
INTRODUCTION

MORE THAN 5 MILLION ADULT AMERICANS HAVE OBSTRUC-
TIVE SLEEP APNEA (OSA).1 Two thirds of adults with OSA complain
of significant sleepiness, fatigue, or both.2 One quarter of patients with
OSA have uncontrollable sleepiness that regularly interferes with their
quality of life.1 When treated for OSA, patients typically report less
somnolence.3-5 However, clinical trials assessing the effectiveness of
therapy for OSA show significant residual somnolence in many adults
despite effective therapy.3,5-11 Thus, an important clinical question
remains unanswered: is the sleepiness in OSA a readily reversible pro-
cess, or are there lasting alterations in sleep-wake control as a result of
the disease process? 

OSA involves repeated sleep–state-dependent upper-airway occlu-
sions, typically followed by arousal and complex autonomic responses
to disrupted ventilation and upper-airway occlusion.12

Numerous physiologic disturbances occur with each obstructive
sleep-disordered breathing event, including fluctuations in oxygen and
carbon-dioxide tensions, acid-base status, autonomic function, and
behavioral state. However, the physiologic derangement most closely
associated with sleepiness is the oxygen desaturation severity.6,13-15

Although the sleep-wake effects of chronic fluctuations in oxygen ten-
sion have not been explored, several recent reports indicate that long-
term intermittent hypoxia (LTIH), as occurring in OSA, causes profound
effects in other neuronal systems, including residual cognitive impair-
ments in rats,16-18 alterations in the hypoxic ventilatory response,19 and

reduced neuronal excitability in hippocampal CA1 neurons in slice
preparations of neonatal mice exposed to LTIH.20 Therefore, LTIH, inde-
pendent of the other physiologic disturbances occurring in OSA, may
result in residual sleepiness and sleep-wake disturbances.

Several recent studies suggest that LTIH may impose redox alter-
ations in neural tissue.16-19 Elevated cortical isoprostane levels have been
documented in rats after 1 week of intermittent hypoxia (IH).18

Oxidative neural injury may include not only increased isoprostane for-
mation,21 but also nitration22 and carbonylation.23 It is important, then, in
an initial exploration, to determine which major redox pathways are acti-
vated and where. Wake-promoting regions, present in the basal forebrain
and brainstem (for review24,25), are susceptible to oxidative injury.21-23 In
this study, we show that LTIH has long-lasting effects on behavioral
state control and that the protracted effects on behavioral state are asso-
ciated with diverse oxidative alterations throughout the brain but includ-
ing wake-promoting regions in the basal forebrain and brainstem. Some
of these changes, the lipid peroxidation and carbonylation, are consid-
ered irreversible biochemical changes.21,22

MATERIALS AND METHODS

Animals

Adult (24- to 36-week-old) male C57BL/6J mice (Jackson
Laboratory, Bar Harbor, ME) were studied. The methods and study pro-
tocols were approved in full by the Institutional Animal Care and Use
Committee of the University of Pennsylvania and conformed with the
revised NIH Office of Laboratory Animal Welfare Policy. Food and
water were provided ad libitum. 

LTIH Protocol

The LTIH protocol was adapted from recently published proto-
cols,16,20 with 2 exceptions: a sham IH (sham LTIH) exposure was incor-
porated into the protocol, and the duration of exposure to LTIH was 8
weeks to allow for possible adaptive changes, as may be present in OSA.
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Throughout both LTIH and sham LTIH, home cages of mice (4 to a cage)
were placed within 1 of 4 Plexiglas chambers (25 inches X 20 inches X
20 inches; Biospherix, Redfield, NY). Flow rates of > 99% pure nitro-
gen gas and > 99% pure oxygen into the chambers were varied with an
automated oxygen profile system (Oxycycler model A84XOV;
Biospherix, Redfield, NY) to result in episodic (90-second cycle length)
reductions from an ambient oxygen level of 21% to 9% for the LTIH-
exposed mice (14%-18% oxyhemoglobin desaturations), where the 9%
nadir was maintained for 5 seconds. Central arterial blood gases per-
formed on ketamine/xylazine anesthetized mice (n = 2) in the chamber
with the FIO2 held constant (5 minutes) at 21% and 9% revealed oxyhe-
moglobin saturation percentages at 93% to 94%, and 77% to 79%,
respectively. Sham LTIH was produced with changes in ambient FIO2

from 21% to 19% over the same cycle length as in the LTIH protocol to
provide comparable environmental noise and air exchanges. Both condi-
tions were produced for the majority (10 of 12 hours) of the lights-on
period of the 24-hour ambient-light cycle each day of the 8-week expo-
sure. Ambient oxygen, nitrogen, carbon dioxide, humidity, and tempera-
ture were recorded throughout study. 

