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Abstract

Neuronal NMDA receptor (NMDAR) activation leads to the formation of superoxide, which

normally acts in cell signaling. With extensive NMDAR activation, the resulting superoxide

production leads to neuronal death. It is widely held that NMDA-induced superoxide production

originates from the mitochondria, but definitive evidence for this is lacking. We evaluated the role

of the cytoplasmic enzyme NADPH oxidase in NMDA-induced superoxide production. Neurons in

culture and in mouse hippocampus responded to NMDA with a rapid increase in superoxide

production, followed by neuronal death. These events were blocked by the NADPH oxidase inhibitor

apocynin and in neurons lacking the p47phox subunit, which is required for NADPH oxidase

assembly. Superoxide production was also blocked by inhibiting the hexose monophosphate shunt,

which regenerates the NADPH substrate, and by inhibiting protein kinase C zeta, which activates

the NADPH oxidase complex. These findings identify NADPH oxidase as the primary source of

NMDA-induced superoxide production.

Activation of the neuronal NMDAR initiates several downstream events, including cation

influx, activation of nitric oxide synthase and formation of superoxide1–3. Superoxide

functions as an inter-cellular messenger in long-term potentiation4,5 and participates in redox

inhibition of NMDAR channel function6; however, superoxide can also promote neuronal

death when NMDAR activation is sustained1,7. Notably, the primary source of superoxide

induced by NMDAR activation remains unresolved.

Initial studies suggested a mechanism in which Ca2+ influx through NMDAR channels leads

to mitochondrial depolarization8,9 and subsequent mitochondrial production of superoxide10,

11. However, a biochemical mechanism linking these events has not been identified and

evidence supporting mitochondria as the primary source of neuronal superoxide production

remains indirect12,13. Calcium was shown to induce superoxide production in isolated

© 2009 Nature America, Inc. All rights reserved.

Correspondence should be addressed to R.A.S. (Raymond.swanson@ucsf.edu).
AUTHOR CONTRIBUTIONS
A.M.B. carried out the cell culture studies and data analysis and prepared the manuscript drafts. S.W.S. supervised the mouse surgical
studies and analyzed these data. S.J.W. performed mouse surgery studies and mouse brain histology. P.N. maintained the Sod2+ mouse
colony and prepared the Sod2+ cell cultures. T.M.K. and Y.E. assisted with the p47phox translocation studies and data analysis. H.L.
assisted in the analysis of the cell culture ethidium fluorescence results. P.H.C. assisted with the studies involving Sod2+ neurons. R.A.S.
organized the studies and prepared the final manuscript.

Note: Supplementary information is available on the Nature Neuroscience website.

Reprints and permissions information is available online at http://www.nature.com/reprintsandpermissions/

NIH Public Access
Author Manuscript
Nat Neurosci. Author manuscript; available in PMC 2009 September 18.

Published in final edited form as:

Nat Neurosci. 2009 July ; 12(7): 857–863. doi:10.1038/nn.2334.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t

http://www.nature.com/reprintsandpermissions/


mitochondria14, but more recent studies indicate that this effect is highly dependent on

experimental conditions, especially the presence of bovine serum albumin in the medium and

succinate as a metabolic substrate13. The important question is whether mitochondria in situ

show an increase in superoxide production during NMDAR activation. In support of this,

studies using cationic, oxidant-sensitive fluorescent indicators have found an increase in

fluorescent signal in neuronal mitochondria after NMDAR activation10,11,15. However, this

mitochondrial localization does not distinguish between intra- and extra-mitochondrial sources

of oxidant production. Moreover, studies using inhibitors of mitochondrial electron transport

to block mitochondrial superoxide production are confounded by the fact that the inhibitors

also cause mitochondrial depolarization, and thus reduced uptake of the cationic indicators16.

