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Douglas RM, Ryu J, Kanaan A, Rivero M, Dugan LL, Haddad
GG, Ali SS. Neuronal death during combined intermittent hypoxia/
hypercapnia is due to mitochondrial dysfunction. Am J Physiol Cell
Physiol 298: C1594–C1602, 2010. First published March 31, 2010;
doi:10.1152/ajpcell.00298.2009.—Breathing-disordered states, such
as in obstructive sleep apnea, which are cyclical in nature, have been
postulated to induce neurocognitive morbidity in both pediatric and
adult populations. The oscillatory nature of intermittent hypoxia,
especially when chronic, may mimic the paradigm of ischemia-
reperfusion in that tissues and cells are exposed to episodes of low and
high O2 and this may lead to oxidant stress. Therefore, we decided to
explore the potential contribution of oxidant stress in our intermittent
hypoxia/hypercapnia animal model and the role that mitochondria
might play in this stress. Neonatal mice were exposed to intermittent
hypoxia/hypercapnia for 10 days and 2 wk. Combined intermittent
hypoxia/hypercapnia led to a marked increase in apoptotic cell death
in the cerebral cortex. Oxygen consumption studies in isolated mito-
chondria from intermittent hypoxia/hypercapnia-exposed brains dem-
onstrated significant reductions in both state 4 and state 3 respiratory
activities by �60% and 75%, respectively. Electron paramagnetic
resonance spectroscopy registered a significant increase in superoxide
production during nonphosphorylating state 4 by 37%, although
superoxide leakage during state 3 did not increase upon treatment.
Neuronal superoxide-specific dihydroethidium oxidation was also
greater in exposed animals. These studies indicate that intermittent
hypoxia/hypercapnia leads to oxidative stress due to mitochondrial
response within the mouse central nervous system.

cyclical oxygen deprivation; mouse; central nervous system; apopto-
sis; superoxide

HYPOXIA OFTEN RESULTS in deleterious effects on central nervous
system (CNS) function and viability. The length, extent, and
pattern of hypoxic exposure, as well as age at the time of
exposure, determine the severity of the clinical outcome (32).
Intermittent hypoxia (IH) occurs during apnea of prematurity,
obstructive sleep apnea (OSA), and sickle cell disease. OSA, as
the prototypical sleep-disordered breathing state, is character-
ized by periodic breathing, episodic hypoxemia, and repeated
arousal from sleep. OSA and other sleep-disordered breathing
states are associated in children with neurocognitive abnormal-
ities including attention deficit and poor school performance
(18). Neonatal animal studies have demonstrated that IH leads
to executive dysfunction, increased responsiveness to novelty,
and locomotor hyperactivity that persists into adulthood (11,
36). Additionally, patients who suffer from sleep-disordered
breathing states demonstrate increased systemic markers of

oxidative stress, and free radical generation has been reported
to be increased in OSA patients (29, 38). Combined intermit-
tent hypoxia and hypercapnia (CIH/CIC) more closely approx-
imates breathing-disordered states than IH alone and may also
mimic the paradigm of ischemia-reperfusion in that tissues and
cells are exposed to episodes of low and high O2 and this may
lead to oxidant stress. Therefore, our recent studies have
focused on determining the participation of reactive oxygen
species (ROS) in intermittent hypoxia- and hypercapnia-in-
duced injury or cell death.

IH induces a series of cellular, molecular, and pathophysi-
ological responses that result in either adaptation and survival
or injury and cell death. IH leads to oxidative stress and
induces lipid peroxidation, increased production of stress-
responsive proteins, and neuronal apoptosis (19, 20, 37, 47).
Even though it is still a controversial issue, it is important to
realize from recent evidence that ROS and reactive nitrogen
species are generated not only from conditions of increased O2

such as in hyperoxia but also from hypoxia (9, 23). Whether
most ROS that are produced in cells as a result of OSA are
derived from mitochondria is not clear at present. Hypoxic
stress may also lead to impairment of antioxidant defense
mechanisms by alterations in the activities of glutathione
reductase and glutathione peroxidase, which can impair mito-
chondrial activity at complexes I and III (42).

