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Abstract
Carotid bodies and neonatal adrenal medullary chromaffin cells (AMC) rapidly respond to acute
hypoxia within seconds before compromising cellular functions. Responses to acute hypoxia are
dynamically altered by chronic perturbations in arterial blood O2 levels resulting from breathing
disorders. Sleep disordered breathing with recurrent apneas cause periodic decreases in arterial
blood O2 or intermittent hypoxia (IH). Recent studies suggest that reactive oxygen species (ROS)
mediate cellular adaptations to prolonged hypoxia. In this article we discuss the evidence for ROS
in mediating exaggerated carotid body and AMC responses to acute hypoxia by IH and the
underlying cellular and molecular mechanisms. IH increases ROS levels, and anti-oxidants
prevent IH-induced augmented responses of the carotid body and AMC to hypoxia. The enhanced
hypoxic sensitivity by IH involves ROS-dependent recruitment of transmitters/modulators in the
carotid body and Ca2+ signaling mechanisms in AMC. Mechanisms by which IH elevates ROS
include activation of NADPH oxidases, inhibition of mitochondrial complex I activity and down
regulation of anti-oxidant enzymes. Transcriptional regulation of pro-and anti-oxidant enzymes by
hypoxia-inducible factors 1 and 2 appears to be a major molecular mechanism regulating ROS
generation by IH.
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1. Introduction
O2 derived from breathing is primarily utilized for generating energy and a small portion of
it is enzymatically converted to reactive oxygen species (ROS) by oxidases and also by
electron leak from mitochondrion (Halliwell & Gutteridge, 1990). It is increasingly
becoming evident that ROS mediate a variety of physiological processes including cellular
adaptations to prolonged hypoxia (Desireddy et al. 2010; Guzy et al. 2007, Waypa and
Schumacher, 2008, Waypa et al. 2010).
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Arterial chemoreceptors, especially the carotid bodies respond to hypoxia within seconds
after its onset and the resulting autonomic reflexes ensure adequate O2 delivery to tissues
(see Prabhakar, 2000 for references). In neonates, carotid bodies are immature and respond
poorly to acute hypoxia (see Donnelly, 2000 for references). However, neonatal adrenal
medullary chromaffin cells (AMC) respond to acute hypoxia with catecholamine secretion
(Bournaud et al, 2007, Mojet et al, 1997, Rico et al., 2005, Seidler and Slotkin, 1985,
Souvannakitti et al, 2009, Thomson et al., 1997). The resulting increase in circulating
catecholamines is beneficial to neonates for withstanding stress imposed by hypoxia.
Several studies assessed the role of ROS in the acute hypoxic sensing by the carotid body
and AMC (Agapito et al. 2009; Dinger et al., 2007, Gonzalez et al., 2007). These studies,
however, do not provide compelling evidence for ROS mediating the responses to acute
hypoxia.

Physiological responses to acute hypoxia are dynamically altered by chronic perturbations in
systemic O2 resulting from breathing disorders. Sleep disordered breathing with recurrent
apneas represent one such breathing problem in adult humans (Nieto et al., 2000) and in
preterm infants (Poets, 1994). Recurrent apneas are characterized by brief, repetitive
cessations of breathing (each episode lasting no more than 10 to 30 seconds) resulting in
periodic decreases in arterial blood O2 or intermittent hypoxia (IH). Recent studies suggest
that IH profoundly impacts carotid body and AMC responses to acute hypoxia. In this
review we present evidence for ROS signaling in mediating the carotid body and AMC
responses to acute hypoxia under IH and highlight the underlying cellular and molecular
mechanisms.

2. Effects of IH on acute responses to hypoxia
Carotid Body

Carotid body responses to acute hypoxia are exaggerated in IH treated adult rats (Peng and
Prabhakar, 2004), mice (Peng et al. 2006b) and cats (Rey et al. 2004), whereas response to
hypercapnia (high CO2) were unaffected (Peng and Prabhakar, 2004). Repetitive hypoxia
elicits long-lasting increase in baseline carotid body activity in IH treated rodents, a
phenomenon referred to as sensory long-term facilitation or sLTF (Peng et al., 2003; Peng et
al., 2006b). However, sLTF was not expressed by carotid bodies from control rats or mice.
The effects of IH on carotid body function were: a) time-dependent; b) reversible after re-
exposure to normoxia and c) associated with no apparent alterations in carotid body
morphology. Comparable cumulative duration of continuous hypoxia neither sensitized the
hypoxic response nor elicited sLTF, suggesting that the effects were unique to IH.