Electrode Implantation and Recordings

Following LTIH or sham LTIH, mice were removed from the IH con-
ditions and allowed 1 week under normoxic conditions. A second group
of mice was removed from LTIH at the beginning of week 7 for elec-
trode implantation and then placed back into LTIH to complete the 8
weeks. Surgical implantation of electrodes and electrophysiologic
recordings followed, using previously described electrode implantation
methods.26 Mice were returned immediately postoperatively to their
home cages. Two to 3 days later, mice were placed in individual cages;
recording cables were connected to the mice, and the mice were then
housed inside a sound-attenuated, shielded, and well-ventilated desig-
nated sleep-recording room with a 12-hour lights-on (7:00 AM to 7:00
PM) and 12-hour lights-off schedule (ambient temperature: 25°C ± 2°C).
Electroencephalogram (EEG) signals were filtered at 0.3 and 35 Hz (1/2
max, 6 dB/octave), and electromyogram signals were filtered at 1 and
100 Hz and then amplified (12A5, AC amps, Grass Telefactor, West
Warwick, RI). Optimal combinations of the frontal and occipital EEG
electrodes were acquired with an electrode selector board (12 PB_36
Electrode Selector, Grass). Signals were sent to an A/D board (Converter
4801A, ADAC, Woburn, MA) in standard computers. The behavioral-
state acquisition and analysis program used for these studies was ACQ
3.4.27 Fourier analysis was performed on 10-second epochs of EEG sig-
nals (100 Hz digitization). Each 10-second epoch was scored as wake,
non-rapid eye movement (NREM) sleep, or rapid eye movement (REM)
sleep, and no epochs were excluded from analysis. In all mice included
in sleep analysis, the accuracy of the program relative to human-scorer
interpretation of raw EEG and integrated electromyogram for > 100
epochs per state was > 95% for waking and NREM sleep and > 85% for
REM sleep, as used previously.26

Sleep and Sleep Latency Protocols

To quantify sleepiness, a murine multiple sleep latency test (MMSLT)
was designed28 to parallel the human Multiple Sleep Latency Test.29

Within each of 4 consecutive 30-minute periods, mice were allowed one
20-minute nap opportunity, followed by enforced wakefulness with gen-
tle handling for any behavioral inactivity in the last 10 minutes prior to
next nap opportunity. Electrographic recordings were observed for sleep
onsets lasting ≥ 30 seconds. Sleep latency for each nap was defined as
the latency from the beginning of nap opportunity to sleep onset.
MMSLTs were performed from 2:00 PM to 4:00 PM under baseline and
6-hour sleep-loss conditions. The sleep recording and MMSLT protocol
were as follows: baseline sleep-wake recordings were initiated 1 week
after electrode implantation. Following a 24-hour sleep-wake recording
(day 1) and an MMSLT the following day (day 2), mice were deprived
of all sleep for the first 6 hours of the lights-on period (day 3) using gen-

tle handling with wakefulness confirmed electrographically.
Immediately following the forced wakefulness protocol, a second
MMSLT was performed from 2:00 PM to 4:00 PM (day 3). Upon com-
pletion of the MMSLT, recovery sleep was recorded for 8 hours (into day
4). Recovery sleep was analyzed in two 4-hour periods following forced
wakefulness and the MMSLT; sleep data were compared to the data from
the 4-hour baseline period for the same zeitgeber time points. 

Sleep and MSLT Analysis

Behavioral state parameters were analyzed using factorial analysis of
variance (ANOVA) with Tukey-Kramer q corrections for all compar-
isons or Bonferroni t for selected comparisons.26 The primary variables
were total sleep time per 24 hours, NREM sleep time per 24 hours, REM
sleep time per 24 hours, and MMSLT values. Two-way ANOVA was
used to compare recovery sleep responses in sham LTIH and LTIH mice.
Secondary analyses included wake bout length (time spent with consec-
utive wake epochs following > 30 seconds of sleep), sleep bout length
(time spent with consecutive NREM or REM epochs lasting > 30 sec-
onds), diurnal wake ratio (wake time in light relative to dark period),
REM sleep latency (onset to REM epoch following at least 3 NREM
epochs without intervening wake epochs), arousal index (1 or more
wake epochs following at least 3 NREM or REM epochs26,30), and delta
decline across the rest period (linear slope of relative delta power across
hours of the lights on or recovery sleep period26,31). Secondary variables
were analyzed with 2-way ANOVA, using Tukey-Kramer for multiple
pairwise comparisons (q values). The Tukey-Kramer q value is of simi-
lar magnitude to the Bonferroni t value and is a conservative statistical
tool for multiple comparisons. Values were reported as mean ± SEM.
Statistical significance was determined using data analysis software for
ANOVA and paired t tests (Graph Pad Prism, San Diego, CA) and
defined when probabilities of the null hypothesis were < .05.

