions containing superox-
ide (KO,) were prepared immediately before
use by adding 1 g of KO, to 2 ml of DMSO to
produce a saturated solution of KO, (Reiter et
al., 2000). The mixture was centrifuged at
345 X g to pellet the undissolved KO,, and 10
wul of the DMSO/KO, solution was added to
culture wells containing 400 ul of BSS. The su-
peroxide anion was liberated in the aqueous
solution to create an initial superoxide concen-
tration of ~40 uM in the medium (Hawkins et
al., 2007).

Superoxide detection. Cellular superoxide
was assessed by evaluating the oxidation of
dihydroethidium to fluorescent ethidium
species (Eth) (Bindokas et al., 1996; Brennan
et al., 2009) and by evaluating formation of
4-hydroxynonenal (4HNE) (Esterbauer et al,,
1991; Uchida, 2003). For studies of Eth forma-
tion, 5 uM dihydroethidum was added to the
BSS 15 min before the addition of KO, or
NMDA, and photographs were obtained 30
min after. In wild-type, nontransfected cul-
tures, the photographs were obtained from
three randomly selected fields per culture well.
In p47°"~/~ cultures transfected with GFP or
p47PROX_GFP, the 125 X 175 wm photographic
fields were centered on GFP-expressing neu-
rons randomly selected in each culture well
(because there was negligible Eth or 4HNE sig-
nal distant from these cells). More than 850
cells were evaluated in each of the experimental
conditions. Eth fluorescence images were ob-
tained using 510-550 excitation and >580 nm
emission filters. Neurons were considered Eth-
positive when cell body fluorescence exceeded
background fluorescence by 50% or more. In
studies comparing degree of Eth fluorescence
to distance from transfected process, the per-
centage change of Eth fluorescence in each
neuronal soma was measured over the 30
min NMDA incubation period. For studies
in astrocyte—neuron cocultures, Fura fluo-
rescence was used to identify cell bodies and
processes after loading with 4 um Fura-2 AM
for 25 min. Images were acquired with 380
nm excitation and >510 nm for Fura-2, in-
terleaved with 535 nm excitation/610 nm
emission for imaging of Eth.

Immunostaining for 4HNE was performed in
cells fixed with 4% formaldehyde. After treat-
ment with blocking buffer (2% goat serum, 0.2%
Triton-X, 0.2% bovine serum albumin), cultures
were incubated with 1:500 rabbit anti-4HNE
(Abcam) overnight at 4°C. Fluorescent donkey
anti-rabbit IgG (Invitrogen) was used to visualize
primary antibody binding. Quantification and
analysis of 4HNE staining were done the same
way as for Eth fluorescence. Superoxide (or su-
peroxide metabolites) was confirmed as the oxi-
dant species by the absence of NMDA-induced
Eth and 4HNE formation in p47” hox=/= peurons,
which lack functional NOX2.

Cell death. Cultures used for cell death assays
were washed free of NMDA or KO, after 30
min, replaced in the 37°C incubator, and eval-
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uated 24 h later. Dead cells were identified by their failure to exclude
trypan blue (0.05%) or propidium iodide (1 ug/ml; Calbiochem) from
cell soma. Photographs were taken of three randomly selected fields per
well in wild-type cultures or three randomly selected fields containing
GFP-positive neurons in the transfected cultures, and the total number
of live and dead cells was counted in each photograph. More than 900
cells were evaluated in each of the experimental conditions.

Statistical analyses. The n for each experiment denotes the number of
independent culture preparations evaluated. The treatment conditions
were evaluated in quadruplicate culture wells in each experiment. Data
are presented as means * SEM. Statistical significance was evaluated
using one-way ANOVA with either Dunnett’s test, for comparing mul-
tiple groups against a single experimental or control group, or the F
statistic, for testing slope of a regression line.

Results

To determine whether activation of NMDA receptors in one neu-
ron produces oxidative stress in neighboring neurons, we pre-
pared cultures of p47°"°*~/~ neurons, which are unable to form
functional NOX2 complexes. The cultures were transfected at
low density with GFP-tagged p47P"°* to reconstitute functional
NOX2 in ~10% of the neurons in each culture well. Subsequent
incubation with NMDA induced formation of the lipid peroxi-
dation product 4HNE exclusively in neurons located around the
GFP-tagged, p47P"**-expressing neurons. 4HNE formation was
negligible in cultures not exposed to NMDA, and in control cul-
tures transfected with GFP alone (Fig. 1A, B).

