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INTRODUCTION
Obstructive sleep apnea (OSA) is associated with neurobe-

havioral impairments and nerve injury.1-5 The pathophysiology 
of OSA involves frequent repeated sleep state-dependent col-
lapse of the upper airway resulting in arterial oxygen desatura-
tions and hypercapnia.6 Awakening from sleep results in rapid 
restoration of pharyngeal patency and gas exchange. These cy-
clical events are repeated throughout sleep.6 Degeneration of 
motor nerve axons can be found in soft palate tissue excised 
from individuals with OSA, but until recently, this nerve injury 
was thought largely to be a consequence of vibratory trauma 
from snoring.4,7-9 However, the presence of neurogenic changes, 
neural injury and nerve dysfunction in OSA can be predicted, 
in part, by the severity of fluctuations in arterial oxygenation 
across apneic events.1,10 Moreover, peripheral nerve conduction 
abnormalities in OSA extend beyond pharyngeal nerves.2,11,12 
Specifically, sural nerve action potential amplitudes are sig-
nificantly reduced in individuals with OSA and are partially 
reversed upon effective treatment for OSA, supporting a direct 
role for OSA in peripheral nerve injury.13
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Animal models implementing long-term intermittent hy-
poxia (LTIH), modeling sleep apnea arterial oxygenation pat-
terns without snoring confounds, have been instrumental in 
determining what neural injuries may be caused or influenced 
by hypoxia/reoxygenation events of OSA and the mechanisms 
by which LTIH injures neural tissue. In rats, we have found 
that LTIH attenuates hypoglossal nerve amplitude responses 
to excitatory neurochemicals glutamate and serotonin.14 Oxi-
dative stress contributes to LTIH-reduced hypoglossal excita-
tion, as superoxide dismutase mimetic administration across 
LTIH improves but does not normalize both hypoglossal ex-
citatory responses and oxidative stress.14 We have identified 
NADPH oxidase subtype 2 (Nox2) as a major source of oxida-
tive stress and neuronal injury in LTIH.15 Transgenic absence 
of Nox2 confers resistance to many of the LTIH injuries and 
neurobehavioral sequelae.15-20 At the same time, hypoglossal, 
facial, and trigeminal motoneurons manifest increased endo-
plasmic reticulum (ER) stress in response to LTIH, including 
upregulation and activation of CCAT-enhancer binding pro-
tein (C/EBP) homologous protein (CHOP).21 The presence of 
CHOP in brainstem motoneurons in mice exposed to LTIH 
predicts activation of caspase-7 and -3.21 CHOP, however, has 
been shown to contribute to both protective and injurious re-
sponses.22-25 Thus, major questions at present include whether 
CHOP influences LTIH oxidative stress, and/or Nox2 activa-
tion and apoptosis in motoneurons.

We hypothesized that CHOP upregulates Nox2 oxidative in-
juries in LTIH. To define CHOP’s role in LTIH injury and Nox2 
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upregulation in motoneurons, we examined oxidative and apop-
tosis/neuronal loss responses in motoneurons of mice with de-
letion of CHOP and wild-type controls. To relate these findings 
in motoneurons and motor nuclei with other neuronal groups 
susceptible to LTIH injury, we also examined CHOP relevance 
to LTIH oxidative injury in the cortex and hippocampus.

METHODS

Animals
Adult male B6.129S-Ddit3tm1Dron/J (CHOP-/-) mice bred > 10 

generations onto C57BL/6J (B6), and B6 wild-type (WT) mice 
(Jackson Laboratory) were studied. Young adult CHOP-/- mice 
do not display any gross behavioral or physical abnormalities, 
and lifespan is similar to wild-type laboratory mice. All mice 
were 8-9 weeks (young adult) at the onset of intermittent hy-
poxia (IH) exposure. Mice were housed in groups of 5 mice/
cage under conditions of 22 ± 1°C and 35% to 45% humidity 
and maintained on a 12-h light/dark cycle (with lights on at 
6 a.m. and off at 6 p.m.). Food and water were provided ad libi-
tum. The methods and study protocols were approved in full by 
the Institutional Animal Care and Use Committee of the Uni-
versity of Pennsylvania and conformed with the revised NIH 
Office of Laboratory Animal Welfare Policy.

Intermittent Hypoxia Exposure
LTIH exposures were created by modulating flow rates and 

adjusting the balance of inspired nitrogen and oxygen in cham-
bers using an automated nitrogen/oxygen delivery profile sys-
tem (Oxycycler model A84XOV; Biospherix, Redfield, NY). 
The fraction of inspired oxygen (FIO2) declined from 21% to 
5%, resulting in arterial oxyhemoglobin saturation nadir of 55% 
to 60% for < 5 seconds. A sham condition (Sham) controlled 
for chambers, fan, and air exchange noise, where mice were 
exposed continually to room air.14,16 Exposures were conducted 
for 22-24 cycles/h, 10 h/day (07:00-17:00), and 7 days/week 
for either 4 or 12 weeks. The longer exposure was selected to 
examine apoptosis and superoxide production. Humidity, ambi-
ent CO2, and environmental temperature were held as for above 
cage environments.