Measurement of Lipid Peroxidation

Isoprostane (d4-8,12-iso-iPF2α-VI) analysis of thalamus and basal
forebrain tissue was performed in LTIH (n = 10) and sham LTIH (n = 8)
mice following 2-week recovery from IH conditions. Mice were deeply
anesthetized with ketamine/xylazine 100/15 mg/kg intraperitoneally and
then perfused intracardially with 4°C 0.9% PBS with 2 mmol EDTA and
20mmol BHT, pH 7.4.32 Brains were immediately removed and placed
on a dry-ice dissection block for immediate dissection of the thala-
mus/basal forebrain. The tissue was weighed and immediately homoge-
nized, and total lipids were extracted using Folch solution (chloro-
form:methanol 2:1 vol).33 Base hydrolysis was performed using 15%
KOH at 45°C for 1 hour. A fixed amount of internal standard of d4-8,12-
iso-iPF2α-VI extracted on a C18 cartridge column was added to each
sample. Thin-layer chromatography was used for purification of the elu-
ate, and negative-ion chemical ionization gas chromatography-mass
spectrometry was used to assay d4-8,12-iso-iPF2α-VI. Two-way ANOVA
was used to determine group differences.

Immunohistochemistry

Perfusion-fixed brains were flash frozen in liquid nitrogen and then
sliced in serial coronal sections (10 µm). For carbonyl immunoreactivi-
ty, a modified method of carbonyl derivitization and immunohistochem-
istry was used.34,35 In brief, slides blocked of endogenous peroxide (3%
H2O2 in methanol), progressively hydrated, and exposed to TBS (tris-
buffered saline), underwent protein carbonyl derivitization with 2,4-
dinitrophenyl hydrazone (DNPH) in HCl for 1 hour at 22°C. Sections
were rinsed in TBS, exposed to 10% normal goat serum (NGS) for 30
minutes and rinsed in 1% NGS before incubation with polyclonal rabbit
anti-DNPH (Dako, Carpinteria, CA) 1:200 in 1% NGS overnight at 4°C.
NGS (1:10) was placed on each slide for 30 minutes at 4°C, rinsed in
TBS, and then incubated with peroxidase-labeled goat antirabbit IgG
1:200 with 1% NGS in TBS 1 hour at 22°C. AEC (3-amino-9-ethylcar-
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bazole, Sigma) solution was applied for 10 minutes, followed by
Hematoxylum. Immunostaining for 3-nitrotyrosine was performed with
affinity-purified polyclonal 3-nitrotyrosine (gift of Dr. H. Ischiropolous,
University of Pennsylvania, Philadelphia PA), using methods previously
described in detail and a dilution of 1:200 and dithionite as a second con-
trol with the primary antibody.36 The magnocellular preoptic region in
each mouse was scored for fluorescence intensity relative to background
autofluorescence using a scale from 0 to 3, as previously described,37

with scorers blinded to the condition. Qualitative scores were compared

as primary variables for sham LTIH and LTIH, using unpaired 2-tailed t
testing with Mann-Whitney U-testing for nonparametric data. 

Measurement of Oxidized Proteins in the Basal Forebrain

Amounts of oxidized proteins were measured in block dissections of
the basal forebrains of mice exposed to either sham LTIH or LTIH using
an Oxyblot kit (Intergen, purchase, NY). In brief, 10 µg of protein from
SDS extract and 1 × DNPH (20 mmol DNPH in 10% trifluoroacetic

acid) were combined for 25 minutes and then
neutralized with a 2-M Tris/30% glycerol and
19% 2-mercaptoethanol solution. Samples were
electrophoresed on a 10% tris-glycine gel,
transferred, and blocked. The blots were incu-
bated overnight with rabbit anti-DNPH anti-
body (1:150) at 4°C, followed by 1 hour of
incubation in goat antirabbit (1:300). Enhanced
chemiluminescence (Supersignal; Pierce
Biochem; Rockford IL) was used (5 minutes) to
detect DNP-conjugated protein with an imag-
ing system (Fluorchem 8900 ImGen Tech New
City, NY) and then analyzed with Alphaease
FC Software (Alpha Innotech, San Leandro,
CA).

Antioxidant Transcriptional Response to LTIH

LTIH and sham LTIH mice (n = 5/group)
were deeply anesthetized with 80 mg per kg of
pentobarbital intraperitoneally and perfused
with sterile 4°C PBS. From 500 µm sections of
the forebrain macrodissections of the horizontal
diagonal band, substantia inominata, nucleus
basalis of Meynert and magnocellular preoptic
area were collected from each mouse. Methods
for mRNA semiquantification have been previ-
ously described.38 Total RNA was extracted by
a single step using Tri-zol and chloroform, and
PCR amplification was performed in a
GeneAmp PCR System 2400 (Perkin Elmer).
Standard curves were generated for each
primer/probe set using serial dilutions of known
quantities of DNA: 100,000, 10,000, 1,000,
100, and 10 copies per well, using methods of
Medhurst.39 Efficiency for each primer/probe
set (see Table 1) was quantified as the slope (m)
of the standard curve (CT = m (log Q) + c).
Quantity of mRNA copies/20 µg total RNA was
used as the primary variable for analysis.

