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Abstract

Objective—Hyperglycemia has been recognized for decades to be an exacerbating factor in
ischemic stroke, but the mechanism of this effect remains unresolved. Here we evaluated
superoxide production by neuronal NADPH oxidase as a link between glucose metabolism and
neuronal death in ischemia-reperfusion.

Methods—Superoxide production was measured by the ethidium method in cultured neurons
treated with oxygen-glucose deprivation and in mice treated with forebrain ischemia-reperfusion.
The role of NADPH oxidase was examined using genetic disruption of its p47Ph°% subunit and
with the pharmacological inhibitor, apocynin.

Results—In neuron cultures, post-ischemic superoxide production and cell death were
completely prevented by removing glucose from the medium, by inactivating NADPH oxidase, or
by inhibiting the hexose monophosphate shunt which generates NADPH from glucose. In murine
stroke, neuronal superoxide production and death were decreased by the glucose anti-metabolite,
2-deoxyglucose, and increased by high blood glucose concentrations. Inactivating NADPH
oxidase with either apocynin or deletion of the p47P"°% subunit blocked neuronal superoxide
production and negated the deleterious effects of hyperglycemia.

Interpretation—These findings identify glucose as the requisite electron donor for reperfusion-
induced neuronal superoxide production and establish a previously unrecognized mechanism by
which hyperglycemia can exacerbate ischemic brain injury.
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Ischemic brain injury is reduced by early reperfusion 1 2, but reperfusion can itself
contribute to brain injury 3 4. It has long been recognized that ischemia/reperfusion injury is
greatly exacerbated by hyperglycemia > 6 7, despite the fact that glucose is required for
normal brain function. The underlying mechanism of this “glucose paradox” remains
unresolved. One widely accepted mechanism by which hyperglycemia can exacerbate injury
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brain is by fueling the accumulation of lactic acid in hypoxic tissues &; however, elevated
glucose concentrations also exacerbate injury in brain slice models of ischemia in which pH
is tightly controlled 2 10, and in animal models of brain ischemia in which tissue acidosis is
prevented by reperfusion during hyperglycemia 11-13, Moreover, clinical studies suggest that
hyperglycemia during reperfusion increases risk of hemorrhage and poor clinical outcome,
independent of diabetes or pre-ischemic glucose concentrations 14 15, These observations
suggest that a mechanism other than lactic acidosis may underlie the effect of hyperglycemia
on reperfusion injury.

Brain reperfusion injury is mediated in part by the production of superoxide and other
reactive oxygen species 16. Although neuronal superoxide production is widely attributed to
mitochondria, neurons also express nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase, a superoxide-generating enzyme first identified in phagocytes 17-19. Superoxide
produced by neuronal NADPH oxidase is thought to function in long-term potentiation and
intercellular signaling 29 21, but superoxide can also cause oxidative stress and neuronal
death 22 23 Importantly, the activity of NADPH oxidase requires the continuous metabolism
of glucose by the hexose monophosphate shunt for supply of NADPH substrate 23-25, thus
suggesting a mechanistic link between glucose and neuronal superoxide production in
ischemia-reperfusion (Fig. 1).

Here we evaluated the contribution of NADPH oxidase to reperfusion - induced neuronal
superoxide production and neuronal death, using pharmacological and genetic suppression
of NADPH oxidase activity in cell culture and mouse stroke models. In the mouse model,
hyperglycemia and functional hypoglycemia (produced with 2-deoxyglucose) were initiated
at the time of reperfusion in order to specifically evaluate their effects on reperfusion injury.
Results of these studies show that neuronal superoxide production is entirely dependent on
glucose and is increased by hyperglycemia during the reperfusion period, and further show
that NADPH oxidase is the primary source of neuronal superoxide production.

