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Abstract There is growing concern over detrimental
neurologic effects to human newborns caused by
increased inspired oxygen concentrations. We hypoth-
esize that hyperoxia (FiO, > 0.95) results in increased
high-affinity Ca**-ATPase activity, Ca**-influx, and
proapoptotic protein expression in cortical neuronal
nuclei of newborn piglets. Neuronal cerebral energy
metabolism was documented by determining ATP
and phosphocreatine levels. Neuronal nuclear conju-
gated dienes and fluorescent compounds were mea-
sured as indices of lipid peroxidation. High-affinity
Ca?*-ATPase activity and ATP-dependent Ca**-influx
were determined to document neuronal nuclear
membrane function. Hyperoxia resulted in increases
in lipid peroxidation, high-affinity Ca**-ATPase activ-
ity, ATP-dependent Ca®*-influx, and Bax/Bcl-2 ratio
in the cortical neuronal nuclei of newborn piglets. We
conclude that hyperoxia results in modification of
neuronal nuclear membrane function leading to
increased nuclear Ca®*-influx, and propose that hy-
peroxia-induced increases in intranuclear Ca’* acti-
vates the Ca®*/calmodulin-dependent protein kinase
pathway, triggering increased CREB protein-
mediated apoptotic protein expression in hyperoxic
neurons.
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Introduction

Oxidative stress associated with the administration of
high levels of inspired oxygen has been linked to a
variety of disease states in lung, brain, heart, and eyes
of infants [1-4]. While this association has been noted,
the specific mechanisms of tissue damage have not
been fully elucidated.

For both human adults and infants, supplemental
inspired oxygen has routinely been used in the clinical
setting to prevent hypoxemia and tissue hypoxia [4, 5].
Newborn infants potentially are exposed to high levels
of oxygen for varying durations during medical or
surgical management. However, hyperoxia has long
been associated with physiological changes in patients
such as an initial decrease in minute ventilation
followed by a secondary hyperventilation (hyperoxic
hyperventilation) [6, 7], a decrease in arterial blood
pCO;, [8, 9], a decrease in cerebral blood flow [10, 11],
reduction in cardiac output, and compromised ventric-
ular work rates [4].

Hyperoxia may be implicated as a potential con-
tributor to free radical-mediated brain damage in
premature newborn infants. Using microelectrodes
selective for reactive nitric oxide and oxygen directly
implanted in the cerebral cortex of rats, "NO and O,
concentrations were significantly elevated in response
to hyperoxia, even at ambient pressure [12]. Addition-
ally, oxidative and nitrative injury to developing
oligodendrocytes has been found to play a major role
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in periventricular leukomalacia [13]. In vitro, there
seems to be particular sensitivity of the preoligoden-
drocytes of the premature brain to the toxic effects of
exogenous reactive oxygen species or glutathione
depletion [14].

Increasing partial pressure of O,, in itself, is not
sufficient to cause direct chemical oxidation of biolog-
ical molecules. Hyperoxia-induced cellular damage is
likely due to increased partial reduction of O, to
superoxide radical O, in metabolically dependent
reactions. The source of reactive oxygen species during
hyperoxia is most likely the mitochondria, with ubi-
semiquinone being a probable source of electron leak
from the mitochondrial respiratory chain [15, 16]. In
mitochondria, superoxide escapes the respiratory chain
and is converted into hydrogen peroxide, which sub-
sequently may combine with transitional metals and
form highly reactive oxidants. In studies by Li et al.,
HeLa cells engineered with impaired mitochondrial
respiration were significantly resistant to free radical
production and subsequent cellular damage when
exposed to increased oxygen tension when compared
to wild type cells [17-19].

Reactive oxygen species production inherent to
oxidative stress is associated with neuronal pro-
grammed cell death. ROS may oxidize cellular compo-
nents such as proteins, lipids, and DNA structurally and
functionally altering them [20, 21]. Mitochondrial
membrane dysfunction associated with a loss of calcium
homeostasis and enhanced cellular oxidative stress
have long been recognized to play a major role in cell
damage associated with excitotoxicity, a process result-
ing from increased excitation of glutamate receptors.
This mechanism of pathogenesis has been implicated in
many neurodegenerative diseases such as Alzheimer’s
disease and Parkinson’s disease [22, 23].