The very fact that mitochondria participate in amplification
of suicide signals in cells has stimulated interest in the mech-
anism of this and related phenomena. It seems probable that
mitochondria possess an autonomic system that allows them to
commit suicide as a mechanism for ridding the cell of mal-
functioning mitochondria, e.g., those overproducing ROS (43).
This mitoptosis or mitochondrial apoptosis is mediated by
ROS, causing opening of the permeability transition pores in
the inner mitochondrial membrane. This is followed by col-
lapse of the mitochondrial membrane potential, interruption of
the import of vital mitochondrial protein precursors, and even-
tually disintegration of the organelle (44). Therefore, mitopto-
sis can serve to purify the mitochondrial population of a cell
from ROS-overproducing mitochondria. Mitoptosis can purify
the mitochondrial population in a cell from the ROS-overpro-
ducing organelles, which could avoid catastrophic cell death if
ROS levels are left unchecked. Large-scale apoptosis also can
be used by organisms to eliminate some organs during onto-
genesis (organoptosis). It is therefore conceivable that mito-
chondria tightly regulate apoptosis through ROS-mediated
control of mitoptosis. Under severe hypoxia, mitochondria
permeabilization of the outer membrane and release of cyto-
chrome c are crucial events marking cell death.
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We therefore hypothesized that exposure to CIH/CIC would
lead to enhanced neuronal death within the CNS and would
occur in response to the excessive generation of ROS. We
therefore examined neonatal mice that were exposed to CIH/
CIC for markers of cell death and oxidant stress, as well as for
the production of superoxide.

MATERIALS AND METHODS

Animals

Pregnant CD-1 mice were obtained from Charles River (Wilming-
ton, DE). Care was exercised in the handling of these animals, and the
minimal number of animals that was absolutely required was used in
this study. This study was conducted in conformity with the American
Physiological Society’s “Guiding Principles for Research Involving
Animals and Human Beings” and was approved by the University of
California, San Diego Institutional Animal Care and Use Committee.
Animal experiments were carried out in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals (NIH Pub. No. 80-23, revised 1996).

Intermittent Hypoxia/Hypercapnia Exposure

Postnatal day 2 (P2) CD-1 mouse pups were housed with their
dams in isobaric Plexiglas chambers. Litters were culled to eight to
ensure adequate nutrition of the pups. Food and water were provided
ad libitum within the chamber. The protocols used to expose mice to
hypoxia and hypercapnia have been described previously (13, 15, 27).
In brief, a combination of nitrogen and oxygen (O2) and carbon
dioxide (CO2) was injected into the chambers through a network of
tubing to achieve selected concentrations of O2 and CO2. This was
controlled by the Oxycycler hydraulic system (model A44x0, Bio-
Spherix, Redfield, NY) and ANA-Win2 software (version 2.4.17,
Watlow Anafaze). For CIH/CIC, every cycle consisted of a 4-min
period during which O2 and CO2 concentrations were maintained at
11 � 0.1% and 8 � 0.1%, respectively, followed by a 4-min period
at 21 � 0.1% and �0.0 � 0.1%, respectively. The ramp time between
the two levels was �1–2 min. Normal control mice were kept in the
same room and were exposed to the same level of noise and light for
the duration of each experiment. Litters of mice, with their respec-
tive controls, were exposed to CIH/CIC for 10 days or 2 wk, 24
h/day, starting from P2. We selected these exposure durations of 2
wk on the basis of previous studies demonstrating that peak
apoptosis in response to IH alone occurred at 10 days of exposure
(20) and that robust changes in the expression of acid-base trans-
porters occurred at 2 wk of exposure in response to IH (13) and
constant hypercapnia (26).

Pulse Oximetry

Respiratory rates, oxygen saturation, and pulse rates were recorded
on unrestrained, unanesthetized mice (n � 4) either in room air or in
the environmental chamber with the MouseOx system (Starr Life
Sciences, Oakmont, PA) per the manufacturer’s instruction. Data were
collected for at least 5 min and only used when no error code was
given; respiratory rates were then calculated as an average.

Immunofluorescence Staining

Perfusion and fixation. Mice were deeply anesthetized with drops
of isoflurane (MWI, Meridian, ID) in a closed chamber and were
rapidly perfused transcardially with 0.9% saline in 0.1 M phosphate
buffer (PB; pH 7.5) and 4% paraformaldehyde in 0.1 M PB (pH 7.5).
The fixed tissue was dissected out and placed in fixative for 24 h,
followed by cryoprotection in 20% glucose in PB for �48 h. Subse-
quently, 10-�m and 50-�m frozen sections were prepared from the
dorsal aspect of the cerebral cortex from bregma (�0.94) to bregma
(�3.08) according to Paxinos and Franklin (33), which overlies the

entire rostro-caudal extent of the rostral hippocampal formation, with
a Leica cryostat (Leica Microsystems, Bannockburn, IL).

