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Abstract
Sleep disordered breathing with recurrent apneas is one of the most frequently encountered
breathing disorder in adult humans and preterm infants. Recurrent apnea patients exhibit several
co-morbidities including hypertension and persistent sympathetic activation. Intermittent hypoxia
(IH) resulting from apneas appears to be the primary stimulus for evoking autonomic changes. The
purpose of this article is to briefly review the effects of IH on chemo-and baro-reflexes and
circulating vasoactive hormones and their contribution to sympathetic activation and blood
pressures. Sleep apnea patients and IH-treated rodents exhibit exaggerated arterial chemo-reflex.
Studies on rodent models demonstrated that IH leads to hyperactive carotid body response to
hypoxia. On the other hand, baro-reflex function is attenuated in patients with sleep apnea and in
IH-treated rodents. Circulating vasoactive hormone levels are elevated in sleep apnea patients and
in rodent models of IH. Thus, persistent sympathetic activation and hypertension associated with
sleep apneas seems to be due to a combination of altered chemo-and baro-reflexes resulting in
sympathetic activation and action of elevated circulating levels of vasoactive hormones on
vasculature.
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1. Introduction
Sleep disordered breathing with recurrent apneas is a commonly encountered respiratory
problem in adult humans and infants born preterm. Recurrent apneas are characterized by
transient, repetitive cessations of breathing, each episode lasting no more than tens of
seconds and arise either as a consequence of obstruction of the upper-airway leading to
cessation of airflow (Obstructive Sleep Apnea or OSA) or due to defective respiratory
rhythm generation by the central nervous system (central sleep apneas). Adult patients with
either form of recurrent apnea exhibit several co-morbidities including increased risk for
developing hypertension and display persistent activation of the sympathetic nervous system
(see review Narkiewicz and Somers., 1997; Peppard et al., 2000). Considerable evidence
suggests that intermittent hypoxia (IH) resulting from apneas is the primary stimulus for
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evoking sympathetic excitation (see review Prabhakar et al., 2007). Hypercapnia that occurs
during apneas and apnea by itself (i.e., absence of pulmonary afferent feed back) might also
contribute to sympathetic excitation. Reflexes arising from peripheral arterial chemo and
baro-receptors regulate blood pressure by altering the sympathetic tone. Studies on recurrent
apnea patients and rodent models provide important insights into the effects of IH on arterial
chemo- and baro-receptors and their role in evoking persistent sympathetic activation and
elevation of blood pressures. In addition to the sympathetic tone, circulating vasoactive
hormones/mediators profoundly impact blood pressure by altering peripheral vascular
resistance. Recent studies indicate that IH also affects the production and release of
aminergic and peptidergic vasoactive hormones, which contribute to elevated blood
pressures by directly acting on blood vessels. The purpose of this article is to briefly review
the studies related to the effects of IH on chemo- and baro-reflexes and vasoactive hormones
and their contribution to sympathetic activation and blood pressures.

2. Blood pressures and Sympathetic nerve activity
Sleep apnea patients

Much of the information on the consequences of recurrent apneas on blood pressures and
sympathetic nerve activity has come from studies on OSA patients. Sleep apnea patients
exhibit elevated blood pressures and elevated sympathetic tone as measured by muscle
sympathetic nerve activity (MSNA), which is reflective of reflex control of systemic
vascular resistance (Carlson et al., 1993; Hedner et al. 1988; Leuenberger et al., 1995;
Somers et al. 1995). Elevated MSNA is seen even in day time wherein breathing pattern and
arterial blood gas values are normal without any evidence for apneas. Although occurrence
of sleep apneas is more prevalent in obese individuals, the elevated sympathetic tone
reported in OSA patients seems independent of obesity (Narkiewicz and Somers, 1997).

During sleep, normal subjects (i.e., subjects without apneas) display low levels of
sympathetic activity, reductions in heart rate and blood pressures (Hornyak et al., 1991;
Okada et al., 1991; Somers et al., 1993). On the other hand, recurrent apnea patients, do not
exhibit reductions in sympathetic activity and blood pressures during sleep (Narkiewicz and
Somers, 1997). Sympathetic nerve activity and blood pressures progressively increase
during each episode of apnea and the magnitude of increase is most pronounced during
REM sleep, wherein the duration of apneas were longer than in non-REM sleep (Narkiewicz
and Somers, 1997). Preventing recurrent apneas through the use of continuous positive
airway pressure (CPAP) lowers sympathetic activity and blood pressures in OSA patients
(Carlson et al., 1993; Imadojemu et al.2007; Somers et al.,1995).

