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Abstract
Purpose—To determine the effect of repeated intermittent apnea and resuscitation with 100% vs.
21% oxygen enriched gas on levels of key regulatory proteins contributing to cell death (Bax,
Caspase-3) or protecting neurons from hypoxic/ischemic injury (Bcl-2, p-Akt, p-CREB).

Methods—The anaesthetized, mechanically ventilated newborn piglets underwent 10 episodes of
apnea with resuscitation either with 21% or with 100% oxygen. Following 6-hrs recovery the animals
were euthanized, the striatum, frontal cortex, midbrain and hippocampus were dissected out and
used to determine levels of Bcl-2, Bax, Caspase-3, p-Akt and p-CREB.

Results—In hippocampus and striatum, Bcl-2 expression was higher with 100% vs. 21% group
(173±29% vs.121±31%, p<0.05 and 189±10% vs.117±47%, p<0.01, respectively) whereas the Bax
expression was lower (88±3% vs.100±9%, p<0.05 and 117±5% vs.133±10%, p<0.05, respectively).
Expression of Caspase-3 in striatum, was higher with 21% vs.100% group (263±33% vs.197±35%,
p<0.05, respectively) but not different in hippocampus. p-Akt expression was higher with 100% vs.
21% oxygen in hippocampus and striatum (225±44% vs. 108±35%, p<0.01 and 215±12% vs.164
±16%, p<0.01, respectively). The p-CREB expression was higher with 100% vs. 21% oxygen
resuscitation in hippocampus (217±41% vs.132±30%, p<0.01) with not changes in striatum. Much
smaller or not significant differences between 100% vs.21% oxygen groups were observed in frontal
cortex and midbrain, respectively.
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Conclusion—In neonatal piglet model of intermittent apnea, selectively vulnerable regions of brain
(striatum and hippocampus) are better protected from apneic dependent injury when resuscitation
was conducted with 100%, rather than 21%, oxygen enriched gas.
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INTRODUCTION
Brief but repeated, intermittent severe episodes of asphyxia, as may occur with central or
obstructive apnea in the human neonate, may result in clinically important deficits in
neuropsychological function. Prior studies document that brain injury, caused by repeated
hypoxic-ischemic insults, was more pronounced than that caused by the same period of
continuous hypoxia-ischemia.1–4 The mechanism(s) by which repetitive apnea causing
hypoxia affects the metabolic pathways in the brain, that sustain the normal processes of cell
survival and cell death are not well known. Also, the parameters that, alone or in combination,
can determine the pathogenic outcome of repetitive apnea in neonate remain to be elucidated.
These parameters include the timing, intensity, duration and variability of the asphyxial event
and resuscitation interventions. A debate also rages regarding the proper oxygen concentration
to use for neonatal resuscitation. In the clinical setting, the oxygen concentration used for
resuscitation ranges from 21% to 100%. Saugstad and colleagues have presented data that room
air resuscitation is theoretically equivalent, perhaps even superior, to 100% oxygen in a setting
of sustained hypoxic injury.5, 6 However, a recent analysis of existing clinical data from the
Cochrane Database concluded that there is insufficient evidence to recommend one oxygen
concentration over the other.7 In meta-analysis the authors identified a reduction in mortality
in the neonates randomized to air but later neurological outcomes showed no difference
between groups. Also, failure of resuscitation was not different between the air and 100%
oxygen groups. Understanding how the differences in oxygen concentration during
resuscitation and recovery affect brain metabolism and cellular neuropathologic processes
leading to cell recovery or cell death is critical to improving outcomes of repeated severe apnea.