Single-stranded DNA and cytochrome c staining for apoptosis.
Staining for apoptotic cells was performed with an antibody to
single-stranded DNA (ssDNA) that is specific to apoptotic but not
necrotic cells (ssDNA mouse monoclonal antibody, clone F7–26;
Chemicon, Millipore) (16) and was performed according to the
manufacturer’s recommendations. Cryosections were incubated in 20
mg/ml proteinase K (Chemicon) at room temperature (RT) for 20 min
to remove DNA-binding proteins such as histones and then rinsed
with distilled, deionized water (DDW; 3 � 2 min each). Antigen
retrieval was then performed by incubating cryosections in 10 mM
citrate buffer, pH 6 in a microwave oven (3 cycles; 3 min each)
followed by rinsing in phosphate-buffered saline (PBS; 2 � 2 min
each) and DDW (1 � 2 min). Sections were then incubated in 50%
formamide (Sigma-Aldrich, St. Louis, MO) in DDW at 56°C for 20
min to unravel DNA strands, after which they were transferred to
ice-cold PBS for 5 min. Sections were blocked in 3% nonfat milk
(Carnation, Nestle Food, Glendale, CA) in DDW for 15 min and then
incubated with ssDNA primary antibody in 1% milk-PBS for 15–20
min at RT. After being rinsed in PBS three times for 5 min each,
sections were incubated with fluorescein isothiocyanate (FITC)-con-
jugated anti-mouse IgM secondary antibody (Molecular Probes, In-
vitrogen Corp, Eugene, OR) and rinsed three times for 5 min each in
PBS. This was followed by incubating sections with a primary
antibody to NeuN (Chemicon, Temecula, CA), a neuronal marker,
followed by an Alexa Fluor 546 secondary antibody (Molecular
Probes) and mounted with Prolong Gold Antifade reagent with 4=,6-
diamidino-2-phenylindole (DAPI; Molecular Probes).

Cell counting. Serial sections separated by at least 30 �m were
processed either on slides (10-�m sections) or as free-floating sections
(50-�m sections). Cryosections were then viewed and analyzed on a
Zeiss LSM 510 laser scanning confocal microscope (Carl Zeiss,
Mannheim, Germany). Positive cells were counted within a �40
magnification high-power field (hpf) for both normoxic and hypoxic/
hypercapnic tissues. A minimum of 3 sections were examined from
each brain and at least 10 hpf were assayed for each section. Addi-
tionally, we probed some of the cryosections (n � 3) with antibodies
to cytochrome c (Imgenex, San Diego, CA)and Bcl-2 (Santa Cruz
Biotechnology, Santa Cruz, CA) to determine the potential involve-
ment of mitochondria in the observed cell death.

Dihydroethidium staining for intracellular superoxide radical.
Neonatal mice (P2) with their dams were exposed to intermittent
hypoxia/hypercapnia for 10 days. Eighteen hours before tissue col-
lection, normoxic and exposed neonates were given a series of two 27
mg/kg intraperitoneal injections, separated by 30 min, of either
dihydroethidine (Molecular Probes), which readily crosses the blood-
brain barrier, or PBS (sham) on day 9. Dihydroethidine is converted
to the fluorescent molecules ethidium and 2-hydroxyethidium (48)
upon specific oxidation by intracellular superoxide. Therefore, dihy-
droethidium (DHE) can be used as a specific in situ marker of
superoxide production. Eighteen hours later, anesthetized mice were
perfused transcardially with saline and 4% paraformaldehyde in PB
(Sigma) and brains were taken for immunofluorescence. Cryosections
(10 �m) were then generated and processed for routine immunoflu-
orescence. To identify the phenotype of cells expressing DHE, dou-
ble-labeling studies were performed with antibodies to glial fibrillary
acidic protein (GFAP; Dako Cytomation, Glostrup, Denmark) and
NeuN (Chemicon). DHE fluorescence (excitation 488 nm; emission
�560 nm) was visualized on a DeltaVision deconvolution microscope
(Applied Precision, Issaquah, WA).

Mitochondrial Function and Superoxide Production

As described above, mice were exposed to CIH/CIC for 2 wk
starting at P2. The brains from two to four mice were removed, and
mitochondria were rapidly isolated from pooled cerebral cortices by
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Percoll differential centrifugation, with minor modifications, within 2
h (1, 41).