In the human newborn, clinical studies have recently
suggested that there are self-limited but significant
physiological changes such as prolonged period of
apnea and elevation of inflammatory markers in the
serum and tissues of humans infants and newborn
animals following periods of hyperoxia [24, 25].

Studies have also suggested an association between
the administration of 100% FiO, during delivery room
resuscitation and neuronal cell death in asphyxiated
newborn piglets [26]. Neuronal membrane dysfunction
seems to be exacerbated during states of hyperoxia,
where brains of rats exposed to both oxidative stress
from 100% FiO, and limited antioxidant protection
undergo pro-apoptotic cell death [27]. Exposure to
1 week of hyperoxia (85% FiO,), without preceding
anoxia, in a rat model has been shown to produce

significant changes of blood-brain barrier permeability
as measured by permeability to Gd-DTPA (gadolin-
ium-diethylene-triamine-pentaacetic acid) on brain
MRI. Also seen in the rat model was an increase in
brain high-energy phosphates using in vivo *'P NMR
on MR images, primarily seen as an elevation of brain
ATP [28]. While these changes have been noted, the
mechanism of hyperoxia-induced oxidative stress and
its potential effect on neuronal apoptosis in the
newborn has not been fully elucidated.

In previous studies, we have shown that free radicals
generated during cerebral hypoxia in newborn piglets
result in peroxidation of plasma and nuclear mem-
branes leading to increased high-affinity Ca**-ATPase
activity and nuclear Ca®*-influx [29-31]. The present
study tests the hypothesis that hyperoxia, similar to
hypoxia, results in increased lipid peroxidation, nuclear
high-affinity Ca**-ATPase activity, intranuclear Ca®*-
influx, and expression of proapoptotic proteins in the
cerebral cortex of newborn piglets.

Experimental procedure
Animal protocol

Studies were performed in 3-5 days old newborn
piglets using an experimental protocol, approved by
the Institutional Animal Care and Use Committee of
Drexel University. Eleven anesthetized, ventilated
piglets were assigned to two groups: six animals in
the normoxic group and five in the hyperoxic group.
Anesthesia was induced with isoflurane 4% and then
lowered to 1%, while allowing the animals to breathe
spontaneously through a mask. Lidocaine 1% was used
for all instrumentation. A tracheostomy was performed
and endotracheal tube secured. Femoral arterial poly-
vinyl chloride catheters were inserted for continuous
monitoring and intravenous catheters used for drug
administration. After instrumentation, isoflurane was
discontinued and intravenous fentanyl (10 pg/kg),
pentobarbital (10 mg/kg), and pancuronium (0.1 mg/
kg) were administered while the animals were mechan-
ically ventilated. In both groups, pH was maintained
between 7.35 and 7.45, and PCO, between 35 and
45 mmHg throughout the study. After an initial
stabilization period at 0.21 FiO,, the normoxic group
was continued at 0.21 for 1 h. The hyperoxic group was
subjected to 1.0 FiO; for 1 h. At the conclusion of the
1h period, the brain tissue was removed under
anesthesia and analyzed.
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Isolation of neuronal nuclei

Cerebral neuronal nuclei were isolated and purified
according to the methods of Giuffrida et al. [32].
Cortical tissue was homogenized by hand in a
Dounce-type glass homogenizer (200 um clearance)
in a medium containing 0.32 M sucrose, 10 mM Tris—
HCI buffer (pH 6.8), and 1 mM MgCl,. The homog-
enate was filtered through nylon bolting cloth (mesh
110) and centrifuged at 850xg for 60 min. The
resulting pellet was resuspended in the homogenizing
buffer. The suspension was mixed with a medium
containing 2.4 M sucrose, 10 mM Tris-HCl buffer
(pH 6.8), and 1 mM MgCl, to achieve a final
concentration of 2.1 M sucrose at which neuronal
nuclei are settled. The nuclei were then purified by
centrifugation at 53,000xg for 60 min. All procedures
were carried out at 4°C. The nuclear pellet was
suspended in the medium, and the purity of neuronal
nuclei was assessed by an Olympus phase contrast
microscope. Neuronal nuclei were characterized by
the presence of a centrally located nucleolus (one
nucleolus per nucleus) compared to the presence of
multiple nucleoli in the astrocytic and oligodendrocy-
tic nuclei. The final nuclear preparation was 90% pure
for neuronal nuclei.