The present study was designed to evaluate the degree of regional brain injury following
experimental repeated intermittent apnea and controlled resuscitation, assessed by markers of
neuronal injury (activation of apoptotic pathway-increase in expression of Bax and Caspase-3)
and markers for cellular survival (increase in expression of Bcl-2, Bcl-2/Bax ratio, p-Akt, and
p-CREB) at 6 hours following brain injury and resuscitation. We hypothesized that neonatal
piglets subjected to10 repeated intermittent episodes of severe apnea and resuscitated with
100% oxygen gas for 10 minutes between apneic episodes, would show less evidence of
regional brain cell injury at 6 hours following apnea as compared to the piglets where 21%
oxygen enriched gas was used.

METHODS
Animal model

Twenty one newborn piglets, 2 to 4 days of age (1.4–2.5 kg) were randomized and assigned
to one of 3 groups: 1) repetitive apnea with resuscitation with 21% oxygen (n=7); 2) repetitive
apnea with resuscitation with 100% oxygen (n=7); 3) sham operated with no apnea or
resuscitation (n=7). Anesthesia was induced with 4% halothane/96% oxygen and 1.5%
lidocaine-HCl was used as a local anesthetic and tracheostomy performed. Halothane was
withdrawn entirely after the tracheotomy, and pancuronium was used for neuromuscular
blockade and mechanical ventilation (1.5 mg/kg). Fentanyl-citrate (30 μg/kg) was
intravenously injected, and the animals were mechanically ventilated with a mixture of oxygen
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(FiO2 21%) and 0.5% isoflurane. The femoral artery and vein were then cannulated and
anesthesia was maintained with isoflurane 0.5% and boluses of pancuronium (1mg/kg/hr).
Temperature, anesthetics, blood pressure, glucose, fluids, acidosis, and mechanical ventilation
were similarly titrated by prospectively designated laboratory protocol for all piglets.
Following apnea protocol, the animals recovered for 6 hours while anesthetized and then were
euthanized with 4M KCl.

All animal procedures were in strict accordance with the NIH Guidelines for the Care and Use
of Laboratory Animals and were approved by the University of Pennsylvania Animal Care and
Use Committee.

Repetitive Apnea Model
The animals underwent 10 episodes of repeated, severe hypoxia induced by apnea and followed
by assisted ventilation resuscitation. Apnea was initiated by disconnecting the animal from the
ventilator during iatrogenic paralysis, and completed by reconnecting it to the ventilator. There
was no gasping or spontaneous respiratory effort. The apneic episodes were terminated at
3.5min, or 0.5 minutes after the heart rate reached the bradycardic threshold of 60 beats/min.
Resuscitation was with 21% oxygen (room air) or 100% oxygen gas followed by stabilization
for 10 minutes, and then the FiO2 was maintained at 21% for and additional 5 minutes. The
time interval between apneic episodes and resuscitation was 15 minutes. After resuscitation
from the tenth apneic episode, the animals were supported with mechanical ventilation and
maintained for 6 hours under anesthesia titrated by prospectively designated protocol, and then
euthanized humanely. The brain tissue was rapidly removed and placed in ice cold saline. The
striatum, frontal cortex, midbrain and hippocampus were rapidly dissected out and frozen at
80°for later analysis.

Western blot analysis
Samples of frozen tissues were homogenized in a buffer containing 2% SDS, 10 mM Tris-HCl
(pH 7.4) freshly supplemented with NaF (10 mM), Na pyrophosphate (10 mM), Na3Vo4 (1
mM), Na2MoO4 (1 mM), phenylarsine oxide (1 μM), and aprotinin (10 μg/ml). The
homogenate was boiled for 5 min after addition of SDS-PAGE sample buffer. Protein
concentration was determined in a homogenate aliquot with a BCA Protein Assay kit (Pierce,
IL). Equal amounts of protein from each sample were separated by 12% SDS- PAGE and
transferred onto a nitrocellulose membrane (Hybond C, Amersham Pharmacia Biotech.). The
membrane was incubated in a blocking solution (phosphate buffered saline (PBS), pH 7.4,
containing 5% non-fat milk powder) for 1 h at room temperature and then with specific
antibodies for Bax (N-20) and Bcl-2 (Santa Cruz Biotechnology, Santa Cruz, CA, USA);
phospho Akt, Akt (Cell Signaling Technology, Beverly, MA, USA); anti-phosphorylated
CREB antibodies (a-p-CREB; Upstate Biotechnology, NY, USA). For determination of
caspase expression the membranes were incubated with rabbit Cleaved Caspase-3 antibody
(Cell Signaling Technology, Beverly, MA, USA) following with incubation in the HRP-
conjugated secondary antibody solution.