Analysis of Mitochondrial Respiratory Function

Oxygen consumption was measured with a Clark-type oxygen
electrode (Oxygraph, Hansatech, Norfolk, UK). Purified nonsynapto-
somal mitochondria (�1–2 mg protein) were added to the oximetry
chamber in a 300-�l solution containing (in mM) 100 mM KCl, 75
mannitol, 25 sucrose, 5 H3PO4, 0.05 EDTA, and 10 Tris·HCl, pH 7.4.
After 2 min of equilibration, 5 mM pyruvate and 5 mM malate were
added and oxygen consumption was followed for 2 min. ADP (250
�M) was added to measure state 3 (phosphorylating) respiration.
Oligomycin (2.5 �g/ml) was added 2 min later to inhibit the F0F1-
ATPase and to determine state 4 (resting) respiration. The maximal
uncoupled respiratory rate was obtained by adding 0.2 �M carbonyl
cyanide m-chlorophenylhydrazone (CCCP) to the mixture. Oxygen
utilization traces and rate determinations were obtained with Oxy-
graph software. Protein concentrations were quantified with a bicin-
choninic acid (BCA) kit (Pierce).

EPR Measurements of Mitochondrial Superoxide Production

Mitochondrial suspensions (�200–400 �g protein) were incubated
for 10 min with 30 mM 5-(diethylphosphoryl)-5-methyl-1-pyrroline-
N-oxide (DEPMPO) and appropriate combinations of respiratory
substrates. The mixture was loaded into 50-�l glass capillary and
introduced into the electron paramagnetic resonance (EPR) cavity of
a MiniScope MS200 Benchtop spectrometer, which allowed the
temperature to be maintained at 37 � 0.1°C with a Biotemperature
control unit. We confirmed that the detected EPR signals were
substrate specific and not due to redox cycling in the studied mixtures
(data not shown). No EPR signals were registered when DEPMPO
was mixed with combinations of substrates in the absence of mito-
chondria. To amplify the EPR signals, we included the superoxide
dismutase (SOD) inhibitor diethyldithiocarbamic acid (DETC; 5 mM)
in the final mixtures. EPR conditions were as follows: microwave
power, 5 mW; modulation amplitude, 0.2 mT; modulation frequency,
100 kHz; sweep width, 15 mT centered at 334.9 mT; scan rate, 0.75
mT/s; each spectrum was the average of five scans. Assignment of the
observed signals from mitochondria was confirmed through computer-
assisted spectral simulation with WinSim software (http://
epr.niehs.nih.gov/pest.html). Mixtures of signals due to DEPMPO-
OOH and DEPMPO-OH adducts were detected, but complete removal
of these signals was achieved upon the inclusion of SOD (200 U/ml),
which confirmed that superoxide radical was the exclusive source of
the observed EPR signals.

Statistics

Data are reported as means � SE. Results were analyzed with the
Student’s unpaired t-test, and the protein nitration data were analyzed
with the Wilcoxon matched pairs test (GraphPad Prism version 4.00
for Windows, GraphPad Software, San Diego, CA). Differences in
means were considered statistically significant when P � 0.05. Error
bars indicate standard errors.

RESULTS

Effect of Intermittent Hypoxia/Hypercapnia on Body Weight
and Hematocrit

Two-day-old CD-1 mice were exposed to the hypoxic and
hypercapnic exposure paradigms outlined above for 2 wk and
demonstrated alterations in body weight and hematocrit (Fig. 1).
Body weight and hematocrit were measured at the time of
death. The data from male and female mice were not very
different at this time period and therefore were combined.

There were significant differences in weight gain [10.06 �
0.12 g (n � 53) vs. 7.34 � 0.13 g (n � 47)] and hematocrit
[36.2 � 0.58% (n � 18) vs. 42.2 � 0.68% (n � 21)] between
control and CIH/CIC-exposed mice.

Effect of Intermittent Hypoxia/Hypercapnia on
Respiratory Rates

Pulse oximetry was performed on unrestrained, unanesthe-
tized CIH/CIC-exposed mice within the chamber. There was a
modest decrease in O2 saturation levels during the CIH/CIC
period, which returned to control levels during the normoxic
period (90.64 � 0.799% vs. 98.84 � 0.5372%; P � 0.003).
There were no significant differences in heart rate (595.6 � 40.97 vs.
681.7 � 61.58 beats/min), pulse distension (221.2 � 21.17 vs.
211.4 � 10.68 �m), or ventilatory frequency (210.3 � 18.97
vs. 192.1 � 7.883 breaths/min) even though there was a trend
toward increased heart rate.

