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Abstract
Neonatal brain hypoxia ischemia (HI) results in neuronal cell death. Previous studies indicate that
reactive oxygen species (ROS) such as superoxide, play a key role in this process. However, the
cellular sources have not been established. In this study we examined the role of the nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase complex in neonatal HI brain injury and
elucidated its mechanism of activation. Rat hippocampal slices were exposed to oxygen glucose
deprivation (OGD) to mimic the conditions seen in HI. Initial studies confirmed an important role
for NADPH oxidase derived superoxide in the oxidative stress associated with OGD. Further, the
OGD-mediated increase in apoptotic cell death was inhibited by the NADPH oxidase inhibitor,
apocynin. The activation of NADPH oxidase was found to be dependent on the p38 mitogen-
activated protein kinase mediated phosphorylation and activation of the p47phox subunit. Using an
adeno-associated virus antisense construct to selectively decrease p47phox expression in neurons,
and showed that this lead to inhibition both of the increase in superoxide and neuronal cell death
associated with OGD. We also found that NADPH oxidase inhibition in a neonatal rat model of HI
or scavenging hydrogen peroxide (H2O2) reduced brain injury. Thus, we conclude that activation
of the NADPH oxidase complex contributes to the oxidative stress during HI and that therapies
targeted against this complex could exhibit neuroprotection against the brain injury associated
with neonatal HI.
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INTRODUCTION
Neonatal hypoxia-ischemia (HI) remains an important cause of acute mortality and chronic
morbidity in infants and children. The neurologic consequences of injury include mental
retardation, epilepsy, cerebral palsy, and blindness [1]. It has been estimated that HI injury
occurs in approximately 2–4 out of every 1000 full-term births in developed countries and is
20 to 30 times higher in developing countries [2, 3]. The mechanism of brain damage
associated with HI is only partly understood. Evidence indicates that reactive oxygen (ROS)
species such as superoxide are important mediators of ischemic neuronal death [4–6].
However, little is known regarding the specific cellular sources of these ROS.

Although neuronal superoxide production is widely attributed to mitochondria, neurons also
express the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase complex [7], a
superoxide-generating enzyme first identified in phagocytes [8]. Superoxide produced by
neuronal NADPH oxidase is thought to function in long-term potentiation and intercellular
signaling [9] but increased levels of superoxide can also cause oxidative stress and neuronal
cell death [10, 11]. NADPH oxidase is a transmembrane protein complex that transports
electrons across biological membranes reducing oxygen to superoxide. The NADPH oxidase
enzyme complex consists of the membrane bound p22phox and gp91phox subunits, several
cytosolic proteins p47phox, p67phox, and p40phox, and the G-protein, Rac1 [12]. NADPH
oxidase is activated when the cytosolic subunits are phosphorylated, especially p47phox,
resulting in their translocation to the plasma membrane and formation of the active NADPH
oxidase complex [12, 13]. The inhibition of NADPH oxidase may have benefit in stroke
outcome, at least in adults [14].

The aim of the present study was to investigate the role of the NADPH oxidase complex in
the oxidative stress associated with HI and its role in neonatal brain injury associated with
HI. Using both an in vitro hippocampal slice culture model and an in vivo model of neonatal
HI we analyzed p47phox expression, superoxide levels, infarct volume and neuronal cell
death after OGD. Our data indicate that NADPH oxidase plays a major role in the increased
superoxide generation associated with HI. Further, we found that p47phox translocation to
the plasma membrane was dependent on p38MAP kinase signaling and that both
pharmacologic inhibition and AAV-mediated neuronal specific expression of an antisense
p47phox construct decreased the neuronal cell death associated with OGD in slice cultures.
In the neonatal rat, HI was also associated with increased NADPH oxidase activity,
superoxide generation and brain injury, while inhibition of NADPH oxidase reduced
neurologic injury. Together our data suggest that therapies targeted against NADPH oxidase
may have clinical utility in the treatment of perinatal asphyxia.

METHODS
Hippocampal Slice Culture and OGD exposure

Neonatal rats (Sprague-Dawley, Charles River, Wilmington, MA, USA) at postnatal Day 7
(P7) were decapitated and the hippocampi dissected under sterile conditions. Each
hippocampus was sliced into 400μm slices using a Mcllwain tissue chopper (Science
Products GmbH, Switzerland). Slices were then cultured on permeable membrane Millicell
inserts (Millipore, Billerica, MA, USA) (0.4μm pore size) in six well plates for 6 days at
37°C in 5% CO2. For the first two days, the slices were maintained in a primary plating
medium: 50% Opti-Mem (Gibco, Grand Island, NY, USA), 25% HBSS, 25% heat
inactivated horse serum, 5mg/ml D-glucose (Sigma, St. Louis, MO, USA), and 1.5%
PenStrep/Fungizone (Gibco, Grand Island, NY, USA). The primary plating media was
changed at 24h. After 48h, the slices were switched to Neurobasal–A media (Gibco, Grand
Island, NY, USA), with 1mM Glutamax, 1% PenStrep/Fungizone (Gibco, Grand Island,
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NY, USA), and 2% B27 (Gibco, Grand Island, NY, USA) supplemented with anti-oxidants
for a further 2 days. Then, 24h before exposure to OGD the culture medium was changed to
neurobasal-A and B27 supplement without antioxidants. Just prior to OGD, a sucrose
balanced salt solution (SBSS) (120mM NaCl, 5mM KCl, 1.25mM NaH2PO4, 2mM MgSO4,
2mM CaCl2, 25mM NaHCO3, 20mM HEPES, 25mM sucrose, pH of 7.3) was infused for 1
hour with 5%CO2 and 10L/h nitrogen gas. The inserts were then transferred into
deoxygenated SBSS and placed in a ProOxC system chamber with oxygen controller
(BioSpherix, NY, USA) and exposed to 0.1% O2, 5%CO2, 94.4% nitrogen for 90min at
37°C. The slices were then returned to oxygenated serum-free neurobasal medium with B27
supplement. The NADPH oxidase inhibitor, apocynin (0–100μM, from Sigma St. Louis,
MO, USA) or the p38MAP kinase inhibitor, SB203580 (50μM, Calbiochem, Gibbstown,
NJ, USA) were dissolved in dimethyl sulphoxide (DMSO) and added to the medium 2h
before OGD. Control experiments contained the equivalent amount of DMSO that did not
exceed 0.2% (v/v). All protocols were approved by the Institutional Animal Care and
Committee at Georgia Health Sciences University and the University of Montana.