To confirm that this oxidative stress was caused by superox-
ide, studies were also performed in which SOD was added to the
culture medium. The addition of SOD markedly reduced 4HNE
formation (Fig. 1 A, B). A similar reduction was observed with
the anion blocker 4,4’ -diisothiocyanostilbene-2,2"-disulphonate
(DIDS), which blocks the entry of superoxide anion (O, ) into
cells through anion channels (Lynch and Fridovich, 1978; Hawk-
ins et al., 2007).

Studies were additionally performed using the oxidation of
dihydroethidium to Eth as a second, independent measure of
oxidative stress. Results of these studies were quantitatively sim-
ilar to the 4HNE studies: NMDA-induced Eth formation was
observed only in the vicinity of neurons transfected with GFP-
tagged p477"°%, and the Eth signal in these surrounding neurons
was reduced by the presence of either SOD or DIDS in the me-
dium (Fig. 1C,D). Higher concentrations of SOD and DIDS pro-
duced no further reductions in Eth or 4HNE formation (data not
shown). Exogenously added superoxide, in the form of KO,, was
used confirm reliability of the superoxide probes and efficacy of
SOD and DIDS in these preparations. Wild-type neurons exposed to
KO, showed increased Eth fluorescence, and this increase was com-
pletely blocked by DIDS and SOD at the concentrations used
throughout these studies (Fig. 1E).

The likelihood that any given neuron would exhibit NMDA-
induced oxidative stress in the transfected cultures increased with
its proximity to a GEP-tagged, p47"** -expressing neuronal pro-
cess, as quantified in Figure 2 A. This relationship also held for the
transfected cells themselves, of which only 28 = 9% became Eth-
positive. The anatomical relationships between transfected cells
and oxidative stress were better seen with 4HNE staining, which
unlike the Eth signal is not confined to the nucleus. Figure 2B
shows an example of a transfected cell that remained 4HNE-
negative after NMDA exposure while many nontransfected cells
around it formed 4HNE. The high-power view of this panel
shows GFP-positive processes of the neurons contacting cell bod-
ies and processes of the 4HNE-positive neurons.

We also evaluated NMDA-induced oxidative stress in neu-
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Figure 3. NMDA-induced superoxide production causes death of neighboring neurons. 4,
4771/~ neurons were transfected with GFP alone (red bars) or with GFP-labeled p47 ¥
(black bars) and treated as in Figure 1. Neuronal death in the vicinity of GFP-positive cells was
evaluated 24 h later by propidium iodide staining. **p < 0.01 versus the NMDA-treated,
p47 Ph*_GFP transfected group (n = 3). B, Wild-type neurons were treated as in A, and neu-
ronal death was evaluated by trypan blue staining 24 h later. **p << 0.01 versus the NMDA-
treated group (n = 3).

rons plated onto a confluent layer of astrocytes, given the impor-
tance of astrocytes in neuronal development and synapse
formation (Pfrieger and Barres, 1997). Technical issues pre-
cluded neuronal transfection in these preparations, so studies
were performed with wild-type neurons on astrocytes. In these
cultures, NMDA produced oxidative stress in essentially all of the
neurons and, interestingly, also in the underlying astrocytes (Fig.
2C). The presence of SOD blocked Eth formation in both the
wild-type neurons and astrocytes (Fig. 2C).

To determine whether cell-to-cell movement of superoxide
also contributes to cell death in excitotoxicity, p47°"** /" cul-
tures were transfected with GFP-labeled p47ph°" as above, and
treated with 100 um NMDA for 30 min with or without the
addition of SOD or DIDS to the medium. Neuronal death was
evaluated 24 h later and was observed predominately in the vicin-
ity of the transfected neurons with reconstituted NOX2 function
(data not shown). The cell death was blocked by both SOD and
DIDS, and transfection with p47P"* did not significantly in-
crease neuron death in the absence of NMDA exposure (Fig. 3A).
NMDA-induced neuronal death in wild-type cultures was also
reduced by both SOD and DIDS (Fig. 3B), thus excluding the
possibility that neuronal death caused by superoxide release is an
experimental artifact of transfection.