RESULTS

LTIH Induces Increased Sleep During and
Immediately Following Exposure

Differences in sleep-wake architecture were
observed in LTIH mice (n = 8), relative to sham
LTIH (n = 9) mice, immediately following 8
weeks of LTIH conditions (F = 59, P < .001).
On day 1 of return to normoxia, total sleep time
in adult mice was 895 ± 55 minutes for LTIH-
exposed mice versus 670 ± 30 minutes for
Sham LTIH mice, q = 6.1, P < .001 (Figure 1).
The increase in total sleep time was secondary
to an isolated increase in NREM sleep (834 ±
100 minutes compared with sham LTIH:
617±27 minutes, q = 5.1, P < .01). To deter-
mine if this increased sleep time might be a
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Table 1—Primer and probe sequence sets for selected genes induced in nitrosative and oxidative
stress. 

Gene Genbank# Sequence Slope of Standard
Curve; Linearity
correlation  

Neuronal nitric oxide NM 008712 S-AGCTTCCACCTGCCTCGAA -3.3; 0.99
AS=GGGCACGGATTCATTCCTT
PR=CAGGCACCGGCATCGCTCC  

Hemoxygenase-1 NM 010442 S=GAGGTCAAGCACAGGGTGACA -3.0; 0.98
AS=ACGCCATCTGTGAGGGACTCT
PR=CCGCCTTCCTGCTCAACATTGA

Glutathione Reductase 1 NM 010344 S=AAGCGCTTCTCACCCCAGTT -3.1; 1.00
AS=GGGTGGCTGAAGACCACAGTA
PR=CTGCTGGCCGGAAACTTGCCC  

Methionine Sulfoxide Reductase A NM 026322 S=GCCAGGAGAGCACAGGGTACT -3.1; 1.00
AS=ACATCTAGAGCCAGCAGAGCAAA
PR=CCTGCCCTCGGGTGCCCAA

Note: Shown are sequences for sense (S) and antisense (AS) primers and the Taqman probe (PR) for real-time semiquantifi-
cation of mRNA copy numbers in micropunches of wake-promoting regions of the basal forebrain, including magnocellular
preoptic, substantia inominata, nucleus basalis of Meynert, and horizontal band nuclei. The right column shows slopes and
linearity of standard curves, showing excellent sensitivity of primer/probe sets, and suitability for quantification. Minimal
copy number detectable for all sets was 100 copies of mRNA.

Figure 1—Long-term intermittent hypoxia (LTIH) exposure in mice results in persistent large increases in 24-hour sleep
times. Data are shown as average 24-hour sleep times in minutes ± SEM for 4 conditions of long-term intermittent hypoxia:
sham LTIH 8 weeks followed by 2-week recovery in normoxia (black bars, n = 9), LTIH 8 weeks, day 56 of exposure, (gray
bars, n = 8); LTIH 8 weeks, day 1 recovery, (hatched bars, n = 8); and LTIH 8 weeks, followed by 2 week recovery (striped
bars, n = 9). * denotes Bonferroni-corrected differences, relative to sham LTIH data, P < .05. For the 3 groups of mice exposed
to 8 weeks of LTIH with varying recovery times prior to sleep recordings, there were no differences in total (TST) or non-
rapid eye movement (NREM) sleep time for 24 hours. Rapid eye movement (REM) sleep time increased for the 2-week recov-
ery time group, relative to the other groups, P < .05.
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rebound phenomenon following poor sleep during LTIH exposure, sleep
was measured in this same group of LTIH (n = 9) on the last day of LTIH
exposure. Total sleep time per 24 hours was equally elevated in mice
during LTIH exposure (NREM sleep and REM sleep were also
unchanged, Figure 1). Further, sleep on the last day of LTIH exposure,
relative to the first day of normoxia, revealed no differences in arousal
index, duration of sleep bouts, or the 24-hour distribution of hourly per-
centages of NREM and REM sleep. 

Effects of LTIH on Sleep Are Protracted

A separate set of mice was examined following a 2-week recovery
from either sham LTIH or LTIH. Sleep architecture comparisons
between groups, sham LTIH (n = 12) and LTIH (n = 9), revealed signif-
icant differences in sleep, F = 59.7, P < .0001 (Figure 1). Total sleep
time for 24 hours was 156 minutes longer in the LTIH-exposed mice
compared to sham LTIH mice, q = 6.8, P < .001. NREM sleep was
increased by 130 minutes (q = 5.1, P < .001). REM sleep was higher in

all LTIH mice than in sham LTIH mice (27 minutes,
Bonferroni t = 2.7, P < .05). Twenty-four–hour sleep effi-
ciency was increased in the LTIH mice, relative to sham
LTIH controls, 71 ± 4% vs 60 ± 1%, Bonferroni t = 2.9,
P < .05. The increase in NREM and REM sleep appeared
evenly distributed across the 24-hour cycle (Figure 2).
REM-sleep percentage of total sleep per 24 hours was
similar for the LTIH and sham LTIH (Bonferroni t =
0.001, NS). There were no differences in the relative
wakefulness time during dark versus light periods
(Bonferroni t = 0.003, NS). The arousal index was
reduced in the LTIH mice, relative to sham controls (6 ±
2 vs 10 ± 2 arousals per hour, Bonferroni t = 2.5, P < .05),
and a longer average duration for sleep bouts was
observed in LTIH mice, 13 ± 1 minutes versus 8 ± 0.5
minutes, Bonferroni t = 3.3, P < .05. Duration of wake-
fulness bouts did not differ between LTIH and sham LTIH
mice, 8 ± 1 vs. 7 ± 1, respectively, NS