Rodent models of IH
Greenberg et al (1999) examined the effects of chronic IH on sympathetic nerve activity in a
rodent model. These investigators recorded cervical sympathetic nerve activity in 2 month
old male Sprague-Dawley rats exposed to 30d of IH (30s of hypoxia and 30s of normoxia)
for 8h/d during day time (which is sleep time in rodents). Baseline blood pressures and
cervical sympathetic nerve activity were elevated in IH treated rats compared to controls.
Although the relevance of cervical sympathetic nerve activity to changes in blood pressure
in IH treated rats can be argued, subsequent studies reported similar increases in renal
(Huang et al., 2009), splanchnic (Dick et al., 2007), thoracic (Zoccal et al., 2008) and lumbar
(Marcus et al., 2010) sympathetic nerve activities, which are more relevant to blood pressure
regulation. Zoccal et al (2008) further noted altered coupling of central sympathetic-
respiratory outputs in chronic IH treated rats. These investigators reported that increased
sympathetic nerve activity was more pronounced in late expiratory phase of respiration, a
finding consistent with an earlier study by Dick et al (2007). c-fos is an immediate early
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gene, and the expression of the encoded protein c-Fos is a marker of increased neural
activity in the central nervous system (CNS). Chronic IH activates various areas of the CNS
associated with regulation of sympathetic nervous system and blood pressure in rats as
evidenced by increased c-Fos expression (Sica et al., 2000).

3. Intermittent hypoxia augments arterial chemoreceptor reflex
Arterial chemoreceptors, especially the carotid bodies are the primary sensors for hypoxia
and the ensuing reflex activates sympathetic nerve activity, elevates blood pressure and
stimulates breathing. Because apneas are associated with IH, several studies examined the
potential role of chemo-reflex in sympathetic activation in sleep apnea patients and in IH
treated rodents. The following section summarizes some of these studies.

Studies on sleep-apnea patients
Acute hyperoxia, which decreases carotid body sensory activity, reduces blood pressure in
normoxic OSA patients but not in normoxic control subjects (Narkiewicz et al, 1998),
suggesting heightened chemo-reflex function. Furthermore, hypoxia-evoked ventilatory and
pressor responses were more pronounced in OSA patients compared to control subjects
(Hedner et al., 1992). MSNA activation during hypoxic episodes (apneas) at night is
markedly augmented in OSA patients (Leuenberger et al. 1995). Also, acute hypoxia-
induced sympathetic excitation was more pronounced in OSA patients under wakefulness
compared to control subjects (Smith et al., 1996). Lusina et al. (2006) reported augmented
MSNA responses to acute hypoxia in normal subjects treated with 1h of hypoxia per day for
10 days. Acute IH, akin to sleep apneas with and without CO2 leads to persistent
sympathetic activation in normal subjects (Cutler et al. 2004; Morgan et al., 1995; Xie et al.,
2000). Repetitive hypoxia-induced persistent sympathetic activation might explain day time
sympathetic activity reported in sleep apnea patients.

Studies on experimental models of IH
Arterial chemo-reflex is augmented in IH treated cats (Rey et al, 2004) and mice (Peng et al.
2006) as evidenced by exaggerated ventilatory responses to hypoxia. Huang et al (2009)
examined renal sympathetic nerve and arterial blood pressure responses to acute hypoxia
and hypercapnia in rats treated with 3 weeks of IH. These investigators found exaggerated
renal nerve responses to both hypoxia and hypercapnia in IH treated rats. Juvenile rats (3
week old rats) treated with 10d of IH showed enhanced thoracic sympathetic and phrenic
nerve responses to cyanide, a chemo-receptor stimulant in working heart-brainstem
preparation (Braga et al. (2006) and a subsequent study concluded that the augmented
chemo-reflex contributes to enhanced sympathetic nerve activity in juvenile rats (Zoccal et
al. 2008). Furthermore, ablation of sinus nerves, which innervate the carotid body, prevents
IH-induced hypertension (Fletcher 2001) and long-lasting increases in splanchnic nerve
activity (Prabhakar et al. 2005) in rats. The findings from rodent models and sleep apnea
patients suggest that IH associated with sleep apneas contribute to exaggerated arterial
chemo-reflex.