Materials and Methods

Studies were approved by the San Francisco Veterans Affairs Medical Center animal studies
committee. The p47Pho%/- mice and the wild-type (wt) mice used as their controls were of
the C57/BI6 background strain (Jackson Labs). Mice in the p47P"°%/- colony are maintained
as homozygotes, with use of fresh breeder stock, fully back-crossed to wt C57/BI6 mice,
after every 10 generations. All other mice were Swiss Webster (Simonsen, Gilroy, CA). Cell
culture reagents were obtained from Mediatech (Herndon, VA), and all other reagents were
obtained form Sigma-Aldrich except where noted.

Neuron cultures

Neuron cultures were prepared from the cortices of embryonic day 16 Swiss-Webster or
C57/BI6 mice as described previously 23, The dissociated cells were plated on poly-D-lysine
coated plates or poly-D-lysine-coated glass coverslips and maintained with serum-free
NeuroBasal medium containing 5 mM glucose. The neurons were used at day 9 - 10 in vitro,
at which time they contained greater than 99% neurons, as assessed by immunostaining for
the neuron marker MAP2 and the astrocyte marker GFAP (Supplementary Fig. 1).
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Oxygen glucose deprivation (OGD)

Cultures were placed in a 37°C anaerobic chamber (Coy Labs) with O, tension < 0.02%,
washed thrice, and incubated with, glucose-free balanced salt solution (BSS) containing (in
mM) KCI, 3.1; NaCl, 134; CaCls,, 1.2; MgSOy, 1.2; KH,POy4, 0.25; NaHCO3, 15.7; HEPES,
5 that had been de-oxygenated by 10-minute sparging with nitrogen. Control wells on each
24-well plate were washed and incubated with standard (non-deoxygenated) BSS containing
5 mM glucose. After 2 hours the culture plates were returned to a 5% CO, / balance air
atmosphere for passive re-oxygenation and, where indicated, 5 mM glucose was returned to
the designated culture wells. pH was maintained at 7.2- 7.4 throughout.

Immunostaining

Cultures were fixed with 1:1 methanol:acetone at 4° C prior to immunostaining for
microtubule-associated protein 2 (MAP2; Chemicon), glial fibrillary acidic protein (GFAP;
Chemicon), Iba-1 (Waco), or 4-hydroxy-2-nonenal (4-HNE; Alpha Diagnostic) as described
previously 23. Antibody binding was visualized with Alexa Fluor - conjugated anti-lgG
(Molecular Probes). Immunostaining for p47 Phox (Upstate), was performed with cultures
fixed in ice-cold 4% paraformaldehyde, and images were obtained by confocal microscopy.
Negative controls were prepared by omitting the primary antibodies (not shown).

Neuron viability

Twenty-four hours after OGD, cultures were incubated for 5 minutes in 0.5% Trypan Blue
and the number of unstained (viable) neurons and stained (dead) neurons were counted in 3
randomly selected fields from each well by an observer blinded to the experimental
conditions. The total number of neurons counted was > 60 in each well, and the results from
3 wells were pooled to generate a single value for each experiment.

Ischemia-reperfusion

Bilateral common carotid artery occlusions were performed with 3-month old male C57/BI16
wild-type and p47Pho%7/- mice 26. 27, The mice were anesthetized with 2% isoflurane and a
75:25 mixture of nitrous oxide:oxygen, and core temperature was kept at 36.5 - 37.5 °C with
a homoeothermic blanket control unit (Harvard apparatus, Holliston, MA). Both carotid
arteries were exposed through a midline neck incision and the thymus tissue was separated
by scissors. The common carotid arteries were encircled with a 4-O silk suture to facilitate
artery clip placement and inspection of the vessels after clip removal. To reduce variability,
EEG recordings were used to time the ischemic interval 26: 27, EEG was monitored as
described previously 28 using needle electrodes placed in the cortical surface (BIOPAC,
Santa Barbara, CA). Two burr holes were made in the skull bilaterally over parietal cortex
(0.5 mm caudal from Bregma and 2.0 mm lateral to the midline) and monopolar electrodes
were inserted beneath the dura. A reference needle was placed in neck muscle. Small
aneurysm clips were applied to both common carotid arteries until 30 minutes of EEG
isoelectricity had elapsed, with isoelectricity defined as fewer than 3 spikes of cortical
activity per 60-second interval. Onset of isoelectricity generally occurred within 3 - 4
minutes of clip placement. At the end of the 30-minute isoelectric period, the aneurysm clips
were removed and the common carotid arteries were inspected for normal recovery of blood
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flow. Mice were given 0.2 ml intraperitoneal injections of apocynin (15 mg / kg), glucose
(25% solution), 2-deoxyglucose (100 mg / kg), or saline vehicle immediately before
reperfusion. Blood samples (15 pl) were withdrawn from the tail vein at the designated time
points (pre- and post- ischemia) for glucose determination with a BD Logic blood glucose
monitor (Becton-Dickinson, NJ). Anesthetics were discontinued following closure of the
skin incision and the mice were returned to a 37 °C recovery chamber until ambulatory.
Sham operated animals received the same neck skin incision and thymus separation but
without carotid occlusion. In both the wt and p47P"X /- genotype groups, approximately
15% of the mice failed to achieve isoelectricity during carotid artery occlusion, and
approximately 5% showed no reflow in one or both carotid arteries. These mice were
euthanized and not entered into any of the reperfusion treatment groups.