Effect of Intermittent Hypoxia/Hypercapnia on Neuronal
Cell Death

A dramatic increase in cell death as measured by immuno-
fluorescent staining of 10-�m cryosections with an antibody to
ssDNA was observed at 10 days in CNS tissues of mice
exposed to CIH/CIC (Fig. 2A) compared with normoxic mice.
The region of the brain that demonstrated the highest number

Fig. 1. Graphic representation of body weight (A) and hematocrit (B) of mice
exposed to combined intermittent hypoxia/hypercapnia (CIH/CIC) for 2 wk.
Significant differences between control and CIH/CIC mice: ***P � 0.0001.
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of ssDNA-positive cells was the piriform cortex. Sparse posi-
tive ssDNA labeling was observed in the lateral cortex con-
taining the ectorhinal, perirhinal, and lateral entorhinal corti-
ces. No ssDNA-positive staining was observed in the superior
cortex or the hippocampus. Therefore, cell counting was lim-
ited to the piriform cortex. Staining for single-stranded breaks
in DNA was colocalized with NeuN and DAPI staining, and
the nuclei of ssDNA-positive cells appeared condensed (Fig.
2A). Exposure of P2 mice to CIH/CIC for 10 days led to a
significant increase in the number of apoptotic cells in the
cerebral cortex as detected by the ssDNA antibody. Normoxic
mice demonstrated very low levels of apoptosis (0.25 � 0.14
cells/hpf; n � 3), whereas a large number of apoptotic cells
were detected in the cortex of mice exposed to CIH/CIC (20.63 �
1.9 cells/hpf; n � 3; P � 0.0001) (Fig. 2B). Whereas �100%
of normoxic apoptotic cells were of a neuronal phenotype,
57.5% of apoptotic cells were neurons, as determined by
colocalization with NeuN. A similar observation was made in
that there were increased numbers of cleaved caspase 3-posi-
tive cells in CIH/CIC-exposed brains (data not shown).

Effect of Intermittent Hypoxia/Hypercapnia on
Cytochrome c Localization

We examined the brains of normoxic and CIH/CIC-exposed
mice for levels of protein expression of cytochrome c and
Bcl-2. There was no change in Bcl-2 protein expression by
either immunoblotting or immunohistochemistry, nor was
there a change in cytochrome c protein levels by immunoblot-
ting (data not shown). However, cytochrome c demonstrated
translocation from the mitochondrial to the cytosolic pool in
response to CIH/CIC (Fig. 3). Interestingly, the greatest den-
sity of cells demonstrating cytosolic cytochrome localization
was in the piriform cortex, which correlates with the ssDNA
data as well as the DHE data presented below.

Effect of Intermittent Hypoxia/Hypercapnia on
Mitochondrial Function

Mitochondrial respiratory response to CIH/CIC treatment.
Mitochondria are generally assumed to be the major source of
ROS production and have been shown to mediate somatic

Fig. 2. A: postnatal day 2(P2) CD-1 mice were exposed to intermittent hypoxia/hypercapnia for 10 days, and brain cryosections were stained with an antibody
to single-stranded DNA (ssDNA) to detect apoptotic cells. Top: coronal sections from mice exposed to normoxia. Bottom: coronal sections from mice exposed
to combined CIH/CIC showing 4,=6-diamidino-2-phenylindole (DAPI) in blue, ssDNA in green, and NeuN in red. Arrows indicate ssDNA-positive cells.
B: graphic representation of apoptotic cell counts from control and CIH/CIC-exposed brain cryosections (n � 3; ***P � 0.0001). hpf, High-power field.
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cellular responses to IH through ROS-activated pathways (34,
40). Because changes in mitochondrial respiratory function and
coupling can directly modify ROS production, we evaluated
respiration in isolated brain mitochondria from CIH/CIC-
treated and untreated neonates. Respiratory steady states have
been defined by Chance and Williams (8) according to a
protocol for oxygraphic measurements of oxygen consump-
tions (d[O2]/dt) by isolated mitochondria as follows: state 1 is
the d[O2]/dt in the presence of endogenous substrates with
inorganic phosphate in the mitochondrial respiration medium.
Addition of ADP induces a phase of initial oxygen consump-
tion associated with effectively exhausting endogenous sub-
strates, after which state 2 is a substrate-limited state of
residual oxygen consumption (should also correspond to state
4). State 3 is then achieved by the addition of ADP in the
presence of NAD	-linked substrates, which are excess malate
and pyruvate in our case. Upon the depletion of ADP, respi-
ration drops in the transition to state 4, which is an ADP-
limited resting state (leak state). Significant reductions in both
state 4 [resting; 61.28 � 8.36% of control, F(1,10) � 10.236,
P � 0.01; n � 5] and state 3 [phosphorylating; 76.74 �
4.32% of control, F(1,10) � 6.41, P � 0.05; n � 5] activities
were observed in the CIH/CIC-treated group (Fig. 4). Max-
imally uncoupled respiratory rate was moderately lower in
mitochondria isolated from the treated group, indicating that
CIH/CIC treatment globally reduces the activity of the
respiratory enzymes. These results follow a similar trend
observed under chronic constant hypoxia, although our
experimental regimen reduced state 4 more drastically and
state 3 more moderately (10).