Determination of high energy phosphates

Brain tissue concentrations of ATP and phosphocrea-
tine (PCr) were determined by a coupled enzyme
reaction using the method of Lamprecht et al. [33].
Frozen brain tissue was ground in perchloric acid and
centrifuged at 12,000xg for 10 min at 4°C. The ATP
concentration was calculated from the increase in
absorbance at 340 nm for the 20-min period following
the addition of hexokinase. Twenty micreliter of
creatine kinase (CK) were added, and readings were
taken at 5-min intervals until a steady state was
reached. PCr concentration was calculated from the
increase in absorbance at 340 nm between 0 and
20 min after the addition of creatine kinase.

Determination of lipid peroxidation products

Membrane lipids were extracted from the nuclear
fraction with chloroform/methanol (2:1) using a mod-
ification of the method of Folch et al. [34]. Samples
were dissolved in #n-heptane to provide 1.0 mg lipid/ml
heptane solution. Conjugated dienes were determined
spectrophotometrically at 230 nm. Fluorescent com-
pounds were determined spectrofluorometrically using
an excitation wavelength of 360 nm and an emission
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wavelength of 435 nm. The sample intensity was
compared to a quinine sulfate standard.

Determination of nuclear high-affinity Ca®*-
ATPase activity

Activity of Ca®*- Mg**-dependent high-affinity Ca**-
ATPase in nuclear membranes was determined using
a modification of the methods of Gandhi and Ross
[35]. The activity of high-affinity Ca**-ATPase was
determined in a 1-ml reaction medium containing
20 mM HEPES (pH 7.0), 100 mM KCI, 95 uM
CaCl,, 250 uM MgCl,, 0 or 100 uM EGTA, 1 mM
ouabain, 1 mM ATP, and 150 pg nuclear membrane
protein prepared as in the tissue preparation section.
The reaction was carried out at 37°C for 30 min, a
period during which the rate of the reaction was
linear. The reaction was stopped by the addition of
0.5 ml of 12.5% trichloroacetic acid. The samples
were centrifuged, and the supernatant was analyzed
for inorganic phosphate. Enzyme activity was ex-
pressed as nmoles Pi/mg protein/h. The activity of
the enzyme in the presence of Ca** and Mg®" is
referred to as total high-affinity Ca**-ATPase activ-
ity. Nonspecific activity was determined in the
absence of Ca®" and Mg”* and subtracted to provide
specific Ca**-Mg**-dependent total high-affinity Ca**-
ATPase activity.

Determination of nuclear Ca®*-influx

ATP-dependent **Ca**-influx in neuronal nuclei was
determined as described by Mishra and Delivoria-
Papadopoulos [36] for 120 s at 37°C in 10 mM Tris—
HCI buffer (pH 7.2) containing 0.25 M sucrose, 4 mM
MgCl,, 100 mM KCI, 150 pg nuclear protein, 1 uM
*3Ca”" with and without 1 mM ATP to determine the
ATP-dependent Ca®*-influx. The rate of the ATP-
dependent reaction is linear for 180 s; therefore mea-
surements were taken at 120 s. Following incubation,
samples were filtered on glass fiber filters, washed, and
radioactivity counted in a Rackbeta Scintillation
Counter. The results were expressed as pmoles/mg
protein/min.