An alternate source of superoxide, also activated by Ca2+ influx, is NADPH oxidase. NADPH

oxidase is a cytoplasmic enzyme that transfers an electron from NADPH to molecular oxygen

to generate superoxide. NADPH oxidase was originally described in neutrophils, but has

subsequently been identified in many other cell types including neurons17,18. NADPH oxidase

is composed of catalytic and regulatory subunits that, on activation, translocate and coalesce

with an assembly subunit at a plasma or luminal membrane. Neurons and neutrophils express

the NOX2 isoform of NADPH oxidase, which contains the gp91 catalytic subunit and requires

the p47phox assembly subunit17. Neurons may also express the NOX1 and NOX4 isoforms,

both of which may also require p47phox in some cell types17.

Here, we evaluated the role of NADPH oxidase in the neuronal production of superoxide

induced by NMDAR activation. We found a near-complete absence of superoxide production

in neurons lacking functional NADPH oxidase and in neurons in which NADPH oxidase

function had been inhibited, along with markedly reduced NMDA neurotoxicity under these

conditions. Our results indicate that NADPH oxidase is the primary source of superoxide

production following neuronal NMDAR activation.

RESULTS

NMDAR activation induces superoxide production by NOX

We evaluated neuronal superoxide production by measuring intra-cellular accumulation of

oxidized dihydroethidium (dHEth) in mouse cortical neuronal cultures that were preloaded

with dHEth. dHEth is oxidized by superoxide or oxidant metabolites of superoxide to form

fluorescent ethidium and related species, which are trapped in cells by DNA binding10,19–22.

Real-time fluorescence imaging showed that NMDA induced a rapid increase in ethidium

fluorescence that plateaued after 20–30 min (Fig. 1a), which is consistent with prior

reports10,15. We obtained similar results in experiments performed at 35 °C or 21–25 °C, and

all subsequent experiments were carried out at room temperature with images acquired 30 min

after the addition of NMDA. Under these conditions, NMDA produced a roughly threefold

increase in the number of neurons with detectable ethidium fluorescence (Fig. 1b,c). This

increase was blocked by the oxidant scavenger Trolox and mimicked by H2O2, indicating that

it was oxidant induced. The NMDA-induced signal was also blocked in Ca2+-free medium and

by MK801, which is consistent with it being the result of an NMDAR-mediated process, and

was not blocked by 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), thus excluding an effect

of NMDA-induced glutamate release acting on AMPA/kainate receptors. Notably, the NMDA-

induced signal was also completely blocked by apocynin, a methoxy-substituted catechol that

blocks NOX2 assembly, but does not inhibit mitochondrial dehydrogenases23. NADPH

oxidase generates superoxide using NADPH formed by the hexose monophosphate shunt.

Neurons incubated with an inhibitor of this pathway, 6-aminonicotinamide (6AN)21,24,25

showed no increase in ethidium fluorescence after NMDA exposure.
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We also examined superoxide production in neurons prepared from Ncf1−/− (also known as

p47phox) mice to confirm the role of NADPH oxidase in NMDA-induced superoxide

production. Cells from p47phox−/− mice are unable to assemble a NOX2 NADPH oxidase

complex21,26. p47phox−/− neurons showed a very attenuated NMDA-induced ethidium signal

relative to wild-type neurons (Fig. 1d,e). When incubated with H2O2, however, p47phox−/−

neurons had ethidium fluorescence that was comparable to that produced in wild-type neurons,

thus excluding any difference in dHEth loading or metabolism in the p47phox−/− cells.

We corroborated the ethidium fluorescence results by immunostaining for the lipid

peroxidation product 4-hydroxynonenal (4HNE)27. Neurons treated with NMDA showed an

increase in 4HNE immuno-reactivity that was blocked by Trolox, apocynin or 6AN, and in

cultures prepared from p47phox−/− mice (Fig. 2). Together, these results indicate that NADPH

oxidase is the primary source of NMDA-induced superoxide production.

