J c I The Journal of Clinical Investigation

Hypoglycemic neuronal death is triggered by glucose
reperfusion and activation of neuronal NADPH oxidase

Sang Won Suh, ... , Pak H. Chan, Raymond A. Swanson

J Clin Invest. 2007;117(4):910-918. https://doi.org/10.1172/JCI30077.

Research Article

Hypoglycemic coma and brain injury are potential complications of insulin therapy. Certain neurons in the hippocampus
and cerebral cortex are uniquely vulnerable to hypoglycemic cell death, and oxidative stress is a key event in this cell
death process. Here we show that hypoglycemia-induced oxidative stress and neuronal death are attributable primarily to
the activation of neuronal NADPH oxidase during glucose reperfusion. Superoxide production and neuronal death were
blocked by the NADPH oxidase inhibitor apocynin in both cell culture and in vivo models of insulin-induced hypoglycemia.
Superoxide production and neuronal death were also blocked in studies using mice or cultured neurons deficient in the
p47PhoX subunit of NADPH oxidase. Chelation of zinc with calcium disodium EDTA blocked both the assembly of the
neuronal NADPH oxidase complex and superoxide production. Inhibition of the hexose monophosphate shunt, which
utilizes glucose to regenerate NADPH, also prevented superoxide formation and neuronal death, suggesting a
mechanism linking glucose reperfusion to superoxide formation. Moreover, the degree of superoxide production and
neuronal death increased with increasing glucose concentrations during the reperfusion period. These results suggest
that high blood glucose concentrations following hypoglycemic coma can initiate neuronal death by a mechanism
involving extracellular zinc release and activation of neuronal NADPH oxidase.

Find the latest version:

https://jci.me/30077/pdf



http://www.jci.org
http://www.jci.org/117/4?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI30077
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/30077/pdf
https://jci.me/30077/pdf?utm_content=qrcode

R e S e a rC h a rt I C | e Related Commentary, page 868

Hypoglycemic neuronal death is triggered
by glucose reperfusion and activation
of neuronal NADPH oxidase
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Hypoglycemic coma and brain injury are potential complications of insulin therapy. Certain neurons in the
hippocampus and cerebral cortex are uniquely vulnerable to hypoglycemic cell death, and oxidative stress is
a key event in this cell death process. Here we show that hypoglycemia-induced oxidative stress and neuronal
death are attributable primarily to the activation of neuronal NADPH oxidase during glucose reperfusion.
Superoxide production and neuronal death were blocked by the NADPH oxidase inhibitor apocynin in both
cell culture and in vivo models of insulin-induced hypoglycemia. Superoxide production and neuronal death
were also blocked in studies using mice or cultured neurons deficient in the p47rhox subunit of NADPH oxidase.
Chelation of zinc with calcium disodium EDTA blocked both the assembly of the neuronal NADPH oxidase
complex and superoxide production. Inhibition of the hexose monophosphate shunt, which utilizes glucose
to regenerate NADPH, also prevented superoxide formation and neuronal death, suggesting a mechanism
linking glucose reperfusion to superoxide formation. Moreover, the degree of superoxide production and
neuronal death increased with increasing glucose concentrations during the reperfusion period. These results
suggest that high blood glucose concentrations following hypoglycemic coma can initiate neuronal death by a

mechanism involving extracellular zinc release and activation of neuronal NADPH oxidase.

Introduction

Insulin and sulfonylurea therapy for diabetes mellitus carries the risk
of hypoglycemic brain injury, and this risk is a major impediment
to optimal glucose regulation in diabetic patients (1, 2). Depending
upon its severity, hypoglycemia (HG) can cause irritability, impaired
concentration, focal neurological deficits, seizures, coma, and, with
profound HG, neuronal death (3-5). Hypoglycemic neuronal death
is most pronounced in specific neuron populations: neurons in the
hippocampal CA1, subiculum, and dentate granule cell layer; cortical
layers 2 and 3 of cerebral cortex; and the dorsolateral striatum (6, 7).
The hippocampal neurons in particular are important for learning
and memory, and patients who survive hypoglycemic coma may be
left with significant cognitive impairment (8, 9).

The neuronal death resulting from HG is not a straightforward
result of energy failure but instead results from a sequence of events
initiated by HG. These events include activation of neuronal gluta-
mate receptors (10-12), production of ROS (13, 14), neuronal zinc
release (15), activation of poly(ADP-ribose) polymerase-1 (16, 17),
and mitochondrial permeability transition (18, 19). Importantly,
correction of plasma glucose concentration alone does not inter-
rupt this cell death process (16, 17).

Several studies point to oxidative DNA damage as a critical
event in this sequence of events (12, 14, 16, 18), but the source
and mechanism of oxidant production have not been established.
Mitochondria have been implicated as a source of ROS in many
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disorders, including ischemia-reperfusion (20), and mitochondria
taken from brain during HG exhibit increased capacity to generate
ROS (21); however, ROS can be generated by several sources other
than mitochondria. Among these sources is NADPH oxidase, a
superoxide-generating enzyme long recognized as crucial for the
bactericidal function of neutrophils (22). Recent studies have iden-
tified NADPH oxidase also in neurons (23-25), where it may nor-
mally function in physiological redox signaling (26). Activation of
NADPH oxidase in neutrophils can kill neighboring cells (22), and
activation of NADPH oxidase in neurons can similarly contribute
to cell death under some conditions (27).