LTIH Results in More Profound Sleepiness Following Short-
Term Sleep Loss

Sleep conditions (rested vs after forced wakefulness)
and IH conditions (LTIH vs sham LTIH) both affected
sleep latencies, F = 38.2, P < .001; see Figure 3). Mean
sleep latencies differed following undisturbed sleep: 12.7

± 0.5 minutes, sham LTIH (CI [confidence interval], 9-18 minutes, n =
19) and 8.9 ± 1.0 minutes, LTIH (CI, 4-15 minutes, n = 16), t = 4.2, P <
.01). Following 6 hours of sleep loss, both groups showed reductions in
their mean sleep latencies (sham LTIH, 8.9 ± 0.8 minutes, P < .05 and
LTIH 2.7 ± 0.4 minutes, P < .01. However, the mean sleep latencies fol-
lowing sleep loss were significantly lower in LTIH mice compared to
sham LTIH mice, t = 3.5, P < .001.

LTIH Results in Persistent Alterations in Sleep Homeostasis

Short-term sleep loss in sham LTIH mice resulted in increased REM
sleep time for both periods in recovery sleep 4:00 PM to 7:00 PM (7 ± 1
minutes baseline and 14 ± 4 minutes recovery, P < .05) and 7:00 PM -
10:00 PM (1 ± 0.5 minutes baseline and 5 ± 1 minutes recovery, P <
.05). In contrast, LTIH mice did not demonstrate an increase in REM
sleep following sleep loss for either time period (4:00 PM to 7:00 PM:
11 ± 1 minutes baseline and 12 ± 1 minutes recovery, NS; 7:00 PM -
10:00 PM: 3 ± 0.5 minutes baseline and 6 ±1 minutes recovery, NS. The
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Figure 2—The effects of long-term intermittent hypoxia (LTIH) on hourly sleep-state percentiles across the 24-hour light-dark cycle. Data shown are average hourly sleep-state percentages
(percentage of non-rapid eye movement [NREM] sleep/total time, left panel and percentage of  rapid eye movement [REM] sleep time/total time, right panel), at 2 weeks normoxia recovery
for mice exposed to sham LTIH (closed diamonds) and LTIH (open diamonds). Black bars along the x-axis mark the lights-off period.

Figure 3—Residual effects of long-term intermittent hypoxia (LTIH) on objective sleepiness.  Data shown are
individual mean sleep latency values (minutes) obtained using a murine multiple sleep latency test with all data
collected from 2:00 PM to 4:00 PM.28 The black bars on each scattergram denote average sleep latencies for
groups of mice exposed to 1 of the 4 LTIH conditions all at the 2-week recovery point: sham LTIH at baseline
unperturbed sleep (Sham LTIH BL, closed squares, n = 19); LTIH at baseline unperturbed sleep (LTIH BL, open
triangles, n = 16); Sham LTIH after 6 hrs forced wakefulness (Sham LTIH FW, closed triangles, n = 13); and LTIH
after 6 hrs forced wakefulness (LTIH FW, open diamonds, n = 14). Although there are overlapping data between
groups, there are significant differences between group multiple sleep latency values; * denotes a P < .01, and **
denotes a P < .001.  The sleep latencies for LTIH mice at baseline are similar to the latencies for Sham LTIH mice
after 6 hours forced wakefulness in the rest predominant period (lights-on).
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delta decline responses are shown in Figure 4. In sham LTIH mice, the
slope during recovery sleep was steeper (-5.7) than the slope during
unperturbed daytime sleep (-3.2), t = 3.3, P < .01. In contrast, there was
no difference in delta slopes during recovery and baseline sleep (-2.0
during baseline and –2.6 during recovery sleep, t = 0.8, NS). 