Beta-actin antibody (ABCAM, Cambridge, MA, USA) served as a loading control. After being
washed in PBS containing 0.05% Tween 20 (PBS-T; Sigma–Aldrich), the membranes were
incubated for 1 h with peroxidase-conjugated goat anti-rabbit or anti-mouse IgG (Amersham
Pharmacia Biotech.). The final reaction was visualized using enhanced chemiluminescence
(ECL Western Blotting Detection Reagents, Amersham Pharmacia Biotech.), and the
membranes were exposed to x-ray film.
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Data analysis
Autoradiographic films were analyzed using Scion Image software (NIH). Each blot contained
two sets of samples, one for an experimental group and another for the control group. The data
were normalized to the values obtained for the untreated control group (assigned a value of
100). Statistical analysis was performed using one-way analysis of variance followed by
Mann–Whitney test. p < 0.05 was considered statistically significant.

RESULTS
Twenty one newborn piglets completed the protocol in one of 3 groups: 1) repetitive apnea
with resuscitation with 21% oxygen; 2) repetitive apnea with resuscitation with 100% oxygen;
3) sham operated with no apnea or resuscitation. Four representative regions of brain in each
animal were evaluated: frontal cortex, hippocampus, striatum and midbrain. The profile
characterizing 100% vs. 21% gas resuscitation reflected in physiological parameters and
cortical oxygen pressures was described in detail in our earlier paper.8 Briefly, within each
experimental group of animals, resuscitated with 21% of oxygen or 100% of oxygen, there
were no significant differences in PaCO2, PaO2 and blood pressure during all ten apneas. The
significant difference between apnea with resuscitation with 21% oxygen and apnea with
resuscitation with 100% oxygen was in level of PaO2 (about 5 times higher in 100% oxygen
resuscitation). The pH values decreased progressively with increasing number of apnea in 21%
oxygen and 100% oxygen group of piglets. The control value of pH was 7.47±0.01 and at the
end of the last apnea, was 7.19±0.04 (p<0.005) in group resuscitated with 21% oxygen and
7.22±0.03 (p<0.005) in group resuscitated with 100% oxygen.

The control mean cortical oxygen pressure was 40±4 mmHg and when the apnea was initiated,
the oxygen pressure in the cortex fell rapidly, attaining a minimal value near 0 mmHg during
each apneic episode. During resuscitation with 21% oxygen, following the first and second
apneas there was a significant “overshoot” in the oxygen levels. This overshoot reached 78±7
mmHg after the first apnea but was markedly attenuated with increasing numbers of apnea.
After six apneic episodes the maximum had decreased to 50±6 mmHg and then remained nearly
constant during rest of post-apneic resuscitation periods. Similarly, during resuscitation with
100% oxygen, the maximal cortical oxygen pressure following an apnea also decreased with
increasing number of apnea. After the first apnea, the value of oxygen was 173±9 mmHg and
this decreased progressively to137±8 mmHg through the first 6 apnea and then remained at
the same level through the 10th apnea.

The calculated volume fractions of the cortical microcirculation with oxygen pressures less
than 5, 10 or 15 mm Hg shown that after the 10th apnea with 21% oxygen resuscitation, volume
fractions of 10±2%, 20±4% and 27±5.5% of the microcirculation were below 5, 10 and 15 mm
Hg, respectively. When resuscitation was with 100% oxygen, after the 10th apnea these values
were 0.54±0.15%, 2.6±0.49% and 5.9±0.8%, respectively. The pre-apnea (control) values were
0.14±0.1%, 0.51±0.35% and 1.4±0.7%, respectively.