In this study we used cell culture and rodent models of HG to
identify the source and mechanism of neuronal superoxide produc-
tion. Surprisingly, superoxide production was found to occur mainly
during the period of glucose reperfusion (GR), rather than during
HG itself. Our results also indicate that neuronal NADPH oxidase
is the primary source of neuronal oxidative stress after HG and that
the rate of superoxide production is influenced by the blood glucose
concentration achieved in the immediate posthypoglycemic period.

Results
Superoxide is produced at the time of GR after HG. To characterize the
source of superoxide production in hypoglycemic neuronal injury,
we used a rat model of insulin-induced HG and evaluated the pro-
duction of ROS with dihydroethidium (28). Dihydroethidium is
oxidized by superoxide and superoxide reaction products to form
fluorescent ethidium (Et) species (29), which are then trapped
within cells by DNA binding. Rats subjected to 60 minutes of pro-
found HG (producing an isoelectric EEG) showed only a modest
increase in neuronal Et fluorescence, but rats undergoing only
30 minutes of HG followed by a subsequent 30-minute interval
of GR showed a several-fold increase in neuronal Et fluorescence
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despite the shorter hypoglycemic interval (Figure 1A), suggesting
that ROS are produced primarily during GR. The Et formation
induced by HG/GR was blocked by the superoxide dismutase
(SOD) mimic tempol (4-hydroxy-2,2,6,6-tetramethylpiperidi-
nyloxy) (50 mg/kg) and was also blocked in transgenic rats that
overexpress SOD-1 (30), confirming that the Et fluorescence signal
results primarily from the production of superoxide (Figure 1B).
Tempol and SOD-1 overexpression also reduced neuronal death
(Figure 1, C and D), thus linking superoxide production to HG-
induced neuronal death. Blood glucose concentrations were not
significantly different among the 3 treatment groups (Table 1).
Superoxide is produced primarily by NADPH oxidase. To identify
the site and mechanism of HG-induced superoxide production,
we subjected cortical cell cultures, containing neurons and glia,
to glucose deprivation (GD) followed by GR. As observed with
HG in vivo, GD alone caused only a negligible increase in the Et
signal, but GR produced a rapid increase in neuronal Et fluores-
cence (Figure 2A). Control cultures, in which 10 mM glucose was
added back after less than 5 minutes of GD, exhibited a negligible
Etsignal (Figure 2B). GR with 2 mM glucose produced a slightly
smaller signal than GR with
10 mM glucose (Figure 2B),
and all subsequent studies
were performed using 10 mM
glucose replacement. Detec-
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100 um. Data are mean + SEM; n =4; *P < 0.05; **P < 0.01.
(B) Et fluorescence induced by HG/GR was blocked by
tempol and by overexpression of SOD-1 (SOD-1 Tg).
Data are mean + SEM; n = 3-5; *P < 0.05. (C) Tempol and
SOD-1 overexpression also reduced neuronal death after
HG/GR. H&E-stained sections of the hippocampal CA1
cell layer prepared 7 days after HG/GR show degenerat-
ing neurons with pyknotic, eosinophilic changes (arrows).
Scale bar: 100 um. (D) The number of degenerating neu-
rons was quantified in 4 brain regions: hippocampal CA1,
subiculum (Sub), dentate gyrus (DG), and perirhinal cortex
(Ctx). Data are mean + SEM; n = 7-10; *P < 0.05 versus
HG/GR alone in each region.

duction in glutamate excitotoxicity (31), and glutamate excito-
toxicity contributes to hypoglycemic neuronal death (7, 10, 12).
We therefore evaluated superoxide production in the presence of
the complex I inhibitor rotenone (5 uM), the complex II inhibi-
tor 2-thenoyltrifluoroacetone (10 uM), and the mitochondrial
uncoupler carbonyl cyanide 4-(trifluoromethoxy)phenylhydraz
one (0.5 uM), each of which prevents superoxide production by
the mitochondrial electron transport chain (32). None of these
agents prevented neuronal superoxide production during GD/GR
(Figure 2D). Superoxide can also be generated from dehydroge-
nase complexes of the mitochondrial tricarboxylic acid cycle (33);
however, neuronal superoxide production after GD/GR was simi-
larly unaffected by inhibiting glucose-derived substrate delivery to
mitochondria with either 500 uM iodoacetate to inhibit glycolysis
or with 250 uM a-cyano-4-hydroxycinnamate (OHCA) to block
mitochondrial pyruvate uptake (Figure 2, C and D).

A third potential source of superoxide generation is NADPH
oxidase, which requires glucose for regeneration of NADPH by the
hexose monophosphate shunt (22). Incubation with either 500 uM
6-aminonicotinamide, an inhibitor of the hexose monophosphate

Blood glucose concentration during HG and GR

tion of the lipid peroxidation Treatment group Arterial glucose concentration (mM)

product 4-hydroxynonenal Fasting (before insulin)  HG (isoelectric EEG) 30 min after GR 60 min after GR
in neurons after GD/GR, 5-10 mM 4.34+015(n=7) 0.40 + 0.02 8.02 + 0.46 7.53 +0.39
but not GD alone, provided 5-10 mM + tempol 428 +0.35(n=5) 0.38 £ 0.06 7.70 £+ 0.43 7.37 £0.51
additional evidence that GR 5-10 mM SOD-1 Tg 442+021(n=7) 0.37 +0.05 7.49+0.44 714048
triggers superoxide forma- 10-15mM 448032 (n=4) 0.33£0.07 14.50 + 1.49A 14.03 + 1.294
tion (Figure 2C). 1-2mM 425+019(n=7) 0.38 £ 0.02 1.64+0.118 1.71£0.118