Quantification of Slice Culture Cell Death
Propidium iodide (PI, 1μg/mL, Sigma, St. Louis, MO, USA) was added to the culture
medium 24h prior to OGD. Slice cultures were then examined prior to OGD using an
inverted fluorescence microscope (Olympus IX51, Olympus, Japan) using an excitation
wavelength of 510 to 550nm and an emission wavelength of 590nm. Slices showing distinct
PI intake were then excluded from further study. Slice culture images were obtained at
baseline, and 4-, 8-, 24-h after OGD using a 10-bit monochrome fluorescence camera
(HAMAMATSU Digital Camera C4742-95, Hamamatsu, Japan), and processed with Image-
Pro Plus6.0 (Media Cybernetics, Maryland, USA). The exposure time was set at 200ms,
using a 4× magnification to capture the entire slice. The evaluation of cell death was
performed using a modification of the method of Cronberg et al [15]. The fluorescence
intensity of the whole slice area, as well as CA1, CA3 and DG subregions was quantified
with Image-Pro (Media Cybernetics, Silver Spring, MD, USA). Values were then presented
as mean IOD fluorescence intensity.

LDH Cytotoxicity Assay
Cytotoxicity was evaluated by quantification of lactate dehydrogenase (LDH) using a
Cytotoxicity Detection Kit (Roche Applied Science, Mannheim, Germany) in the slice
culture medium. Samples were analyzed at 0-, 4-, 8-, and 24-h after OGD. All LDH
measurements were divided by their protein levels (Bradford protein assay, Bio-Rad
Laboratories, CA, USA) to normalize for possible variability in tissue levels between inserts.
Data was then presented as LDH absorbance divided by μg protein.

Histologic Evaluations
Slice cultures were washed in PBS, fixed in 4% paraformaldehyde (RT, 1h), then in 30%
sucrose (RT, 1h), embedded in O.C.T embedding medium (Tissue-Tek, Sakura
Finetechnical, Tokyo, Japan) and stored at −80°C overnight. Embedded slices were
sectioned to 15μm thickness and each cryosection mounted on slides and stored in −80°C
until used. Sections were analyzed for the presence of apoptotic nuclei using the DeadEnd
Fluorometric TUNEL System (Promega, Madison, WI, USA). The DNA breaks were
labeled with fluorescein-12-dUTP (green) and the nuclei stained using PI (red). Sections
were examined by fluorescence microscopy using a standard fluorescein filter set to view
the green fluorescence of fluorescein at 520nm while the fluorescence of PI was as
described above. The average fluorescent intensities (to correct for differences in cell
number) were quantified using ImagePro Plus v.5.0 imaging software (Media Cybernetics,
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Silver Spring, MD, USA). Quantification of the TUNEL stained nuclei and total nuclei was
processed by Image-Pro software and presented as a percentage of total nuclei in the field.

Plasma Membrane Isolation
The plasma membrane was isolated using the Pierce Mem-PER Eukaryotic Membrane
Protein Extraction Reagent Kit according to manufacturer's protocol (Thermo Fisher
Scientific, Rockford, IL, USA). Briefly, slice culture homogenate were pelleted by
centrifugation and lyzed. The supernatant obtained by centrifugation at 10,000 g for 3 min
was incubated at room temperature for 20 min. The tubes were then centrifuged at 10,000 g
for 2 min, and the hydrophobic phase (bottom layer) separated from hydrophilic phase (top
layer). The hydrophobic phase contains the plasma membrane fraction. The purity of the
plasma membrane was demonstrated by probing with VDAC and Lamin B1 to identify
mitochondrial or nuclear contamination respectively.

Immunoblot and Immunoprecipitation Analyses
After experimental treatment, slice cultures were washed with ice-cold phosphate-buffered
saline, homogenized in lysis buffer containing 1% Triton X-100, 20 mM Tris, pH 7.4, 100
mM NaCl, with 1× protease inhibitor cocktail, and 1× phosphatase inhibitor cocktail
(Sigma, St. Louis, MO, USA). Lysates were centrifuged at 13,000 g for 10min at 4°C to
precipitate the debris, and the protein content in the supernatant determined by the Bio-Rad
protein assay (Bio-Rad Laboratories, CA USA). Lysate protein (20μg/lane) was separated
using 4–20% gradient gels (Thermo Scientific, Rockford, IL, USA) and transferred to PVDF
membranes. The blots were the probed with the appropriate antibody overnight at 4°C.
Primary antibodies used were anti-p47phox, anti-p38 MAPK (sc-14015, sc-7972, Santa Cruz,
CA, USA); anti Na+K+ ATPase (to normalize the membrane fractions, ab8344, Abcam Inc.,
Cambridge, MA, USA), anti β-actin mouse monoclonal (to normalize total protein, Sigma,
St. Lousi, MO), anti-GAPDH mouse monoclonal (to normalize cytosolic protein, ab8245,
Abcam Inc., Cambridge, MA, USA), anti-cleaved caspase 3 (Cell signaling, Danvers, MA,
USA) and an anti-Rabbit GPx-1 we have previously developed [16]. Blots were washed in 1
× TBST (3 × 15min) and the appropriate secondary antibodies conjugated to HRP were then
added for 1h at RT (Thermo Scientific, Rockford, IL, USA). After further washing in TBST
(3 × 15min) bands were visualized by chemiluminescence (West-Femto, Pierce, Rockford,
IL, USA) and quantified using a Kodak Molecular Imaging System (Kodak, Rochester, NY,
USA).

For the immunoprecipitation assays, insoluble proteins were precipitated by centrifugation at
13,000g for 10 min at 4 °C, and the supernatants were then incubated overnight with an anti-
p47phox or anti-p38MAKP antibody (2 μg) at 4 °C followed by incubation in protein G plus
protein A–Sepharose (Calbiochem, Gibbstown, NJ, USA) for 2 h. The immune complexes
were precipitated by centrifugation, washed three times with lysis buffer, boiled in SDS
sample buffer, and subjected to SDS-PAGE on 4–12% polyacrylamide gels and transferred
to a nitrocellulose membrane (Bio-Rad, Hercules, CA, USA). The membranes were blocked
with 2% BSA in Tris-buffered saline containing 0.1% Tween, then incubated with anti-
phosphoserine (Cat#05-1000, Millipore, Billerica, MA, USA) or anti-p47phox overnight at
4°C. After washing, the membranes were probed with horseradish peroxidase-conjugated
goat antiserum to rabbit (W4011, Promega, Madison, WI, USA). Protein bands were
visualized by exposing the membrane to Supersignal West Femto Maximum Sensitivity
Substrate (Pierce, Rockford, IL, USA) and quantified using a Kodak Image Station 440
(Carestream Health, Inc. Rochester, NY, USA).
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Measurement of Superoxide Levels using electron paramagnetic resonance (EPR)
spectroscopy