LTIH Results in Redox Alterations

Isoprostane isoform d4-8,12-iso-iPF2α-VI (F2-iP) was increased in
homogenates of the thalamus/rostral basal forebrain in mice 14 days
after exposure to LTIH: 363 ± 21 pg per mg of protein in LTIH mice (n
= 10) and 294 ± 25 pg per mg of protein in sham LTIH mice (n = 7), P
< .03, as shown in Figure 5. LTIH exposure resulted in an increase in
basal forebrain protein carbonylation when measured at the 2-week
recovery time point. Total protein carbonylation immunoreactivity
(expressed as chemiluminescent density) in homogenates of the rostral
basal forebrain in mice exposed to sham LTIH was 34.5% ± 5% com-
pared with 47.7% ± 5% in LTIH, t = 2.5, P < .05. Examples of enhanced
basal forebrain carbonylation following LTIH are presented in Figure 6.
Immunohistochemistry of the basal forebrain revealed minimal car-
bonylation in sham LTIH mice and pronounced carbonylation diffusely
in the basal forebrain, including magnocellular, substantia inominata,
horizontal diagonal band, median preoptic, and medial septal diagonal

band regions of LTIH mice. Many periventricular areas demonstrated
increased carbonylation. The median preoptic area showed intense car-
bonylation in both sham and LTIH mice. The caudate putamen of LTIH
mice showed the most intense carbonylation; examples are shown in
Figures 7E-H. The hypothalamus revealed weak staining in the lateral
hypothalamus, and the hippocampus revealed moderate carbonylation in
mice exposed to LTIH. In the brainstem, the periaqueductal gray, red
nucleus magnocellular, and dorsal raphe and median raphe showed the
most intense carbonylation. In addition, 3-nitrotyrosine immunoreactiv-
ity followed the carbonylation patterns overall. Measurement of fluores-
cence intensity for anti-3-nitrotyrosine relative to background was
assessed in the magnocellular preoptic and lateral hypothalamus regions
only. Nitration in the magnocellular preoptic region was increased in
LTIH mice compared to sham controls, 2.5 ± 0.4 versus 0.7 ± 0.4, U =
32, P < .05, as illustrated in Figure 8. There was no increase in nitration
in the lateral hypothalamus. 

Transcription of antioxidant enzymes increased in the rostral basal
forebrain of LTIH mice (n = 6) relative to sham LTIH mice (n = 6), F =
9.3, P < .01, as detailed in Figure 9. Although LTIH mice showed high-
er mean copy numbers, the variance was quite high, and the only statis-
tically significant changes were glutathione reductase (Bonferroni t =
2.7, P < .05) and methionine sulfoxide reductase A (Bonferroni t = 4.4,
P < .001). 

DISCUSSION

We have identified large and persistent increases in
both 24-hour sleep time and objective sleepiness follow-
ing short-term sleep loss in adult mice under conditions of
LTIH. Effects on sleep and sleepiness were present 2
weeks after return to normoxic conditions. In association
with the persistent LTIH alterations in behavioral state
control, we have observed oxidative changes throughout
the brain, including wake-promoting regions of the brain-
stem and basal forebrain. Specifically, we observed
prominent nitration and carbonylation within the magno-
cellular preoptic, substantia inominata, horizontal diago-
nal band, the medial septum/vertical diagonal band
regions of the basal forebrain, and the lateral hypothala-
mus, hippocampus, and dorsal raphe nuclei, present 2
weeks after completion of LTIH. Lipid peroxidation and
induction of antioxidant enzymes were increased in the
basal forebrains of mice exposed to LTIH. Whether these
changes occur in other sleep-wake regions will require
further study. Together, this work highlights a potential
role for intermittent hypoxia in redox injury to the basal
forebrain and in the residual sleepiness seen in many
patients with OSA. The significant redox alterations
induced by LTIH, in the present study, are redox alter-
ations associated with brain injury and many neurodegen-
erative diseases of the basal forebrain. This work raises
the possibility that LTIH, as occurs in OSA, could poten-
tiate oxidative injury in neurodegenerative processes. 

Novel Model of OSA Hypersomnolence

By design, the model used for these studies, intermit-
tent hypoxia mimicking severe sleep-disordered breath-
ing, is an incomplete model of OSA. The model includes
neither upper-airway obstruction nor hypercapnia, and
LTIH does not result in significant sleep fragmentation, as
evidenced in this study with sleep recordings during LTIH
and immediately following LTIH. Rather, this model with
its sham LTIH control, tests the selective contribution of
LTIH on neurobehavioral function.16,20 The hypoxia/
reoxygenation condition in the present study models the
hypoxia/reoxygenation patterns observed in adults with
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Figure 4—Declines in relative delta power across baseline and recovery sleep in mice exposed to either long-
term intermittent hypoxia (LTIH) or sham LTIH. Data are expressed as hourly average delta power values nor-
malized to the last hour of the rest (lights-on) period.31 Panels A (Sham LTIH) and C (LTIH) show delta decline
across the baseline, unperturbed, lights-on period. Panels B (Sham LTIH) and D (LTIH) show the delta decline
response after 6 hours of forced wakefulness. Following 6 hours of forced wakefulness, peak relative delta power
is increased relative to baseline (Panel A vs B), P < .05. In contrast, LTIH mice do not show the expected increase
in relative delta power at the beginning of recovery sleep (Panel C vs D).

B. Recovery: Sham LTIH
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severe sleep apnea: oxyhemoglobin desaturations of 14% to 18% occur-
ring 40 times per hour. Thus, this study was designed to explore the
importance of severe LTIH/reoxygenation events in the refractory hyper-
somnolence many persons with OSA experience, despite effective ther-
apy.