CIH/CIC treatment increases ROS leakage during resting
but not phosphorylating respiration. EPR spectroscopy is
currently the only technique that can detect, identify, and
quantify free radicals unequivocally. In spin trapping EPR
experiments the short-lived radical is reacted with an exog-
enously added nitrone (DEPMPO in our case) to produce the
much more enduring, and EPR active, nitroxide adduct. The
resultant nitroxide signal can be analyzed through computer
simulation to reveal the identity of the radical species
involved, and the signal amplitude is proportional with its
concentration. We have previously reported (1, 35) the
detection of basal mitochondrial ROS leakage, i.e., without
the inhibition of any of the electron transport chain (ETC)
complexes. Here we used EPR spin trapping spectroscopy to
follow the impact of CIH/CIC on basal ROS production
during physiologically relevant respiratory states. Although
it is commonly accepted that mitochondria leak ROS mostly
during transition from state 3 to state 4, when the ETC is
highly reduced and the ADP pool is consumed (3), our data
indicate that neonatal mitochondria leak higher ROS during
state 3 metabolism (Fig. 5A). This implies that ROS leakage
in respiring mitochondria from neonatal brains is directly
proportional to the rate of oxygen consumption. Figure 5B
also shows that CIH/CIC treatment significantly increased
superoxide production during resting respiration [137.32 �
8.04% of control, F(1,10) � 6.54, P � 0.05; n � 5].
Interestingly, CIH/CIC treatment did not impact superoxide leak-
age during active oxidative phosphorylation (OXPHOS), when
ADP is supplied.

Fig. 3. P2 CD-1 mice were exposed to intermittent hypoxia/hypercapnia for 10 days, and brain cryosections were stained with an antibody to cytochrome c. Top:
coronal sections from mice exposed to normoxia. Bottom: coronal sections from mice exposed to CIH/CIC showing DAPI in blue and cytochrome c in green.
Arrows indicate cytochrome c-positive cells.

C1598 LOW O2 AND HIGH CO2 INDUCE SUPEROXIDE IN MOUSE CNS

AJP-Cell Physiol • VOL 298 • JUNE 2010 • www.ajpcell.org

 by 10.220.33.1 on S
eptem

ber 16, 2016
http://ajpcell.physiology.org/

D
ow

nloaded from
 

http://ajpcell.physiology.org/


Intermittent Hypoxia/Hypercapnia Induces Superoxide
Production In Situ

The brains of CIH/CIC-exposed mice were probed for the
production of superoxide radical by examining the fluores-
cence signal generated by the oxidation of DHE by superoxide.
As can be seen in Fig. 6B, coronal sections of CIH/CIC mouse
brain (n � 3) demonstrate evidence of DHE fluorescence in
cells that appear to be neurons since there is colocalization of
DHE with NeuN, a neuronal marker. Similar to the results
obtained with ssDNA and cytochrome c, the basolateral cortex
demonstrated the highest number of DHE-positive cells. How-

ever, the number of DHE-positive cells in exposed tissue was
much less than that seen with ssDNA but significantly higher
than control (0–1 cells in normoxia and 7.5 � 2.277 cells in
CIH/CIC; n � 3) (Fig. 6A). Also, there was no evidence of
colocalization of DHE with GFAP-positive cells, i.e., glia (data
not shown). Interestingly, DHE fluorescence is seen in a
perinuclear region, which is suggestive of mitochondria being

