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Abstract
Sleep-disordered breathing with recurrent apnea (periodic cessation of breathing) results in
chronic intermittent hypoxia (IH), which leads to cardiovascular and respiratory pathology.
Molecular mechanisms underlying IH-evoked cardio-respiratory co-morbidities have not been
delineated. Mice with heterozygous deficiency of hypoxia-inducible factor 1α (HIF-1α) do not
develop cardio-respiratory responses to chronic IH. HIF-1α protein expression and HIF-1
transcriptional activity are induced by IH in PC12 cells. In the present study, we investigated the
signaling pathways associated with IH-evoked HIF-1α accumulation. PC12 cells were exposed to
aerobic conditions (20% O2) or 60 cycles of IH (30 sec at 1.5% O2 followed by 5 min at 20% O2).
Our results show that IH-induced HIF-1α accumulation is due to increased generation of ROS by
NADPH oxidase. We further demonstrate that ROS-dependent Ca2+ signaling pathways involving
phospholipase Cγ and protein kinase C activation are required for IH-evoked HIF-1α
accumulation. IH leads to activation of mTOR and S6 kinase and rapamycin partially inhibited IH-
induced HIF-1α accumulation. IH also decreased hydroxylation of HIF-1α protein and anti-
oxidants as well as inhibitors of Ca+2 signaling prevented this response. Thus, both increased
mTOR-dependent HIF-1α synthesis and decreased hydroxylase-dependent HIF-1α degradation
contribute to IH-evoked HIF-1α accumulation. Following IH, HIF-1α and phosphorylated mTOR
levels remained elevated during 90 min of re-oxygenation despite re-activation of prolyl
hydroxylase. Rapamycin or cycloheximide, blocked increased HIF-1α levels during re-
oxygenation indicating that mTOR-dependent protein synthesis is required for the persistent
elevation of HIF-1α levels during re-oxygenation.
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Introduction
Breathing disorders with recurrent apnea (cessation of breathing) during sleep result in
periodic decreases in arterial blood PO2 or chronic intermittent hypoxia (CIH). In severely
affected subjects, O2 saturation of arterial blood hemoglobin can be reduced to as low as
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50%. Recurrent sleep apnea affects an estimated 4–5% of adult males, 2–4% of females
after menopause, and 50–70% of premature infants (Nieto et al., 2000; Poets et al., 1994).
Co-morbidities associated with CIH include pulmonary as well as systemic hypertension,
myocardial infarction, stroke, ventilatory abnormalities, and sudden death in elderly
individuals (Shahar et al., 2001). Clinical and animal studies have shown that reflexes
arising from the carotid body, which senses arterial PO2, play a critical role in CIH-evoked
autonomic abnormalities (reviewed in Prabhakar et al., 2007a). Little information, however,
is available on the cellular and molecular mechanisms associated with CIH.

The transcriptional activator hypoxia inducible factor 1 (HIF-1) is a global regulator of
oxygen homeostasis that controls hundreds of target genes, including those encoding
erythropoietin (EPO), vascular endothelial growth factor (VEGF) and proteins associated
with glucose and energy metabolism (Semenza, 2007). HIF-1 is a heterodimeric protein that
is composed of a constitutively expressed HIF-1β subunit and an O2-regulated HIF-1α
subunit. HIF-1 activity is induced under conditions of continuous hypoxia as a result of a
decreased rate of O2-dependent proline hydroxylation, ubiquitination, and proteasomal
degradation of the HIF-1α subunit (Coleman and Ratcliffe, 2007). HIF-1α transcriptional
activity is also regulated via O2-dependent asparagine hydroxylation that blocks co-activator
recruitment (Peet, 2004).

Complete HIF-1α deficiency results in embryonic lethality at mid-gestation, whereas
Hif1a+/− heterozygous mice, which are partially deficient in HIF-1α expression, develop
normally and are indistinguishable from wild type littermates under normoxic conditions
(Iyer et al., 1998; Yu et al., 1999). However, carotid body responses to continuous hypoxia
(CH) are selectively impaired in adult Hif1a+/− mice, indicating that HIF-1 plays an
essential role in O2 sensing/signaling by the carotid body (Kline et al., 2002). Peng et al
(2006) reported that in wild type mice, CIH markedly affects the cardio-respiratory systems
resulting in: augmented hypoxic ventilatory response; long-term facilitation (LTF) of
breathing; enhanced carotid body response to graded hypoxia and sensory LTF; increased
arterial blood pressures; and elevated plasma norepinephrine levels. In striking contrast, in
Hif1a+/− mice exposed to CIH, carotid body responses to acute IH, as well as all measured
cardio-respiratory responses, were either absent or markedly attenuated (Peng et al., 2006).
These observations suggest a critical role for HIF-1 in mediating the cardio-respiratory
changes that are induced by CIH. In humans, genetic defects that dysregulate HIF-1 activity,
have profound effects on erythropoiesis and ventilation (Ang et al., 2002; Smith et al.,
2006). Given its pathophysiological significance, it is of considerable importance to
delineate the mechanisms that induce HIF-1 activity in response to CIH.