Superoxide detection

Superoxide was detected in cell culture by the ethidium fluorescence method as previously
described 23: 29, In cell culture studies, 5 uM dihydroethidium (Molecular Probes) was added
to the BSS at the beginning of OGD. Four 20x fields were photographed with a fluorescence
microscope 1 hour after removal from the anaerobic chamber, using 510-550 nm excitation
and > 580 nm emission for detection of oxidized ethidium species 3% 31, As a positive
control, some wells were incubated with 100 uM H»O, in BSS for 30 minutes prior to
photography. An observer blinded to the experimental conditions counted the percent of
neurons in each well with a fluorescent signal 50% higher than background. The total
number of neurons counted was > 60 in each well, and the results from 3 wells were pooled
to generate a single value for each experiment. The same method was used to evaluate
superoxide production during H,O» incubations, with the dihydroethidium present during
the 30 minute H,0, incubation interval. For studies in vivo, dihydroethidium was prepared
as a1l mg/mlsolution in 1% dimethyl sulfoxide (DMSO) and administered 1 mg / kg by
intraperitoneal injection at the onset of ischemia 23 32, Three hours after carotid artery
reperfusion, the mice were euthanized and perfusion fixed with 4 % paraformaldehyde.
Brains were cryostat sectioned and photographs were prepared from 5 sections of each
brain, taken at 40 um intervals to span the hippocampus, using confocal fluorescent
microscopy with 510-550 nm excitation and > 580 nm emission. The fluorescence of 10
representative CA1 hippocampal neuron cell bodies in each section was normalized to
background fluorescence in the stratum radiatum 23. The normalized values for the 50
neurons evaluated were averaged to generate a single value for each brain.

Neuronal death

Mice were perfusion-fixed with 4% paraformaldehyde 3 days after ischemia-reperfusion.
Five 20 um thick coronal sections were collected from each brain, spaced 40 um apart and
spanning the hippocampus. The sections were stained by the Fluoro-Jade B method (Histo-
Chem, Jefferson, AR) 33. An observer blinded to the experimental conditions counted the
total number of Fluoro-Jade B positive neurons in the CA1 hippocampus of each
hemisphere. The mean number of degenerating neurons (total number from both
hemispheres / 2) was recorded for each brain and expressed as neurons / slice.
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Statistical analyses

Results

For cell culture studies the “n” denotes the number of independent experiments, each
performed with an independent culture preparation and with triplicate wells for each data
point. For in vivo studies, the ‘n” denotes the number of mice, with each mouse providing a
single data point. All data are expressed as means * standard error. Group differences were
assessed by one-way ANOVA followed by either the Tukey-Kramer test for multiple
comparisons between groups or the Dunnett's test for comparisons of multiple groups
against a common control group.