A recovery interval of 2 weeks was chosen to look for protracted
effects that might explain the significant residual daytime sleepiness in
persons treated for OSA.5 Having shown little recovery at 2 weeks, a
longer recovery period will be needed to determine the full extent of
reversibility. Consistent with the protracted behavioral-state abnormali-
ties with LTIH, are findings in a recent clinical trial of persons with OSA
showing minimal improvement in an abnormal delta decline across sleep
within 1 month of therapy, yet significant improvement after many
months of therapy.40 While further studies will be necessary to determine
the extent to which alertness is recoverable, the present data suggest that

reversal of LTIH-induced sleepiness in persons with severe OSA, if it
occurs at all, is unlikely to occur rapidly. 

Mechanisms Underlying LTIH Hypersomnolence

These persistent effects on behavioral-state control following LTIH
suggest either neuronal plasticity or injury affecting behavioral-state
control mechanisms. Both general processes have been shown to occur
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Figure 6—Carbonylation of proteins in the medial and lateral basal forebrain.
Representative individual samples of 10 µg of protein isolated from homogenates of the
magnocellular preoptic region, vertical and horizontal diagonal bands, and substantia inom-
inata of mice exposed to long-term intermittent hypoxia (LTIH) or sham LTIH. Shown sam-
ples were loaded onto a single SDS gel after derivatizing protein with 2,4-dinitrophenyl
hydrazone (DNPH) and then exposing samples to polyclonal anti-DNPH for detection of
carbonylated proteins.34,35 Lane 1 is a standard; lanes 2,3 (duplicates) show carbonylation
in a sham LTIH mouse.  Lanes 4,5 (duplicates form one LTIH mouse and lanes 6,7 (dupli-
cates) for a second LTIH mouse.  In all cases a wide range in sizes of proteins show car-
bonylation.  However, bands present in sham LTIH mouse are more dense in LTIH mice and
more bands show carbonylation reactivity in LTIH mice.

Figure 7—Immunohistochemical detection of protein oxidation throughout the forebrain of
mice exposed to long-term intermittent hypoxia (LTIH). Coronal sections (10 µm) exposed
immediately to 2,4-dinitrophenyl hydrazone (DNPH) for derivitization of carbonylated pro-
teins were incubated with polyclonal anti-DNPH. Carbonylated proteins are revealed with
AEC staining (red). Overall, the most intensely stained regions of the basal forebrain includ-
ed the medial septum (MS), corpus callosum (CS), and the striatum (STR). Other brain
regions with intense staining included the hippocampus and dorsal raphe. Panels A-D, ros-
tral basal forebrain: A = LTIH, anti-DNPH; B = LTIH, no primary; C = sham LTIH, anti-
DNPH; D = sham LTIH, no primary; Panels E-H, striatum, high power: E = LTIH, anti-
DNPH; F = LTIH, no primary; G = sham LTIH, anti-DNPH; H = sham LTIH, no primary.
Bar in A= 1 mm; bar in E = 50 µm.

Figure 5—Increased isoprostane (8,12-iso-IPF2α-VI) levels in basal forebrain/thalamus
homogenates in mice exposed to long-term intermittent hypoxia (LTIH). Shown are mean ±
SEM values for sham LTIH (black bar,  n =  7) and LTIH (gray bar, n = 10), as measured
with gas chromatography – mass spectroscopy revealing increased production of iso-
prostanes following LTIH exposure.  Asterisk * denotes P < .05.
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in non–sleep-wake neuronal populations following IH.16-20,41,42 Plasticity
has been shown following short-term and mild IH.41,42 Respiratory-drive
plasticity has been shown in response to short-term and relatively infre-
quent IH,41,42 with phrenic-nerve response to electrical stimulation of the
carotid sinus nerve showing long-term facilitation following IH expo-
sures.42

Longer-term and more-severe IH has been shown to result in reduced
neuronal responsiveness and neural injury.16-20 LTIH, with IH exposures
of similar magnitude to ours, results in increased apoptosis in the hip-
pocampus and cortex and gliosis in the cortex, concordant with impaired
spatial learning.16,18

Reactive oxygen or nitrogen species, or both, have been implicated in
both plasticity and injury responses to IH. Phrenic long-term facilitation
may be largely prevented by treatment with a potent superoxide ion
scavenger, manganese (III) tetrakis (1-methyl-4-pyridyl) porphyrin pen-
tachloride, throughout exposure to IH.43 Further, the increased cortical
isoprostanes and learning impairments following severe LTIH were
largely prevented by treating the rats throughout exposure with a
pyrrolopyrimidine antioxidant, PNU-101033E.18 Together, these data
suggest that the production of reactive oxygen species or reactive nitro-
gen species may contribute to both IH-induced plasticity and neuronal
injury. 