The rat pheochromocytoma PC12 cell line shares a number of characteristics with the
oxygen-sensing type I (glomus) cells in the carotid body (Peers, 2004). Yuan et al (2005)
reported that exposure of PC12 cells to IH led to increased HIF-1α protein expression and
transactivation, resulting in increased HIF-1-dependent gene transcription. IH-induced
HIF-1 transactivation requires Ca2+/calmodulin kinase (CaMK)-dependent phosphorylation
of the co-activator p300, which appears to increase its interaction with HIF-1α under non-
hypoxic conditions, when asparagine hydroxylation of HIF-1α would otherwise prevent
their interaction (Yuan et al., 2005). CIH leads to robust and sustained CaMK activation in
PC12 cells (Yuan et al., 2005). In striking contrast, exposure of PC12 cells to continuous
hypoxia (CH) results in a transient and modest activation of CaMK (Premkumar et al.,
2000). Although both IH and CH induce tyrosine hydroxylase, a downstream HIF-1
regulated gene, only IH-induced tyrosine hydroxylase expression was blocked by KN93, a
selective inhibitor of CaMK (Yuan et al., 2005). These observations demonstrate that HIF-1
activity is induced by different mechanisms in cells exposed to CH as opposed to IH. Most
importantly, KN93 blocked the increase in HIF-1 transcriptional activity but not the increase
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in HIF-1α protein expression in response to IH, indicating that CaMK-independent and
CaMK-dependent pathways mediate IH-induced HIF-1α protein expression and
transactivation, respectively (Yuan et al., 2005).

Recent studies on animal models (Peng et al., 2003; Yuan et al., 2004; Kumar et al., 2006;
Ramanathan et al., 2005) suggest that CIH increases reactive oxygen species (ROS).
Increased generation of ROS was also reported in recurrent apnea patients experiencing CIH
and antioxidants prevent systemic and cellular responses to CIH (reviewed in Prabhakar et
al., 2007b). In CIH exposed mice, HIF-1α protein levels increased in the central nervous
system and anti-oxidants prevented this response (Peng et al., 2006). In the present study,
we have delineated a complex signal transduction cascade leading from increased ROS
levels to increased HIF-1α protein levels in PC12 cells subjected to IH.

Materials and Methods
Cell Culture

PC12 cells (original clone from Dr. L. Green) were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% horse serum, 5% fetal bovine serum (FBS),
penicillin (100 U/ml), and streptomycin (100μg/ml) under 10% CO2 and 90% air at 37°C.
Prior to all experiments, the cells were placed in antibiotic free medium and serum starved
for 16 h to avoid any confounding effects of serum on HIF-1 activity. In the experiments
involving treatment with drugs, cells were pre-incubated for 30 min with either drug or
vehicle.

Exposure to Intermittent Hypoxia
Cell cultures were exposed to IH as described previously (Yuan et al., 2005). Cells were
exposed to alternating cycles of 1.5% O2 for 30 sec followed by 20% O2 for 5 min at 37°C.
Gas flows were controlled by timer-controlled solenoid valves. O2 levels were monitored by
an electrode (Lazar) placed in the tissue culture medium and ambient O2 levels were
monitored by an O2 analyzer (Beckman LB2).

Chemicals
All chemicals and reagents were of analytical grade and obtained from Sigma Chemical Co.
(St. Louis, MO) unless otherwise stated.