Superoxide production was measured using EPR as we have previously described [17]. In
vitro, hippocampal slices were homogenized in EPR buffer (7.5μM desferrioxamine, 25μM
diethyldithiocarbamate, in 1× phosphate buffer saline) on ice. In vivo, rat pups were
decapitated, the brain swiftly removed, chilled on an ice block and the hippocampi dissected
(less than 5 minutes / pup). The hippocampi were then frozen on dry ice, and stored at
−80°C until EPR analysis. The contralateral (left) hippocampi of each rat pup served as an
internal hemispheric control for the hypoxicischemic ipsilateral (right) hippocampi. Pooled
samples of 3 to 4 ipsilateral or contralateral hippocampi (0.075– 0.1g) were pulverized and
immediately immersed in desferrioxamine and DETC chelated EPR buffer [DPBS
supplemented with 25μM desferrioxamine (EMD Biosciences, Gibbstown, NJ, USA),
7.5mM diethythiocarbamate (Sigma, St. Louis, MO, USA). Homogenate protein levels were
determined by Bradford analysis (ThermoScientific, Rockford, IL, USA) and adjusted to the
same protein concentrations using spin trap stock solution of 25mg/ml 1-hydroxy-3-
methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine·HCl (CMH, Alexis Biochemicals, San
Diego, CA, USA) in EPR buffer, 1/5 (v/v) final CMH concentration, and incubated on ice
for 1 hour. Thirty five-μl aliquots of each incubated homogenate were then added to a 50μl
capillary tube and analyzed using a MiniScope MS200 EPR (Magnettech, Berlin, Germany)
at a microwave power of 40 mW, modulation amplitude of 3,000 mG, and modulation
frequency of 100 kHz. EPR spectra were analyzed by measurement of amplitude using
ANALYSIS software (version 2.02). To quantify the amount of superoxide generated,
waveform amplitudes were normalized to those generated by xanthine-xanthine oxidase. A
standard reaction of xanthine oxidase in the presence of xanthine and CMH was performed.
A reaction curve was generated by adding 1 U/ml xanthine oxidase (0.5U/mg; Sigma, St.
Louis, MO, USA) into 10μM xanthine (Sigma, St. Louis, MO, USA) solution in PBS, pH
7.4, in the EPR reaction buffer, described above. Reactions were allowed to proceed at 25°C
for 60 minutes. Aliquots were taken from the reaction mixture at 5 min intervals and EPR
spectra were analyzed as described above. Under standard reaction conditions, 1 unit of
xanthine oxidase, converts 1 μmol of xanthine per minute at 25°C. From the resulting
standard based curve, a coefficient of 303.6 EPR amplitude units/μmol of superoxide was
produced in our reaction. The waveform amplitudes generated in tissue were then converted
into nanomoles of superoxide per milligram/minute of protein utilizing this value. Initial
studies also indicated that freezing samples did no alter relative changes between study
groups although total levels of superoxide detected were higher in fresh samples
(Supplemental Figure 1).

Generation of antisense p47phox and GPX-1 adeno associated viruses (AAV)
Recombinant AAV1 was packaged in cultures of HEK 293T cells. Approximately 1.5 × 107

293T cells were seeded into 150cm dishes in complete DMEM (Cellgro, Manassas, VA,
USA) supplemented with 10% fetal bovine serum, 1mM MEM sodium pyruvate, 0.1 mM
MEM nonessential amino acids solution, and 0.05% Penicillin-Streptomycin (5,000 units/
ml). Twenty four hours after seeding the medium was changed to culture media containing
5% fetal bovine serum and cells were transfected with three separate plasmids: Adeno helper
plasmid (pFΔ6), AAV helper encoding serotype 1 (H21), and AAV transgene expression
cassette containing a polylinker (null), the p47phox cDNA sequence in the antisense
orientation, or a GPx-1 cDNA sequence all flanked by the AAV2 inverted terminal repeats.
Plasmids were transfected into HEK293T cells using polyfect according to the
manufacturers conditions (Qiagen, Valencia, CA). Cultures were incubated at 37°C, 5%
CO2 for 72h, harvested and pelleted by centrifugation. The pellet were resuspended in 10
mM Tris, pH 8.0 and chilled on ice. Cells were lysed by three repeated freeze-thaw cycles in
a dry ice-ethanol bath followed by sonication and treatment with 50U benzonase (Novagen,
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Darmstadt, Germany) and 0.5% sodium deoxycholate for 30 min at 37°C. Viruses were
purified by density gradient centrifugation in iodixinol according to the method of
Zolotukhin et al [18]. Purified virus preparations are concentrated and desalted in artificial
CSF by centrifugation in Millipore Ultrafree 15 filter devices. The titer of each virus
(genomic particles/ml) was determined by qRT-PCR using primers and a probe specific for
the WPRE sequence.

Virus delivery to hippocampal slice cultures
Freshly harvested hippocampal slices cultures (9–12 slices in 1ml of media) were transduced
with either AAV-SYN-1p47phoxAS or AAV-SYN-1null vector (as a control) using
1×1011genomic particles for 1 hour at RT. During virus adsorption, a steady stream of
sterilized O2 was bubbled into the media. After 1 hour slices were placed on Millipore
membranes and cultured at least for one week to allow significant down-regulation of
p47phox or GFP expression prior to exposure to OGD.

Intracerebroventricular viral injections
Postnatal day 1 rat pups were cryo-anesthetized on ice for 5–7 minutes and received a right
hemispheric intracerebroventricular injection at the level of the middle hippocampal region
(stereotaxic coordinates: 0.7 mm anterior, 1.9 mm lateral to the bregma at a depth of
1.5mm). Three microliters of artificial cerebrospinal fluid (0.15M NaCl, 2.75 μM KCl, 1.20
mM CaCl2, 0.85 mM MgCl2) and 0.4% Trypan Blue (Sigma, St. Louis, MO, USA) was
delivered in the presence or absence of 2.5 ×1012 genomic particles of GPx-1 AAV. At
postnatal day 8, rat pups were subjected to hypoxia ischemia, as described below, and
allowed to recover for 2h for analysis of GPx-1 protein levels and activity.

Measurement of GPx activity in hippocampal tissue
The Glutathione Peroxidase Activity Kit (Enzo Lifesciences, Ann Arbor, MI) was used to
measure GPx activity in fresh hippocampal tissue. Briefly, hippocampi were swiftly
dissected at postnatal day 8, after transcardial tissue perfusion with 0.9% NaCl solution to
remove blood cells, homogenized in 1 × Assay Buffer, and centrifuged at 10,000 × g for 20
minutes. The protein concentration of each supernatant was determined using the BCA assay
reagent (Thermoscientific, Rockford, IL) and 40 μg was added to a reaction mixture of 1×
assay buffer containing cumene hydroperoxide, NADPH, GSH reductase in a final volume
of 200 μl. During the 10 min reaction time, the rate of NADPH oxidation was measured
spectrophotometrically at 340nm. Activity calculations were based on the rate of the
decrease in absorbance, defined as the amount of enzyme (one unit of glutathione
peroxidase) that results in oxidation of 1 nmole of NADPH to NADP+ per minute at 25°C
and calculated in nMol/mg/min of hippocampal tissue.