Glucose is required for neuronal ROS generation after oxygen - glucose deprivation (OGD)

Neuron cultures were subjected to the oxygen-glucose deprivation (OGD) model of brain
ischemia-reperfusion 34, These cultures contained less than 1% astrocytes and no detectable
microglia (Supplementary Fig. 1). Cultures exposed to 2 hours of OGD (ischemia), followed
by return to air-equilibrated medium containing 5 mM glucose (reperfusion), showed a
roughly 10-fold increase in the percent of neurons with detectable Et signal (Fig. 2), as
evaluated by the ethidium (Et) fluorescence method 30 31, By contrast, there was no
increased Et signal when glucose was omitted from the post-OGD medium. This glucose-
dependent superoxide production was not attenuated by the glycolytic inhibitor

iodoacetate 35, but 6-aminonicotinamide, an inhibitor of the hexose monophosphate

shunt 25, reduced the Et signal as effectively as glucose-free medium (Fig. 2b,c). The
NADPH oxidase inhibitor apocynin 36 also blocked superoxide production after OGD,
suggesting NADPH oxidase as the major source of superoxide. The degree of superoxide
production was not influenced by glucose concentration over the range of 1 - 20 mM in
these cell culture studies (not shown).

Neuronal cultures were immunostained for 4-hydroxynonenal, a product of lipid
peroxidation, to confirm the findings obtained by the Et fluorescence method. The same
pattern was observed: OGD induced formation of 4-hydroxynonenal, and this was blocked
by apocynin, by 6-aminonicotinamide, and by omitting glucose from the post-OGD
medium, but not blocked by iodoacetate (Fig. 2d). Neuronal survival was evaluated in
cultures maintained for 24 hours after OGD to determine whether reduced superoxide
production led to reduced neuronal death. The glucose-free medium and iodoacetate
conditions were not testable because they produce extensive neuronal death when
maintained for 24 hours, independent of OGD exposure. However, 24-hour incubations with
apocynin and 6-aminonicotinamide were not toxic, and both of these agents significantly
reduced OGD-induced neuronal death (Fig. 2e).

Effects of p47 P"oX gene deletion on OGD-induced ROS production and neuronal death

NADPH oxidase is comprised of several subunits, including the p47P"°X subunit, which
coalesce at the plasma membrane to form the active enzyme complex 17. Immunostaining
confirmed the presence of p47Ph%% in neurons and showed its translocation to the neuronal
plasma membrane after OGD (Fig. 3a). Translocation was blocked by glucose deprivation
and by 6-aminonicotinamide following OGD, suggesting that the NADPH substrate is
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required to maintain enzyme complex assembly at the plasma membrane. To confirm the
observations made with pharmacological inhibitors of NADPH oxidase, neuronal cultures
were prepared from p47P"oX deficient mice, which are unable to assemble an active NADPH
oxidase complex 37. The p47Phox deficient neurons did not show an increase in superoxide
production following OGD, in marked contrast to wild-type (wt) neurons of the same
C57/BI6 strain (Fig. 3b,c). Superoxide production by p47Ph%%/- neurons was also reduced
under control (wash-only) conditions. These differences between p47P"°%/ and wt neurons
cannot be attributed to differences in uptake or compartmentalization or dihydroethidium
because p47P"°%- and wt neurons exposed to H,O, showed an equivalent Et signal.
Neuronal survival evaluated 24 hours after OGD showed less cell death in the p47Phox-/-
neurons (Fig. 3d), consistent with the findings obtained with apocynin and 6-
aminonicotinamide.

NADPH oxidase inhibition reduces neuronal ROS production and cell death after ischemia-
reperfusion in vivo

Superoxide production was also evaluated in C57/BI6 mice following transient forebrain
ischemia, which causes selective neuronal death primarily in CA1 hippocampus 38. Brains
harvested 3 hours after ischemia-reperfusion showed a several-fold increase in Et signal in
the CA1 neurons relative to mice undergoing sham surgery (Fig. 4a,b). This increase was
almost completely blocked both in p47P"%/- mice and wt mice treated with apocynin. The
number of degenerating neurons identified in CA1 hippocampus 3 days after ischemia-
reperfusion was also markedly reduced in these mice (Fig. 4c,d).