Immunoblot Assays
Immunoblot assays were performed as described previously (Yuan et al., 2005). Briefly, cell
extracts (25 μg) were fractionated by 7.5% polyacrylamide-SDS gel electrophoresis and
transferred to a polyvinylpyrrolidone difluoride membrane (Immobilon-P, Millipore,
Bedford, MA). The membrane was blocked with Tris-buffered saline (TBS-T) containing
5% non-fat milk at 4°C overnight. Membranes were incubated with anti-HIF-1α mouse
monoclonal antibody H1α67 (Zhong et al., 1999) at 1:500 dilution of stock in TBS-T
containing 3% non-fat milk. Membranes were treated with goat anti-mouse secondary
antibody conjugated with horseradish peroxidase (Chemicon; dilution 1:2000) in TBS-T
containing 3% non-fat milk. Immune complexes on the membrane were visualized using
enhanced chemiluminescence (ECL) detection system (Amersham). The membranes were
exposed to Kodak XAR films. Similar procedures were employed for immunoblot analysis
of: phosphorylated and unphosphorylated forms of phospholipase C (PLCγ), mammalian
target of rapamycin (mTOR), and p70 S6 kinase (S6K) (Cell Signaling; dilution 1:1000);
phosphorylated forms of protein kinase C (anti-pan PKCγThr514; Cell Signaling; 1:1000
dilution); hydroxylated HIF-1α (gift from Dr. P. Ratcliffe; 1:1000); and tubulin (Sigma;
1:2000).
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Transient Transfection and Reporter Gene Assays
Plasmid p2.1 was previously described (Semenza et al., 1996). pRSV-LacZ was obtained
from the American Type Culture Collection. Cells were transfected with plasmid DNA
using Lipofectamine (Gibco) reagent as previously described (Yuan et al., 2005). Briefly,
cells were plated in 35-mm tissue culture plates at a density of 1 × 105 cells/plate in serum
containing growth medium. After 24 h, cells were washed twice with 5 ml of serum-free
medium. The DNA-liposome mixture was prepared using Lipofectamine (10 μg), 1 μg of
p2.1, and 0.25 μg of pRSV-LacZ (internal control for determining the transfection
efficiency) in 2 ml of serum-free medium. The total amount of DNA transfected per plate
was held constant by addition of pUC19 carrier DNA. Cells were incubated in the DNA-
Lipofectamine mixture for 4 h followed by addition of 2 ml of serum-containing medium.
After 24 h, cells were washed with serum-free medium and 4 ml of serum-free growth
medium was added. After 18 h, cells were exposed to either 20% O2 or IH and then
harvested in 200 μl of lysis buffer. 20 μl of cell lysate was mixed with 100 μl of buffer
containing luciferin. Relative luminescent light units were recorded in a Berthold
luminometer. β-galactosidase (β-gal) activity was measured using Galacto-Light™ kit
(Tropix, Bethesda, MA). Briefly, 10 μl of cell lysate was incubated with 100 μl of the
reaction mixture containing β-Galactam™ as substrate for 30 min at room temperature.
Following incubation, 150 μl of luminescence enhancer was added to the reaction mixture
and the resulting luminescence was measured. Protein analysis was performed using a
protein assay kit (BioRad). We verified that all reporter gene assays were in the linear range.

Measurement of intracellular Ca2+ ([Ca2+]I)
[Ca2+]i levels were measured by quantitative fluorescence imaging using the Ca2+-sensitive
dye fura 2. Cells plated on collagen coated coverslips were incubated with 3 μM of the fura
2 acetoxymethyl ester (Fura-2 AM; TefLabs) along with 0.06% Pluronic F-127 (Molecular
Probes, P-6867) for the last 30 min of IH60 exposure. Subsequently, cover slips were viewed
under Nikon TE300 inverted microscope and with a cooled charge-coupled device camera
under computer control (Metafluor, Universal Imaging). In each experiment, background
light levels were determined and subtracted from each image before monitoring the
fluorescence intensity ratio at 340 nm/380 nm. [Ca2+]i was determined by the following

equation, 

where Ro is the measured fluorescence ratio, Rmin is the fluorescence ratio in the absence of
Ca2+, Rmax is the fluorescence ratio at saturating Ca2+, Kd is the dissociation constant for
Fura-2 (224 nM,)and β is the ratio of fluorescence intensity (at 380 nm) in the absence of
Ca2+ to fluorescence intensity at saturating Ca2+ concentrations. Acquisition of image
frequency was every 5 sec for 5 min. Data was obtained from at least three independent
coverslips in each experimental protocol.

Aconitase activity
Mitochondria were isolated as previously described (Lai and Clark, 1979) except that EDTA
was substituted with 1 mM EGTA and the extraction volume was adjusted for smaller
sample sizes. Aconitase enzyme activity was determined in the cytosolic and mitochondrial
fractions of PC12 cells as previously described (Yuan et al., 2004) and expressed as
micromoles of isocitrate per min per mg of protein.

NADPH oxidase activity
The activity of NADPH oxidase was measured as previously described (Mayo and Curnutte,
1990). The reaction was initiated by lysing fresh PC12 cells in HEPES buffer (pH 7.4)
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containing 150 μM cytochrome c. Absorbance was monitored at 550 nm. The enzyme
activity was expressed as nanomoles per min per mg of protein. Reduction of cytochrome c
was prevented by addition of diphenyl iodonium (3 μM) or apocyanin (1 mM).

Statistical analysis
The data are expressed as mean ± SD from 3–5 independent experiments, each of which was
performed in triplicate. Statistical analysis was performed by analysis of variance (ANOVA)
and p values < 0.05 were considered significant.