Rat Model of Neonatal Hypoxia-Ischemia
Using the well established Levine procedure for hypoxia-ischemia [19] modified by Rice et
al [20], Postnatal day 7, or day 8 for the GPx-1 over-expression studies, rat pups were
anesthetized with isoflurane (4% for induction; 3% for maintenance), and 20% oxygen at
1L/min flow rate. For the duration of the study, a heated induction chamber and surgical
bed, (Microflex EZ Anesthesia System, Euthanex, Palmer, PA, USA), were used to maintain
core body temperature between 35–36°C. Rectal temperature was monitored continuously
using a sensitive microprobe thermometer (Physitemp Instruments, Clifton, NJ, USA). The
right common carotid artery was exposed, permanently occluded by electrical coagulation
and incision sutured. Sham operated pups received vessel manipulation without occlusion.
Immediately after surgery, pups were placed in a temperature controlled recovery chamber
to recover for 15 minutes before returning to the dam for 1–2 hours. For induction of
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hypoxia-ischemia, pups were placed in a custom made, plexiglas, multi-chambered hypoxia
device (Jarrold Manufacturing, St.Louis, MO, USA). Chamber water bath temperature was
maintained at 37°C and each chamber infused with a calibrated mixture of warm, humidified
8% oxygen/balance nitrogen for 2.5 hours at a flow rate of 100ml/min. Oxygen
concentration was monitored (Mini-Ox3000 oxygen analyzer, MSA Medical Products,
Pittsburgh, PA, USA) and core body temperature of pups maintained between 35–36 °C
throughout duration of hypoxia. Sham pups were also placed in chamber with exposure to
room air only. Immediately after hypoxia, pups were placed in a temperature regulated
recovery chamber (36°C), and allowed 1–2 hours of recovery before returning to dam. Pups
were euthanized and decapitated after 2- or 24-h reperfusion. The brains were quickly
removed for further experiments.

In vivo NADPH oxidase inhibition
An in vivo NAPPH oxidase inhibitor [21], gp91 dstat and its inactive analogue, scrambled
gp91 ds-tat were commercially synthesized with a nine amino acid sequence coupled to an
HIV viral coat “tat” moiety (Biosynthesis Inc., Lewisville, Texas) to allow cell penetration.
When internalized, it antagonizes the docking of the cytosolic NADPH (nicotinamide
adenine dinucleotide phosphate) oxidase subunit to its transmembrane component gp91phox.
Day one of dam delivery was designated postnatal day 0 (PN0). On postnatal day 6 (PN6),
24h before surgery, randomly sexed littermates (13–16gm body weight) were randomly
assigned to receive vehicle, gp91 ds-tat or scrambled gp91 ds-tat peptide. The peptides were
diluted in physiological saline and intraperitoneally injected at a dose of 25mg/kg. Vehicle
groups received an equivalent injection volume of saline. The following day of surgery,
PN7, intraperitoneal injections, as described above, were also administered during the post
surgical recovery period, 30 min before the induction of hypoxia-ischemia.

Assessment of brain injury
The removed brains were placed in chilled PBS for 5 minutes before using a rodent neonatal
matrix (Zivic Instruments, Pittsburgh, PA, USA) to make five 2 mm thick coronal sections.
Sections from rostral tip to caudal end, were immersed in 2% TTC (2,3,5-triphenyl-
tetrazolium) (Sigma, St.Louis, MO, USA) dissolved in 0.15M PBS, incubated for 20
minutes at room temperature followed by two five minute incubating rinses in PBS on ice,
subsequent fixation in 10% formalin buffer and storage at 4°C, protected from light [22]
Infarct injury was assessed within 7 days after staining. By indirect morphometric analysis
[23], extent of infarct injury was determined. Stained sections were scanned, and digitized
for infarct area using a flatbed scanner (HP Scanjet, HP, Omaha, NE, USA) and Scion
Image Software (Scion, MD, USA). Infarct volumes were calculated by adding the sum of
all areas for coronal sections multiplied by thickness. To account for post ischemic edema
total ipsilateral infarct volume were calculated as the difference between total uninjured
contralateral hemispheric volume minus uninfarcted ipsilateral tissue volume [24].

NADPH oxidase activity
Vehicle, SCR TAT gp91phox and TAT gp91phox treated right hippocampal tissue were
collected and homogenated with Tris-sucrose buffer (10mM Tris base (Fisher, Pittsburgh,
PA, USA), 340mM sucrose (Mallinkrodt Baker, Inc Philipsburg, NJ, USA), 1mM EDTA
(Mallinkrodt Baker, Inc Philipsburg, NJ, USA), 10ug/ml protease inhibitor mixture (Sigma,
St. Louis, MO, USA). The homogenate protein concentration was measured. NADPH
oxidase activity was measured by a luminescence assay in the reaction buffer with 5μM
Lucigenin, 1mM EGTA and 50mM phosphate buffer, pH 7.0. 100μg of homogenate protein
+ 100μM NADPH as substrate (Sigma, St. Louis, MO, USA) were added to 8mm test tube
with 500 μl reaction buffer, then incubated at 37°C for 5 min. Photon emission was
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measured at 15 seconds in a luminometer (model TD-20/20, Turner Designs, Sunnyvale,
CA, USA).

In vivo Detection of superoxide using dihydroethidium (DHE) oxidation
To estimate changes in superoxide formation in the brain in vivo, dihydroethidine (DHE,
Anaspec, Freemont, CA) was administered as described previously [25, 26]. Briefly, DHE
was dissolved in DMSO to make a stock solution of 500 mg/ml, and further diluted to 5 mg/
ml in saline [27]. Three groups of rat pups (vehicle, gp91-tat and scrambled gp91-tat treated)
were injected intraperitoneally with DHE (50 mg/kg) before being placed in the hypoxic
chamber as described above. After exposure to HI, the rats were sacrificed their brains were
removed and sectioned (15μM). Cryosections were then evaluated for ethidium fluorescence
using excitation at 488 nm and emission at 590 nm. Fluorescent intensities were quantified
with Image-Pro (Media Cybernetics, Silver Spring, MD, USA). Values were then presented
as mean IOD fluorescence intensity.

In vivo measurement of H2O2 levels
The Amplex Red Reagent (Molecular Probes) was used to detect H2O2 levels in fresh
hippocampal slice cultures obtained from rats subjected to OGD and in snap-frozen rat
hippocampal tissues exposed to hypoxia/ischemia in the presence or absence of intra-
cerebro-ventricular transduction of GPx-1 AAV. Briefly, an equal amount (~10mg/sample)
of rat hippocampal slice culture or tissue was incubated at room temperature for 30 min in
master mix solution containing Amplex Red Reagent, horseradish peroxidase, and a buffer
solution, according to the manufacturer's protocol. The supernatant was then collected by
brief centrifugation, added to a black 96 well plate, and the fluorescence was read
spectrophotometrically at excitation/emission 530/590nm. The concentration of H2O2 was
determined through extrapolation from a standard curve. The fluorescent signal was
normalized by protein concentration and reported as nM/min/μg protein.