Mitochondria have been
identified as a source of
neuronal superoxide pro- versus the GR 5-10 mM group.
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Data represent arterial glucose concentrations (mM) in each of the 3 target GR ranges, in WT rats with and without
tempol treatment, and in SOD-1 Tg rats. Data are mean + SEM. AP < 0.05 versus the GR 5-10 mM group; BP < 0.01
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Figure 2

Neuronal superoxide production after GD/GR is due to NADPH oxidase activation. (A) Et fluorescence in cultured mouse neurons at time points
after GD and GR. Top row shows neurons subjected to 2 hours of GD followed by GR; bottom row shows neurons subjected to GD during the
entire 3-hour interval. Line graphs show the change in Et fluorescence over time in each of the labeled neurons, with values normalized to the
background signal. Scale bar: 30 um. (B) Quantification of Et-positive neurons in cultures treated with 3 hours GD alone or with 2 hours GD fol-
lowed by 1 hour GR at the designated glucose concentration. Controls (Cont) received 10 mM glucose after less than 5 minutes of GD. Data
are mean + SEM; n = 7; *P < 0.01. (C) Immunostaining for 4-hydroxynonenal in cultured neurons. Representative of n = 3. Scale bar: 100 um.
(D) Neuronal superoxide production induced by GD/GR was not blocked by inhibitors of mitochondrial superoxide production. ROT, rotenone;
TTFA, 2-thenoyltrifluoroacetone; FCCP, carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone; OHCA, a-cyano-4-hydroxycinnamate. n = 4. (E)
Superoxide production was also unaffected by the glycolytic inhibitor iodoacetate (lodo) but was blocked by 6-aminonicotinamide (6AN) and by
apocynin (Apo). This pattern was also observed in neurons cultured in the absence of glia (bottom panel). Data are mean + SEM; n = 4; **P < 0.05.
(F) Immunostaining for the p47rhox (left panels) or p67Pox (right panels) subunits of NADPH oxidase showed their migration to the neuronal plasma
membrane (arrows) after GD/GR but not after GD alone. MAP2 immunostaining demarcates the neuronal cytoplasmic space. Scale bar: 10 um.

shunt (34), or with 500 uM apocynin (4-hydroxy-3-methoxyaceto-
phenone), an inhibitor of NADPH oxidase activity (35), blocked the
superoxide production induced by GD/GR in cortical cell cultures
(Figure 2E). Since cortical cultures contain astrocytes and microglia
in addition to neurons, these studies were also performed in cul-
tures containing neurons alone to determine which cell type was the
source of superoxide production. Cultures containing neurons in the
absence of glia produced the same pattern of results obtained with
the neuron/glia cocultures, although a shorter interval of GD was
required to induce comparable superoxide production (Figure 2E).

NADPH oxidase is composed of several subunits, including the
p47rhox and p67phox subunits, which coalesce at the plasma mem-
brane to form the active enzyme complex (22, 36). Immunostaining
confirmed the presence of these subunits in neurons and showed
their translocation to the neuronal plasma membrane after GD/GR
but not after GD alone (Figure 2F).
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Inhibition of NADPH oxidase prevents superoxide production and sub-
sequent neuronal death. To confirm further that NADPH oxidase is
the source of superoxide production after GD/GR, we prepared
cortical cocultures consisting of neurons from WT mice or from
p47rhox-deficient mice, with the neurons plated onto WT glia.
Cells from p47phox-deficient mice are unable to assemble an active
NADPH oxidase complex (37, 38). The p47phox-deficient neurons
generated much less superoxide after GD/GR and showed less
neuronal death than WT neurons (Figure 3A). This effect was
comparable to that obtained in WT neurons treated with 500 uM
apocynin or 500 uM 6-aminonicotinamide (Figure 3B). We then
used the p47prhox-deficient mice to evaluate superoxide produc-
tion and neuronal survival after HG in vivo. Mice lacking p47phox
showed much less neuronal death than WT mice of the same
C57/B6 background strain (Figure 3C), and this reduction in cell
death was accompanied by reduced neuronal Et fluorescence at
Volume 117
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Inhibition of NADPH oxidase prevents HG-induced neuronal death. (A) GD/GR-induced superoxide production in cortical neurons is attenuated
by p47rhox deficiency. Data are mean + SEM; n = 3; *P < 0.05 versus WT. (B) GD/GR-induced neuronal death is blocked by p47rhox gene deletion
and by pharmacological inhibitors of NADPH oxidase activity. Photomicrographs show propidium iodide (Pl) staining of dead neurons 22 hours
after GD in WT neurons, p47rhox-deficient neurons, or WT neurons treated with 6-aminonicotinamide or apocynin. Scale bar: 100 um. Data are
mean + SEM; n = 4-6; *P < 0.05. (C) Photomicrographs show dead neurons stained green by Fluoro-Jade B in the hippocampal CA1 region
of WT and p47rhox-deficient mice 7 days after HG/GR. Graph quantifies hypoglycemic neuronal death in 4 vulnerable brain regions. Scale bar:
100 um; data are mean + SEM; n = 3; *P < 0.05. (D) HG/GR-induced superoxide production, as evidence by Et fluorescence, was attenuated
in neurons of p47rhox-deficient mice. Scale bar: 100 um; data are mean + SEM; n = 3—4; *P < 0.05. (E) Apocynin reduced neuronal death in WT
rats evaluated 7 days after HG/GR. Data are mean + SEM; n = 5; *P < 0.05.

the time of reperfusion (Figure 3D). A comparable reduction in
cell death was observed in WT rats treated with 15 mg/kg apocy-
nin to inhibit NADPH oxidase previous to GR (Figure 3E).