Fig. 5. CIH/CIC treatment increases superoxide production during resting
[state 4 (St 4)] but not phosphorylating [state 3 (St 3)] mitochondrial respira-
tion. A: electron paramagnetic resonance (EPR) spectra resulting from super-
oxide trapping in mitochondria isolated from brains of neonatal mice after
CIH/CIC treatment for 2 wk starting at P2 or from untreated littermates
(control). Mitochondria suspensions (�200–400 �g protein) were incubated
for 10 min at 37°C with 30 mM 5-(diethylphosphoryl)-5-methyl-1-pyrroline-
N-oxide (DEPMPO) and appropriate combinations of respiratory substrates to
sustain the indicated respiratory states. To amplify the EPR signals, we
included 5 mM diethyldithiocarbamic acid (DETC) to inhibit endogenous
superoxide dismutase. EPR conditions were as follows: microwave power, 5
mW; modulation amplitude, 0.2 mT; modulation frequency, 100 kHz; sweep
width, 15 mT centered at 334.9 mT; scan rate, 0.75 mT/s; each spectrum was
the average of 5 scans. B: quantification of signal amplitudes, normalized by
protein concentration, in both groups during resting (state 4) or phosphorylat-
ing (state 3) indicates that treatment increased reactive oxygen species during
state 4 but not during state 3 respiration. *Statistical significance with respect
to state 4 in control group; #statistical significance with respect to treated
group. Differences in means were considered statistically significant by 1-way
ANOVA when P � 0.05; n � 6 independent runs/group.

Fig. 4. CIH/CIC treatment reduces mitochondrial respiratory activities.
A: representative oxygen consumption traces of isolated mitochondria from
2–4 pooled brains of neonatal mice after CIH/CIC treatment for 2 wk starting
at P2 or control untreated littermates. Purified nonsynaptosomal mitochondria
(�1–2 mg protein) were added to the oximetry chamber in a 300-�l solution
of the reaction buffer adjusted to pH � 7.4 and 37°C. Oxygen consumption
was measured as described in MATERIALS AND METHODS. CCCP, carbonyl
cyanide m-chlorophenylhydrazone; oligo, oligomycin; mal/pyr, malate/pyru-
vate. B: mean � SE rates of oxygen consumption, normalized per mitochon-
drial protein, during state 4, state 3, and uncoupled respirations for both control
and CIH/CIC-treated animals. *Statistical significance (P � 0.05) of treatment
by 1-way ANOVA followed by Tukey test. Differences in means were
considered statistically significant when P � 0.05; n � 6 independent
runs/group.
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the source of the observed signal even though it is also possible
that these structures are endoplasmic reticulum or the Golgi
apparatus. This indicates that intermittent hypoxia/hypercapnia
induces superoxide production in the CNS.

DISCUSSION

The exposure of neonatal mice to CIH/CIC resulted in
decreased body weight and increased hematocrit. CIH/CIC
also resulted in increased apoptosis, translocation of cyto-
chrome c from mitochondria to the cytosolic compartment, and
increased superoxide production from mitochondria isolated
from brain. This is in agreement with CIH/CIC studies per-
formed in the piglet (31) as well as studies of IH alone (19, 20,
37, 47). For example, Gozal et al. (20) assessed apoptosis in
response to an IH protocol using 10% O2 alone and found that
peak apoptotic cell death occurred after 10–25 days of IH. It is
noteworthy that CIH/CIC did not induce neuronal death in the
hippocampus or superior cortex. It may be possible that CO2

played a neuroprotective role in these studies, and that concept
will be addressed in future studies. This increased cell death
may underlie the neurocognitive morbidity seen in animal
models of OSA and in patients who suffer from sleep-disor-
dered breathing.

The most significant finding in the present study is that
mitochondria exposed to CIH/CIC have increased superoxide
production in the presence of depressed respiratory activities.
Mitochondria are involved in both apoptotic and necrotic cell
death, and the outcome depends on the severity of the insult as
well as the signaling pathways invoked (21). It has been
suggested that oxidative stress lies upstream of mitochondria-
dependent apoptosis (7). Therefore, it is possible that the
increased apoptosis seen in this model is a result of increased

ROS. ROS are known to be involved in cellular signaling
events when produced at physiological levels (24, 45). How-
ever, various stresses can lead to the accumulation of ROS to
pathological levels, which can lead to oxidative injury and cell
death (5). Further evidence for the participation of ROS in
neuronal injury has been provided in that N-acetylcysteine, an
antioxidant, has been reported to be neuroprotective during
hypoxia/ischemia (25) and other free radical quenchers and
antioxidant precursors have been shown to enhance cell via-
bility in hypoxic or ischemic stress (2).