Role of mitochondria in NMDA-induced superoxide production

Studies using oxidant-sensitive dyes have suggested that mitochondria are a major source of

superoxide formation during NMDAR activation10,11,15; however, mitochondrial

accumulation of the oxidized dyes results from their positive charge and does not exclude

oxidant production from an extra-mitochondrial source. Here we distinguished between

mitochondrial and NADPH oxidase–derived superoxide production on the basis that both

glucose and non-glucose substrates support mitochondrial respiration (and thus mitochondrial

superoxide production), but only glucose can support the regeneration of NADPH required for

NADPH oxidase activity. Neurons maintained comparable ATP concentrations when

incubated with either glucose or pyruvate (Fig. 3a), consistent with the capacity of neurons to

utilize pyruvate for oxidative energy metabolism. However, the NMDA-induced ethidium

signal was not observed when the cultures were supplied with pyruvate alone (Fig. 3b). This

result cannot be attributed to superoxide scavenging by pyruvate because pyruvate did not

suppress the NMDA-induced signal produced in presence of glucose (Fig. 3b). Moreover, the

concentration of pyruvate used in these studies (1 mM) had no detectable effect on dHEth

oxidation by exogenous H2O2 (Supplementary Fig. 1 online). Lactate was also found to support

neuronal energy metabolism, but did not support NMDA-induced superoxide production (data

not shown). Conversely, we found no reduction in NMDA-induced ethidium fluorescence

when we blocked pyruvate transport into mitochondria with 4-hydroxycyanocinnamate (250

µM) or the glycolytic inhibitor iodoacetate (250 µM)21 (Supplementary Fig. 1).

We carried out additional experiments to confirm that ethidium fluorescence measurements

would be capable of detecting superoxide produced by mitochondria, if this occurred. Neurons

incubated with either the complex III inhibitor antimycin28 or the protonophore p-

trifluoromethoxy carbonyl cyanide phenyl hydrazone (FCCP)10 showed a two- to three-fold

elevation in ethidium fluorescence (Fig. 3c–f), with or without the added presence of

oligomycin to prevent ATP consumption by mitochondrial ATP synthase9. The ethidium signal

induced by these agents was undiminished in neurons treated with 500 µM apocynin and in

neurons prepared from p47phox−/− mice (Fig. 3e,g), confirming that these conditions do not

interfere with the detection of superoxide produced by mitochondria (Fig. 3g). We also

prepared neurons from mice that had a twofold overexpression of mitochondrial superoxide

dismutase (Sod2+ mice29). The NMDA-induced ethidium responses were not substantially

different in neurons prepared from Sod2+ mice than from wild-type littermate controls (Fig.

3h). There was, however, a significant decrease in ethidium fluorescence in the Sod2+ neurons

when treated with antimycin and oligomycin (P < 0.05), which is consistent with an increased

capacity for mitochondrial superoxide scavenging.

We also considered other potential sources of superoxide. Nitric oxide synthase (NOS) and

xanthine oxidase can both generate superoxide30,31, and NOS, similar to NADPH oxidase, is
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ultimately dependent on glucose for NADPH substrate. However, neurons treated with either

allopurinol or gallic acid to inhibit xanthine oxidase32 or Nω-nitro-L-arginine methyl ester

hydrochloride (L-NAME) to inhibit NOS33 showed no reduction in NMDA-induced ethidium

fluorescence (Supplementary Fig. 2 online).

Prior studies have shown that activation of synaptic and extra-synaptic NMDARs can have

differing effects34. We found that transient activation of synaptic NMDAR with bicuculline

and 4-aminopyridine produced time-linked spikes in intracellular calcium and an increase in

ethidium fluorescence (Supplementary Fig. 3 online), suggesting that synaptic NMDAR

activation is sufficient to activate NADPH oxidase. Synaptic NMDARs were then blocked

with MK801, administered with bicuculline and 4-aminopyridine34. Subsequent bath

application of NMDA produced an additional increase in ethidium fluorescence

(Supplementary Fig. 3), suggesting that extrasynaptic NMDAR activation can also contribute

to NADPH oxidase activation.

NMDAR activation of NOX involves PKC signaling

Protein kinase C (PKC) in neurons is activated by NMDAR activation35,36 and studies in other

cell types have identified a role for PKC in the activation and membrane translocation of

NADPH oxidase17. We examined the role of PKC in NMDA-induced NADPH oxidase

activation using PKC isoform–specific peptide inhibitors. NMDA-induced superoxide

formation was blocked by pre-treatment with a TAT-conjugated PKCζ peptide inhibitor (1

µM), but not by a TAT-conjugated PKCδ inhibitor or by the TAT carrier peptide alone (Fig.