Tissue Procurement for Protein and RNA Studies
Immediately following LTIH and Sham exposures, mice 

designated for protein and RNA studies (n = 10/IH condition) 
were deeply anesthetized with pentobarbital (100 mg/kg intra-

peritoneally), and a transcardial perfusion with phospho-buff-
ered saline and RNase inhibitor was performed. Brains were 
then rapidly removed, coronally sectioned on a cold (-20°C) 
platform into 1-mm slices for tissue punches of trigeminal, hy-
poglossal, and facial motor nuclei, rostro-dorsal hippocampus, 
and frontal cortex layers I-V. Punches were stored in -70°C be-
fore protein or RNA extraction. Because motor nuclei tissue 
samples in mice are small, specific motor nuclei were selected 
for either protein or mRNA studies.

Western Blot
Western blot was used to compare Sham and LTIH redox 

responses in CHOP-/- and WT mice using tissue punches of 
pharyngeal motor nuclei and cortex, using previously report-
ed protocols.26 Individual tissue punches were homogenized 
on ice in lysis buffer with proteinase inhibitor cocktail. Puri-
fied protein was measured using the Pierce micro-BSA assay 
on centrifuged supernatants; 20 μg of total protein was run 
on SDS-PAGE gels (10% Tris-HCL, Bio-Rad). Gels were 
transferred to polyvinylidene difluoride membranes and pro-
cessed for detection of bands at the expected size. Details 
of primary antibodies are presented in Table 1. Images were 
analyzed with Odyssey Application software, version 3.0.16 
(Li-Cor) to measure mean integrated densities. Data were 
normalized to the mean integrated density of β-tubulin in the 
same sample.

Measurement of Protein Oxidation
Previous studies identified reduced carbonylated protein in 

Nox2-/- mice exposed to LTIH.15 To test the hypothesis that 
endogenous CHOP influences carbonylation, motor trigeminal 
and cortex samples were used to detect protein carbonyls (n = 
10 mice/group) for CHOP-/- and WT mice. To accomplish this, 
a protein oxidation detection kit was implemented according to 
the manufacturer’s protocol, adding 2-mercaptoethanol to re-
duce reversible oxidative changes (Oxyblot, Millipore); 20 μg 
protein/sample was incubated in 2-4-dinitrophenyl hydrazine 
(DNPH) for 15 min for derivatizing the carbonyl groups and 
then neutralized to stop the reaction.

Quantitative Real-Time Polymerase Chain Reaction (PCR)
LTIH and Sham LTIH mice were deeply anesthetized before 

perfusing with PBS and RNAase inhibitor. Brains were then 
rapidly removed, coronally sectioned in a cold (-20°C) platform 
in 1-mm slices for tissue punches of the hypoglossal motor, cin-

Table 1—Antibodies used in immunohistology and western studies

Primary Antibody Catalog # / Company IF Dilution WB Dilution WB Band Size
α -tubulin (for HIF-1α) #2144 / Cell Signaling – 1:1000 52 kDa
α -tubulin (for protein oxidation) sc-8035 / Santa Cruz 1:1000 55 kDa
CHOP sc-793 / Santa Cruz 1:100 – –
Choline acetyltransferase AB144P / Chemicon (Millipore) 1:1000 – –
Cleaved caspase- 3 #9661 / Cell Signaling 1:100 – –
ERO1L LS-C139777 / LifeSpan Biosciences 1:100 – –
HIF-1α NB 100-105 / Novus Biologicals – 1:500 120 kDa
MAP-2 ab32454 / Abcam 1:500 – –
Nox2 (gp91phox) 611414 / BD Transduction Laboratories 1: 500 – –
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gulate cortex, and CA1 hippocampus.26 
Total RNA was extracted using a Tri-
zol and chloroform; 1 μg total RNA 
was subjected to reverse transcription 
using Superscript II RNase H (Gibco 
BRL, Invitrogen). Primer/probe sets 
were designed using Primer Express 
2.0.0 software. Primers and probes us-
ing in this study are listed in Table 2. 
All primer probe sets showed excellent 
sensitivity and linearity (detection of > 
104 copies/sample, r2 > 0.99). Real-time 
PCR (7500 Real Time PCR System, 
Applied Biosystems) was performed in 
duplicate amplifying the cDNA at 50°C 
for 2 min, 95°C for 10 min, followed 
by 40 cycles of 15 s at 95°C, and 1 min 
at 60°C using TaqMan Gene Expres-
sion Master Mix (Applied Biosystems). 
Copy numbers were determined from a standard generated for 
each primer/probe set with known copy numbers.