Statistical Analysis
Statistical calculations were performed using the GraphPad Prism V. 4.01 software. The
mean ± SD (Figures 9 & 10) or SE (Figures 1–8) were calculated for all samples, and
significance was determined by either the Student's t-test or ANOVA with the Newman-
Keuls or Bonferroni post hoc test. A value of P < 0.05 was considered significant.

RESULTS
OGD increases p47phox protein levels and membrane translocation in rat hippocampal
slice cultures

Utilizing Western blot analysis, we initially determined if OGD altered p47phox protein
levels. Our data indicate that OGD significantly increased p47phox protein levels (Fig. 1 A)
and this increase was attenuated in the presence of ≥100μM of the NADPH oxidase
inhibitor, apocynin (Fig. 1 A). In fact at higher doses (≥100μM) p47phox levels were reduced
to below control levels (Fig. 1 A). Further, the increases in p47phox protein corresponded to
an increase in its activation, as determined by an increase in its translocation to the plasma
membrane (Fig. 1 B & C). Again apocynin (100μM) significantly reduced the membrane
translocation of p47phox (Fig. 1 B & C).

OGD increases NADPH oxidase derived superoxide generation in rat hippocampal slice
cultures

To determine if OGD increases oxidative stress in the hippocampal slice cultures, we
utilized EPR spectroscopy and spin trapping to detect superoxide generation. We confirmed
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that superoxide was significant increased after OGD (Fig. 2). This generation of superoxide
was blocked when the slices were pretreated with the NADPH oxidase inhibitor, apocynin
(Fig. 2).

NADPH oxidase inhibition attenuates the neuronal cell death associated with OGD in rat
hippocampal slice cultures

To examine cell death in the slice cultures after OGD we quantified the mean fluorescence
intensity (MFI) of PI uptake. PI uptake in whole hippocampal slice as well as the
hippocampal subregions (CA1 CA3 and DG) were evaluated for 24h after OGD. Our data
indicate that OGD caused a time dependent increase in PI uptake, indicative of increased
cell damage (Fig. 3 A). The severity of cell death in CA3 region was significantly lower
than CA1 and DG regions (Fig. 3 B). The NADPH oxidase inhibitor, apocynin, decreased PI
uptake in the whole slice as well as the CA1 and DG regions but not in the CA3 region (Fig.
3 B). In addition, we measured lactate dehydrogenase (LDH) release into the slice cultures
medium. After OGD exposure an increase in LDH release was observed (Fig. 3 C).
Apocynin pretreatment significantly decreased LDH release into the culture medium (Fig. 3
C).

NADPH oxidase inhibition attenuates the neuronal apoptosis associated with OGD in rat
hippocampal slice cultures

To further evaluate the effect of NADPH oxidase inhibition on the neuronal cell death
associated with OGD we next evaluated markers of apoptosis. Our data demonstrated that
OGD increased the levels of cleaved caspase 3 (Fig. 4 A) and this increase was prevented by
pre-treatment with apocynin (Fig. 4 A). Further, we found that the OGD-mediated increase
in TUNEL positive nuclei in the CA1 region (Fig. 4 B) was also significantly reduced by
apocynin (Fig. 4 C).

AAV-mediated p47phox gene knockdown attenuates the neuronal cell death associated
with OGD in rat hippocampal slice cultures

Pharmacologic inhibition always has the potential for unappreciated off-target effects. In
addition, our analyses could not determine if the increases in NADPH oxidase activation
were specific to neurons in the mixed cell population present in our slice cultures. Thus, we
followed up our apocynin studies with a molecular analysis targeted at p47phox. To
accomplish this we utilized an AAV delivery system using the neuronal specific promoter,
SYN 1 to specifically express an anti-sense construct of p47phox in neurons. Our initial
studies indicated that the AAV-SYN-1p47phoxAS construct significantly reduced the levels
of p47phox protein both in the presence and absence of OGD (Fig. 5 A & B). This correlated
with a significant decrease in superoxide generation in response to OGD (Fig. 5 C & D).
Further, we found that the AAV-SYN-1p47phoxAS construct significantly decreased both
the PI uptake in the slice cultures (Fig. 6 A & B) and LDH release into the culture medium
(Fig. 6 C). This decrease in neuronal cell death mediated by the knockdown of p47phox

protein levels was also associated with a reduction in caspase 3 activation (Fig. 7 A & B)
and the appearance of TUNEL positive nuclei (Fig. 7 C & D).

p38MAP kinase is responsible for the phosphorylation and plasma membrane
translocation of p47phox in rat hippocampal slice cultures exposed to OGD

Our previous studies have indicated that the activation of p38MAP kinase signaling plays an
important role in neuronal cell death associated OGD in rat hippocampal slice cultures [28].
Thus, we determined if this kinase lies upstream of p47phox. Our data indicated that OGD
increases the association of p38MAP kinase with p47phox (Fig. 8 A & B). Further, our data
indicate that the inhibition of p38MAP kinase using SB203580 significantly reduced both
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the OGD mediated translocation to the plasma membrane (Fig. 8 C & D) and the increase in
p47phox phosphorylation (Fig. 8 E & F).

gp91ds-tat inhibits NADPH oxidase activity and reduces HI infarct volume and apoptosis
in a rat model of neonatal hypoxia ischemia

We next determined whether NADPH oxidase activation was involved in the brain injury
associated with HI in the neonatal rat. HI increased NADPH oxidase activity (Fig. 9 A).
This increase in NADPH oxidase activity correlated with an increase in superoxide levels in
the right hemisphere of the brain as estimated by EPR (Fig. 9 B) and DHE oxidation (Fig. 9
C & D). Further, gp91ds-tat, but not the scrambled control peptide, attenuated both the
increase in NADPH oxidase activity (Fig. 9 A) and superoxide levels (Fig. 9 B–D). In
addition, gp91ds-tat pre-treatment significantly reduced the infarct volume in the right
hemisphere after OGD (Fig.10 A & B) and this correlated with a reduction in apoptosis (Fig.
10 C & D).

Scavenging H2O2 reduces HI infarct volume in a rat model of neonatal hypoxia ischemia
To determine if ROS downstream of superoxide were playing a role in the HI injury we
measured H2O2 levels in hippocampal slice cultures exposed to OGD or in the hippocampus
in the HI exposed neonatal rat. Our data indicate that H2O2 levels are increased by OGD in
hippocampal slice cultures (Figure 11 A) while in the neonatal rat, Hi increases H2O2 levels
in the right hippocampus (Fig. 11 B). To determine if the increases in H2O2 are involved in
the neuronal injury associated with HI, we over-expressed GPx-1 using an AAV delivery
system (AAV GPx-1). Two hours after HI, we found no reduction in the GPx-1 protein (Fig.
11 C) or GPx activity (Fig. 11 D) in the right hemisphere treated with aCSF. GPx-1 protein
and GPx activity were significantly higher in the right hippocampus transduced with AAV
GPx-1 (Fig. 11 C & D). The increase in GPx activity correlated with a significant reduction
in H2O2 after HI (Fig. 11 B). Finally, GPx-1 over-expression significantly reduced the
infarct volume in the right hemisphere after OGD (Fig.11 E & F).