4a,b). We used Fura-2 imaging to assess the possibility that the PKCζ might directly or

indirectly suppress NMDAR activity. Neurons treated with NMDA in the presence of the PKC

peptide inhibitors showed no appreciable differences in their responses to Fura-2

(Supplementary Fig. 4 online), as previously reported36.

We examined membrane translocation of p47phox, a requisite step in NADPH oxidase

activation, by immunostaining21,22. p47phox was distributed throughout the neuronal

cytoplasm under basal conditions and was redistributed to the neuronal cell membrane on

NMDAR activation (Fig. 4c,d). This redistribution was consistently blocked in cultures treated

with the PCKζ inhibitor, but not by the PKCδ inhibitor or TAT carrier peptide alone (Fig. 4c,d).

p47phox immunoreactivity was absent in p47phox−/− neurons and in cultures that were not

incubated with antibody to p47phox (data not shown).

Cultures exposed to NMDA for 30 min showed substantial neuronal death 24 h later, as

evidenced by cytoplasmic membrane permeability to trypan blue (Fig. 5a,b). Neuronal death

was reduced to control (wash only) values in cultures co-treated with the antioxidant Trolox,

consistent with prior reports that identified superoxide as an important intermediate in NMDA

excitotoxicity1,7. Cell death was similarly reduced by drugs or conditions that blocked NADPH

oxidase activity (apocynin, 6AN, PKCζ inhibition and glucose-free medium) and in cultures

prepared from p47phox−/− mice (Fig. 5). The p47phox−/− neurons did, however, retain their

sensitivity to H2O2, thus excluding a nonspecific resistance to cell death. NMDA neurotoxicity

was not reduced by the xanthine oxidase inhibitors allopurinol or gallic acid (Supplementary

Fig. 2), which is consistent with the lack of effect of these compounds on NMDA-induced

superoxide production. In contrast, L-NAME reduced neuronal cell death (Supplementary Fig.

2), consistent with prior studies linking nitric oxide production to NMDA excitotoxicity2.

NOX inhibition blocks superoxide production in vivo

C57/Bl6 mice that were preloaded with dHEth and given NMDA injections into the

hippocampus showed a robust increase in ethidium fluorescence in hippocampal neurons (Fig.

6). Mice that were injected with NMDA were also pre-treated with CNQX to block responses
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that could occur as a result of NMDA-induced glutamate release on AMPA/kainate receptors;

however, we obtained identical results from mice that were not injected with CNQX (data not

shown). The NMDA-induced ethidium signal was markedly reduced in wild-type mice that

were pretreated with apocynin and was almost eliminated in p47phox−/− mice (Fig. 6a,b). The

ethidium signal was also reduced in mice treated with the peptide inhibitors for either PKCδ
or PKCζ, but not in those treated with the TAT carrier peptide (Fig. 6c,d).

Ethidium binds to nuclear DNA and thus does not provide the spatial localization of superoxide

production. To better delineate the sites of superoxide production, we immunostained mouse

hippocampal sections for 4HNE following stereotactic NMDA injections. 4HNE was formed

in both the cell bodies and proximal dendrites of the wild-type hippocampal pyramidal neurons,

with little 4HNE formation occurring in p47phox−/− mice (Fig. 7).

In a separate set of experiments, we maintained mice for 3 d following NMDA injections to

examine the effects of NADPH oxidase inhibition on NMDA neurotoxicity in brain. Fluoro-

Jade B staining revealed extensive neuronal degeneration in hippocampi injected with NMDA

(Fig. 6e,f). Consistent with our ethidium fluorescence results, the NMDA-induced

neurodegeneration was markedly reduced in wild-type mice treated with apocynin and in

p47phox−/− mice.