Immunohistochemistry
Brainstem motoneurons were examined for the presence 

of Nox2, cleaved caspase-3 (CC-3), microtubule associ-
ate protein-2 (MAP-2), choline acetyltransferase (ChAT), 
and endoplasmic reticulum oxidoreductin-1like (ERO1L) 
in motor nuclei. Cortical (anterior cingulate and motor) and 
hippocampal neurons were examined for an LTIH effect on 
nuclear CHOP immunolabeling. Perfusion, cryopreservation, 
and sectioning details were recently published.21 Details for 
primary antibodies used in these studies are presented in Ta-
ble 1. Anti-ChAT was labeled with AlexaFluor594 (red) sec-
ondary, and other antibodies used to examine motoneurons 
were labeled with AlexaFluor488 (Invitrogen, green) for 1 h 
at room temperature.21 For cortical and hippocampal CHOP 
immunolabeling, sections were labeled using blue alkaline 
phosphatase substrate (Vector Laboratories). Imaging was 
performed using a Leica SP5 with AOBS confocal taking 
1-μm thick images, standardizing the imaging and coverslip 
distance per antigen series. NIH ImageJ was used to calculate 
the average optical density for target antigens in hypoglos-
sal neurons. An observer blinded to experimental conditions 
and genotype measured immunointensity signals. All ChAT 
labeled neurons with visible nuclei were analyzed for CC-3 
signals in nuclei and Nox2 signals in cytoplasm of ChAT-
labeled motoneurons.

Dihydroethidium Labeling and Analysis
Dihydroethidine is converted to fluorescent molecules di-

hydroethidium and ethidium, providing an index of superox-
ide production.27 Groups of CHOP-/- and WT mice that had 
been exposed to 12 weeks of LTIH or Sham (n = 5/group) 
were given intraperitoneal injections of 30 mg/kg dihydro-
ethidine (Anaspec) at 24 h and 6 h prior to perfusion. Brains 
and sections were processed as above. Hypoglossal motoneu-
rons were imaged with a Leica SP-5 AOBS confocal micro-
scope using a 546 laser tuned to 500-585 nm and a Texas red 
laser tuned to 605-700 nm; laser intensity, detector gain, am-

plifier offset, and depth of the focal plane within the section 
were also standardized across all sections imaged to allow for 
semi-quantitative comparisons. Neurons within the hypoglos-
sal nucleus > 30 μm in diameter were included in analysis us-
ing 2 mid-nucleus sections/mouse. ImageJ software was used 
with the readers blinded to LTIH and genotype conditions for 
each image to analyze immunodensities for each motoneuron 
averaged per mouse and analyzed in one-way ANOVA across 
the 4 groups.

Motoneuron Morphology and Density Measures
The coronal cross-sectional area and number of motoneurons 

in the hypoglossal nucleus vary within animal across the ros-
tral-caudal axis. Thus, a complete 1:3 series within the medulla 
was examined for each mouse with ChAT and MAP-2 labeling, 
and matching levels were confirmed for analysis. The number 
of motoneuron somata (cell diameter > 20 μm)28,29 with visible 
nuclei within the hypoglossal nucleus to compare 4 groups: 
WT LTIH, WT Sham, CHOP-/- LTIH, and CHOP-/- Sham. All 
neurons with soma diameter > 20 um showed both ChAT and 
MAP-2 labeling. The x,y coordinates of the cell counting box 
contained the entire coronal dimensions of the hypoglossal nu-
cleus, and the z-dimensions were defined with differential inter-
ference contrast to include from 3 to 10 μm from the coverslip 
(z-movement resolution, 0.1 μm).16 Cell count per box averaged 
per mouse was reported for n = 5 per genotype/IH condition 
with > 200 cells counted per mouse with investigators blinded 
to genotype/hypoxia conditions.

Statistical Analysis
Data are presented as the mean (± standard error). One-

way ANOVA was used for LTIH and Sham comparisons in 
WT only groups. Where multiple endpoints were examined 
together, Bonferroni comparison of selected groups was per-
formed (Statview Instat 3 software). Two-way ANOVA with 
independent variables (genotype and hypoxia condition) was 
used to determine significant effect of CHOP-/- genotype or 
LTIH or both (GraphPrism 3.0cx software). All tests were two-
tailed, and a final P-value less than 0.05 defined statistically 
significant results.

Table 2—Primer/probes sets for real time PCR

CHOP NM_007837 Sense: CTCTGATCGACCGCATGGT (632-650)
Anti-sense: AGTCCCCTCCTCAGCATGTG (777-758)
Probe: AGCATGAACAGTGGGCATCACCTCC (663-687)

ERO1L NM_015774.3 Sense: TGGTTTTACTCAGATTCATGGATTG (2275-2299)
Anti-sense: TAAGCAAGGCCTGAGGACACA (2410-2390)
Probe: CCAGGACCTCAGTCATGCTGGGCT (2348-2371)

HIF-1α NM_010431 Sense: CGA CCA CTG CTA AGG CAT CA (2260-2279)
Anti-sense: TGA TTC AAA GTG GCA GAC AGC TT (2377-2355)
Probe: CGG ACA GCC TCA CCA GAC AGA GCA (2283-2306)

Nox2 NM_007807.4 Sense: AAT GCC AAC TTC CTC AGC TAC AA (1482-1504)
Anti-sense: AGT TGG GCC GTC CAT ACA GA (1620-1601)
Probe: CTC AGG CCA ATC ACT TTG CTG TGC A (1531-1555)

Rn18S NR_003278.2 Sense: GTA AGT GCG GGC CAT AAG CTT (1653-1674)
Anti-sense: AGT CAA GTT CGA CCG TCT TCT CA (1787-1765)
Probe: ACA CCG CCC GTC GCT ACT ACC GA (1697-1719)
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RESULTS