Expressions of Bcl-2 and Bax in four regions of brain following repeated apnea and
resuscitation with 21% and 100% oxygen

The expression of Bcl-2 and Bax in four regions of piglet brain at 6 hours following 10 repeated
apnea and resuscitation events with 21% vs.100% oxygen are shown in Fig 1A–B and Fig 2A–
B, with non-apneic piglets serving as controls.

There were no significant differences for Bcl-2 or Bax expression in 100% vs. 21% oxygen
resuscitation groups in frontal cortex and midbrain regions (Fig 1A and 2A).
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Bcl-2 expression, in hippocampus and striatum, was significantly higher with 100% vs. 21%
oxygen resuscitation (173±29% vs.121±31%, p<0.05 and 189±10% vs.117±47%, p<0.01,
respectively) (Fig 1B).

Bax expression, in hippocampus, was significantly lower with 100% vs. 21% oxygen
resuscitation (88±3% vs.100±9%, p<0.05) (Fig 2B). Similarly, in striatum Bax expression was
significantly lower with 100% vs. 21% oxygen resuscitation (117±5% vs.133±10%, p<0.05)
(Fig 2B).

The calculated ratios of Bcl-2 to Bax in frontal cortex, midbrain, striatum and hippocampus
are presented in Table 1. In frontal cortex and midbrain regions, there were no significant
differences for Bcl-2 to Bax ratio in 100% vs. 21% oxygen resuscitation groups. In striatum
and hippocampus, this ratio was significantly higher with 100% vs. 21% oxygen resuscitation:
(striatum 1.6 vs. 0.9 and hippocampus 2.0 vs.1.2).

Expressions of Caspase-3 in four regions of brain following repeated apnea with
resuscitation with 21% and 100% oxygen

Expression of Caspase-3 in four regions of piglet brain at 6 hours following 10 repeated, severe
apnea and resuscitation events with 21% vs. 100% oxygen are shown in Fig 3A–B with non-
apneic piglets serving as controls. In midbrain and hippocampus, the differences for Caspase-3
expression were not significant between 100% vs. 21% oxygen resuscitation groups. In frontal
cortex and striatum the differences in Caspase-3 expression were statistically significant. In
cortex, Caspase-3 expression with 100% vs. 21% oxygen resuscitation was 99±15% vs.152
±25% (p<0.05) (Fig 3A) whereas in striatum, was 197±35% vs. 263±33% (p<0.05),
respectively (Fig 3B).

Expressions of p-Akt in four regions of brain following repeated apnea with resuscitation
with 21% and 100% oxygen

The p-Akt expressions in four regions of piglet brain at 6 hours recovery following 10 repeated,
severe apnea and resuscitation with 21% vs. 100% oxygen are shown in Fig 4A–B, with non-
apneic piglets serving as controls.

In frontal cortex and midbrain regions, there were no significant differences for p-Akt
expression in 21% vs. 100% oxygen resuscitation groups (Fig 4A). In hippocampus, p-Akt
expression was significantly higher with 100% vs. 21% oxygen resuscitation (225±44% vs.
108±35%, p<0.01) (Fig 4B). Similarly, in striatum, p-Akt expression was significantly higher
with 100% vs. 21% oxygen resuscitation (215± 12% vs. 164± 16%, p<0.01) (Fig 4B).

Expressions of p-CREB in four regions of brain following repeated apnea with resuscitation
with 100% and 21% oxygen

The p-CREB expressions in four regions of piglet brain at 6 hours recovery following 10
repeated, severe apnea and resuscitation events with 100% vs. 21% oxygen are shown in Fig
5A–B, with non-apneic piglets serving as controls.