4. Intermittent hypoxia results in hyperactive carotid body
Recent studies provide compelling evidence for altered carotid body function in
experimental animals treated with chronic IH. Direct recording of sensory activity of the
carotid body in chronic IH exposed rats revealed an exaggerated response to hypoxia but not
to hypercapnia (Peng et al., 2003). Similar sensitization of the carotid body response to
hypoxia was also reported in chronic IH treated cats (Rey et al., 2004) and mice (Peng et al.,
2006).
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In control rats, challenging the carotid bodies with acute intermittent hypoxia (AIH; 15s of
hypoxia followed by 5min of re-oxygenation, 10 episodes) augmented the sensory activity
during each episode of hypoxia and after terminating AIH, sensory activity promptly
returned to baseline. On the other hand, in chronic IH treated rats, sensory activity
progressively increased with each episode of hypoxia, and more importantly, baseline
activity remained elevated for about 60min during the post-AIH period. This long-lasting
increase in baseline sensory activity has been termed as sensory long-term facilitation i.e.,
sensory LTF (Peng et al., 2003).

The effects of chronic IH on carotid body function including the sensitization of the hypoxic
response and the induction of sensory LTF developed over time and reversed completely
after re-exposure to normoxia (Peng et al., 2003). The reversible nature of the carotid body
responses to chronic IH might explain why CPAP therapy reverses the adverse cardio-
sympathetic effects in OSA patients (Carlson et al., 1993; Somers et al., 1995).

5. Mechanisms associated with IH-induced carotid body hyperactivity
Chronic IH-induced sensitization of the hypoxic response as well as sensory LTF could be
evoked in rat and mice carotid bodies ex vivo (Peng et al., 2003, 2006) suggesting that these
effects are not secondary to cardiovascular changes such as elevated blood pressures seen in
animals exposed to IH (Fletcher., 2001, Kumar et al., 2006, Peng et al., 2006). Furthermore,
IH-evoked changes in the carotid body function were not associated with morphological
changes in the chemoreceptor tissue (Peng et al. 2003). It has been proposed that reactive
oxygen species (ROS) generated during the re-oxygenation phase mediate cellular responses
to IH (Prabhakar, 2001). ROS levels were elevated in IH treated carotid bodies as evidenced
by decreased aconitase enzyme activity (Peng et al., 2003), a robust biological marker of
ROS. Further studies identified NADPH-oxidase, especially Nox2 (Peng et al. 2009) and
inhibition of mitochondrial electron transport chain at the complex I (Peng et al. 2003) as
potential sources of ROS generation in carotid bodies from chronic IH treated rats.
Concurrent systemic administration of 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 animals to 8h of IH prevented
sensitization as well as the sensory LTF of the carotid body (Peng et al., 2003 and Prabhakar
and Peng, 2004). These studies suggest that ROS mediate chronic IH-induced sensitization
of the hypoxic response as well as the induction of sensory LTF of the carotid body.

ROS signaling mechanisms mediating IH-evoked sensitization of the hypoxic response,
however, seem to differ from those evoking the sensory LTF of the carotid body. IH-evoked
up-regulation of hypoxic sensitivity of the carotid body involves ROS-dependent up-
regulation of endothelin-1 (ET-1; Pawar et al. 2009), and ETA but not ETB receptors (Rey et
al. 2006; Pawar et al., 2009; Fig.1). However, ET-1 seems not to contribute to the induction
of sensory LTF (Peng & Prabhakar, unpublished observations, 2010). On the other hand, 5-
HT mediates sensory LTF by activating NADPH oxidase, especially Nox2 and the ensuing
ROS generation (Peng et al. 2009; Fig.1).