Following LTIH, immunoreactivity for carbonyl groups and 3-nitroty-
rosine was increased throughout the brain and brainstem without a
predilection for wake-promoting neuronal groups. The caudate putamen

consistently showed the most intense immunoreactivity for carbonyla-
tion and nitration. This is consistent with reports of increased vulnera-
bility in the caudate to hypoxia/reoxygenation. Although striatal injury
may contribute to sleepiness, a more likely explanation would be the
nitration and carbonylation in the magnocellular region and lateral
hypothalamus. The increased carbonylation and lipid peroxidation iden-
tified in the basal forebrain, hypothalamus, and brainstem following
LTIH represent potentially irreversible redox changes,44-46 and the
observed increased 3-nitrotyrosine immunoreactivity and isoprostane
levels in this study substantiate peroxynitrite formation.47,48 Because
peroxynitrite has been shown to potentiate vulnerability to oxidative
injury,49,50 we believe that initial injury may increase vulnerability to
repeated attacks, as with LTIH. Thus, we hypothesize that the longer the
exposure to moderate to severe IH, the more profound the oxidative bur-
den to the brain will be. In contrast, mild IH may offer a precondition-
ing benefit.51 The nitrative oxidative burden to the basal forebrain could
play an additive role in the development of oxidative neurodegenerative
processes. 

The pattern of increased total sleep time, evenly distributed across the
circadian period, is distinct from the increased sleep patterns recently
described in several transgenic murine models of hypersomnolence
where increased sleep has been shown only in the initial hours of the
dark period.52-54 Thus, the present findings are not consistent with an iso-
lated alteration in either CREB, or histamine or hypocretin activity. The
large increase in NREM sleep and REM sleep, with longer sleep bouts
and improved sleep consolidation yet increased sleepiness and impaired
delta decline, suggest to us that LTIH affects multiple components of
sleep-wake control. The shortened sleep latencies following forced
wakefulness suggest that the homeostatic mechanisms are intact. This
picture is more consistent with reduced excitability of wake-promoting
neurons rather than a loss of cholinergic basal forebrain neurons, where
a reduced homeostatic response would be expected. Following short-
term enforced wakefulness, mice exposed to IH have an impaired (blunt-
ed) delta response in recovery sleep. Abnormalities in delta decline
across sleep in persons with OSA have recently been described.40

Both reduced activity of wake-promoting neurons or increased activ-
ity of sleep-promoting neurons might explain the present findings.
Nitration has been shown to activate as well as inactivate important sig-
nal transduction enzymes in the basal forebrain,55-58 including key
enzymes for basal forebrain cholinergic neurons.59 One of the next direc-
tions for this work will be to quantify cholinergic and monoaminergic
neurons in wake-promoting regions, examine redox injury in these neu-
rons with double-label techniques for cell type and redox injury, and
then look at the responsiveness of both wake-promoting and sleep-onset
neurons in the basal forebrain to determine the impact of redox alter-
ations on function. 

CONCLUDING REMARKS

Together, these findings suggest that the neurobehavioral impairments
and the residual sleepiness in persons with OSA may stem from IH-
induced high-energy redox alterations in wake-promoting neurons, and
that many regions of the brain, including wake-promoting neuronal
groups, are susceptible to LTIH oxidative injury. Whether prevention of
oxidation or nitration during LTIH or following LTIH can prevent hyper-
somnolence or facilitate the recovery of alertness will be an important
direction for this work to substantiate the relationship between LTIH
oxidative injury and residual hypersomnolence. The presented findings
may also have implications regarding the hypersomnolence observed in
persons with oxidative neurodegenerative disorders, for example,
Alzheimer disease,60 dementia with Lewy bodies,61 and Parkinson dis-
ease62 and, perhaps, with aging, where oxidative changes have been
shown in the cholinergic and monoaminergic collections of wake-pro-
moting neurons. 
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Figure 8—Prominent nitration immunoreactivity in the large cell bodies within the magno-
cellular preoptic region of a mouse exposed to long-term intermittent hypoxia (LTIH).
Immunohistochemical staining performed with a polyclonal antinitrotyrosine antibody and
stained with a fluorescent secondary antibody. The left panel reveals baseline fluorescence
(no primary control), and the right panel shows the contiguous 10-µm coronal section incu-
bated with the primary anti-3-nitrotyrosine.

Figure 9— Antioxidant transcriptional response in the basal forebrain to long-term inter-
mittent hypoxia (LTIH). Shown are mean ± SEM mRNA copy numbers from quantitative
RT-PCR performed on micropunches (50 laser captures 50-µm diameter) from the magno-
cellular preoptic region/diagonal band/substantia inominata in mice exposed to sham LTIH
(black bars) and LTIH (gray bars). *denotes increases (Bonferroni corrected) in transcrip-
tion in LTIH samples. NNOS refers to neuronal nitric oxide synthase; GSR, glutathione
reductase; MSRA, methionine sulfoxide reductase A; HO-1, hemoxygenase-1.
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