Results
ROS generation by NADPH oxidase is required for HIF-1α accumulation by IH

To assess whether ROS contributes to IH-evoked HIF-1 activation, we first examined the
effects of increasing concentrations (25, 50 and 100 μM) of MnTMPyP, a membrane
permeable scavenger of O2

·−. PC12 cells were transfected with reporter plasmid p2.1, in
which the expression of firefly luciferase was driven by a HIF-1-dependent hypoxia
response element (HRE) located upstream of a basal SV40 promoter (Semenza et al., 1996).
Our previous study showed that HRE-dependent transcriptional activity was induced by 60
cycles of IH (IH60). However, relative to the induction of HIF-1 protein expression, HRE
activation by IH60 was not as dramatic and required 120 cycles of IH (IH120; Yuan et al.,
2005). Therefore, in these experiments, cells were exposed to IH120 to determine the effects
of MnTMPyP on HIF-1-dependent transcriptional activity. IH120 increased HRE activity
and this response was blocked by MnTMPyP in a concentration dependent manner, with
maximal inhibition occurring at 50 μM (Figure 1A). Based on these results, we analyzed the
effect of 50 μM MnTMPyP on HIF-1α protein accumulation in cells subjected to IH. HIF-1α
protein levels increased ~4 fold after IH60, whereas HIF-1β protein was unaffected. Pre-
treating cells with 50 μM MnTMPyP significantly inhibited IH-evoked HIF-1α
accumulation (Figure 1B). To analyze ROS generation, redox-sensitive aconitase enzyme
activity was monitored in cytosolic and mitochondrial fractions as an index of O2

·− levels
(Gardner et al., 1994). IH60 decreased aconitase activity by 61% and 54% in cytosolic and
membrane fractions, respectively, an effect that was abolished by MnTMPyP (Figure 1C).

NADPH oxidase (Nox) is a major source of O2
·− generation (Bedard and Krause, 2007). We

examined whether IH affects Nox activity and if so, whether Nox activation contributes to
IH-evoked HIF-1α accumulation. Nox activity increased 2.5-fold in IH exposed cells, and
this effect was abolished by Nox inhibitors apocyanin (1mM; Figure 2A) and 3 μM DPI
(data not shown). The increase in Nox activity after IH60 was associated with marked
increases in the levels of multiple Nox subunit proteins including gp91phox, p22phox,
p47phox, and p67phox (Figure 2B). Apocyanin completely prevented HIF-1α accumulation
after IH60 (Figure 2C). These observations suggest that ROS generation from Nox is
required for induction of HIF-1 α protein expression in response to IH.

ROS-dependent Ca2+ signaling pathways involving PLCγ and PKC activation are required
for IH-evoked HIF-1α accumulation

Ca2+ signaling pathways play critical roles in eliciting cellular responses to ROS (Kim et al.,
2004; Wang et al., 2006). To assess whether IH increases cytosolic [Ca2+] and, if so,
whether it requires Nox-dependent ROS generation, [Ca2+]i levels were monitored in IH
exposed PC12 cells in presence of MnTMPyP or apocyanin. As shown in Fig 3A, IH
increased [Ca2+]i and this effect was blocked by 50μM MnTMPyP or 1 mM apocyanin. Pre-
treatment of cells with the intracellular Ca2+-chelator BAPTA-AM prevented IH-induced
HIF-1α accumulation in a concentration-dependent manner (Figure 3B), indicating that IH-
induced HIF-1α accumulation involves an increase in [Ca2+]i. Elevations in [Ca2+]i can be
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due to Ca2+ entry via voltage-dependent Ca2+ channels and/or mobilization of intracellular
Ca2+ stores (e.g., via inositol 1,4,5-trisphosphate [IP3] receptors). Previous studies have
shown that nitrendipine, a selective blocker of L-type Ca2+ currents inhibits CH elevated
[Ca2+]i and CH augmented voltage-gated Ca2+ currents in PC12 cells (Premkumar et al.,
2000). However, nitrendipine was ineffective in blocking IH-induced HIF-1α accumulation
(Figure 3C), whereas 2-APB, an IP3 receptor inhibitor, blocked the induction of HIF-1α in a
concentration-dependent manner (Figure 3D). These observations indicate that mobilization
of [Ca2+]i by IP3 receptor activation is required for HIF-1α accumulation by IH.

IP3 receptor activation requires PLCγ, which is known to be activated by ROS (González-
Pacheco et al., 2002). We examined whether IH activates PLCγ, and, if so, whether it
requires ROS generation by Nox. To this end, phosphorylated PLCγ (p-PLCγ) levels were
monitored as an index of PLCγ activation. IH increased p-PLCγ levels ~3 fold and this
response was blocked by 10 μM U73122, a potent inhibitor of PLCγ, but not by 10 μM
U73343, an inactive analogue of U73122 (Figure 4A). Pretreatment with MnTMPyP or
apocyanin also prevented PLCγ activation by IH (Figure 4A and 4B). More importantly,
U73122 but not U73343 inhibited HIF-1α accumulation by IH (Figure 4C) in a
concentration-dependent manner (data not shown).