DISCUSSION
Accumulating evidence from clinical and experimental studies indicates much of the
neuronal injury associated with HI involves increased oxidative stress. The neonatal brain is
highly susceptible to reactive oxygen species (ROS) induced damage due to high
concentrations of lipids that are susceptible to peroxidation, low levels of protective
antioxidants, high oxygen consumption, and high levels of free iron acting as prooxidants
under pathological conditions [29]. Although ROS are recognized as a major player in HI
brain injury, their cellular resources are still under resolved. In most cells, ROS can be
produced from several sources, including the mitochondria, NADPH oxidases, cytochrome
P450-based enzymes, xanthine oxidase and NO synthases. Among these, the NADPH
oxidases appear to be the major source of ROS as they are the only enzyme dedicated to
ROS generation [30]. Here, we advance the understanding of these processes by
demonstrating both in vitro and in vivo that HI causes a dramatic increase in NADPH
oxidase derived superoxide, that neurons are the source of this increase, and further identify
a role for the p38 MAPK in the mechanisms by which translocation of p47phox leads to
activation of NADPH and neurologic injury.

NADPH oxidase is a multi-subunit, membrane associated protein. It has two membrane-
integrated subunits, gp91phox (NOX2) and p22phox, namely cytochrome b558, as its catalytic
core. The cytosolic subunits are p40phox, p47phox, p67phox and Rac. NOX2 is the electron
transfer chain of the active NADPH oxidase with binding sites for FAD, NADPH and two
hemes. p47phox is the organizer of the translocation, bringing p67phox into contact with
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NOX2 while also recruiting p40phox into the complex. In agreement with this, our results
showed p47phox translocation to the membrane was increased after OGD in both
hippocampal slice cultures and the neonatal rat brain exposed to HI. Further, this membrane
translocation correlated with elevated levels of superoxide, indicative of NADPH oxidase
activation. The importance of p47phox in regulating NADPH oxidase activation has been
demonstrated both in humans where p47phox deficiency leads to the development of chronic
granulomatous disease, characterized by phagocytes unable to generate superoxide [31]
while p47phox knockout mice exhibit a similar defect [32]. Cerebral aneurysm, another
disease associated with increased ROS generation, is also markedly inhibited by p47phox

deletion in mice [33] while we found that the NADPH oxidase inhibitor, apocynin decreased
both the oxidative stress associated with OGD in rat hippocampal slice cultures and the
resulting neuronal cell death. As apocynin, is known to inhibit NADPH oxidase activity by
blocking the binding of p47phox to gp91phox these data confirm the key role of p47phox in the
activation of NADPH oxidase in response to OGD. Several studies have recently shown a
therapeutic benefit of apocynin in various neuronal injury models. For example, in mice, the
infarcts induced by CK2 inhibition [34] or ischemia reperfusion [35] was attenuated by
apocynin. Similarly, in a gerbil cerebral ischemia reperfusion injury model, apocynin
decreased ROS production and hippocampal neuronal cell death [36].

As we also found using higher doses of apocynin, p47phox can be regulated through changes
in its expression as has also been shown in the carotid body of rats exposed to chronic
hypoxia [37]. However, the major form of regulation of p47phox is thought to be through the
modulation of its phosphorylation status. Phosphorylation of p47phox leads to a
conformational change in the protein that allows it to interact with p22phox and so initiate the
formation of the active NADPH oxidase complex. The C-terminus proline-rich region of
p47phox contains potential serine phosphorylation sites. Evidence from neutrophil studies
using individual or combined mutations has shown that phosphorylated serines are necessary
for p47phox activation. A number of kinases have been shown to be capable of
phosphorylating p47phox including PKC [38–41] and mitogen-activated protein kinases [41–
43]. We add to this by identifying p38MAP kinase (p38 MAPK) as another signaling
pathway capable of activating NADPH oxidase through p47phox phosphorylation. p38
MAPK is a serine/threonine kinase belonging to the family of mitogen-activated protein
kinases activated by phosphorylation of tyrosine and threonine residues. Studies have shown
that p38 MAPK is activated in response to a number of inflammatory signals as well as
ischemia-reperfusion injury [44, 45]. Recent evidence suggests that p38MAPK may be a
therapeutic target in the CNS [46–48] and the p38 MAPK inhibitor, SB239063, has been
shown to reduce the infarct volume and attenuate neurological deficits in a rat model of
focal ischemic brain injury [49, 50]. Our previously published data also found that
attenuating p38 MAPK signaling either pharmacologically or using an siRNA approach,
reduced the neuronal cell death associated with OGD in rat hippocampal neurons [28].
Further, this correlated with a reduction in superoxide generation [28]. Our findings
regarding a link between p38MAPK and p47phox phosphorylation is supported by studies in
neutrophils where p38MAPK activation increased the phosphorylation of p47phox [51, 52]
while p38MAPK inhibition blocked the translocation of p47phox to the plasma membrane
[53]. Further analyses identified the phosphorylation site as Ser345 [54], and although our
studies did not determine if the same site is phosphorylated, our immunoprecipitation data
identified a direct interaction between p47phox and p38MAPK making it likely that the same
serine residue is phosphorylated. The MAPK pathway is typically composed of a highly
conserved MAPK module including three kinases, namely MAPK kinase kinase (MKKK),
MAPK kinase (MKK), and MAPK. In our studies we have not identified the signaling
pathway by which OGD or HI activate p38MAPK although prior studies have indicated that
the upstream kinases MEKK4 (an MKKK) can activate MKK3, MKK4, or MKK6, which
subsequently phosphorylate p38 MAPK at Thr180 and Tyr182 [55, 56]. In addition to its
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activation by upstream kinases, a MKK-independent mechanism has been identified in
which transforming growth factor- β-activated protein kinase 1 (TAK1)-binding protein
interacts with p38MAPKα and induces its autophosphorylation [57]. Beyond MKKKs and
MKKs, the further upstream activator of p38MAPK is complex and has not been clearly
elucidated. It is well known that exposure of neurons to HI triggers excessive and
pathological glutamate release, which causes Ca2+ overload. This influx of Ca2+ into cells
can activate a variety of enzymes, producing a cascade of events that eventually leads to cell
injury and death [58–60]. Ca2+/camodulin-dependent protein kinase II (CaMKII) is one of
the most abundant proteins in the central nervous system and plays important roles in many
neuronal processes and the Ca2+ influx after HI stimulates CaMKII activity [61]. Studies
have also identified a close relationship between CaMKII signaling and ROS production
[62] and we have recently reported that CaMKII can cause the phosphorylation and
activation of NADPH oxidase, leading to enhanced generation of superoxide [63].
Combined with the results in this study, we speculate that CaMKII might be the upstream
regulator of p38MAPK in HI brain injury. However, further studies will be required to
confirm this link.