Although neonatal carotid bodies respond poorly to acute hypoxia, IH markedly augments
sensory response to low O2 (Peng et al, 2004). Unlike adults, IH treated neonatal carotid
bodies display hyperplasia of glomus cells, do not exhibit sLTF and the hypersensitivity to
hypoxia persists into juvenile life (Pawar et al. 2008, 2009).

Adrenal medullary chromaffin Cells (AMC)
IH treated adult (Kumar et al., 2006) and neonatal AMC (Souvannakitti et al., 2009) respond
to acute hypoxia with enhanced catecholamine secretion. The effects were unique to IH
because continuous hypoxia does not facilitate low-O2 evoked catecholamine secretion
either in the adult (Kumar et al., 2006) or from neonatal AMC (Souvannakitti et al., 2009).
On the other hand, IH decreases neurogenic catecholamine secretion in adult rat adrenal
medulla as evidenced by marked suppression of nicotine or 2-deoxyglucose-evoked
catecholamine efflux (Kumar et al., 2006). The decreased neurogenic response is in part due
to down-regulation of nicotinic cholinergic receptor expression in AMC (Souvannakitti et
al., 2010a).
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3. Role of ROS in altered responses to acute hypoxia by IH
The above outlined studies suggest that IH selectively augments carotid body and AMC
responses to acute hypoxia in adult and neonatal rodents. It has been proposed that ROS
signaling mediates IH-induced augmented carotid body responses to acute hypoxia
(Prabhakar, 2001). Supporting this possibility are the studies showing elevated ROS levels
in IH treated carotid bodies from adult (Peng et al., 2003) and neonatal (Pawar et al., 2009)
rats as evidenced by decreased aconitase activity and elevated MDA levels, which are
established biochemical markers of ROS (Gardner, 2002; Ramanathan et al., 2005). Similar
elevations in ROS were also seen in adrenal medullae from IH treated adult rats (Kumar et
al 2006), mice (Kuri et al., 2007) and neonatal rats (Souvannakitti et al. 2009).

Functional significance of increased ROS levels was ascertained by anti-oxidant treatment
strategy. Rats were treated with a stable superoxide dismutase mimetic [manganese (III)
tetrakis (1-methyl-4-pyridyl) porphyrin pentachloride (MnTMPyP), 5 mg/kg, i.p.], a potent
scavenger of ROS every day prior to subjecting them to 8h regimen of IH for 10days.
MnTMPyP prevented IH-induced exaggerated carotid body response to hypoxia in adult and
neonatal rats (Peng et al. 2003, 2004; Pawar et al. 2009). However, acute application of a
single dose of MnTMPyP on the 10th day of IH exposure, however, was ineffective in
preventing the sensitization of the hypoxic response (Peng et al., 2003), implying that ROS-
mediated signaling cascade rather than acute generation ROS is necessary for evoking
augmented hypoxic sensitivity following IH. Ascorbic acid, another anti-oxidant is also
effective in preventing IH-evoked sensitization of the carotid body response to acute
hypoxia (DelRio et al., 2010).

Anti-oxidants also abolish the enhanced catecholamine secretion from IH treated AMC from
neonatal (Souvannakitti et al. 2009) and adult rats (Kumar et al. 2006) and mice (Kuri et al.
2007). These studies suggest that ROS is critical for evoking the exaggerated hypoxic
responses of the carotid body and AMC in IH treated rodents. However, further studies are
needed to delineate relative contributions of O2 ˙−, H2O2 or OH˙− to IH-induced
exaggerated sensitivity of the carotid body and AMC to acute hypoxia.

4. Cellular targets of ROS
Carotid body

Neurotransmitters/modultators are essential for evoking sensory excitation of the carotid
body by acute hypoxia (Prabhakar, 2000). Recent studies suggest that ROS-dependent
recruitment of endothelin-1 (ET-1) and 5-hydroxytryptamine (5-HT) mediate sensitization
and sLTF of the IH treated carotid body, respectively.