To determine whether the deleterious effect of hyperglycemia on ischemia-reperfusion brain
injury was mediated by NADPH oxidase, mice were rendered hyperglycemic,
normoglycemic, or functionally hypoglycemic with 2-deoxyglucose during the reperfusion
period. Blood glucose concentrations for each treatment group are shown in Table 1.
Relative to the normoglycemic group, superoxide production was increased in the
hyperglycemic mice and reduced in the 2-deoxyglucose - treated mice (Fig. 4a,b).
Importantly, p47Ph%/- mice did not exhibit increased superoxide production when rendered
hyperglycemic, and wt mice treated with apocynin also showed no increased superoxide
production when rendered hyperglycemic. The effect of these treatment conditions on
neuronal survival was assessed in brains harvested 3 days after ischemia. A similar pattern
was observed: CA1 neuronal death was increased in the hyperglycemic mice and reduced in
the 2-deoxyglucose-treated mice (Fig. 4c,d), and hyperglycemia did not increase neuronal
death in the apocynin-treated or p47P"°%-/- mice (although this approached statistical
significance, p = 0.056, in the latter group). These results may underestimate the effect of
p47PhoX deficiency on neuronal survival, because the 3-day post-ischemic mortality in the
hyperglycemic p47P"o%-/- mice was also less than in the hyperglycemic wt mice (Table 2).

Discussion

The superoxide production that occurs during reperfusion of ischemic brain is widely
attributed to the return of oxygen to damaged tissues, particularly mitochondria. However,
the formation of superoxide requires an electron donor in addition to oxygen. In the cell
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culture studies presented here, superoxide production was rendered undetectable in the
absence of glucose and when NADPH oxidase or the hexose monophosphate shunt were
inactivated after OGD. These findings indicate that glucose is required as the electron donor
during reperfusion-induced superoxide production in neurons, through its metabolism by the
hexose monophosphate shunt to generate NADPH. In the brain ischemia studies, neuronal
superoxide production and neuron death were both increased by hyperglycemia. The
increase in superoxide production was eliminated in apocynin-treated and p47P"oX/- mice,
thus establishing NADPH oxidase as the primary source of hyperglycemia-induced
superoxide production. The increase in neuronal death was also mitigated in apocynin-
treated and p47Pho%/- mice. Together with the cell culture studies, these results suggest that
hyperglycemia exacerbates reperfusion injury by supplying substrate for superoxide
production by NADPH oxidase.

The cell culture results show that superoxide is generated by neurons after ischemia-
reperfusion, and the studies in vivo show localization of Et signal to the CA1 neuronal
pyramidal layer. We cannot exclude the possibility that other cell types, notably microglia,
might contribute to superoxide production in the in vivo studies, but microglia are
distributed diffusely throughout the hippocampus and thus would be unlikely to contribute
to the Et signal confined to the CA1 pyramidal layer. In addition, these brains were
harvested at 3 hours post-ischemia to minimize any influence of the brain inflammatory
response. The finding that elevated glucose concentrations influenced superoxide production
in vivo, but not in the cell culture studies, may be attributable to an effect of hyperglycemia
on glucose flux across the blood-brain barrier and other tissue barriers that are not present in
cell culture preparations.

2-deoxyglucose, which slows glucose transport and impairs glucose utilization at the
hexokinase step 39, had effects on superoxide production and cell death that were the
opposite of those observed with hyperglycemia. Prior studies have reported a beneficial
effect of 2-deoxyglucose on outcome from cerebral ischemia 40, and attributed this effect to
an increased stress protein response. The present studies findings suppression of post-
ischemic superoxide production as an alternative mechanism for the neuroprotective effect
of 2-deoxyglucose.