In light of our present findings, it can be hypothesized that
ROS are induced initially by alterations in the activity of the
ETC caused by intermittent hypoxic/hypercapnic exposure.
For example, we observed a general reduction in oxygen
utilization by mitochondria isolated from CIH/CIC-treated
brains, with more pronounced impact on resting respiration
(state 4) and significantly higher associated ROS leakage. It
has been demonstrated that hypoxia paradoxically stimulates or
induces ROS release from mitochondria, and these species then
can modulate transcriptional and posttranslational responses to
low oxygen (14, 39). This ultimately leads to increased hy-
droxyl and peroxynitrite radicals (46). It is believed that ROS
are generated at complex I and complex III of the mitochon-
drial ETC during hypoxia (4, 22). For example, it has been
shown that mitochondria isolated from apoptotic cells produce
superoxide by switching from normal 4-electron reduction of
O2 to a 1-electron reduction upon release of cytochrome c (6).
This situation would be exacerbated during state 4 respiration,
when highly reduced ETC complexes tend to leak electrons to
oxygen and form superoxide, instead of completely reducing
O2 to water. This is expected to be associated with impeded

Fig. 6. P2 CD-1 mice were exposed to combined CIH/CIC for 10 days and assayed for dihydroethidium (DHE) staining. Brain cryosections were stained with
DAPI and NeuN and viewed on an Applied Systems DeltaVision deconvolution microscope.: coronal sections from mice exposed to normoxia (A) and coronal
sections from mice exposed to CIH/CIC (B) show DHE fluorescence (green) in the cytosol of neurons from the cerebral cortex, with DAPI in blue (arrows) and
NeuN, a neuronal marker, in red.
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oxygen consumption and lower state 4 respiratory rate, and
more superoxide will be generated as seen in our results.

Another recent study in the chick embryo has demonstrated
that hypoxia-reoxygenation leads to complex I inhibition and
mitochondrial damage via an upregulation of mitochondrial
nitric oxide synthase and increased nitric oxide-dependent
nitration of complex I (17). We have previously demonstrated
that IH alone can lead to mitochondrial dysfunction. In studies
using IH-exposed mice, we observed that N-acetylaspartate/
creatine (NAA/Cr) levels were decreased in hippocampus and
thalamus (12). NAA/Cr levels are indicative of mitochondrial
integrity because neuronal mitochondria are the site of NAA
synthesis and a decrease in NAA/Cr levels implies mitochon-
drial dysfunction. The increased superoxide production in the
present study may be indicative of impairment of ETC activity
and implicates mitochondrial dysfunction as the likely media-
tor of neuronal cell death in this model.

Evidence accumulating in the literature suggests that oxida-
tive stress underlies the pathophysiology of sleep apnea and
other related sleep-disordered breathing states as well as in
animal models of IH (30). IH also increases inducible nitric
oxide synthase expression in a temporally defined manner and
leads to increased peroxynitrite formation that may underlie
IH-induced neuronal injury and spatial memory deficits in mice
(37). Kim et al. (28) report that enhanced dopamine and
acetylcholine release induced by IH in PC12 cells is due to
Ca2	 and ROS. OSA patients also demonstrate enhanced
release of superoxide from polymorphonuclear neutrophils
(38). More recently, it has been reported that in an extended IH
paradigm in which hypoxia and normoxia were alternated
every 2 h in an in vitro model of primary neuronal cultures,
mitochondria were the likely source of ROS (40). In that study,
ROS were measured in whole cells with EPR and it was
determined, with the use of blockers of the ETC and NADPH
oxidases, that the source of ROS during hypoxia and the
transition from normoxia to hypoxia was mitochondria.

There are some concerns with the experimental design
utilized in these studies. First, we used 24 h/day exposures to
CIH/CIC, which does not reflect what occurs in OSA. How-
ever, it was our intent to compare these data with those
obtained with constant hypoxia previously utilized in our
laboratory and others. Also, since neonatal mice tend to sleep
for �20 h, it seemed an appropriate strategy. Additionally,
there was a significant increase in hematocrit in these studies
that could reflect the development of clinical polycythemia. It
is postulated that OSA may lead to clinical polycythemia but
only when severe, and our O2 saturation data indicated that
CIH/CIC only induced modest reductions in our model. Future
studies are being designed to address these issues.

In summary, CIH/CIC leads to increased cell death in the
rodent brain with concomitant increases in markers of oxida-
tive stress and reactive species such as superoxide. Therefore,
despite the lack of success with antioxidant strategies in clin-
ical trials, it is still imperative that therapeutic strategies
targeted at redox signaling in OSA patients be pursued.
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