Zinc chelation prevents superoxide production during GR. The
mechanism by which NADPH oxidase is activated in nonphago-
cytic cells such as neurons is not well understood, but zinc has
been identified as both an inducer of neuronal NADPH oxi-
dase activity (39) and a contributor to hypoglycemic neuronal
death (15). We examined intracellular free zinc concentrations
in cultured neurons using the fluorescent dye FluoZin-3 (40).
FluoZin-3 fluorescence intensity was increased by 52% + 11%
in neurons subjected to 3 hours of GD and by 203% + 19% in
neurons treated with only 2 hours of GD followed by 1 hour
of glucose replacement (n = 4; P < 0.01). Cultures treated with
50 uM of the extracellular zinc chelator calcium disodium EDTA
(CaEDTA) (41) showed a significantly reduced FluoZin-3 signal
after GD/GR (Figure 4A). Specificity of the FluoZin-3 signal was
confirmed by near-complete suppression of the fluorescent sig-
nal by 100 uM of the cell-permeant heavy metal chelator TPEN
[N,N,N’ N'-tetrakis(2-pyridyl-methyl)ethylenediamine] (40).
The translocation of p47rhox and p61Phex to the neuronal cell
membrane in cortical cultures treated with GD/GR was simi-
larly blocked by CaEDTA but not zinc EDTA (ZnEDTA), which
lacks zinc chelating capacity (Figure 4B).
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Extracellular zinc in brain is derived primarily from release
of synaptic vesicles (42). We used the fluorescent dye TSQ
[(6 methoxy 8 quinolyl) para toluenesulfonamide], which binds
chelatable zinc (43), to determine whether vesicular zinc release
is associated with NADPH oxidase activation after induction
HG and GR (Figure 4C). Vesicular zinc in the hippocampal hilus
region stains brightly with TSQ under basal conditions. The
vesicular zinc signal was partially depleted by 60 minutes of HG
alone but was almost completely depleted by 30 minutes of HG
followed by 30 minutes of GR. Conversely, TSQ staining for zinc
in the postsynaptic pyramidal cell bodies was absent under control
conditions or HG alone but increased after HG/GR (Figure 4D),
suggesting that zinc released from synaptic vesicles is translocated
into the postsynaptic cells under these conditions. This increase
was blocked in rats given intracerebroventricular injection of the
zinc chelator CaEDTA. Rats treated with CaEDTA also showed
reduced neuronal superoxide formation, suggesting that vesicular
zinc release is upstream of NADPH oxidase activation. ZnEDTA,
used as a control, had no effect (Figure 4E).

Post-HG glucose concentrations influence neuronal superoxide pro-
duction. Results of the cell culture studies presented here are
consistent with prior reports that glucose flux through the hex-
ose monophosphate shunt is required for regeneration of the
NADPH substrate used by NADPH oxidase (34, 44). A previous
Number 4
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Figure 4

Zinc chelation prevents activation of neuronal NADPH oxidase. (A) FluoZin-3 images of intracellular free zinc levels in cultured neurons after
3 hours of GD or 2 hours of GD and 1 hour of glucose replacement (GD/GR). Fluorescence induced by GR was attenuated in cultures treated
with CaEDTA during the GD/GR incubations and eliminated by 10-minute incubation with N,N,N',N'-tetrakis(2-pyridyl-methyl)ethylenediamine
(TPEN). n = 4. (B) Immunostaining for the p47rhox and p67rhox subunits of NADPH oxidase in cultured neurons. GD/GR-induced migration of
these subunits to the neuronal plasma membrane was blocked by the zinc chelator CaEDTA but not by ZnEDTA used as a control. Scale bar:
10 um. Representative of 3 cultures under each condition. (C) Vesicular zinc in the rat hippocampal hilus is imaged with TSQ fluorescence
(white). The TSQ signal loss was greater after 30 minutes HG and 30 minutes GR (HG/GR) than after 60 minutes HG without GR. Fluorescence
intensity is expressed as arbitrary units, with subtraction of background measured in the lateral ventricle (white square). Scale bar: 200 um. Data
are mean + SEM; n = 10; *P < 0.05; **P < 0.01. (D) TSQ fluorescence was increased in the postsynaptic pyramidal cells after HG/GR, and this
increase was blocked by CaEDTA (n = 3). Scale bar: 100 um. (E) CaEDTA reduces GR-induced superoxide production in the CA1 neurons.
ZnEDTA was the control. Graph shows quantified CA1 neuronal Et fluorescence intensity in rats treated with intracerebroventricular saline,

CaEDTA, or ZnEDTA. Scale bar: 100 um. Data are mean + SEM; n = 3-5; *P < 0.05.