Et fluorescence is widely used as a marker of superoxide formation, but the interactions
between superoxide and dihydroethidium are complex. Cellular peroxidases enable oxidants
other than superoxide to react with dihydroethidium, either alone or in sequence with
superoxide, to generate multiple fluorescent products with overlapping spectra 30: 31,
Evidence that Et fluorescence is attributable to superoxide in the present studies comes in
part from prior work, using a similar ischemia-reperfusion model, that showed the Et signal
was both attenuated by superoxide dismutase-1 (SOD-1) over-expression and increased by
SOD-1 deletion 38 41, The Et signal observed here was blocked by both pharmacological
and genetic ablation of NADH oxidase activity, further indicating that the Et signal
originates from superoxide or superoxide metabolites such as H,0,.

An extensive literature establishes hyperglycemia as a deleterious factor in stroke, and this
effect is generally attributed to the increased accumulation of lactic acid under
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hyperglycemic conditions (reviewed in 42). However, a cause-effect relationship has not
been formally established between lactic acid accumulation and deleterious outcome, and
hyperglycemia also exacerbates ischemic injury in settings in which lactic acid is pH -
buffered ® 10 or does not accumulate 11-13, In the present study, hyperglycemia was initiated
just prior to reperfusion in order to isolate the effects of hyperglycemia on reperfusion
injury. The findings indicate that hyperglycemia can exacerbate ischemic injury by
promoting superoxide production, independent of lactic acidosis. This does not refute the
idea that hyperglycemia can exacerbate ischemic injury by fueling lactic acidosis, but it does
provide an alternative possibility.

We emphasize that the findings obtained here may not necessarily be extrapolated to other
ischemic settings or cell types. NADPH oxidase may not be the major source of superoxide
in ischemia without reperfusion, or with delayed reperfusion. Particularly under acidosis
conditions, iron stores in mitochondria and elsewhere may be liberated to catalyze
superoxide production 43. Nitric oxide may be produced by neurons and other cell types, and
xanthine oxidase can be a major source of superoxide in endothelial cells. Microglia and
infiltrating leukocytes may become the major source of superoxide production after several
hours post-ischemia. Nonetheless, the present findings indicate that NADPH oxidase is a
primary source of neuronal superoxide in the immediate reperfusion phase after transient
ischemia, and that the activity of NADPH oxidase is strongly influenced by circulating
blood glucose concentrations during reperfusion. This suggests a mechanism by which
control of blood glucose or inhibition of neuronal NADPH oxidase may improve stroke
outcome or extend the therapeutic time window of thrombolytic therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Metabolic coupling between glucose and super oxide production
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Glucose can support superoxide production by supplying reducing equivalents to either
NADPH oxidase or the mitochondria. Glucose transport and entry into cells is blocked by
glucose-free medium or by 2-deoxyglucose. Flux of glucose carbon and glucose-derived

NADPH to mitochondria is blocked by iodoacetate at the glyceraldehyde-3-phosphate

dehydrogenase step of glycolysis. The production of NADPH in the hexose monophosphate
shunt is blocked by 6-aminonicotinamide, and the activity of NADPH oxidase is blocked by

apocynin or by p47PhoX deficiency.
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Figure 2. Glucoseisrequired for neuronal superoxide production after oxygen - glucose
deprivation (OGD)

(a) Neuronal superoxide production imaged by ethidium (Et) fluorescence. Cultures
underwent 2 hours of OGD followed by 1 hour incubation in air-equilibrated medium
containing 5 mM glucose (O, + glucose). Ethidium fluorescence is evident in a subset of the
neuronal cell bodies. Scale bar = 100 um. (b) Et fluorescence was markedly reduced in
cultures maintained in glucose-free (O, only) medium for the 1-hour interval after OGD.
Control wells received medium exchanges only. Where indicated, cultures were also treated

Ann Neurol. Author manuscript; available in PMC 2015 January 23.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Suhetal.