ET-1 is normally expressed at low levels in the carotid body. Exogenous application of ET-1
by itself has very little effect on the sensory activity, but markedly augments sensory
response to acute hypoxia (Chen et al., 2002, 2007). Recent studies showed that IH: a) up-
regulates ET-1 expression in glomus cells of the carotid body (Rey et al 2006; Pawar et al.,
2009); b) facilitates ET-1 release, and c) up-regulates ETA but not ETB receptor mRNAs
(Pawar et al., 2009). Anti-oxidant treatment prevents the effects of IH on ET-1 expression in
the carotid body (Pawar et al., 2009). More importantly, ETA but not ETB receptor
antagonist abolishes IH-evoked sensitization of the hypoxic response of the carotid body
(Rey et al 2006; Pawar et al 2009) but not the sLTF in adult carotid body (Peng and
Prabhakar, 2010, unpublished observations).

5-HT mediates long-lasting neuronal activation in the vertebrate nervous system (Machacek
et al. 2001). Carotid bodies express 5-HT (Gronblad et al. 1983; Zhang et al. 2003; Jacono et
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al. 2005) and exogenous application of 5-HT augments the carotid body activity (Kirby &
McQueen, 1984; Jacono et al. 2005). Although the role of 5-HT in evoking sensory
excitation by acute hypoxia remains uncertain, several lines of evidence suggest that 5-HT
mediates IH-evoked sLTF of the carotid bodies. These include: a) repetitive hypoxia
releases 5-HT from IH treated but not from control carotid bodies; b) 5-HT activates
NADPH oxidase (Nox) via 5-HT2 receptors; c) IH-induced sLTF was absent in mice
deficient in 5-HT (Peng et al. 2009) and d) exogenous spaced application of 5-HT induces
sLTF in control carotid bodies via Nox activation (Peng et al., 2006a).

The mechanisms by which ROS up-regulates ET-1 and ETA receptors, and how IH
facilitates the release of ET-1 and 5-HT, which are critical steps in evoking sensitization of
the hypoxic response and sLTF of the carotid body remain to be elucidated.

AMC
It is well established that Ca2+ signaling is essential for catecholamine release from AMC.
Acute hypoxia-evoked increases in [Ca2+]i were markedly enhanced in IH treated AMC,
which was due to enhanced Ca2+ influx as well as mobilization of intracellular Ca2+ stores
(Souvannakitti et al., 2009). A recent study reported that IH leads to ROS-dependent
transcriptional up-regulation of T-type Ca2+ channels (Cav3.1 and Cav3.2) and rynaodine
receptors (RyRs) in AMC, which mediate the enhanced Ca2+ influx and mobilization of
intracellular Ca2+ stores, respectively (Souvannakitti et al., 2010b). In IH treated AMC basal
[Ca2+]i was elevated, which was due to activation of RyRs by ROS-dependent S-
glutathionylation of RyRs (Souvannakitti et al., 2010b).

4. Sources of ROS generation by IH
Cellular levels of ROS depend on the balance between pro-and anti-oxidant enzyme
activities. The following sections summarize the effects of IH on pro-and anti-oxidants.

4.1 IH and Pro-oxidants
4.1.1. NADPH oxidases (Nox)—The family of NADPH oxidases (Nox) constitutes one
of the major sources of ROS (see Bedard and Krause, 2004). Peng et al (2009) reported that
IH up-regulates Nox2 mRNA and increases Nox enzyme activity by ~12-fold in carotid
bodies. More importantly, IH treated Nox2 knock-out mice do not exhibit sLTF and show
reduced hypoxic response of the carotid body (Peng et al 2009). IH also up-regulates Nox2
mRNA, increases Nox activity in adrenal medullae from neonatal rats and Nox inhibitors
prevent the exaggerated catecholamine secretion as well as [Ca2+]i responses to hypoxia in
AMC from IH treated neonatal rats (Souvannakitti et al. 2010b).

IH in addition to Nox2, also up-regulates Nox4 in carotid bodies (Peng et al., 2009) and in
neonatal AMC (Souvannakitti et al., 2010b). Immunocytochemical analysis revealed
localization of Nox2 to cytosol and Nox4 to the nucleus of glomus cells (Peng et al., 2009)
and neonatal AMC (Souvannakitti et al., 2010b). Functional significance of Nox4 up-
regulation by IH in the carotid body and AMC remains to be examined.