In midbrain and striatum regions, there were no significant differences for p-CREB expressions
in 100% vs. 21% oxygen resuscitation groups. In frontal cortex, p-CREB expression was
significantly lower with 100% vs. 21% oxygen resuscitation (56±20% vs. 108±24%, p<0.01)
(Fig 5A). In hippocampus, p-CREB expression was significantly higher with 100% vs. 21%
oxygen resuscitation (217± % vs. 132± %, p<0.01) (Fig 5B).
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DISCUSSION
Understanding how the differences in oxygen concentration during resuscitation and recovery
affect brain metabolism and critical cellular neuropathologic processes leading to cell recovery
or cell death is critical to improving outcomes of repeated, severe asphyxia. Different
mechanisms of injury (intermittent vs. sustained hypoxia) and certain selectively vulnerable
regions of brain (striatum and hippocampus) may benefit from different resuscitative
interventions (100% vs.21% oxygen). This was precisely the reason why we chose to study
the effect of 100% vs. 21% oxygen gas resuscitation following repeated, severe hypoxia
induced by apnea on selectively vulnerable regions of brain. The tissues of four regions of
brain taken at 6 hrs after the last apnea were analyzed for the expression of a selected group
of key regulatory proteins believed to participate in pathways contributing to cell death (Bax,
Caspase-3) or to protecting neurons from hypoxic/ischemic injury (Bcl-2, p-Akt, p-CREB).
The pattern of changes in these proteins can provide significant insight into the extent of
neuronal injury likely to result from the apneic insults that occur in neonates.

There is a substantial literature describing the roles of Bcl-2 and Bax in ischemic/hypoxic
neuronal cell survival and injury.9–12 The proteins of Bcl-2 family have been shown to be key
regulatory factors in apoptotic events and they can either promote cell survival (Bcl-2, Bcl-
XL, A1, Mcl-1, and Bcl-W) or promote cell death (Bax, Bak, Bcl-XS, and Bok). Accumulating
evidence indicates that over expression of Bcl-2 provides protection against apoptosis and
ischemic neuronal death. Several mechanisms have been proposed to explain the anti-apoptotic
function of Bcl-2. Bcl-2 might act as a regulator of Ca2+ homeostasis or as an antioxidant.13,
14 Bcl-2 forms heterodimers with the pro-apoptotic protein Bax and might thereby neutralize
its death effector property.15 In addition, Bcl-2 prevents the release of potent mitochondrial
activators of the cytosolic death effector proteases, the caspase protease family, which mediates
the intracellular proteolysis that is characteristic of apoptosis.16 The association of Bcl-2 with
the mitochondrial apoptosis-activating factor Apaf1 and the blockade of cytochrome c release
may prevent the activation of the two major death proteases, Caspase-9 and Caspase-3.17

In contrast to cytoprotective biomarker Bcl-2, Bax is a pro-apoptotic protein that has been
shown to promote cell death by activating caspases.18 Bax is thought to contribute to the
vulnerability of neurons to apoptotic cell death induced by exposure to gamma-radiation,
glutamate and kainite.19–21 Bax has been shown to form ion-conducting channels or pores in
intracellular planar lipid bilayer membranes, and this can lead to nuclear envelope breakdown
and allow for increase in intranuclear calcium.22, 23 The active form of Bcl-2 forms
heterodimers with Bax, and thus the Bcl-2 to Bax ratio reflects the cellular susceptibility to
apoptotic stimuli.15, 18, 19, 21 An increased ratio of Bax to Bcl-2 protein was shown in hypoxic
and hypocapnic neonatal piglets, demonstrating an increased susceptibility to apoptosis in the
autopsied brains.24, 25

Our current results show significantly elevated protective Bcl-2 and diminished cytotoxic Bax
in the vulnerable striatum and hippocampus regions of brain, when severe, repeated apnea was
resuscitated with 100% vs. 21% oxygen gas. In these regions, the calculated ratio of Bcl-2 to
Bax was significantly higher in the group resuscitated with 100% vs. 21% oxygen, suggesting
less apoptotic damage at 6 hours following apnea.