LTIH Upregulates CHOP in Many, But Not All, Brain Regions
Our previous study showed that motoneurons susceptible 

to LTIH induced injury evidenced higher nuclear CHOP 
expression in response to LTIH.21 To extend these findings 
to other brain regions susceptible to LTIH, we examined the 
CHOP response to LTIH in the cortex and hippocampus, in ad-
dition to hypoglossal nucleus. Exposure to LTIH resulted in in-
creased CHOP mRNA in the frontal cortex of wild-type mice 
(t = 5, P < 0.01) and an increase of similar magnitude in the hip-
pocampus (t = 3, P < 0.05), as summarized in Figure 1A. CHOP 
mRNA increased (t = 6, P < 0.0001) more substantially in the 
hypoglossal nucleus (260% increase) compared to the cortex 
(67%) and hippocampus (74%). Consistent with the observed 
upregulation of CHOP mRNA, CHOP immunodensity in-
creased significantly in each of these regions, as summarized in 
Figure 1B (P < 0.0001). Across regions, the magnitude of LTIH 
immunolabeling changes was far greater than the LTIH effect 
on mRNA. The immunohistochemistry analysis focused only 
on pyramidal neurons, while micropunches included other neu-
rons, glia, and surrounding tissue. Figure 1C shows representa-
tive examples of CHOP immunolabeling, highlighting weaker 
CHOP labeling in the pyramidal neurons in a Sham WT mouse 
with a greater CHOP labeling in the LTIH exposed mouse.

Endogenous CHOP Contributes to Oxidative Stress in Regions 
Tested: the Hypoglossal Motor Nucleus and the Cortex

To test the hypothesis that superoxide production in LTIH is 
evident long term (12 wks) and to examine the role of CHOP in 
LTIH superoxide production in a representative group of mo-
toneurons (hypoglossal motoneurons), we examined WT and 
CHOP-/- mice exposed to Sham or LTIH. Overall, there were 
specific significant genotype and hypoxia influences on DHE 
(P < 0.001), as summarized in Figure 2A. While no difference 
in DHE expression in hypoglossal motoneurons was found be-
tween WT Sham and CHOP-/- Sham mice, in WT mice, there 
was a significant increase in DHE in hypoglossal motoneurons 
in LTIH compared to Sham WT (t = 6.2, P < 0.001). In con-
trast, there was no effect of LTIH on DHE in hypoglossal mo-
toneurons in CHOP-/- mice. DHE in CHOP-/- mice exposed to 
LTIH was significantly less than in WT mice exposed to LTIH 
(t = 4.8, P < 0.001). Figure 2B provides an example of the DHE 
labeling. The DHE signal was highest in regions where strong 
CHOP was observed in response to LTIH in WT mice. In sum-
mary, LTIH results in a sustained increase in superoxide pro-
duction in hypoglossal motoneurons, and endogenous CHOP 
positively influences this source of oxidative stress.

We next measured protein carbonylation across the 4 groups 
of mice for LTIH duration of 4 weeks (n = 10 mice/group) in 
the trigeminal motor nucleus (where DHE labeling was similar 
to hypoglossal motoneurons) and in the frontal cortex to extend 
to another LTIH-vulnerable brain region. There were signifi-
cant hypoxia and genotype influences on protein carbonylation 
for both motor trigeminal and cortex (P < 0.01). There was a 
significant increase in protein oxidation in the motor trigeminal 
nucleus in WT LTIH compared to WT Sham (t = 3, P < 0.05) 
and a significant difference between WT LTIH and CHOP-/- 
LTIH (t = 3, P < 0.05) (Figure 3A, C). There was no significant 

difference between CHOP-/- LTIH and CHOP-/- Sham mice. 
Similar relationships for LTIH and genotype were observed in 
the cortex and are presented in Figure 3B and D, where WT 
LTIH carbonylation compared to WT Sham was increased 
(t = 4, P < 0.01). Again, there was no significant difference be-
tween CHOP-/- LTIH and CHOP-/- Sham mice in the cortex. 
Thus, endogenous CHOP is necessary for the LTIH increase in 
carbonylation in both the trigeminal motor nucleus and cortex.

LTIH Increases Nicotinamide Adenine Dinucleotide Phosphate 
Oxidase 2 (Nox2) in Hypoglossal Motoneurons in Wild-Type 
Mice, and Absence of CHOP Prevents the LTIH Induced Nox2 
Upregulation in the Hypoglossal Nucleus

Previously we identified Nox2 as a major contributor to 
oxidative stress in catecholaminergic wake-active neurons in 
response to LTIH.15 LTIH induced Nox2 upregulation in the hip-
pocampus and cortex contributes to oxidative stress and related 
neurobehavioral impairments.30,31 To test the hypothesis that 
Nox2 is also upregulated in motoneurons and the hippocampus 
in response to LTIH, we examined transcriptional and transla-
tional Nox2 in motoneurons and/or hippocampus in response to 
LTIH. Nox2 mRNA copy numbers in hypoglossal motoneurons 
(n = 5/group) were higher in WT LTIH mice relative to sham 
WT mice (t = 5, P < 0.001), as summarized in Figure 4A left 
bars. Similarly, Nox2 immunodensities in hypoglossal somata 
in WT mice increased in response to LTIH (t = 5, P < 0.005), as 
shown in Figure 4B left bars. Under sham conditions, very little 
Nox2 was evident in hypoglossal motoneurons, where most lo-
calized to the perinuclear region of motoneurons (Figure 4C). 
In contrast, in WT mice exposed to LTIH, Nox2 was evident in 
most, but not all, motoneurons within the hypoglossal nucleus. 
Nox2 was also increased in surrounding tissue within the hypo-
glossal nucleus, consistent with upregulation also in glia and in 
neuronal projections (Figure 4C).