DISCUSSION

These results provide four lines of evidence supporting NADPH oxidase as the primary source

of NMDA-induced superoxide production in neurons. First, inhibition of NADPH oxidase with

apocynin blocked the oxidation of dHEth, the formation of 4HNE and the neuronal death that

otherwise resulted from NMDAR activation. Second, p47phox−/− neurons, which do not form

a functional NOX2 NADPH oxidase complex, also showed a near-complete absence of these

responses to NMDA. Third, glucose is specifically required to fuel NADPH regeneration

through the hexose monophosphate shunt, and when we blocked flux through this pathway

with either glucose-free medium or 6AN, we found reduced dHEth oxidation, 4HNE formation

and neuronal death. Fourth, neurons treated with a peptide inhibitor of PKCζ, which is involved

in p47phox phosphorylation and NADPH oxidase activation37, showed reduced membrane

translocation of p47phox, reduced superoxide formation and reduced cell death after NMDA

exposures. We corroborated these cell culture results with experiments using NMDA injections

into mouse hippocampus in situ; NMDA injections induced neuronal superoxide production

and subsequent neuronal death and these were prevented by apocynin, p47phox gene deficiency

and PKCζ inhibition.

Our cell culture results indicate that superoxide is generated by neurons after NMDAR

activation and our in vivo studies found that the ethidium signal was localized to the CA1

neuronal pyramidal layer after hippocampal injection of NMDA. We cannot formally exclude

the possibility that other cell types such as microglia may contribute to the superoxide that we

detected in the neurons in vivo, but non-neuronal cell types are distributed diffusely throughout

the hippocampus and would therefore be unlikely to contribute to the ethidium signal, which

was confined to the CA1 pyramidal layer. In addition, non-neuronal cells have little or no

NMDAR activity, and brain harvest at 30 min after NMDA injections precludes the possibility

of an astrocyte or microglial inflammatory response to neuronal cell death.

Prior studies have suggested that mitochondria are a primary source of NMDA-induced

superoxide production on the basis of mitochondrial localization of oxidant-sensitive

fluorescent indicators and a reduction in this mitochondrial signal with mitochondrial

inhibitors10,11,15,38. However, the localization of oxidized dyes to the mitochondria does not

itself establish that mitochondria are the source of oxidant production, as demonstrated by
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oxidation of mitoSOX in neuronal mitochondria by xanthine/xanthine oxidase added to the

culture medium39. A reduced fluorescent signal in response to mitochondrial inhibitors is

therefore insufficient to establish mitochondria as the oxidant source, as these inhibitors also

cause mitochondrial and plasma membrane depolarization, with the resultant dye efflux16. We

used an alternative approach to identify mitochondrial superoxide production, which was based

on the ability of non-glucose substrates such as pyruvate to support mitochondrial respiration.

In our experiments, the lack of an NMDA-induced ethidium signal in cultures supplied with

pyruvate in place of glucose provided independent evidence that mitochondria are not the

primary source of NMDA induced superoxide production. In addition, neurons prepared from

Sod2+ mice showed no reduction in the NMDA-induced ethidium signal, despite the fact that

these neurons have a twofold increase in mitochondrial superoxide dismutase expression29 and

have an increased capacity to scavenge superoxide production induced by the mitochondrial

complex III inhibitor antimycin.

Evidence for cross-talk between mitochondria and NADPH oxidase has been reported in non-

neuronal cell types40. The possibility that a small superoxide signal originating in the

mitochondria could trigger a larger superoxide production by NADPH oxidase could reconcile

our results with those of prior studies that have suggested a major role for mitochondria in

NMDA-induced neuronal superoxide production. However, the undiminished superoxide

signal observed in both Sod2+ neurons (Fig. 3h) and wild-type neurons treated with inhibitors

of substrate flux to the mitochondria (Supplementary Fig. 1) argues against this scenario.

Alternatively, an initial superoxide signal produced by NADPH oxidase could induce an

additional, secondary superoxide production from mitochondria. Mitochondria normally act

as sinks for extra-mitochondrial sources of reactive oxygen species12, but can become net

generators of reactive oxygen species if their antioxidant mechanisms are impaired or

overwhelmed. The undiminished superoxide production observed in Sod2+ neurons also

weighs against mitochondria being a substantial secondary source of superoxide, but does not

entirely exclude this possibility.