IH activates several PKC isoforms in PC12 cells (Yuan et al., 2005). To examine whether
IH-induced PKC activation requires PLCγ, the levels of p-PKCγThr-514 were monitored as
an index of PKC activation (Cat et al., 2006; Wen et al., 2006). IH increased p-PKC and this
effect was abolished by U73122 as well as BAPTA-AM (Figure 5A), suggesting the
involvement of PLCγ and Ca2+ in PKC activation by IH. In addition, apocyanin and
MnTMPyP also blocked phosphorylation of PKC by IH, indicating that activation of Nox
and subsequent generation of ROS are upstream signaling events for PKC activation by IH
(Figure 5A). Pretreatment of cells with 10μM bisindolylmaleimide-1 (Bis-1), which is an
inhibitor of multiple PKC isoforms including α, β1, β11, γ, δ, and ε isoforms blocked IH-
induced increase of HIF-1α (Figure 5B).

IH induced HIF-1α accumulation requires activation of mTOR
We hypothesized that IH-induced HIF-1α accumulation may require PKC-dependent
activation of mTOR. To test this possibility, we analyzed the phosphorylation of mTOR at
residues 2448 and 2481, which are required for its activation, and of S6K, a direct target of
phosphorylation by mTOR. Cells exposed to IH60 showed significant increases in mTOR
and S6K phosphorylation and these effects were blocked by 100 nM rapamycin, an
established inhibitor of mTOR. (Figure 6A and 6B). IH-evoked phosphorylation of mTOR
and S6K was also blocked by Bis-1 (PKC inhibitor), U73122 (PLCγ inhibitor), BAPTA-AM
(Ca2+ chelator), or MnTMPyP (O2

·− scavenger) (Figure 6A and 6B). These observations
suggest that IH activates mTOR via ROS-, PLCγ-, and PKC-dependent signaling.

If mTOR activation plays a role in IH induced HIF-1α accumulation, then rapamycin should
block the increase in HIF-1α levels after IH60. At concentrations that completely prevented
IH-induced mTOR activation, rapamycin only partially inhibited IH-induced HIF-1α
accumulation and HIF-1-dependent transcription (Figure 7A and B). These results suggest
that the increased accumulation of HIF-1α after IH60 is mediated by mTOR-dependent and,
possibly, mTOR-independent mechanisms.

IH-evoked HIF-1α accumulation involves both increased synthesis and stability
To determine whether increased protein synthesis contributes to IH-induced HIF-1α
accumulation, cells were exposed to IH30 and treated with cycloheximide, an inhibitor of
protein synthesis, followed by exposure to additional 30 cycles of IH (i.e., a total of IH60).
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Parallel experiments were performed wherein cells were treated with vehicle (0.05%
ethanol) after IH30 instead of cycloheximide. In vehicle treated cells, IH60 resulted in greater
HIF-1α accumulation than in cycloheximide treated cells. HIF-1α levels in cells exposed to
IH60 with cycloheximide were similar to those exposed to IH30 alone (Figure 8A),
suggesting that increased HIF-1α accumulation in the absence of cycloheximide was due at
least in part to new synthesis.

In cells exposed to CH, decreased HIF-1α prolyl hydroxylation leads to decreased HIF-1α
degradation (Ivan et al., 2001; Jaakkola et al., 2001; Yu et al., 2001). We examined whether
IH affects HIF-1α hydroxylation using an antibody that is specific to the hydroxylated form
of HIF-1α (HIF-1α-OH). As shown in Figures 8B and 8C, IH-induced HIF-1α accumulation
was associated with a marked decrease in HIF-1α-OH levels. ROS inhibitors (MnTMPyP
and apocyanin) as well as BAPTA-AM, Bis-1, 2-APB, and U73122 (but not U73343)
blocked IH-induced decrease in HIF-1α-OH. These results indicate that HIF-1α degradation
is inhibited during IH as a result of prolyl hydroxylase inhibition by ROS-dependent
signaling. On the other hand, rapamycin had no effect on IH-evoked decrease in HIF-1α-OH
(Figure 8D). Taken together with the effects of cycloheximide (Figure 8A) and the known
role of mTOR in promoting HIF-1α protein synthesis (Laughner et al., 2001), these results
suggest that the mTOR-dependent increase in HIF-1α reflects increased HIF-1α synthesis,
whereas the mTOR-independent effect reflects decreased HIF-1α degradation during IH as a
result of decreased prolyl hydroxylation.

IH leads to long-lasting HIF-1α accumulation during re-oxygenation
CH induces increased HIF-1α levels, which return to control levels after several minutes of
re-oxygenation (Wang et al., 1995). HIF-1α levels were increased in PC12 cells exposed to
CH for 5 h and were markedly reduced after only 10 min of re-oxygenation (Figure 9A). In
striking contrast, HIF-1α levels remained significantly elevated after 90 min of re-
oxygenation following IH60 (Figure 9B). These observations indicate that unlike CH, IH
leads to HIF-1α accumulation that persists during re-oxygenation.