Transgenic absence of CHOP prevented the LTIH-induced 
Nox2 upregulation in the 2 brain regions examined: the hip-
pocampus and hypoglossal motoneurons. Specifically, in hypo-
glossal motoneurons, LTIH in CHOP-/- mice neither increased 
Nox2 mRNA (Figure 4A right bars) nor Nox 2 immunodensity 
in XII motoneurons (Figure 4B right bars). There were simi-
lar LTIH and genotype effects in the hippocampus for Nox2 
mRNA expression—WT LTIH was 86 ± 10 vs. WT sham, 
147 ± 17 (t = 4, P < 0.01) Similarly, Nox2 immunodensity in 
the hippocampus increased in WT mice in LTIH—Sham WT, 
14 ± 2 vs LTIH WT, 22 ± 4, t = 4, P < 0.01; and there was 
no increase in Nox2 in response to LTIH in CHOP-/- mice, 
CHOP-/- Sham—9 ± 1 vs CHOP-/- LTIH, 10 ± 1, t = 0.4, N.S. 
Nox 2 immunoreactivity in the hippocampus in LTIH WT was 
greater than in CHOP-/- LTIH, t = 5, P < 0.01. Thus, CHOP is 
necessary for LTIH-induced Nox2 upregulation of mRNA and 
protein in the hippocampus and hypoglossal nucleus.

LTIH Increases Hypoxia-Inducible Factor-1α (HIF-1α) in 
Hypoglossal Motoneurons in Wild-Type Mice, and Absence of 
CHOP Prevents the LTIH Induced HIF-1α Upregulation

Previous work has shown that HIF-1α is upregulated by 
LTIH in vitro, with similar changes in mRNA and protein, and 
that HIF-1α may influence Nox2 upregulation in the cortex and 
brainstem in response to LTIH,32 while Nox2 may influence 
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HIF-1α transcription.17 To test the hypothesis that CHOP influ-
ences HIF-1α responses to LTIH, we examined HIF-1α tran-
scriptional responses in hypoglossal motoneurons, cortex, and 
hippocampus in WT and CHOP-/- mice. Overall, there were 
significant genotype and LTIH condition effects on HIF-1α 

mRNA in the hypoglossal nucleus. LTIH increased HIF-1α in 
WT (t = 5.5, P < 0.001; Figure 5A). In contrast no difference 
was observed across LTIH conditions in CHOP-/- mice (t = 0.8, 
N.S). There was a significant difference between the HIF-1α 
transcriptional response in WT LTIH compared to CHOP-/- 

Figure 1—Long-term intermittent hypoxia (LTIH) increases endoplasmic stress protein, C/EBP homologous protein (CHOP) in pyramidal neurons in the 
cingulate cortex and hippocampus. (A) Mean CHOP mRNA relative normalized to ribosomal 18S in cortex, hippocampus and hypoglossal motoneurons after 
LTIH or Sham condition in wild-type mice. (B) Mean immunolabeling density of CHOP expressions in multiple brain regions after LTIH or Sham condition 
in wild-type mice, normalized to background immunointensity. (C) Representative images of CHOP immunohistochemistry staining in the cingulate 1 (Cg1) 
region of the cortex and CA1 region of the hippocampus in Sham and LTIH wild-type mice. Data presented as mean ± SE. *P < 0.05; **P < 0.01. Ctx, cortex; 
XII, hypoglossal motoneurons; Ant Cing Ctx, anterior cingulate cortex; Hippo, hippocampus.
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Figure 2—Endogenous CHOP is necessary for LTIH-induced superoxide production. Systemically-injected dihydroethidine converts to dihydroethidium 
(DHE) in the presence of superoxide and emits a fluorescence for excitation at 488 ηm and emission at > 560 ηm (red). A. Average fluorescence integrated 
densities of DHE in hypoglossal motoneurons from WT and CHOP knockout (CHOP-/-) mice after 12-weeks LTIH or sham LTIH exposure. B. Representative 
confocal images DHE fluorescence (red color) in large (> 25 μm) neurons in the XII nucleus of WT and CHOP-/- mice exposed to LTIH 12 wks or sham LTIH. 
Data presented as mean ± SE. P < 0.001.

Figure 3—CHOP is necessary for LTIH protein oxidation in the brain. Representative western blot for carbonylated proteins in mo V (A) and cortex (B) from 
WT and CHOP-/- mice exposed to either LTIH or sham LTIH. Mean integrated immunodensities for carbonylated protein in trigeminal motoneurons (mo V) 
(C) and frontal cortex (D) between groups. Data presented as mean ± SE. *P < 0.05; **P < 0.01.
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LTIH (t = 3, P < 0.05). A similar response was observed for 
the hippocampus, where LTIH increased the HIF-1α mRNA 
level in WT mice (t = 3, P < 0.05) but not in CHOP-/- mice 
(Figure 5A).