Determination of Bax and Bcl-2 expression

Bax, and Bcl-2 protein density were determined
through Western blotting techniques. Neuronal nucle-
ar membranes were prepared as described above in
the presence of protease inhibitors (1 mM phenyl-
methylsulfonyl fluoride, 10 g/ml aprotinin, and
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0.2 mM sodium orthovanadate). Protein content was
determined by the method of Lowry et al. [37], and
the nuclear membrane preparation was diluted to a
final concentration of 100 pg/100 pl. Five milliliters of
Laemelli buffer were added to each 20 pl of nuclear
membrane protein. Equal amounts of each neuronal
nuclear protein (35 pl of the 100 pg/100 pl prepara-
tion) were separated by 12% SDS-PAGE and
transferred electrophoretically to nitrocellulose mem-
branes. Nitrocellulose membranes in duplicate were
then blocked with 8% nonfat milk in PBS. The
membranes were subsequently incubated with anti-
bodies specific to Bax or Bcl-2 (Santa Cruz Biotech-
nology, Santa Cruz, CA, USA). Recombinant human
Bcl-2 BV-lysate (BD PharMingen, San Diego, CA,
USA) and human promyelocytic leukemia (ATCC
(R) F-13737 240-CCL HL-60 018554, HL-60 prom-
yelocytic leukemia human peripheral blood, Rock-
land, Gilbertsville, PA, USA) served as positive
controls for Bcl-2 and Bax proteins, respectively.
Immunoreactivity was detected by incubation with
horseradish peroxidase-conjugated secondary anti-
body (Rockland). Specific complexes were detected
by enhanced chemiluminescence method using the
ECL detection system (Amersham Pharmacia Bio-
tech, Little Chalfont, Buckinghamshire, UK) and
analyzed by imaging densitometry (GS-700 densitom-
eter, Bio-Rad, Hercules, CA, USA). The densitomet-
ric scanning data were expressed as autoradiographic
values (OD x mm?) per immunoblot protein repre-
senting Bax or Bcl-2 protein density.

Statistical analysis

Data were presented as mean + standard deviation.
Statistical analysis between the groups was performed
by unpaired ¢ tests. A P value of less than 0.05 was
considered statistically significant.

Results
ATP and phosphocreatine

Cerebral tissue energy metabolism was documented by
determining the concentrations of tissue high-energy
phosphates, ATP and PCr. The ATP concentrations
(umoles/g brain) were 4.7 £ 0.4 in normoxic and
4.9 + 0.4 in hyperoxic groups. The PCr concentrations
(umoles/g brain) were 4.1 + 0.3 in normoxic and
4.0 £ 0.4 in hyperoxic groups. As shown in Fig. 1,
ATP and PCr levels (umoles/g brain) are compared in
the experimental groups. Both the normoxic and
hyperoxic groups have a comparable level of cerebral
high-energy phosphates (P = NS).

Nuclear membrane lipid peroxidation

The level of lipid peroxidation products in neuronal
nuclei of normoxic and hyperoxic animals is shown in
Fig. 2. Nuclear membrane conjugated dienes (nmoles/
mg protein) were higher in the hyperoxic (1.396 +
0.491) than in the normoxic group (0 + 0.004, P <
0.004). Nuclear membrane fluorescent compounds (pg
quinine sulfate/g protein) were higher in the hyperoxic
(24.46 + 3.80) than in the normoxic group (19.95 +
2.61, P=NS). There is a significant difference in
conjugated diene production in the hyperoxic group
when compared to the normoxic group, but no signif-
icant increase in the level of fluorescent compounds in
the hyperoxic group when compared to the normoxic

group.
High-affinity Ca®*-ATPase activity

High-affinity Ca®*-ATPase activity (nM inorganic
Phosphate/mg protein/h) was measured in normoxic
and hyperoxic groups and the data is shown in Fig. 3.
There is a significant difference between high-affinity

Fig. 1 High-energy 6
phosphates levels during
normoxia and hyperoxia. 5

ATP and PCr levels are
expressed in pmoles per gram
brain (mean + SD)
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Fig. 3 Effect of hyperoxia on high-affinity Ca®"-ATPase activity
in neuronal nuclei of newborn piglets. High-affinity Ca®'-
ATPase activity is expressed in nmoles Pi/mg protein/h
(mean + SD)

Ca®*-ATPase activity in the normoxic (487 + 15) and
hyperoxic (650 + 58) groups, P < 0.05.