We also found that a gp91phox docking sequence (ds) peptide that attenuates the interaction
of gp91phox (NOX2) with p47phox [64] was able to inhibit NADPH oxidase mediated
superoxide generation, apoptotic neuronal cell death, and infarct size in a neonatal rat model
of HI. The efficacy of this peptide in inhibiting NADPH oxidase derived superoxide has
been demonstrated in a number of model systems. However, it should be noted that the
sequence contained in gp91phoxds peptide is also conserved in NOX1 and NOX4. Thus, it
may not be specific for NOX2 but could act as a NOX1, NOX2 and NOX4 inhibitor [65].
This may be important since although NOX2 has been reported to be localized and
expressed in the hippocampal CA1 region [66] the two other gp91phox homologues
NOX1[67] and NOX4 [68] have also been found expressed in the brain. The role of these
NOX isoforms in the neuronal injury associated with HI may vary. Reports have shown that
infarct size was markedly reduced in NOX2-deficient mice [14]. Similarly, cerebral
infarction and neurological deficits in a rat cerebral ischemia model were accompanied by
an elevation of gp91phox mRNA [69]. The gp91phoxds-tat peptide markedly significantly
increased the number of surviving neurons in the CA1 region after reperfusion and this
correlated with a reduction in NADPH oxidase activation and superoxide production [70].
Conversely, NOX1 does not appear to contribute to infarct size, but instead may limit
cortical infarct development following cerebral ischemia [71]. NOX4 has also been shown
to be up-regulated during stroke [68]. NOX4 mRNA levels have also been shown to be up-
regulated following ischemic insult [72] but its role in regulating infarct size is still unclear.
Thus, although it is unclear why the CA1 is more vulnerable to HI than sub region CA3 or
the dentate gyrus it is possible that differences in NOX isoform expression may contribute.
Alternatively, differences in cellular homogeneity may also be involved [73, 74].

In conclusion, our results both from hippocampal slice cultures exposed to OGD and the
neonatal rat exposed to HI demonstrate that NADPH oxidase mediated superoxide
generation contributes significantly to neonatal HI brain injury. In addition, our data
demonstrate the key role played by p38 MAPK and p47phox phosphorylation in the signaling
pathway leading to NADPH oxidase activation. These findings suggest that NADPH
oxidase plays a critical role in brain injury associated with neonatal HI and that inhibiting
the activity of the NADPH oxidase complex may have potential therapeutic value.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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• Hypoxia-ischemia stimulates superoxide generation via NADPH oxidase.

• NADPH oxidase activation occurs via the phosphorylation of p47phox by
p38MAPK.

• The toxic metabolite inducing neuronal injury appears to be hydrogen peroxide.

• Reducing reactive oxygen species attenuates the neuronal injury associated with
HI.
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Figure 1. Oxygen glucose deprivation increases p47phox protein levels in rat hippocampal slice
cultures
Rat hippocampal slice cultures were exposed to OGD in the presence or absence of the
NADPH oxidase inhibitor, apocynin (0–250μM, 2h prior to OGD). Slices were harvested 8h
after OGD and subjected to Western blot analysis to determine effects on total p47phox

protein levels. A representative blot is shown (A). Protein loading was normalized by
reprobing with β-actin and the data plotted as the ratio of p47phox:β-actin. In addition the
affect of OGD on membrane (B) and cytosolic (C) localized p47phox was determined. Again
representative images are shown. Loading of the membrane fraction was normalized by
reprobing with NaK ATPase and the data plotted as the ratio of p47phox: NaK ATPase
normalized to 1.0 for the control. Similarly, loading of the cytosolic fraction was normalized
by reprobing with GAPDH and the data plotted as the ratio of p47phox: GAPDH normalized
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to 1.0 for the control. Data are presented as mean ± S.E from 4 independent experiments
using 24 pooled slices per experiment. * P<0.05 vs. control, † P<0.05 vs. OGD alone.
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Figure 2. NADPH oxidase inhibition attenuates superoxide generation in rat hippocampal slice
cultures exposed to oxygen glucose deprivation
Rat hippocampal slice cultures were exposed to OGD in the presence or absence of the
NADPH oxidase inhibitor, apocynin (100μM, 2h prior to OGD) then harvested at 8h then
subjected to electron paramagnetic resonance (EPR) using the spin-trap compound 1-
hydroxy-3-methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine HCl (CMH) to determine
superoxide levels. Representative EPR waveforms are shown (A). Absolute levels of
superoxide generation were then determined as nmols superoxide generated/min/mg protein
(B). Apocynin attenuates the OGD-mediated increase in superoxide levels. Values are
presented as mean ± S.E from 4 independent experiments using 24 pooled slices per
experiment. * P<0.05 vs. no OGD, † P<0.05 vs. OGD alone.
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Figure. 3. Apocynin attenuates oxygen glucose deprivation mediated regional cell injury in rat
hippocampal slice cultures
Rat hippocampal slice cultures were exposed to OGD in the presence or absence of the
NADPH oxidase inhibitor, apocynin (100μM, 2h prior to OGD). The effect on cell injury
was then quantified by measuring changes in PI uptake fluorescence either in the whole
slice, CA1, CA3, or DG subregions 8h after OGD. Representative images are shown for the
PI uptake in the entire slice (A). PI uptake in the whole slice exhibited a time-dependent
increase and apocynin pretreatment significantly decreased PI uptake (B). Similar effects
were found in the CA1 (B) and DG sub-region (B). However, in the CA3 area apocynin
pretreatment did not show a significant decrease in PI uptake (B). In addition, LDH release
from the slice cultures was also determined (C). The LDH absorbance at 490nm was divided
by protein content. Data are presented as mean ± S.E. from 4 independent experiments. *
P<0.05 vs. no OGD, † P<0.05 vs. OGD alone.
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Figure 4. NADPH oxidase inhibition attenuates apoptosis in rat hippocampal slice cultures
exposed to oxygen glucose deprivation
Rat hippocampal slice cultures were exposed to OGD in the presence or absence of the
NADPH oxidase inhibitor, apocynin (0–100μM, 2h prior to OGD). Slices were harvested 8h
after OGD and subjected to Western blot analysis to determine effects on cleaved caspase-3
(A). A representative blot is shown (A). OGD increases cleaved caspase-3 levels and this is
attenuated by apocynin pretreatment at 50- and 100-μM (A). Slices were also subjected to
TUNEL analysis. Representative images are shown demonstrating the TUNEL staining of
apoptotic cells (green) co-localized with PI staining of all the nuclei (red) resulted in more
yellow (merged) nuclei than in apocynin pretreated slices (B). The magnification used was
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10×. Quantification of the percentage of apoptotic nuclei to total nuclei was also carried out
indicating that apocynin decreased the level of apoptotic nuclei in response to OGD (C).
Data are presented as mean ± S.E from 4 independent experiments using 24 pooled slices
per experiment. * P<0.05 vs. no OGD, † P<0.05 vs.
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Figure 5. Targeted decreases in p47phox expression in neuronal cells attenuates superoxide
generation in rat hippocampal slice cultures
Rat hippocampal slice cultures were transduced with the AAV-SYN-1-p47phoxAS, an AAV-
SYN-1null construct, or were untransduced. After 7 days slices were exposed or not to
OGD, harvested 8h later then subjected to Western blot analysis to determine effects on
p47phox protein levels. A representative image is shown (A). The AAV-SYN-1-p47phoxAS
construct significantly decreases p47phox levels in control slices (B) and prevents the
increase in p47phox protein levels in response to OGD (B). Slices were also subjected to
electron paramagnetic resonance (EPR) using the spin-trap compound 1-hydroxy-3-
methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine HCl (CMH) to determine superoxide
levels. Representative EPR waveforms are shown (C). Absolute levels of superoxide
generation were then determined as nmols superoxide generated/min/mg protein (D).
Reducing p47phox protein levels significantly reduces the OGD-mediated increase in
superoxide. Values are presented as mean ± S.E from 4 independent experiments using 24
pooled slices per experiment. *p<0.05 vs. uninfected no OGD, †p<0.05 vs. OGD exposed
untransduced slices.
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Figure 6. Targeted decreases in p47phox expression in neuronal cells attenuates neuronal cell
death in rat hippocampal slice cultures
Rat hippocampal slice cultures were transduced with the AAV-SYN-1-p47phoxAS, an AAV-
SYN-1null construct, or were untransduced. After 7 days slices were exposed to OGD and
the effect on PI uptake (A & B) and LDH release (C) was determined. Representative
images are shown. Decreasing p47phox expression reduces PI uptake in the whole slice as
well as in the CA1 and DG regions but not in the CA3 (B). Similarly, Decreasing p47phox