To determine whether the transcriptional response predicted a 
change in HIF-1α protein, cortical tissue, for which we had suf-
ficient quantities for both RNA and protein studies, was used: 50 
μg of protein was necessary to load to detect the 120-kDa band 

Figure 4—LTIH-induced upregulation of NADPH oxidase2 (Nox2) is prevented by transgenic absence of CHOP. (A) Nox2 mRNA expression in facial 
neurons in WT and CHOP-/- mice exposed to 4 weeks LTIH or sham LTIH. (B) Mean immunodensity for Nox2 expressions in hypoglossal motoneurons. (C) 
Sections of hypoglossal motoneurons with Nox2 (green) and ChAT (red) labeling. Nox2 was evident in most, but not all (see arrow), motoneurons within the 
hypoglossal nucleus in WT LTIH mice. In contrast, very little Nox2 was evident in WT sham LTIH and CHOP-/- mice under either condition. In WT LTIH mice, 
there were also higher Nox2 expressions in surrounding tissue with the hypoglossal neuron, consistent with upregulation also in glia and in neurites. Data are 
presented as mean ± SE. *P < 0.05; **P < 0.01; ***P < 0.001. ChAT, choline acetyltransferase.
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for HIF1α. As with mRNA, these were genotype and LTIH ef-
fects on HIF-1α protein (Figure 5B). Specifically, LTIH increased 
HIF-1α protein in the WT mice (t = 3, P < 0.05) but did not in-
crease HIF-1α protein in the CHOP-/- mice (Figure 5B and C). 
This differential response resulted in increased HIF-1α in the 
WT mice relative to CHOP-/- mice (t = 3, P < 0.05).

LTIH Increases an Additional Source of Oxidative Stress, 
Endoplasmic Reticulum Oxidoreductin-1L (ERO1L), and 
Endogenous CHOP is Necessary for ERO1L Upregulation in LTIH

Significant quantities of reactive oxygen species (ROS) can 
be produced within the endoplasmic reticulum (ER) during 
oxidative protein folding, and one of the sources of superoxide 
is ERO1L.33,34 ERO1L transcription is upregulated by CHOP 
activation. To examine the ERO1L response to LTIH in moto-
neurons, we measured ERO1L mRNA in motor nuclei and im-
munodensity in motoneurons. Overall, there were significant 
genotype and LTIH effects, P = 0.005. In WT mice, there was a 
significant increase in ERO1L mRNA expression (normalized 
to 106 copies 18S mRNA) in the facial nucleus in LTIH-exposed 
mice (t = 3, P < 0.05), as summarized in Figure 6A. There was 
no effect of LTIH on ERO1L mRNA expression in CHOP-/- 
mice: CHOP-/- LTIH vs. CHOP-/- Sham mice, t = 1, N.S. We 
next evaluated the ERO1L protein expression in hypoglossal 
nucleus using the integrated density of immunofluorescence 
(Figure 6B and C). Most EOR1L labeling in the hypoglossal 
nucleus was in motoneurons, with very little in surrounding glia 
and dendrites (Figure 6C). ERO1L integrated immunodensity 
was significantly increased in WT LTIH mice (n = 5) compared 
to Sham (n = 5) (t = 8, P < 0.001). No significant difference in 
ERO1L protein expression was found between CHOP-/- LTIH 
and CHOP-/- Sham mice, as summarized in Figure 6B. As ob-
served with mRNA, ERO1L protein was higher in WT LTIH 
than in CHOP-/- LTIH mice (t = 9, P < 0.001) (Figure 6B). Thus, 
in LTIH endogenous CHOP markedly upregulates ERO1L.

Transgenic Absence of CHOP Prevents LTIH Induced 
Hypoglossal Motoneuron Apoptosis and Loss

Previously we showed that LTIH results in increased nuclear 
cleaved caspase-3 in hypoglossal motoneurons.21 We first deter-
mined nuclear presence (% positive) of cleaved caspase-3 (CC-3) 
in WT and CHOP-/- mice exposed to Sham or LTIH for 12 wk 
(n = 5/group). Overall, there were significant LTIH and genotype 
effects (P = 0.0009). An example is provided in Figure 7A. LTIH 
resulted in a large increase in nuclear CC-3 in WT mice (t = 5, 
P < 0.001); results are summarized in Figure 7B. In contrast, in 
CHOP-/- mice, CC-3 was not elevated by LTIH. CC-3 was great-
er in WT LTIH than in CHOP-/- LTIH (t = 3, P < 0.05). Because 
cleaved caspase-3 is also observed in neurites in response to 
neuronal signaling, we compared neuron counts in all groups to 
examine neuronal loss. Specifically, we counted nucleated ChAT-
labeled and MAP-2 labeled large (> 20 μm diameter) neurons 
within the hypoglossal nucleus for each group. There were no 
differences in cell counts across WT mice and CHOP-/- mice ex-
posed to Sham (t = 0.4, N.S.). LTIH resulted in a reduction of 
cells in the WT mice (t = 4, P < 0.01; Figure 7C), while there was 
no reduction in hypoglossal motoneurons on the CHOP-/- mice 
exposed to LTIH (t = 0.4 N.S.). There were significant genotype 
effects of LTIH cell counts (t = 3, P < 0.05). Thus, transgenic ab-
sence of CHOP appears to prevent LTIH-induced apoptosis and 
neuronal loss in hypoglossal motoneurons.