Nuclear Ca”*-influx

Nuclear Ca**-influx is shown in Fig. 4, **Ca**-influx
expressed in pmoles/mg protein/min was 4.96 + 0.94 in
the normoxic and 11.11 + 2.38 in the hyperoxic group,
P < 0.05. There is a significant increase in Ca*"-influx
in the hyperoxic group compared to the normoxic

group.
Production of Bax and Bcl-2

Representative gels showing Bax and Bcl-2 expression
are shown in Fig. 5. Bax expression (OD x mm?),
shown in Fig. 6, was 244.7 + 78.4 in hyperoxic versus
130.6 + 16.6 in the normoxic group (P < 0.03). Expres-
sion of the anti-apoptotic protein Bcl-2 (OD x mm?),
shown in Fig. 7, did not change significantly in the two
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Fig. 4 Effect of hyperoxia on high-affinity Ca**-influx in neuro-
nal nuclei of newborn piglets. High-affinity Ca*"influx is
expressed in pmoles/mg protein/min (mean + SD)

groups, 348.0 + 13.8 in hyperoxia and 355.0 = 9.2 in
normoxia (P = NS). The Bax/Bcl-2 ratio increased
from 0.37 to 0.7 in favor of apoptosis (P < 0.05).

Discussion

The results of the present study show that hyperoxia
results in (1) increased lipid peroxidation, (2) increased
high-affinity Ca**-ATPase activity, (3) increased Ca®*-
influx, and (4) increased production of proapoptotic
proteins in the cortical neuronal nuclei of newborn
piglets. The data indicate that hyperoxia alters neuro-
nal nuclear membrane function leading to increased
nuclear Ca®* influx that is associated with an increase
in expression of proapoptotic proteins. In addition, the
results show that cerebral energy metabolism (mea-
sured by cerebral high energy phosphates ATP and
PCr) is not different during hyperoxia in comparison to
normoxia, indicating an alternative pathway of free
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Fig. 5 Expression of Bax and Bcl-2 proteins during normoxia and
hyperoxia in the cortical neuronal nuclei of newborn piglets.
Proteins from neuronal nuclei from normoxic and hyperoxic
animals were separated by SDS-PAGE, transferred to nitrocel-
lulose membranes and probed with specific antibodies against
Bax (upper panel) or Bcl-2 (lower panel). A representative gel for
each protein analysis is shown. The arrows point to the bands of
Bax protein (upper panel) and Bcl-2 protein (lower panel). The
gel illustrates that there is less Bax protein in the normoxic than in
the hyperoxic animals (P < 0.05). The gel illustrates that there is
no difference in concentration of Bcl-2 in the three groups
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Fig. 6 Effect of hyperoxia on Bax protein expression in the
cortical neuronal nuclei of newborn piglets. Bax protein
expression is expressed in OD x mm?

radical generation in hyperoxia when compared to
hypoxia.

In previous studies, we have shown that hypoxia
results in increased activity of high-affinity Ca**-
ATPase, and increased Ca**-influx [30, 31]. We have
also shown that hypoxia results in increased free
radical generation and membrane lipid peroxidation
in the cerebral cortex of newborn piglets [29]. In the
present study we tested the hypothesis that 1 h of
hyperoxia would result in increased lipid peroxidation,
increased high-affinity Ca**-ATPase activity, increased
Ca®*-influx, and increased production of proapoptotic
proteins in the neuronal nuclei of newborn piglets.

Oxidative stress associated with the administration
of high concentrations of inspired oxygen affects

400

300 -

200 -

Bcl-2
(ODxmm?)

100 -

Normoxia  Hyperoxia

p=NS Mean+SD

Fig. 7 Effect of hyperoxia on Bcl-2 protein expression in the
cortical neuronal nuclei of newborn piglets. Bcl-2 protein
expression is expressed in OD x mm?

numerous physiological functions, which are regulated
by redox-responsive signaling pathways [20, 21, 40].
Reactive oxygen species may disrupt regulation of
DNA repair mechanisms, signal transduction, DNA
and RNA synthesis, protein synthesis, and enzyme
biosynthesis [40]. Oxidative stress damages lipids,
proteins, and other cell constituents, and ultimately
leads to neuronal cell death [41-43].

Cerebral tissue in newborns may be more suscepti-
ble to oxidative stress [44-46]. The determinants of
susceptibility should include the lipid composition of
the brain cell membrane, rate of lipid peroxidation,
and presence of antioxidant defenses [47]. While
reactive oxygen species are generated as part of normal
cellular metabolism, large quantities of these species
may overwhelm native antioxidant mechanisms, which
are particularly less efficient in newborns. Newborn
neuronal tissue has increased accumulation of hydro-
gen peroxide during times of oxidative stress, which
may be due to an inadequate ability to scavenge free
radicals. Decreased free radical scavengers in the
newborn brain may be associated with relatively lower
glutathione peroxidase activity and other antioxidative
enzymes [48, 49]. Additionally, the newborn brain is
rich in free iron, which readily results in the generation
of the potent OH free radical via the Fenton reaction,
or iron catalyzed reaction with hydrogen peroxide [50].
The hydroxyl radical is extremely reactive and is able
to potentially initiate alteration of cellular membrane
function via the lipid peroxidation, which can be
important in causing molecular damage [12].