Further support of cytoprotection by resuscitation of 100% oxygen in these vulnerable brain
areas is provided by assessment of p-Akt expression. Akt plays an essential role in neuronal
survival. Active Akt protein supports the survival of neurons in the absence of trophic factors,
whereas a dominant-negative mutant of Akt inhibits neuronal survival even in the presence of
survival factors.26 These results establish an essential role for Akt in neuronal survival. The
Akt protein kinase has been implicated as a critical transducer of PI3-kinase-dependent survival
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signals generated by a variety of stimuli and growth factors.27–30 Akt targets several key
proteins to keep cells alive, including apoptosis regulators and transcription factors. For
example, Bad is a pro-apoptotic member of the Bcl-2 family, which in its unphosphorylated
form can bind to Bcl-x L and thus block cell survival.31 But the activation of Akt induces the
phosphorylation of Bad and promotes its interaction with the chaperone protein 14-3-3, which
sequesters Bad in the cytoplasm and inhibits Bad’s pro- apoptotic activity.32 Akt has been
shown to affect, directly or indirectly, three transcription factor families: Forkhead, cAMP-
response-element-binding protein (CREB) and NF-kappaB, all of which are involved in
regulating cell survival.

The elevated p-Akt expression was detected in the vulnerable striatum and hippocampus
regions of brain, when severe, repeated apnea was resuscitated with 100% oxygen gas,
suggesting less neuronal damage at 6 hours following apnea in this group of piglets as compared
to piglets resuscitated with 21% of oxygen.

Similarly to p-Akt in striatum and hippocampus, repeated apnea was resuscitated with 100%
oxygen but not with 21%oxygen caused increase in p-CREB expression. CREB is a
transcription factor, constitutively expressed and abundant in brain. Several studies
demonstrated that CREB family members are crucial in neuronal survival in various cellular
models.33–36 Neuronal survival during post-ischemic recovery was associated with increased
CREB phosphorylation, whereas neuronal death was preceded by a decrease in p-CREB levels.
37, 38 In striatum, severe ischemic injury caused a transient activation of CREB
phosphorylation followed by its rapid disappearance, which preceded ischemia induced
morphological changes in the neurons.39 In hippocampal neurons, after 5-min ischemia CREB
phosphorylation was decreased and never recovered and in contrast, a shorter (2-min) ischemic
episode led to a comparatively steep increase in p-CREB, which was sustained for days.40

Walton et al. (1999) had shown that upregulation of CREB protein inhibited apoptosis in
neurons. Substantial evidence indicates that Bcl-2 is positively regulated by CREB via CRE
in the 5′ promoter region, and increased phosphorylation of CREB on Ser-133 induces
expression of Bcl-2 protein. Cell survival mediated by neurotrophin-induced CREB
phosphorylation in sympathetic and cortical neurons was associated with increased Bcl-2
expression.35, 41 Overexpression of CREB decreased apoptosis through upregulation of Bcl-2
expression.42 A study of Sugiura et al. suggested that CRE-mediated expression of Bcl-2 might
contribute to neuronal survival in the penumbra after focal cerebral ischemia.43

The exact mechanisms of changes in CREB phosphorylation depending on the severity of
ischemic stress are not fully understood. CREB phosphorylation may be activated by several
kinases including PKA, PKC, Akt/PKB, CaMK, MAPK-activated protein kinase 2 and the
pp90 ribosomal S6 kinase family (Rsks).44, 45

Our data show that the pCREB expression in striatum and hippocampus increased significantly
in 100% oxygen group as compared to 21% oxygen. It can therefore be postulated that
particularly in striatum and hippocampus, the Akt-pCREB-Bcl-2- mediated survival pathway
become activated in 100% group as compared to 21% groups, which probably reflects the less
severity of the insults and a substantial less neuronal damage.