DISCUSSION
Obstructive sleep apnea is associated with injury to and 

dysfunction of peripheral nerves, including brainstem moto-
neurons.1 Previously, we showed that LTIH, modeling OSA 

Figure 5—CHOP is necessary for LTIH-induced HIF-1α response in 
the brain. (A) Summary of HIF-1α mRNA expression in hypoglossal 
motoneurons (XII), hippocampus and cortex between groups. (B) 
Summary of HIF-1α protein expression in the cortex of WT and CHOP-/- 
mice after 4-week LTIH or Sham condition. (C) Representative images 
of western blotting for cortical samples for HIF-1α and α-tubulin protein 
expressions between groups. Data are presented as mean ± SE. 
*P < 0.05; **P < 0.01.
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oxygenation patterns results in oxidative injury to and apop-
tosis in hypoglossal motoneurons and reduced excitation of 
the hypoglossal nerve.21,35 Oxidative stress contributes to LTIH 
motoneuron injury. In support, administration of a superoxide 
dismutase mimetic across LTIH exposures reduces hypoglos-
sal motoneuron injury and improves excitation of hypoglossal 
nerves.35 LTIH, however, also results in significant ER stress 
with activation of CHOP and apoptosis pathways.21 The pur-
pose of the present work was to integrate the above oxidative 
and ER stress findings to determine whether ER stress influ-
ences oxidative stress in LTIH. Here we find that endogenous 
CHOP protein upregulates two major sources of reactive oxy-
gen species in eukaryotic cells: NADPH oxidase and ERO1L. 
Moreover, endogenous CHOP contributes to LTIH superoxide 
production within brainstem motoneurons, as measured with 
dihydroethidium. Importantly, endogenous CHOP contributes 

to both LTIH apoptosis and neuron loss, and CHOP plays simi-
lar roles in oxidative stress in other brain regions injured by 
LTIH, including the cortex and hippocampus. Collectively, the 
present data identify ER stress factor CHOP as a major con-
tributor to LTIH oxidative neuronal injury and loss.

Nox2 is implicated in LTIH neural injuries, including cor-
tical and hippocampal apoptosis. Nox2 upregulation in LTIH 
has also been shown to negatively influence spatial learning, 
memory, and wakefulness.15,30,32 Moreover, Nox 2 is a major 
source of oxidative stress and neuroinflammation in response 
to intermittent hypoxia.15,18,19,30,36 In this series of studies, we 
find that endogenous CHOP is responsible, at least in part, for 
Nox2 upregulation. In addition to CHOP upregulation of Nox2 
mRNA and protein, we provide indirect evidence of CHOP ef-
fect on Nox2 activity in that CHOP-/- mice showed reduced 
LTIH superoxide production in neurons and carbonyl protein. 

Figure 6—LTIH increases endoplasmic reticulum oxidoreductin 1 like protein (ERO1L), and is dependent upon the presence of CHOP. (A) Summary 
of ERO1L mRNA expression in facial neurons in WT and CHOP-/- mice with LTIH or sham LTIH. (B) Mean immunodensities for ERO1L expression in 
hypoglossal motoneurons between groups. (C) Sections of hypoglossal motoneurons with ERO1L (green color) and Chat (red color) labeling. Motoneurons 
weakly labeled with ChAT showed minimal ERO1L (arrows). Data are presented as mean ± SE. *P < 0.05; **P < 0.01. ChAT, choline acetyltransferase.
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CHOP is activated by prolonged or severe ER stress, primar-
ily through activation of the protein kinase R-like endoplasmic 
reticulum kinase (PERK) ER stress pathway.37 Previously we 
identified activation of the PERK pathway in motoneurons in 
response to LTIH, where neurons with greater PERK activation 
under LTIH conditions expressed CHOP in response to LTIH.21 
Thus, Nox2 activation and upregulation in LTIH occur in part 
because of severe ER stress with CHOP activation.

Recent studies suggest that upregulation of HIF-1α in in-
termittent hypoxia contributes to both oxidative stress and 
Nox2 upregulation and activation.17,38,39 Intermittent hypoxia 
increases HIF-1α mRNA and protein in response to oxidative 
stress.17,38 Treatment with superoxide scavengers across ex-
posure to intermittent hypoxia prevents HIF-1α upregulation, 
while Nox2 inhibition or transgenic absence prevents HIF-1α 
upregulation.17 However, a more recent study has revealed a 
bi-directional relationship between HIF-1α and Nox2 in that 
HIF-1α is also necessary for the LTIH-induced Nox2 upregula-
tion in both the forebrain (cortex) and brainstem.38 The present 
studies identify CHOP as an upstream activator of the HIF-1α 
transcriptional response to LTIH. Thus, activation of CHOP 

triggers this feed-forward response between Nox2 and HIF-
1α increasing oxidative stress. Specifically, oxidative stress, in 
turn, promotes protein misfolding and further ER stress that, in 
turn, increases CHOP and oxidative stress.