expression reduces the OGD-mediated increases in LDH release (C). Values are presented
as mean ± S.E from 4 independent experiments using 24 pooled slices per experiment.
*p<0.05 vs. uninfected no OGD, †p<0.05 vs. OGD exposed untransduced slices.
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Figure 7. Targeted decreases in p47phox expression in neuronal cells attenuates apoptotic cell
death in rat hippocampal slice cultures
Rat hippocampal slice cultures were transduced with the AAV-SYN-1-p47phoxAS, an AAV-
SYN-1null construct, or were untransduced. After 7 days slices were exposed to OGD and
the effect on cleaved caspase-3 (A & B), and TUNEL positive nuclei (C & D) determined.
Representative images are shown. Decreasing p47phox expression reduces the OGD-
mediated increases in cleaved caspase-3 (B) and the increase in TUNEL positive nuclei (D).
Values are presented as mean ± S.E from 4 independent experiments using 24 pooled slices
per experiment. *p<0.05 vs. uninfected no OGD, †p<0.05 vs. OGD exposed untransduced
slices.
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Figure 8. Oxygen glucose deprivation increases the p38MAP kinase mediated phosphorylation of
p47phox

Rat hippocampal slice cultures were exposed to OGD then harvested 4h later and subjected
to immunoprecipitation/Western blotting to determine the effect on the interaction of
p38MAPK with p47phox (A & B). The effect of the p38MAPK inhibitor, SB203580 (50μM,
2h prior to OGD) on the OGD-mediated increase in plasma membrane translocation of
p47phox 4h after OGD was also determined (C & D) as well as the effect on phospho-serine
p47phox (E & F). Representative images are shown (A, C, E). OGD increases the interaction
of p38MAPK with p47phox while both the OGD-mediated increases in p47phox membrane
translocation and phospho-serine levels are attenuated by p38MAPK inhibition. Values are
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presented as mean ± S.E from 4 independent experiments using 24 pooled slices per
experiment. *p<0.05 vs. no OGD, †p<0.05 vs. OGD alone.
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Figure 9. gp91ds-tat treatment attenuates NADPH oxidase activity and superoxide generation in
the neonatal rat brain exposed to hypoxia-ischemia
P7 neonatal rats were pre-treated with gp91ds-tat, the scrambled control peptide, or vehicle
then exposed to HI. Two hours after HI, NADPH oxidase activity (A) was determined in the
left and right hemispheres of the brain. Superoxide levels were also determined using both
EPR (B) and DHE oxidation (C & D). There is a significant increase in both NADPH
oxidase activity and superoxide levels in the right hemisphere of the neonatal brain that is
attenuated by gp91ds-tat, but not the scrambled peptide. Values are presented as mean ±
S.D. from 5–6 animals per group. *p<0.05 vs. left hemisphere, †p<0.05 vs. HI + vehicle.
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Figure 10. gp91ds-tat treatment attenuates neuronal injury in the neonatal rat brain exposed to
hypoxia-ischemia
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P7 neonatal rats were pre-treated with gp91dstat, the scrambled control peptide, or vehicle
then exposed to HI. Twenty-four hours after HI the brains were removed, sectioned and
subjected to TTC staining to determine the infarct volume in the right hemisphere.
Representative TTC stained sections are shown (A). The HI-mediated increase in infract
volume is attenuated by gp91ds-tat but not the scrambled peptide (B). TUNEL staining was
also carried out 24h post-HI to determine the affect on apoptosis in the neonatal brain.
Sections were counterstained with PI (red) and representative images are shown (C).
Quantitation of TUNEL positive cells shows that gp91ds-tat, but not the scrambled peptide,
attenuates the increase in apoptosis in the right hemisphere by HI (D). Values are presented
as mean ± S.D. from 6 animals per group. *p<0.05 vs. left hemisphere, †p<0.05 vs. HI +
vehicle.
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Figure 11. Scavenging H2O2 attenuates neuronal injury in the neonatal rat brain exposed to
hypoxia-ischemia
Amplex Red assays demonstrated that H2O2 levels were significantly increased in
hippocampal slice cultures exposed to OGD (A) and in the hippocampi of neonatal rats
exposed to HI at P8 (B). The delivery of AAV GPx-1 significantly increased GPx-1 protein
(C) and activity (D) in the hippocampus of the neonatal rat and significantly reduced H2O2
levels after exposure to HI (B). Twenty-four hours after HI the brains were removed,
sectioned and subjected to TTC staining to determine the infarct volume in the right
hemisphere. Representative TTC stained sections are shown (E). The HI-mediated increase
in infract volume in the right hemisphere is significantly attenuated by the over-expression
of GPx-1 (F). Values are presented as mean ± S.E. from 4 independent experiments using 24
pooled slices per experiment and as mean ± S.D. for 6 animals per group. In the slice
cultures *p<0.05 vs. no OGD; in the rat brain *p<0.05 vs. sham, †p<0.05 vs. HI + artificial
(a) CSF.
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