study also suggested that high blood glucose concentrations
following HG can exacerbate brain injury (45). We therefore
assessed the effects of differing blood glucose concentrations
during the immediate reperfusion period on neuronal super-
oxide production and survival. Rats were given glucose at rates
that maintained blood glucose concentration in the range of
1-2 mM, 5-10 mM, or 10-15 mM following HG (Table 1). Anes-
thesia was discontinued after 2 hours, at which time the rats
were allowed to feed ad libitum. Rats in the 1-2 mM glucose
group exhibited reduced neuronal death (evaluated at 7 days)
relative to the 5-10 mM group (Figure SA). Rats in the 1-2 mM
glucose group also showed reduced neuronal superoxide pro-
duction during GR (Figure 5B). Rats in the 10-15 mM glucose
group did not exhibit any further increase in neuron death rela-
tive to the 5-10 mM group. There was negligible Et signal in the
“sham HG” rats given glucose (in addition to insulin) to main-
tain blood glucose in the 5-10 mM range.

914
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Discussion
These studies present what we believe to be 3 novel findings:
hypoglycemic neuronal death is triggered by GR rather than
by HG per se; the primary source of superoxide generation in
HG-reperfusion is neuronal NADPH oxidase, rather than mito-
chondria; and HG-induced activation of neuronal NADPH oxi-
dase involves zinc as a signaling molecule.

HG of varying severity is common in diabetic patients, par-
ticularly among those attempting tight glucose control (1, 2).
The degree of HG modeled in the present studies is extreme,
corresponding to the clinical setting of deep hypoglycemic
coma in which blood glucose concentrations often fall below 1
mM (5, 8, 46) and brain glucose concentrations fall to near zero
(47). Patients in hypoglycemic coma are treated with concen-
trated glucose solutions, which typically elevate blood glucose
to supranormal values (2, 46, 48). The cell culture and in vivo
models of HG employed here approximate this setting of pro-
Volume 117
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found HG and glucose correction, in which brain injury can be
a disabling or lethal sequela (2, 8, 46).

The finding that superoxide production occurs predominately
after GR, in both the cell culture and in vivo HG studies, corrobo-
rates prior observations on the sequence of events leading to hypo-
glycemic neuronal death. In a rat model of insulin-induced HG, the
formation of nitrotyrosine was detected shortly after GR, not dur-
ing the HG interval (16). Similarly, activation of poly(ADP-ribose)
polymerase-1 (PARP-1), an enzyme responsive to DNA damage,
was detected only after GR (16). HG/GR thus has similarities to
ischemia-reperfusion, in which oxidative stress is attributed to rein-
troduction of oxygen to damaged tissue (49). A fundamental differ-
ence, however, is that brain oxygen tension is essentially unchanged
during HG and GR, and thus reintroduction of glucose, not oxy-
gen, is responsible for the oxidant production in this setting. The
present findings suggest that the reintroduction of glucose might
also be a key factor in reperfusion injury after ischemia.

A modest increase in ROS production was observed during GD,
in addition to the much larger increase induced by GR, in both
the cell culture and the in vivo studies. The source of ROS pro-
duced during HG was not evaluated in the present studies, but a
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Figure 5

Effects of reperfusion glucose concentrations on neuronal superoxide
production and survival. (A) Effects of reperfusion blood glucose con-
centrations on neuronal survival after HG/GR. Data are mean + SEM;
n=7-10; *P < 0.01 versus the 5-10 mM GR group in each region. (B)
Neuronal superoxide production as imaged by Et fluorescence in rat
brain hippocampal sections after HG and GR at the indicated blood glu-
cose concentrations. Sham HG rats received glucose infusions imme-
diately after insulin to prevent HG. Scale bar: 100 um. (C) Et signal
intensity was quantified for the CA1 region as described for Figure 1A.
Data are mean + SEM; n = 4; **P < 0.05.

prior report suggests that brain mitochondria isolated during HG
(without GR) produce more ROS than control mitochondria (21).
However, the present results suggest that NADPH oxidase, rather
than mitochondria, are the primary source of superoxide produc-
tion during the GR period.

NADPH oxidase is a multicomponent enzyme comprising a
plasma membrane-bound subunit, gp91; a membrane-associ-
ated flavocytochrome, cytochrome b558; and at least 3 cytosolic
subunits, p47phox, p67phox and the small G protein Rac2 (36).
During activation, the p47phox component is phosphorylated and
migrates to the plasma membrane, where it associates with the
other subunits to form the active enzyme complex. The methoxy-
substituted catechol apocynin blocks this assembly but does not
inhibit mitochondrial dehydrogenases (50, 51). In the present
studies, apocynin blocked the production of superoxide induced
by GR in both the cell culture and in vivo preparations. In addi-
tion, mice deficient in the p47phox subunit of NADPH oxidase
exhibited reduced superoxide production and reduced neuronal
death after HG/GR. The coculture studies using p47°rhox-defi-
cient neurons with WT glia showed in addition that activation
of NADPH oxidase in neurons alone can be sufficient to cause
neuronal death, although these results do not exclude a neuro-
toxic role for microglial or astrocyte NADPH oxidase in vivo.

A third, more indirect line of evidence supporting NADPH oxi-
dase as the primary source of superoxide production also links
NADPH oxidase activity to GR. Ongoing production of NADPH
is required for NADPH oxidase activity in nonneuronal cell types
(34, 44). NADPH is regenerated through the hexose monophos-
phate shunt, which requires glucose as a substrate. In the pres-
ent studies, inhibition of the hexose monophosphate shunt with
6-aminonicotinamide blocked both neuronal superoxide produc-
tion and neuronal death, a result that is not readily explained by
any mechanism other than reduced NADPH oxidase activity.