To assess whether decreased hydroxylation contributes to persistent HIF-1α during re-
oxygenation, hydroxylated (HIF-1α-OH) and total HIF-1α levels were monitored during 90
min of re-oxygenation. HIF-1α-OH levels gradually returned to baseline during re-
oxygenation,, yet total HIF-1α levels remained elevated during the entire period of re-
oxygenation (Figure 10A), indicating that decreased prolyl hydroxylation does not account
for persistent HIF-1 α accumulation during re-oxygenation.

To assess the contribution of protein synthesis, PC12 cells were treated with cycloheximide
for the last 30 min prior to completion of the IH60 exposure and then were re-oxygenated for
90 min. In cycloheximide treated cells, HIF-1α levels gradually returned to baseline levels
during re-oxygenation (Figure 10B). Likewise, treating cells with rapamycin for the last 30
min prior to completion of the IH60 exposure also resulted in the decay of HIF-1α levels
during re-oxygenation without affecting HIF-1α-OH levels (Figure 10C). These
observations suggest that IH leads to long lasting mTOR activation that persists during re-
oxygenation. To further test this possibility, phosphorylated mTOR levels were monitored
during 90 min of re-oxygenation following IH60. As shown in Figure 11A, phospho-mTOR
levels remained elevated during the entire 90 min of re-oxygenation. In striking contrast, CH
resulted in modest activation of mTOR, which returned to basal levels within 10 min of re-
oxygenation (Figure 11B). From these results we conclude that mTOR-dependent protein
synthesis is required for long-lasting elevation of HIF-1α levels during re-oxygenation
following IH.
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Discussion
In this study, we have delineated signal transduction pathways responsible for the increased
levels of HIF-1α protein that are observed when PC12 cells are subjected to IH (Figure 12).
Remarkably, IH increased both HIF-1α synthesis and stability via ROS-dependent Ca2+

signaling pathways. We have previously demonstrated that increased [Ca+2]i activates
CaMK, which phosphorylates p300 and thereby increases HIF-1 transcriptional activity
during IH (Yuan et al., 2005). IH-evoked HIF-1α synthesis and stability are due to increases
in ROS generated by Nox activation, which is at least in part due to increased expression of
its constituent subunits. The up-regulation of Nox subunits especially p47phox and p67phox in
cell cultures by IH is consistent with that reported in the central nervous system of mice
exposed to chronic IH (Zhan et al., 2005). Increased levels of ROS have been shown to
activate PLCγ (González-Pacheco et al., 2002), which generates IP3 and diacylglycerol
(DAG). Treatment of rat cortical astrocytes with hydrogen peroxide was sufficient to induce
PLCγ activation and IP3 receptor-dependent increases in [Ca+2]i (Hong et al., 2006).
Consistent with this signaling cascade, IH-evoked HIF-1α accumulation requires ROS-
dependent Ca2+ signaling pathways involving activation of PLCγ and PKC in PC12 cells.

Increased [Ca+2]i activates the classical PKC isoforms (PKCα and PKCβ), which in turn
activate mTOR, a kinase that promotes HIF-1α protein synthesis (Laughner et al., 2001).
Calcium-dependent activation of PKCα and mTOR was reported to induce HIF-1α protein
synthesis in PC12 cells exposed to CH for 3 h (Hui et al., 2006). We also found modest
mTOR activation by CH. More importantly, our results demonstrate that IH led to robust
PKC-dependent activation of mTOR compared to CH. However, an mTOR-dependent
increase in HIF-1α protein synthesis contributes to IH-evoked HIF-1α accumulation but
rapamycin or cycloheximide treatment resulted in only partial inhibition of IH induced
HIF-1α accumulation. Inhibition of prolyl hydroxylase activity leading to HIF-1α
stabilization similar to that reported with CH was also observed after IH. The negative
regulation of prolyl hydroxylase activity by Ca2+/PLCγ/PKC signaling is a novel finding
and further studies are necessary to further elucidate the underlying molecular mechanisms.
Taken together, these results indicate that IH-evoked accumulation of HIF-1α reflects both
increased synthesis and decreased degradation of protein.

A major difference between CH and IH is the remarkable persistence of elevated HIF-1α
protein levels following IH but not CH. mTOR-dependent HIF-1α protein synthesis is
responsible for sustaining elevated HIF-1α levels for (t1/2 > 90 min) after the cessation of IH
compared to the rapid decay (t1/2 < 10 min) following CH. The role of mTOR was further
supported by its sustained activation during the entire 90 min of re-oxygenation following
IH. Although mTOR activation and inhibition of prolyl hydroxylases contribute to HIF-1α
accumulation during IH, only mTOR activation is responsible for the persistent elevation of
HIF-1α during re-oxygenation, since prolyl hydroxylase activity rapidly returns to control
values following re-oxygenation