4.1.2. Mitochondrial Electron Transport Chain (ETC)—In addition to oxidases,
mitochondrial electron transport chain (ETC) constitutes another major source of ROS
(Ambrosio et al.., 1993). IH inhibits mitochondrial complex I but not the complex III
activity in carotid bodies (Peng et al., 2003). Similar inhibition of the complex I activity was
also reported in IH treated rat pheochromocytoma -12 (PC12) cells, which are of adrenal
medullary origin (Yuan et al. 2004; Khan et al 2010). The decreased complex I activity was
associated with increased mitochondrial ROS in IH treated PC12 cells. Thus, in addition to
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Nox activation, inhibition of mitochondrial ETC at the complex I also contributes to ROS
generation by IH.

4.1.3. Mechanism(s) of mitochondrial complex I inhibition by IH—Khan et al
(2010) examined the mechanisms underlying the complex I inhibition by IH. These
investigators found that Nox inhibitors (i.e., apocynin or AEBSF) as well as silencing Nox2
by siRNA prevent complex I inhibition in IH treated cells. Furthermore, complex I
inhibition was absent in IH treated Nox2 knockout mice. In addition, they also found that
ROS generated by Nox facilitate Ca2+ flux into mitochondria and cause S-glutathionylation
of 75-and 50-kDa subunits of complex I resulting in inhibition of the complex I activity.
Together, these findings provide evidence for positive feed-forward interactions between
Nox2 and mitochondrial complex I resulting in ROS-induced ROS for sustained oxidative
stress under IH condition as schematically illustrated in Fig.1.

4.2. IH and Anti-oxidants
In addition to activating pro-oxidants, there is some evidence showing that IH down-
regulates anti-oxidant enzymes. Recently, Nanduri et al. (2009) reported down-regulation of
superoxide dismutase-2 (Sod-2) mRNA as well as the Sod-2 enzyme activity in IH treated
rat adrenal medullae. Likewise, 60–70% down-regulation of Sod-2 mRNA was also seen in
IH treated rat carotid bodies (Nanduri et al., 2010, unpublished observations). In rat PC12
cell cultures IH decreased glutathione peroxidase-1 (Gpx-1) activity, an enzyme that
catalyzes degradation of H2O2 (Khan et al., 2010, unpublished observations). These
observations suggest that IH-evoked increase in ROS levels involves not only up-regulation
of pro-oxidants but also down-regulation of anti-oxidants.

5. Molecular mechanisms of ROS generation by IH
IH affects a variety of transcription factors, including the hypoxia-inducible factors (HIF-1
and HIF-2s), Activator Protein-1 (AP-1), nuclear factor of activated T-cells (NFAT), and
nuclear factor κB (NF-κB; see Nanduri et al. 2008 for references). The following section
summarizes emerging evidence for regulation of genes encoding pro-and anti-oxidant
enzymes by the HIF family of transcriptional activators during IH.

5.1. IH causes differential regulation of HIF-1 and HIF-2
HIF-1 is the prototypical member of the HIF family of transcriptional activators and
comprises an O2-regulated α subunit and a constitutive β subunit (Wang et al. 1995). HIF-1
transcriptional activity is induced under the conditions of continuous hypoxia as a
consequence of HIF-1α protein accumulation resulting from decreased O2-dependent proline
hydroxylation, ubiquitination, and proteasomal degradation (Coleman and Ratcliffe, 2007).
HIF-2α (also known as endothelial PAS domain protein-1, EPAS-1) is another member of
the HIF family, which shares 80% sequence homology to HIF-1α and also interacts with
HIF-1β (Tian et al., 1997).