A similar conclusion can be drawn from the response of Caspase-3 to repeated, severe, apnea
following resuscitation with 100% vs. 21% oxygen. In all four regions of brain, Caspase-3
expression lower in 100% vs. 21% oxygen resuscitation groups. Activation of the Caspases,
cysteine proteases, is an essential component of the process of apoptosis.46 In the brain,
Caspase-3 is especially important, where it plays an important role in initiation of the apoptotic
pathway and is thought to be responsible for many cytological changes that characterize
neuronal apoptosis.47, 48 Caspase-3 exists as an inactive proenzyme of molecular weight 32
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kDa. Noxious stimuli precipitate the cleavage of this proenzyme into two active subunits of
molecular weight 12 and 17 kDa, which then associate to form the active Caspase-3 enzyme.
This active enzyme cleaves a variety of enzymes and substrates including other caspases,
initiating the caspase cascade, after entering which the cell is committed to die.49 Thus,
Caspase-3 is considered an early marker of the apoptotic pathway activation.

All presented evidences suggests that selectively vulnerable regions of brain (particularly
striatum and hippocampus) were consistently protected from apoptotic pathway activation
(lower expression of Bax and Caspase-3; higher expression of Bcl-2, p-Akt, p-CREB, and
higher Bcl-2/Bax ratios) at 6 hours after apnea when resuscitation was conducted with 100%
vs.21% oxygen enriched gas.

One of major concern to use the 100% oxygen during apneic resuscitation is possible increase
in production of toxic free radicals. The central nervous system is very sensitive to hyperoxia
and has been reported to respond to hyperoxia with increased generation of oxygen-derived
free radicals.50–53 Therefore, the question arises whether 100% oxygen gas would be helpful
or harmful to selectively vulnerable regions of the brain, following severe, repeated hypoxia
induced by apnea. The presented data shows that apoptotic activation is not measurably
different in certain regions of brain (frontal cortex and midbrain), but is strikingly different in
striatum and hippocampus. These findings are consistent with studies by Agardh et al., showing
that generation of free radicals during reoxygenation is more dependent on the extent and
duration of ischemia than on the oxygen tension.54 Further, Solas at al, demonstrated higher
levels of excitatory amino acids in brain striatum, lower mean arterial blood pressure and a
significantly greater degree of cerebral hypoperfusion in piglets resuscitated with room air as
opposed to 100% oxygen.55–57 Our earlier study, on striatum of newborn piglets, showed that
repeated, intermittent severe apnea with resuscitation of 100% oxygen, as compared to 21%
oxygen, suppressed formation of local regions of tissue hypoxia and decreased the hypoxia
induced increase in extracellular dopamine, a major source of hydroxyl radicals and possible
marker of vulnerable brain striatum injury.8 This finding suggested that the level of free
radicals in striatum following apnea with resuscitation of 100% oxygen should be lower than
after apnea with resuscitation of 21% oxygen. Although not definitive for mechanism, it is
plausible that preconditioning and prevention of suppression of local regional hypoxia, may
account for the differences seen in severe, intermittent compared to sustained hypoxic insults.

LIMITATIONS
There are several important limitations to mention for this study. This is an anesthetized
(sedated and not spontaneously breathing) neonatal model of intermittent asphyxia, modeling
short severe episodes of central apnea without gasping or airway obstruction. The effect of
anesthesia, particularly inhaled anesthetic isoflurane, on cytoprotection and apoptosis cannot
be ruled out, but would be expected to be equally present in both groups. Variability of blood
pressure and cerebral perfusion during the induction of hypoxia with apnea in this model may
introduce some variability, which we attempted to minimize with a prospective protocol for
management of fluids, sedation, glucose, temperature, ventilation, CO2, paralysis, and acidosis.
Finally, the autopsy specimens of brain for biomarker proteins were analyzed at a single time
point, 6 hours following brain injury, near the minimum time to see protein changes signaling
apoptosis.