Zinc can activate NADPH oxidase in neurons through a signal-
ing pathway involving protein kinase C (27, 39). This is germane
to hypoglycemic neuronal injury because several neuronal popula-
tions release zinc in response to depolarizing stimuli (52); each of
the brain regions most vulnerable to HG contain high concentra-
tions of presynaptic vesicular zinc (42); and intracerebroventricu-
lar administration of a zinc chelator (CaEDTA) can prevent hypo-
glycemic neuronal death (15). The present studies suggest that
zinc effects on hypoglycemic neuronal death are attributable to its
activation of NADPH oxidase. Intracellular zinc levels increased
during GR, and preventing this increase with CaEDTA blocked
assembly of the NADPH oxidase complex, superoxide produc-
tion, and neuronal death. Since CaEDTA is an extracellular zinc
chelator, this suggests that the zinc elevations result from an influx
of extracellular zinc derived either from vesicular zinc release or, in
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cultured cells, from ambient zinc in the culture medium. However,
we cannot entirely exclude the alternative possibility that CaEDTA
lowers intracellular zinc stores during the incubation period (53).

The relationship between glutamate excitotoxicity and NADPH
oxidase is not clearly resolved by the present studies. HG causes
several-fold elevations in brain extracellular glutamate concentra-
tions, and pretreatment with glutamate receptor antagonists pre-
vent hypoglycemic neuronal death (10-12). Although glutamate
excitotoxicity induces superoxide production, this is thought to
arise primarily from the mitochondria (31) rather than NADPH
oxidase. The timing of glutamate release relative to the other
events in this process is also uncertain. Here we found that vesic-
ular zinc release from presynaptic mossy fibers occurs primarily
during the period of GR. Since glutamate and zinc are colocalized
in excitatory synaptic terminal vesicles (52, 54), it is possible that
glutamate release from synaptic terminals also occurs at the time
of GR. Further studies will be required to settle these issues.

The present studies show that hypoglycemic neuronal death is
triggered by GR; however, the clinical treatment of HG requires cot-
rection of blood glucose levels. Thus, the finding that superoxide
formation and neuronal survival are influenced by the rate of blood
glucose elevation after HG may have implications for the manage-
ment of hypoglycemic coma. Restoring blood glucose to 1-2 mM
during the first hour after HG resulted in less superoxide produc-
tion and less neuronal death than restoration to higher glucose lev-
els (>5 mM). These data suggest that a gradual correction of blood
glucose in patients with hypoglycemic coma may be preferable to
more rapid correction and hyperglycemia. We emphasize, however,
that the specific blood glucose values obtained in the rodent stud-
ies cannot be directly applied to human patient care settings and
that the results of these studies may not apply to less severe HG.

The biochemical mechanism of this effect was not estab-
lished here, but one possibility is that glucose transport across
the blood-brain barrier is accelerated at higher glucose concen-
trations (47), thereby increasing glucose entry into the hexose
monophosphate shunt. This would facilitate the regeneration of
NADPH and thus facilitate NADPH oxidase activity (34, 44). The
much smaller deleterious effect of high glucose concentrations
after GD in the cell culture studies (Figure 2B) is consistent with
an effect at the blood-brain barrier.

Methods

The studies were approved by the San Francisco Veterans Affairs Medi-
cal Center animal studies committee. Rats (Sprague-Dawley) were
obtained from Charles River Laboratories. Rats in the SOD-1 Tg colony
were maintained as heterozygotes, with outbreeding to WT rats. Experi-
ments with the SOD-1 Tg rats used the non-Tg littermates as controls.
The p47prhox-deficient mice and the WT mice used as their controls were
of the C57/B6 strain, both obtained from The Jackson Laboratory. All
other mice were of the CD-1 strain (Simonsen Laboratories). Cell cul-
ture reagents were obtained from Mediatech Inc. All other reagents were
obtained from Sigma-Aldrich except where noted.

Cell cultures. Mouse cortical cultures were prepared by plating embry-
onic neurons onto a preexisting glia layer at a density of 6 x 10° cells/cm?
and used at neuronal age 20-22 days in vitro (55). Glia-free neuron cul-
tures were prepared by plating the embryonic neurons directly onto a
plastic surface or, for immunostaining, onto poly-D-lysine-coated glass
coverslips (56). These cells were cultured in glia-conditioned medium and
used at days 10-14 in vitro, at which time the cultures contained greater
than 95% neurons, as assessed by immunostaining for the neuron marker
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microtubule-associated protein-2 (MAP2) and the astrocyte marker glial
fibrillary acidic protein (GFAP) (56). Glucose concentration in the cul-
ture media was 4.0-5.5 mM.

GD in cell cultures. The culture medium was exchanged with a bicarbon-
ate-buffered balanced salt solution (BSS) containing (in mM) KCI, 3.1;
NaCl, 134; CaCl,, 1.2; MgSOy, 1.2; KH,PO4, 0.25; NaHCO3, 15.7; glucose,
0. The pH was adjusted to 7.2 while the solution was equilibrated with 5%
CO; at 37°C. Osmolarity was verified at 290-310 mOsm with a Wescor
vapor pressure osmometer. Drugs were added from concentrated stocks
prepared in BSS immediately before use and adjusted to pH 7.2 when nec-
essary. After a S-minute period to allow complete egress of glucose from
the cells, the culture medium was completely exchanged a second time, and
the cultures were placed ina 37°C, 5% CO; incubator. GD was terminated
at the designated time points by adding 2 or 10 mM glucose back to the
medium. Control wells received 10 mM glucose replacement immediately
after the initial medium exchange.