Superoxide that is produced by NADPH oxidase and other sources can be detected with

dHEth10,19–22,41. The oxidation of dHEth to 2-hydroxyethidium is highly specific for

superoxide under cell-free conditions, but peroxidases that are present in living tissues can

enable other oxidants, such as H2O2, to react with dHEth, either alone or in sequence with

superoxide, to generate multiple fluorescent products with overlapping spectra19,20. These

other oxidants are derived from superoxide42, however, and our finding that the NMDA-

induced ethidium signal was blocked by both Trolox and by pharmacologic or genetic ablation

of NADPH oxidase activity provides confirming evidence that the ethidium signal that we

detected is primarily attributable to superoxide or superoxide metabolites.

NMDAR activation gates a large calcium influx, and this calcium influx has been definitively

linked to both superoxide production10,38 and NMDA neurotoxicity43. Calcium influx is also

a strong stimulus for NADPH oxidase activation. Intracellular Ca2+ elevations activate PKC,

which in turn phosphorylates p47phox, the organizer subunit of NOX2 (ref. 17). The

phosphorylation of p47phox triggers its assembly with the other NOX2 subunits and

translocation to the membrane as an activated enzyme complex17,44. Several PKC isoforms,

including PKCζ and PKCδ, have been found to participate in p47phox phosphorylation and

NOX2 activation in different cell types37,45. Our findings indicate that PKCζ is the primary

isoform that is responsible for p47phox translocation and NOX activation in cortical neurons

cultures, but also suggest that PKCδ may contribute to this process in both neuron cultures and

hippocampal pyramidal neurons in situ. Both PKCζ and PKCδ have been shown to mediate

neuronal death induced by NMDAR activation and ischemia36,46,47, and our results thus

provide a potential mechanism for these effects. These results also suggest a mechanism by
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which PKCζ can facilitate long-term potentiation48, in which glutamate-induced superoxide

formation is a contributing factor4,5.

Our results identify a dominant role for NADPH oxidase in NMDAR-mediated superoxide

formation, but these results do not negate the potential for mitochondrial superoxide production

in other settings. Conversely, NADPH oxidase in neurons and other cell types may also be

activated by mechanisms independent of NMDAR activation. Our finding that NMDAR

stimulation triggers NADPH oxidase activation provides a mechanistic link between

excitotoxicity and oxidative stress and suggests that targeting neuronal NADPH oxidase may

be an effective way to influence these NMDAR-mediated processes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

NADPH oxidase is the major source of NMDA-induced superoxide formation in neurons.

(a) Traces show ethidium (eth) fluorescence over time, as measured in individual neurons

preloaded with dHEth. Following baseline fluorescence recording, neurons were treated with

100 µM NMDA (arrow) at either 21–25 °C or 35 °C. Traces are representative of >40 neurons

under each condition from four independent studies. (b) Ethidium fluorescence and

corresponding phase contrast images of cortical neuron cultures photographed 30 min after

incubation with NMDA (100 µM) alone or with MK801 (10 µM), CNQX (10 µM), apocynin

(apo, 500 µM), 6AN (500 µM) or Trolox (100 µM). For calcium-free experiments, neurons

were incubated with a zero-calcium buffer and 1 mM EGTA. Control wells received medium

exchanges only. H2O2 (100 µM) served as a positive control. Inset, higher magnification of

ethidium-positive neurons from the region indicated by the white box. Scale bar represents 10

µm. (c) Quantification of ethidium-positive neurons under the conditions shown in b. (d)

Ethidium fluorescence and corresponding phase-contrast images of p47phox−/− neurons

incubated with NMDA (100 µM) or H2O2 (100 µM). Scale bar represents 10 µm. (e)

Quantification of ethidium-positive neurons under the conditions shown in d. * P < 0.05 and

** P < 0.01 versus NMDA alone (n ≥ 3). Error bars indicate s.e.m.
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Figure 2.

NMDA-induced oxidative damage was prevented by NADPH oxidase inhibition. (a–d)

Immunostaining for 4HNE in wild-type (a) and p47phox−/− (c) neuron cultures (conditions as

described in Fig. 1). 4HNE immunostaining is quantified in b and d for a and c, respectively.

* P < 0.05 and ** P < 0.01 versus control (n = 3). Scale bars represent 10 µm. Error bars

indicate s.e.m.
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Figure 3.