Discussion
Superoxide generated by neuronal NOX2 contributes to neuro-
nal death induced by glutamate, NMDA, ischemia, hypoglyce-
mia, and other insults (Suh et al., 2007, 2008; Brennan et al., 2009;
Girouard et al., 2009; Guemez-Gamboa et al., 2011; Yoshioka et
al., 2011). However, it has not been resolved whether the super-
oxide generated by neuronal NOX2 produces oxidative stress
selectively in the neurons in which it is formed, or predominantly
in neighboring neurons. The former would be expected if the
superoxide were produced by mitochondria or NOX2 within
neurons, while the latter would be expected if the superoxide
were produced by NOX2 on the cell surface and released into the
extracellular space. Results presented here support the latter sce-
nario. Neuronal NMDA receptor activation produced oxidative
stress and death in neighboring neurons, and the cell-to-cell
spread of both oxidative stress and death were blocked by SOD
and DIDS.

Key to these studies was the use of cultures in which NOX2
competent neurons were scattered among p47°"**~/~ neurons
that cannot assemble a functional NOX2 complex. Prior studies
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with cultures of uniformly p47°"°*~/~ neurons showed that
NMDA induces normal NMDA-induced calcium transients in
these cells, but not oxidative stress or neuronal death (Brennan et
al., 2009). Here, neurons lacking the p47P"** subunit likewise
displayed negligible NMDA-induced oxidative stress or cell
death, unless they were near transfected, NOX2-competent neu-
rons. The cell-to-cell transmission of oxidative stress was blocked
by either SOD or DIDS, thereby confirming that the oxidant
species is superoxide anion (or an anionic superoxide
metabolite).

Surprisingly, the NOX2-positive neurons in the transfected
cultures were often themselves unaffected by oxidative stress.
Our findings do not provide an explanation for this, but the
effects of DIDS in these studies suggests that the distribution of
superoxide-permeable anion channels might be a crucial factor
determining where superoxide can enter cells, and thus where
superoxide-mediated oxidative stress occurs.

One limitation to the transfection approach is that neurons
expressing GFP-labeled p47P"* could manifest protein overex-
pression or nonphysiological localization of p47P"* and super-
oxide production. However, p47FP"** is present in the cytosol
until phosphorylated, and the sites of superoxide production are
dictated by the location of membrane-tethered NOX2 catalytic
subunits rather than by p47P"* (Dang et al., 2001; Bedard and
Krause, 2007). Additionally, cultures of nontransfected, wild-
type neurons similarly exhibited NMDA-induced oxidative stress
and cell death that were suppressed by the addition of SOD or
DIDS to the medium.

A second limitation is that, for technical reasons, astrocytes
were only sparsely present in the transfection preparations; a fac-
tor that could lead to aberrant neuronal maturation. However,
cultures using wild-type neurons plated on astrocyte layers also
exhibited NMDA-induced oxidative stress. Moreover, the astro-
cytes in these cultures exhibited SOD-suppressible oxidative
stress, providing additional support for superoxide as an extra-
cellular mediator.

Together, these studies show that the extracellular production
of superoxide by NOX2 can contribute to the propagation of
excitotoxic injury in cell culture. This injury is presumably de-
pendent on concomitant production of nitric oxide, given that
blocking production of either molecule blocks cell death (Lafon-
Cazal et al., 1993; Dawson, 1995; Pacher et al., 2007). Unlike
nitric oxide, superoxide has a very short half-life and diffusion
distance in brain and does not readily cross lipid membranes
(Pacher et al., 2007). The local production of superoxide could
thus be a determining factor in the local propagation of excito-
toxic injury. Although the physiological role of neuronal NOX2
has not been firmly established, evidence suggests that neuronal
superoxide signaling contributes to the intercellular signaling re-
quired for synaptic plasticity (Massaad and Klann, 2011). The
unique vulnerability of brain to excitotoxic and propagating cell
death could thus be considered an exaggerated, pathological
manifestation of this normal intercellular signaling process.
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