Immunostaining. Immunostaining was performed as described previously
(56). Astrocytes and neurons were identified by immunoreactivity to GFAP
and MAP2, respectively. Cell cultures were fixed with 1:1 methanol/acetone
at 4°C for 10 minutes, then incubated for 30 minutes in blocking buffer
(0.01% PBS/2% goat serum/0.2% Triton-X/0.1% BSA). Cultures were incu-
bated with rabbit anti-MAP2 or rabbit anti-GFAP (Chemicon), diluted
1:1,000 in blocking buffer, then incubated with anti-rabbit IgG conjugated
with Texas red or Alexa Fluor 594 (Molecular Probes; Invitrogen) diluted
1:300 in blocking buffer. 4-Hydroxy-2-nonenal formation was identified
by immunostaining with a 1:500 dilution of mouse monoclonal antibody
against 4-hydroxy-2-nonenal (Alpha Diagnostic International). Primary
antibody binding was visualized with a 1:250 dilution of Alexa Fluor
488-conjugated anti-mouse IgG (Molecular Probes; Invitrogen). Subcel-
lular localization of the p47pPhox or p67phox subunits of NADPH oxidase was
evaluated in cultures fixed with 4% paraformaldehyde for 20 minutes on
ice. The cultures were dehydrated in ethanol washes and air dried. After
preincubation in blocking buffer, the cultures were incubated with either
a 1:500 dilution of mouse anti-p47°h** or a 1:500 dilution of mouse anti-
p67¢rhex (BD Biosciences — Transduction Laboratories), together with a
1:200 dilution of rabbit monoclonal anti-MAP2 antibody (BD Biosciences
— Transduction Laboratories). After washing, the cultures were incubated
with 1:250 dilutions of Alexa Fluor 488- and 594-conjugated goat anti-
rabbit IgG (Molecular Probes; Invitrogen). Negative controls were prepared
by omitting the primary antibodies.

HG in vivo. Insulin-induced HG in rats was induced as described previ-
ously, with the period of severe HG defined here as the interval during
which the EEG exhibited an isoelectric pattern (16, 57). Rats (250-350 g)
were fasted overnight. Anesthesia was induced with 3% isoflurane in a
75:25 mixture of nitrous oxide and oxygen (Air Liquide America). After
intubation, rats were ventilated with a small-animal respirator (Harvard
Apparatus), and isoflurane content was reduced to 1%. A femoral artery
line was placed for blood sampling and for blood pressure monitoring.
Blood gases were measured at 1-hour intervals using an I-STAT machine
(Abbotr). Tidal volume and oxygen flow were adjusted to keep PaCO,
between 35 and 45 mmHg and PaO, above 100 mmHg. Blood pressure
and EEG were continuously monitored and recorded (BIOPAC Systems
Inc.). Core temperature was kept at 36.5-37.5°C with a heating blanket.
HG was induced by intraperitoneal injection of 10 U/kg of regular insu-
lin (Novolin-R; Novo Nordisk). Blood glucose was measured at serial time
points in rat with a YSI 2700 glucose analyzer (YSI Life Sciences). Mean
arterial blood pressure was maintained between 160 and 200 mmHg dur-
ing the entire EEG isoelectric period by adjusting the isoflurane concen-
tration, and bradycardia was prevented with intramuscular injection of
atropine (1 mg/kg). EEG was monitored using needle electrodes placed
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in the cortical surface. Burr holes were made in the skull bilaterally over
parietal cortex, and monopolar electrodes were inserted beneath the dura.
A reference needle was placed in neck muscle. HG was terminated in most
studies by injection of 0.2 ml of 50% glucose via the femoral vein, followed
by continuous infusion of 1:1 solution of 50% glucose and Krebs-Henseleit
buffer (1.5 ml/hour for 3 hours) and supplemented by 1 ml of 25% glucose
by intraperitoneal injection at 1 hour after the start of the intravenous
glucose infusions. In studies examining reduced glucose infusion rates,
HG was terminated by 25% glucose in Krebs-Henseleit buffer (0.75 ml/h
for 3 hours) without any bolus injection. For the high GR group, HG was
terminated by infusion of 50% glucose in Krebs-Henseleit buffer (1.5 ml/h
for 3 hours) along with a bolus injection of 0.2 ml of 50% glucose through
the femoral vein. Sham HG controls were prepared by intravenous admin-
istration of 1.5 ml/h of 25% glucose simultaneously with 10 U/kg of insu-
lin to maintain a plasma glucose level between 5 and 10 mM for 5 hours.
Where used, tempol (50 mg/kg) was injected by femoral vein, and apocynin
(15 mg/kg) was injected intraperitoneally, immediately before the start of
GR. The drugs were dissolved in 1% DMSO vehicle, and control rats for
these studies received equal volumes of vehicle alone. In some studies, rats
were euthanized immediately after HG without GR. In all other studies, the
rats were returned to their cages once they were awake and ambulatory.