Mitochondria do not substantially contribute to NMDA-induced superoxide production. (a)

We found comparable ATP levels in neurons incubated with 5 mM glucose or 1 mM pyruvate,

confirming that mitochondrial respiration is supported by pyruvate. ATP levels were reduced

by the absence of both substrates or by the presence of FCCP (3 µM). (b) Glucose was required

for NMDA-induced superoxide production and this was not suppressed by pyruvate (500 µM).

(c–g) The ethidium fluorescence method detected mitochondrial superoxide produced by

neurons incubated with FCCP (3 µM, c,d) or with the complex III inhibitor antimycin (3 µM,

e,f), with or without 3 µM oligomycin. This mitochondrial ethidium signal was not attenuated

by 500 µM apocynin or pyruvate (c–f) or in p47phox−/− neurons (g). (h) Neurons prepared from

Sod2+ mice had an attenuated ethidium response to antimycin and oligomycin relative to wild-

type littermates, but had no reduction in ethidium increase following NMDA application. *

P < 0.05 and ** P < 0.01 versus control, # P < 0.05 and ## P < 0.01 versus NMDA (n ≥ 3).

Error bars indicate s.e.m.
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Figure 4.

NMDA activation of NADPH oxidase is mediated by PKC. (a) Ethidium fluorescence and

corresponding phase-contrast images of cortical neuron cultures photographed 30 min after

incubation with NMDA (100 µM) alone or with the peptide inhibitors PKCδ, PKCζ, or TAT

carrier peptide (all 1 µM). Scale bar represents 10 µm. (b) Quantification of Eth fluorescence.

(c) Immunostaining for p47phox and MAP2 in neurons indicated that NMDA-induced

translocation of the p47phox subunit to the cell membrane was attenuated by the PKCζ peptide

inhibitor. Scale bar represents 2 µm. (d) Quantification of p47phox membrane translocation. *

P < 0.05 versus NMDA and ** P < 0.05 versus control (n ≥ 4). Error bars indicate s.e.m.
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Figure 5.

Inhibition of NADPH oxidase prevents NMDA-induced cell death. (a–f) Dead neurons were

identified with trypan blue staining 24 h after NMDA incubations. 0 glu + pyr indicates glucose-

free medium with 1 mM pyruvate. All other conditions are as described in Figure 1 and Figure

3. Neuronal death is quantified in b, d and f for a, c and e, respectively. Scale bar = 40 µm. *

P < 0.05 and ** P < 0.01 versus NMDA, *** P < 0.05 versus control, and † P < 0.05 versus

wild-type NMDA (n = 4). Error bars indicate s.e.m.
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Figure 6.

NMDA induced superoxide in mouse hippocampus. (a) Representative images of ethidium

fluorescence in neurons from the CA1 hippocampus of wild-type or p47phox−/− mice. Tissue

was harvested 30 min after NMDA injections. (b) Comparison of ethidium intensity between

groups. (c) Representative images of NMDA-induced ethidium fluorescence in neurons from

the CA1 hippocampus of wild-type mice pre-treated with peptide inhibitors of PKCδ and

PKCζ or the TAT carrier peptide. (d) Quantification of ethidium intensity between groups.

(e) Representative images of degenerating neurons, stained with Fluoro-Jade B in the CA1

hippocampus of wild-type or p47phox−/− mice 3 d after NMDA injections. (f) Quantification
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of Fluoro-Jade B–positive neurons. Scale bars represent 50 µm. * P < 0.05 (n = 4). Error bars

indicate s.e.m.
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Figure 7.

NMDA-induced superoxide production in cell bodies and dendrites. Confocal images of mouse

CA1 hippocampus after immunostaining for the neuronal marker MAP2 and the lipid oxidation

product 4HNE. Brains were harvested 30 min after stereotactic injections with NMDA. 4HNE

formation was evident in the neuronal cell bodies of the stratum pyramidale (SP) and in the

dendrites extending from the stratum radiatum (SR). 4HNE formation was markedly reduced

in p47phox−/− mice. Scale bar represents 40 µm. Images are representative of three mice from

each group.
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