In previous studies, we have shown that high-affinity
Ca®*-ATPase activity is correlated inversely with ATP
and PCr levels during hypoxia, with activity increasing
as tissue high-energy phosphates decreased [30]. In the
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present study, increased high-affinity Ca**-ATPase
activity during hyperoxia is independent of tissue
high-energy phosphates, but associated with increased
lipid peroxidation indicating alternative pathways of
oxygen free radial generation during hyperoxia com-
pared to hypoxia.

We have shown in the present study that there is
increased lipid peroxidation during 1 h of hyperoxia,
which is sufficient to increase high-affinity Ca®"-AT-
Pase activity that may lead to nuclear Ca**-influx in the
cerebral cortex of the newborn piglet. Increased
nuclear Ca®*-influx may result in activation of nuclear
CaM kinase IV, which may phosphorylate cAMP
response element binding protein (CREB). Phosphor-
ylated CREB may alter expression of proapoptotic
protein Bax, and antiapoptotic protein Bcl-2 leading to
an alteration of the Bax to Bc¢l-2 ratio, a determinant of
apoptosis. The increase of the Bax to Bcl-2 ratio may
initiate mitochondrial dependent apoptotic pathway by
causing the loss of outer mitochondrial membrane
integrity. This may result in the release of apoptogenic
proteins located in the intermembrane space of mito-
chondria such as cytochrome c. The released cyto-
chrome c interacts with Apaf-1 in the cytoplasm
leading to the ATP-dependent formation of the apop-
tosome complex. The apoptosome activates caspase-9
which, in turn, activates downstream caspases such as
caspase-3. Activated caspase-3 cleaves numerous nu-
clear enzymes such as poly-ADP-ribose polymerase
(PARP) and inhibitor of caspase-activated DNAse
(ICAD), leading to activation of caspase-activated
DNAse (CAD) and cleavage of chromosomal DNA
resulting in morphologic apoptosis. While the effects of
hyperoxia and subsequent oxidative stress on the
newborn brain are complex, we propose one potential
mechanism of neuronal programmed cell death.

It is quite interesting to note that both cerebral
hypoxia and hyperoxia result in increased nuclear
membrane lipid peroxidation, increased nuclear Ca®*-
influx, and increased expression of proapoptotic pro-
tein Bax. Furthermore, while cerebral tissue ATP and
PCr decreased during hypoxia, high energy phosphates
remain unchanged during hyperoxia. We propose that
the mechanism of oxygen free radical generation
during hypoxia is due to NMDA receptor-ion channel
mediated Ca®" that: (1) activates phospholipases and
generates free radicals from lipooxygenase and cyclo-
oxygenase pathways, (2) converts xanthine dehydro-
genase to xanthine oxidase leading to free radical
generation, and (3) triggers nitric oxide synthase
leading to free radical generation. In addition, during
hypoxia free radicals can be generated in mitochondria
from increased reduction of electron transport chain
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components such as ubiquinone. However, during
hyperoxia, the predominant mechanism of oxygen free
radical generation will be due to partial reduction of
O, molecules at the end of electron transport chain at
the cytochrome a/aj site. Thus, free radicals generated
by separate mechanisms during hypoxia and hyperoxia
are a common mechanism of hypoxia as well as
hyperoxia-induced neuronal cell death.

In summary, we conclude that hyperoxia alters
neuronal nuclear membrane function and increases
production of proapoptotic proteins in the newborn
piglet. We propose that free radicals generated during
hypoxia as well as during hyperoxia are common
mediators that lead to peroxidation of the nuclear
membrane resulting in increased high-affinity Ca**-
ATPase and increased nuclear Ca**-influx leading to
increased expression of proapoptotic protein Bax.
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