Large neurons with extensive projections, including mo-
toneurons and cortical and hippocampal pyramidal neurons, 
process immense amounts of membrane-bound and signaling 
proteins, that require folding in the ER. Folding of these pro-
teins requires disulfide bond formation that can be an important 
source of oxidative stress.40 ERO1 provides a disulfide relay 
to protein disulfide isomerase to introduce disulfide bonds 
into ER luminal proteins. ERO1L, a mammalian isoform, is a 
transcriptional target of HIF-1α, and is upregulated in hypoxia 
presumably to prevent hypo-oxidation in the ER lumen. Un-
der conditions of oxidative and/or ER stress, elevated levels of 
ERO1L activate the inositol 1,4,5-triphosphate (IP3) receptor 
(IP3R), increasing calcium release. ER-released cytosolic cal-
cium activates Nox2 and several death effector pathways down-
stream of the calcium-activated Ca2+/calmodulin-dependent 
protein kinase II (CaMKII).41,42 ER calcium release would also 
explain mitochondrial injury observed in LTIH.43 Thus, ERO1L 

Figure 7—Effects of LTIH and CHOP on apoptosis in brainstem motoneurons. (A) Sections of hypoglossal motoneurons with CC-3 (green) and ChAT (red). 
There were more cells with CC-3 visible in motoneuron nuclei in WT LTIH mice than other groups, and some neurons with strong labeling (arrow). (B) Mean 
immunodensities for CC-3 expression in hypoglossal motoneuron nuclei between groups after 12-weeks exposure. (C) Summary of hypoglossal motoneuron 
counts between groups. Data presented as mean ± SE. *P < 0.05; **P < 0.01; ***P < 0.001. CC-3, cleaved caspase-3; Chat, choline acetyltransferase.
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introduces an additional Nox2 activation as illustrated in our 
proposed model in Figure 8. The precise steps (whether direct 
or indirect) whereby CHOP induces upregulation of Nox2, 
HIF-1α, and ERO1L will require in vitro studies.

Although CHOP is frequently termed an apoptotic factor, 
the mechanisms by which CHOP contributes to apoptosis are 
incompletely understood. CHOP is increased under condi-
tions of increased cellular stress and increased CHOP is evi-
dent during ER stress induced apoptosis.44 Yet, overexpression 
of CHOP in otherwise healthy cells does not induce apopto-
sis or non-apoptotic cell death.45 Consistent with our proposed 
model with CHOP positively infl uencing feed forward injuries, 
increased CHOP sensitizes eukaryotic cells to diverse physi-
ological stressors.45 Overexpression of CHOP dramatically sup-
presses BCL-2 transcription, and in doing so markedly reduces 
intracellular glutathione.45 Reductions in glutathione would 
trigger increased oxidative stress responses to physiological 
perturbances. Here we fi nd that transgenic ablation of CHOP 
improves neuronal outcomes, including survival, in LTIH.

While data for neural injury in sleep apnea are most com-
pelling for peripheral nerve injury, there are many neurobe-
havioral impairments in sleep apnea that also improve with 
therapy, including defi cits in short-term memory, fi ne motor 
control, mood, attention, and problem solving and sleepiness.1

Whether mechanisms of injury in sleep apnea and in LTIH are 
similar or distinct across vulnerable brain regions has not been 
discerned. Infl ammatory and oxidative stress responses have 
been seen in each region injured by LTIH, and Nox2 activation 
is central to oxidative and proinfl ammatory responses.15 Here, 
we fi nd that endogenous CHOP positively infl uences Nox2 and 
HIF-1α upregulation in at least three major areas of injury, the 
brainstem motoneurons, cortex, and hippocampus, which might 
contribute to neurobehavioral impairments. This work supports 
the concept that CHOP would be an important pharmacologi-
cal target to prevent sleep apnea neural injury in many brain 
regions and protect cognition.

The prevalence and severity of OSA rise with aging, obesity, 
and diabetes.46-48 Yet we do not yet know whether any of these 
three conditions infl uences the neural outcomes for OSA be-
yond severity. All three conditions can increase ER stress and 
CHOP.49,50 Thus, it is likely that there is additional neuronal in-
jury in individuals with OSA and advanced aging, uncontrolled 
diabetes, and morbid obesity. Metformin, used to control glu-
cose in type 2 diabetes, reduces ER stress and CHOP and has 
been shown to offer neuroprotection in some models of neuro-
nal injury.51,52 It will be of interest to determine whether met-
formin or GLP-1 agonists or any other drugs that reduce CHOP 
can protect against LTIH injury.

In conclusion, we show that endogenous CHOP infl uences 
oxidative stress, transcriptional regulation of HIF-1α, Nox-2, 
and ERO1L apoptosis and neuronal loss in long-term intermit-
tent hypoxia. The work provides an upstream target for pre-
venting neuronal injury and neurobehavioral sequelae from 
intermittent hypoxia modeling sleep apnea.
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