Sustained induction of HIF-1α and mTOR levels following IH in vivo may have important
pathophysiological consequences. In mice subjected to chronic IH for 72 cycles per night for
10 days, minute ventilation was significantly increased compared to controls when measured
at 2 h, but not at 8 h, after terminating chronic IH (Peng et al., 2006). This phenomenon is
known as long term facilitation (LTF) of breathing (Bach and Mitchell, 1996) and involves
alterations in carotid body function including induction of sensory LTF (Prabhakar et al.,
2005). Remarkably, chronic IH does not induce LTF in rodents treated with the ROS
scavenger MnTMPyP (Peng et al., 2003; Peng and Prabhakar, 2003), which blocked IH-
induced HIF-1α expression in PC12 cells (Figure 1B) and in mice (Peng, 2006).
Furthermore, chronic IH does not induce either LTF of breathing or sensory LTF of the
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carotid body in Hif1a+/− mice (Peng et al., 2006). Taken together, these results suggest that
the persistence of HIF-1α levels following IH may represent a molecular basis underlying
LTF of breathing and sensory LTF of the carotid body. Further studies are necessary to
determine whether the signal transduction pathway leading to IH-induced HIF-1 activity
delineated in PC12 cells (Figure 12) is also responsible for the carotid body-mediated
changes in ventilatory and cardiovascular physiology that are observed in chronic IH-
exposed rodents and humans experiencing chronic IH as a consequence of recurrent apneas.
Finally, due to large fluctuations in tumor microvessel flow rate, cancer cells are also
subjected to IH (Kimura et al., 1996), which may activate the same signal transduction
pathways that we have delineated in this study.
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Fig. 1. Involvement of ROS in IH-evoked accumulation of HIF-1α
(A) PC12 cells were co-transfected with p2.1, which contains a hypoxia response element
upstream of SV40 promoter and luciferase coding sequences, and pRSV-LacZ, which
contains RSV promoter and β-galactosidase coding sequences. Transfected cells were
exposed to either normoxia (N) or to 120 cycles of IH (IH120) in the presence of increasing
concentrations of ROS scavenger MnTMPyP. (B) HIF-1α and HIF-1β proteins were
analyzed by immunoblot assay in cells exposed to normoxia or 60 cycles of IH (IH60) in the
presence or absence of MnTMPyP (50 μM). Top panel: representative western blots; Bottom
panel: densitometric analysis. Data presented are mean ± S.D. from 3 independent
experiments. (C) Aconitase enzyme activity was determined in cytosolic and mitochondrial
fractions as an index of ROS generation in PC12 cells exposed to IH60 in the presence or
absence of MnTMPyP (50 μM). Data presented are mean ± S.D. from three independent
experiments. ** p< 0.01, * p< 0.05 compared with control.
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Fig. 2. Activation of NADPH oxidase by IH
(A) NADPH oxidase activity was determined in cells exposed to normoxia (N) or to IH60 in
the absence or presence of 1 mM apocyanin (Apo), an NADPH oxidase inhibitor. (B)
Representative immunoblot showing the effect of IH on NADPH oxidase subunit protein
levels (gp91phox, p22 phox, p47 phox, and p67 phox). (C) HIF-1α and HIF-1β protein levels
were determined in lysates from control and IH60 exposed cells in the presence (+) or
absence (−) of apocyanin (Apo; 1 mM). Top panel: representative immunoblots. Bottom
panel: densitometric analysis. Data presented are mean ± S.D. from 3–5 independent
experiments. **p< 0.01 compared with control.
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Fig. 3. Increased intracellular Ca2+ contributes to IH-induced HIF-1α accumulation
(A) [Ca2+]i levels were monitored by Fura-2 AM using fluorescence imaging in PC12 cells
exposed to IH60 in presence of 1 mM apocyaninor 50 μM MnTMPyP. (B–D) Cells were
exposed to normoxia (N) or IH60 after pretreatment with the indicated concentration of
BAPTA-AM, a Ca2+ chelator (B); nitrendipine (Nitren), an L-type Ca2+ channel blocker
(C); or 2-APB, an IP-3 receptor blocker (D). Top panels: representative immunoblots of
HIF-1α and HIF-1β protein. Bottom panels: densitometric analysis. Data presented are mean
± S.D. from three independent experiments. ** p< 0.01, * p< 0.05.
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Fig. 4. Activation of PLCγ by IH
(A–B) Phosphorylated PLCγ levels (p-PLCγ) were determined by immunoblot assay in cells
exposed to nomoxia (−) or IH60 (+) pretreated with 50 μM MnTMPyP, 10 μM U73122 (a
PLCγ inhibitor), 10 μM U73343 (an inactive analogue of U73122) (A), or 1 mM apocyanin
(B). PLCγ= total PLCγ. (C) Effect of U73122 and U73343 on IH60 evoked HIF-1α
accumulation. Top panels: representative immunoblots of HIF-1α and HIF-1β protein.