Although continuous hypoxia leads to accumulation of both HIF-1α and HIF-2α
(Holmquist-Mengelbier et al., 2006), IH up-regulates HIF-1α and down-regulates HIF-2α
protein in cell cultures and in rodents (Nanduri et al. 2009). Furthermore, the effects of IH
on HIF-1α and HIF-2α persist for several hours after termination of IH stimulus as opposed
to return to basal levels within minutes after terminating continuous hypoxia (Yuan et al.,
2008, Nanduri et al., 2009), indicating that continuous and intermittent hypoxia exert
strikingly different effects on HIF-1 and HIF-2.
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5.2. Significance of differential regulation of HIF-1 and HIF-2 by IH
Complete HIF-1α deficiency results in embryonic lethality at mid-gestation, whereas
Hif1α+/− heterozygous (HET) mice, which are partially deficient in HIF-1α expression,
develop normally and are indistinguishable from wild type (WT) littermates under normoxic
conditions (Yu et al., 1999). IH treated WT mice exhibit enhanced carotid body responses to
hypoxia, sLTF and elevated ROS levels, and remarkably these responses are absent in IH
treated HET mice (Peng et al., 2006b). Interestingly, IH-induced up-regulation of Nox2
mRNA in the carotid body is absent in Hif-1a+/− mice (Yuan et al. 2010; unpublished
observations), raising intriguing possibility that HIF-1 regulates Nox2 and the ensuing
mitochondrial complex I inhibition during IH. However, detailed studies are needed to
ascertain this possibility.

Scortegagna et al (2003) reported that HIF-2 regulates transcription of several antioxidant
enzymes, including SOD-2. IH-induced down-regulation of Sod-2 mRNA and Sod-2
activity in PC12 cell cultures are prevented by overexpression of transcriptionally active—
but not inactive—HIF-2α plasmid (Nanduri et al. 2009). In intact rats, systemic
administration of ALLM, a potent inhibitor of calpains, rescues IH-induced HIF-2α
degradation in the carotid body and adrenal medulla, restores Sod2 activity and prevents
elevation of ROS (Nanduri et al. 2009). Thus, down regulation of HIF-2 contributes to IH-
induced increase in ROS via insufficient transcription of anti-oxidative enzymes, such as
Sod-2.

The above outlined observations indicate that up-regulation of pro-oxidants via HIF-1 and
down-regulation of anti-oxidants by HIF-2 contribute in part to the elevated ROS levels
under IH (Fig. 2). However, it should be noted that HIF-1 and HIF-2 regulate several other
genes related to maintenance of homeostasis during hypoxia including those encoding
erythropoietin, vascular endothelial growth factor, enzymes associated with glucose
metabolism (see Semenza and Prabhakar, 2007 for references). The effects of IH on the
expression of these genes have not been yet established. Furthermore, as stated at the
beginning of this section, IH also activates other transcriptional activators including AP-1,
NFAT and NF-κB (Nanduri et al., 2008). Very little is known on the role(s) of
transcriptional activators other than HIFs to the augmented hypoxic sensitivity of the carotid
body and AMC by IH.

6. Summary and perspective
In this review, we attempted to summarize recent studies showing the effects of IH on acute
hypoxic sensing by the carotid body and AMC in experimental models. Available evidence
indicates that IH augments carotid body and AMC responses to acute hypoxia and this effect
involves ROS signaling. The IH evoked exaggerated hypoxic sensitivity might explain
persistent sympathetic excitation and elevated plasma catecholamines seen in recurrent
apnea patients. However, one must be cautious in extrapolating the results from
experimental models of IH to morbidities in recurrent apnea patients, because the latter in
addition to periodic hypoxia is also associated with hypercapnia as well. In addition, feed
back from pulmonary afferents is also altered during apneic episodes in these patients,
which might also contribute to autonomic changes. None-the-less, studies on experimental
models as delineated in this article provide much needed conceptual frame work on cellular
and molecular mechanisms that are unique to IH, which can be further validated in patients
with sleep disordered breathing.
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Figure 1.
Schematic representation of the mechanisms associated with inhibition of Complex I activity
by intermittent hypoxia (IH). Nox= NADPH oxidase.
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Figure 2.
Schematic presentation of molecular and cellular mechanisms associated with intermittent
hypoxia (IH)-induced enhanced hypoxic response of the carotid body (CB) and adrenal
medullary chromaffin cells (AMC). HIF-1 and HIF-2= hypoxia-inducible factors 1 and 2;
ET-1= Endothelin 1; 5-HT= 5-hydroxytryptamine; RyR= ryanodine receptor.
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