For studies in mice, the insulin dose was reduced to 5 U/kg and the
isoelectric period was extended to 45 minutes before glucose reinfusion
or tissue harvest. Anesthesia, temperature regulation, and EEG recording
were performed as described for rat HG, with the exception that hexa-
methonium chloride was administered at 30 mg/kg intraperitoneally
15 minutes before the insulin administration to reduce autonomic
responses (58). In a separate cohort of mice, mean arterial pressure
was monitored with a femoral artery cannula. Mice treated with hexa-
methonium did not exhibit mean arterial blood pressure values below
75 mmHg (data not shown). Serial 10-ul blood samples for glucose mea-
surements were obtained from the tail artery. Mouse HG was terminated
by a bolus injection of 25% glucose (100 ul) into intraperitoneal space,
and the subsequent blood glucose level was maintained between S and
10 mM by subcutaneous injection of 25% glucose (100 ul/30 minutes)
until animals were ambulatory.

Intracerebral injections. As described previously (59), a burr hole was made
1.0 mm caudal to bregma, 1.5 mm lateral to the midline, and the syringe
needle tip was lowered 3.0 mm below the dura. CAEDTA and ZnEDTA were
prepared as 100-mM solutions in physiological saline and brought to neu-
tral pH with NaOH. Five microliters of saline, 100 mM CaEDTA in saline,
or 100 mM of ZnEDTA in saline was injected into the right lateral ventricle
over a 5-minute period. The injections were begun immediately following
the 30 minute EEG isoelectric intervals.

Superoxide detection. For the studies in brain, dihydroethidium (Molecu-
lar Probes; Invitrogen) was prepared as a 1 mg/ml solution in 1% DMSO
and administered at 1 mg/kg by femoral vein at the onset of EEG iso-
electricity. Animals were euthanized at the indicated time points and
perfusion fixed with 4% paraformaldehyde. Twenty-micrometer cryostat
sections were prepared and photographed with a confocal fluorescence
microscope with excitation at 510-550 nm and emission greater than
580 nm to detect Et (30). Five sections were analyzed from each brain,
taken at 80-um intervals to span the hippocampus. Et signal intensity
was expressed as the ratio of the mean fluorescence in neuronal peri-
karya to fluorescence in the stratum radiatum of the hippocampal CA1
region. For cell culture studies, 1 uM dihydroethidium (60) was added
to the cultures at the beginning of GD. The cultures were photographed
with a fluorescence microscope at the designated time points, and the
digitized images were analyzed and expressed as percentage of neurons
with an Et signal at least 50% higher than background. In some studies,
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the rate of superoxide production was evaluated by photographing the
same cell field at sequential time points under room temperature.

Evaluation of neuronal death. Death of cultured neurons was quantified by
the propidium iodide method 20-24 hours after GD/GR (55). Propidium
iodide-stained neurons were counted in 4 randomly selected fields of each
well by an observer blinded to the experimental protocol and expressed as
percentage of the total number of neurons in each well. Neuronal death
after HG in vivo was evaluated after a 7-day survival period. Brain sections
were stained by H&E staining or by the Fluoro-Jade B method (Histo-Chem
Inc.), which gave comparable results (16, 61). Five coronal sections were col-
lected from each animal, spaced 80 um apart and spanning the hippocam-
pus. An observer blinded to the experimental protocol counted the total
number of eosinophilic or Fluoro-Jade B-stained neurons in each structure
of interest, in both hemispheres. Data from each animal were expressed as
the mean number of degenerating neurons per structure of interest.

In vitro Zn?* detection. Cultures were loaded with 50 uM FluoZin-3 AM
(Invitrogen) for 30 minutes, then subjected to GD or GD/GR. At indi-
cated time points, cultures were photographed under uniform conditions
with an inverted fluorescence microscope, using 490 nm excitation and a
535/25-nm band pass filter (40). Randomly selected photographic fields
were digitized, and the mean fluorescence intensity of neuronal cell bodies
was measured. The values for each neuron were averaged within each well
and corrected for background fluorescence.

In vivo Zn?* translocation. Vesicular and intracellular free zinc was imaged
using the TSQ method (43). Rats were euthanized immediately after the
designated treatments, and the fresh frozen brains were coronally sec-
tioned. Five evenly spaced sections were collected through the hippocampal
region of each brain and immersed in a solution of 4.5 uM TSQ (Molecu-
lar Probes; Invitrogen), 140 mM sodium barbital, and 140 mM sodium
acetate (pH 10.5-11) for 60 seconds, then rinsed for 60 seconds in 150 mM
NaCl. TSQ-zinc binding was imaged and photographed with a fluores-
cence microscope with 360 nm UV light and a 500-nm-long pass filter. The
mean fluorescence intensity within the mossy fiber terminal area was mea-
sured and expressed as arbitrary intensity after subtraction of background
fluorescence as measured in the lateral ventricle. Measurements from the 5
sections were averaged for each experimental group. Zinc levels in postsyn-
aptic hippocampal CA1 neurons were evaluated in the same manner.

Statistics. Data are expressed as mean + SEM. Measurements of Et and
TSQ fluorescence intensities were evaluated with the Kruskal-Wallis test
and Dunn’s test for comparisons between multiple groups. All other data
were assessed by 1-way ANOVA followed by either the Tukey-Kramer test
for multiple comparisons between groups or the Dunnett’s test for com-
parisons of multiple groups against a common control group. P values of
less than 0.05 were considered significant.
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