Bottom panels: densitometric analysis. Data presented are mean ± S.D. from three
independent experiments. ** p< 0.01.
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Fig. 5. Involvement of PKC in IH-induced accumulation of HIF-1α
(A) Phosphorylation of PKC was analyzed by immunoblots in cells exposed to normoxia (−)
IH60 (+) in presence or absence of apocyanin (1 mM), MnTMPyP (50 μM), U73122 (10
μM), or BAPTA-AM (10 μM). (B) Effect of 10μM Bis-1, a PKC inhibitor on HIF-1α and
HIF-1β proteins. Top panels: representative immunoblots. Bottom panels: densitometric
analysis. Data presented are mean ± S.D. from three independent experiments. **p< 0.01.
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Fig. 6. IH activates mTOR and S6 kinase
(A) Phosphorylation of mTOR was analyzed in PC12 cells exposed to normoxia (−) or to
IH60 (+) pretreated with 100 nM rapamycin (an inhibitor of mTOR), 10 μM Bis-1, 50 μM
MnTMPyP, 10 μM U73122, 75 μM 2-APB or 10 μM BAPTA-AM as indicated in lanes 1–7.
(B) Phosphorylation of S6 kinase was analyzed in the same samples. Top panels:
representative immunoblots. Bottom panels: densitometric analysis. Data presented are mean
± S.D. from three independent experiments. **p< 0.01.
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Fig. 7. Rapamycin partially inhibits IH-induced accumulation of HIF-1α
(A) Effect of 100nM rapamycin on HIF-1α and HIF-1β in cell lysates exposed to normoxia
(−) or to IH60 (+). Top panel: representative immunoblots. Bottom panel: densitometric
analysis. (B) Effect of 100 nM rapamycin on HRE-dependent transcription in cells co-
transfected with reporter genes p2.1 and pRSV-LacZ and exposed to either normoxia (−) or
IH120 (+). Data represent mean ± S.D. from three independent experiments. ** p< 0.01, * p<
0.05.
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Fig. 8. Increased synthesis and decreased hydroxylation of HIF-1α during IH
(A) Effect of cycloheximide on IH-evoked HIF-1α accumulation. Cells were exposed to
IH60 in presence of vehicle or cycloheximide (20 nM) added after IH30. (B) Effect of 50 μM
MnTMPyP or 1 mM apocyanin on hydroxylated HIF-1α (HIF-1α-OH) levels. (C) Effect of
10 μM BAPTA-AM, 10 μM Bis-1, 75 μM 2-APB, 10 μM U73122, or 10 μM U73343 on
HIF-1α-OH levels. (D) Effect of 100 nM rapamycin on HIF-1α accumulation and
hydroxylation. Top panels: representative immunoblots. Bottom panels: densitometric
analysis. Data presented are mean ± S.D. from three individual experiments. ** p< 0.01.
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Fig. 9. IH-induced HIF-1α accumulation persists during re-oxygenation
(A–B) PC12 cells were exposed to 5 h of continuous hypoxia (CH; A) or to IH60 (B)
followed by 90 min of re-oxygenation (B). HIF-1α protein was analyzed by immunoblots.
Top panels: representative immunoblots. Bottom panels: densitometric analysis. Data
presented are mean ± S.D. from three independent experiments. **p< 0.01.
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Fig. 10. Protein synthesis and mTOR are required for persistent HIF-1α levels following re-
oxygenation
(A) Analysis of HIF-1α and HIF-1α-OH in PC12 cells subjected to IH followed by 90 min
re-oxygenation. (B) Effect of 20 nM cycloheximide on HIF-1α levels during re-oxygenation
and (C) Effect of 100 nM rapamycin on HIF-1α and HIF-1α-OH levels during re-
oxygenation. Cycloheximide and rapamycin were added 30 min prior to the completion of
IH exposure. Top panels: representative immunoblots. Bottom panels: densitometric
analysis. Data presented are mean ± S.D. from three independent experiments. **p < 0.01.
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Fig. 11. IH-induced mTOR activation persists during re-oxygenation. Levels of
phosphorylated mTOR were determined in cells subjected to IH60 followed by 0–90 min of
re-oxygenation (A) and in cells subjected to 3 h of continuous hypoxia (CH) followed by 0–
90 min of re-oxygenation (B). mTOR proteins were analyzed by immunoblot assay. Top
panels: representative immunoblots. Bottom panels: densitometric analysis. Data presented
are mean ± S.D. from three independent experiments. **p< 0.01.
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Fig. 12. Signal transduction pathways involved in IH-induced HIF-1α protein expression and
HIF-1 transcriptional activity
IH-induced HIF-1α protein expression results from mTOR-dependent increased synthesis
and decreased prolyl hydroxylation, which are mediated by ROS-dependent Ca2+ signaling
pathways. Induction of HIF-1α trans-activation function by IH requires ROS-mediated Ca2+/
calmodulin kinase (CaMK)-dependent phosphorylation of the co-activator p300, as reported
previously (Yuan et al. 2005).
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