Page 13

with apocynin (Apoc, 500 M), 6-aminonocotinamide (6AN, 500 uM) or iodoacetate (lodo,
500 uM). (c) Quantified ethidium fluorescence, conditions as in (b). The increased signal
observed after OGD was prevented by 0-glucose medium, apocynin, and 6-
aminonicotinamide, but not by iodoacetate. n =7, * P < 0.05 vs. OGD, Oj+glucose. (d)
Immunostaining for 4-hydroxynonenal in cultured neurons showed the same pattern as
observed with ethidium fluorescence. Conditions as in (b); representative of n = 3. Scale bar
=100 um. (e) Neuronal death in cultures treated as in (b), assessed 24 hours after OGD. n =
3-5, * P <0.05 vs. OGD, Oy+glucose.
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Figure 3. p47PhX - neurons do not produce super oxide after OGD
(a) In wild-type neurons, immunostaining for the p47Ph°% subunit of NADPH oxidase shows

migration to the neuronal plasma membrane area (arrows) in neurons placed in standard
medium after OGD, but not in neurons placed in 0-glucose medium or treated with 6-
aminonicotinamide (500 uM) after OGD. MAP2 immunostaining demarcates the neuronal
cytoplasmic area. Scale bar = 10 um. Representative of n = 3. (b) Ethidium fluorescence in
wild-type (wt) and p47P"°X - neurons subjected to 2 hours OGD, followed by 1 hour
incubation in standard medium (O, + glucose) or glucose-free medium (O only). Scale bar
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=100 pm. (c) Quantified ethidium fluorescence. H,0,, 30 minutes exposure to 100 uM
hydrogen peroxide; other conditions as in (a). n = 3-8, * P < 0.05 vs. wt neurons treated
identically. (d) OGD - reperfusion produced less death in p47P"9X - neurons than wt
neurons. n =5, *P < 0.05 vs. control.
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Figure 4. I schemia-induced neuronal superoxide production and cell death areinfluenced by
blood glucose and NADPH oxidase activity

(a) Ethidium fluorescence in CA1 hippocampal neurons 3 hours after ischemia-reperfusion.
Sham mice received surgery without ischemia. Mice were wild-type (wt) or p47Phox-/-
genotype. Apo, 15 mg / kg apocynin; 2-DG, 100 mg / kg 2-deoxyglucose. Scale bar = 100
um. (b) Quantification of ethidium fluorescence, conditions as in (a). n = 4- 5, * P < 0.05.
(c) Fluoro-Jade-B staining of degenerating neurons in CAL hippocampus 3 days after
ischemia. (d) Quantified neuronal death; n=7 - 10, * P < 0.05.
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Table 1
M ouse blood glucose concentrations

Wt Wt, Apo pa7’-
Hyperglycemic
Pre-ischemia 97+ 2(n=12) 99 + 3 (n=12) 99 + 2(n=8)
Reperfusion 43511 (n=12) 460 +16 (n=12) 411+8(n=38)
Normoglycemic
Pre-ischemia 98 + 4 (n=10) 99 + 3 (n=7) 101 £ 3 (n=10)
Reperfusion 100 + 4 (n=10) 101+ 2 (n=7) 99 + 2 (n=10)
2-deoxyglucose
Pre-ischemia 98 + 3 (n=5) n.d n.d.
Reperfusion 102 + 3 (n=5) n.d. n.d.
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The treatment groups are as defined as in Fig. 4. Mice were given 0.2 ml of 25% glucose (hyperglycemia), 0.2 ml saline (normoglycemia), or 100

mg / kg 2-deoxyglucose by i.p. injection immediately prior to reperfusion. Values are mg / dl; n.d., not determined.
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Table 2
Mortality (%) after ischemia-reperfusion

Wit Wt, Apo p47'-
Normoglycemia 22.2 (n=11) 11.1(n=9) 14.3 (n=7)
Hyperglycemia  54.6 (n=22) 44.4(n=9) 23.1(n=13)
2-Deoxyglucose  22.2 (n=9) n.d. n.d.
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The treatment groups are as defined in Fig. 4. “Hyperglycemia” mice were given 0.2 ml of 25% glucose, “normoglycemia” mice were given 0.2 ml
saline, and “2-deoxyglucose” mice were given 100 mg / kg 2-deoxyglucose i.p., immediately prior to reperfusion. Values are mg / dl; n.d., not

determined.
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