CONCLUSIONS
Clinically, the ideal concentration of supplemental oxygen to use for resuscitation remains
unknown. Titration of resuscitative intervention to the timing, intensity, duration, and
variability of the etiology of hypoxic insult is likely important. In this established neonatal
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piglet model of severe, repeated intermittent apnea induced brain hypoxia and resuscitation,
we found that selectively vulnerable regions of brain (striatum and hippocampus) were
consistently protected from apoptotic pathway activation at 6 hours after apnea when
resuscitation was conducted with 100%, rather than 21%, oxygen enriched gas. Apoptotic
pathway activation was not significantly different in less vulnerable regions of brain (midbrain
and cortex). Thus, the specific mechanism (sustained vs. intermittent) of apnea induced
hypoxic brain injury may benefit from different resuscitative gas interventions (100% vs. 21%
oxygen resuscitation) to achieve optimal support for vulnerable brain regions. We speculate
that when the mechanism of severe apnea induced asphyxial brain injury is intermittent with
repeated ventilation resuscitation, 100% oxygen (rather than 21% oxygen) may be a preferred
resuscitative gas mixture.
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Figure 1. A and B. Level of Bcl-2 in four regions of piglet brain measured after 6-hr recovery
following repetitive apnea with resuscitation with 21% and 100% of oxygen
The results are means from 7 experiments ± SD. The data are expressed in % of the control
(sham operated). ap<0.01 for significant difference from control; bp<0.05 and cp<0.01 for
significant difference between 21% oxygen and 100% of oxygen groups of animals, as
determined by one-way analysis of variance, followed by Mann–Whitney test.
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Figure 2. A and B. Level of Bax in four regions of piglet brain measured after 6-hr recovery
following repetitive apnea with resuscitation of 21% and 100% of oxygen
The results are means from 7 experiments ± SD. The data are expressed in % of the control
(sham operated). ap<0.05 for significant difference from control; bp<0.05 for significant
difference between 21% oxygen and 100% of oxygen groups of animals, as determined by
one-way analysis of variance, followed by Mann–Whitney test.
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Figure 3. A and B. Effect of repetitive apnea with resuscitation of 21% and 100% of oxygen on
level of Caspase-3 in four regions of piglet brain tissue measured after 6-hr recovery
The results are means from 7 experiments ± SD. The data are expressed in % of the control
(sham operated). ap<0.05 and bp<0.01 for significant difference from control; cp<0.05 for
significant difference between 21% oxygen and 100% of oxygen groups of animals, as
determined by one-way analysis of variance, followed by Mann–Whitney test.
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Figure 4. A and B. Effect of repetitive apnea with resuscitation of 21% and 100% of oxygen on
level of phosphorylated Akt in four regions of piglet brain tissue measured after 6-hr recovery
The results are means from 7 experiments ± SD. The data are expressed in % of the control
(sham operated). ap<0.01 for significant difference from control; bp<0.01 for significant
difference between 21% oxygen and 100% of oxygen groups of animals, as determined by
one-way analysis of variance, followed by Mann–Whitney test.
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Figure 5. A and B. Effect of repetitive apnea with resuscitation of 21% and 100% of oxygen on
level of phosphorylated CREB in four regions of piglet brain tissue measured after 6-hr recovery
The results are means from 7 experiments ± SD. The data are expressed in % of the control
(sham operated). ap<0.01 for significant difference from control; bp<0.01 for significant
difference between 21% oxygen and 100% of oxygen groups of animals, as determined by
one-way analysis of variance, followed by Mann–Whitney test.
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Table 1
Ratio of Bcl-2 to Bax in four regions of piglet brain measured after 6-hr recovery following repetitive apnea with
resuscitation with 21% and 100% of oxygen.

Regions of brain Experimental Conditions
21% Apnea 100% Apnea

Frontal Cortex 1.13 0.91
Midbrain 1.47 1.24

Hippocampus 1.22 1.96
Striatum 0.88 1.62

The ratios were calculated from results presented on Figures 1A–B and 2A–B.
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