6. Significance of hyperactive carotid body function
The above studies demonstrate that chronic IH has two major effects on carotid body
function that include: a) sensitization of the carotid body response to acute hypoxia, and b)
long-lasting activation of baseline sensory activity i.e., sensory LTF. It is likely that the
sensory LTF of the carotid body via reflex activation contributes to sustained day time
elevations of sympathetic activity reported in sleep-apnea patients. Supporting such a
possibility are the findings that inhibition of sympathetic nerve evoked by hyperoxic
stimulus (which inhibits carotid body activity) was less pronounced in sleep-apnea patients
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compared to control subjects (Leuenberger et al. 1995; Narkiewicz et al. 1998).
Furthermore, pharmacological blockade of carotid body prevents augmented chemo-reflex
in IH-treated rats (Marcus et al. 2010). These observations support the idea that IH
associated with apneas indeed augment chemoreceptor response to hypoxia and mediate
sympathetic excitation.

7. Evidence for down-regulation of baro-reflex by intermittent hypoxia
Besides chemo-reflex, arterial baro-reflex is another major regulator of the sympathetic tone
and arterial blood pressure. Unlike chemoreceptors, activation of baroreceptors inhibits
sympathetic tone. The following studies suggest that baro-reflex function is down regulated
in sleep-apnea patients and in rodents treated with chronic IH.

Patients with OSA exhibit reduced baroreflex sensitivity as evidenced by attenuated heart
rate and vascular resistance responses to activation of baroreceptors (Bonsignore et al.,
2002; Carlson et al. 1993; Cooper et al., 2007; Monahan et al., 2006) and CPAP treatment
restores baroreflex sensitivity (Bonsignore et al., 2002). Lai et al (2006) examined the
effects of several days of IH treatment on baro-reflex function in rats. Spectral analysis of
heart rate responses indicate attenuated baro-reflex function in IH treated rats with a
concomitant increase in chemo-reflex as evidenced by augmented ventilatory response to
hypoxia. In a recent preliminary study, we examined the effects of IH (15s hypoxia followed
by 5 min normoxia) on splanchnic nerve responses to phenylephrine (PE) in adult male
Sprague-Dawley rats (Peng et al., 2010). PE-induced sympathetic inhibition was markedly
attenuated in IH treated rats, indicating down regulation of baro-reflex function. However,
Greenberg et al (1999) reported no change in cervical sympathetic nerve response to PE in
adult rat exposed to 30d of IH. These authors used a IH paradigm consisting of alternating
cycles of hypoxia and normoxia 30s each, wherein inspired O2 levels with each episode
were ~7% O2 with a dwell time of ~6s. Measurements of arterial blood O2 saturation levels
showed that IH paradigm by Greenberg et al (1999) produced 90-95% O2 saturations;
whereas our IH paradigm resulted in 75-80% O2. The relatively lower O2 saturations in
response to IH paradigm used by Greenberg et al is conceivably due to a combination of
shorter hypoxic dwell time (i.e., ~6s) and lesser intensity of hypoxia (i.e., ~7% O2) as
compared to longer hypoxic dwell time (15s) and more intense hypoxia (5% O2) used in our
IH paradigm. Zoccal et al (2008) found no alteration in baro-reflex control of sympathetic
nerve activity in a working heart-brainstem preparation in IH treated juvenile rats. Thus, the
studies outlined above suggest that depending on the severity of the stimulus and
developmental stage of the animals, chronic IH up-regulates chemo- and down-regulates
baro-reflexes.

8. Effects of IH on baro-receptor Activity
The attenuated baroreflex sensitivity described above could in part be due to the effects of
IH on carotid and/ or aortic baroreceptors. Gu et al (2007) reported no change in aortic
baroreceptor activity in IH treated Fischer-344 rats. A recent preliminary study examined the
effects of chronic IH on carotid baro-receptor activity (Peng et al., 2010). These
investigators employed an ex vivo rat carotid sinus preparation in order to set the initial
conditioning pressure to the same level in the control and IH treated rats. In control rats,
baroreceptor activity progressively increased in a sigmoidal fashion in response to step
increases in sinus pressure. In IH-treated preparation, the magnitude of increase in
baroreceptor activity at higher pressures was markedly attenuated primarily due to reduced
saturation and threshold pressures. ET-1 was up-regulated in endothelial cells in the carotid
sinus region and ETA receptor antagonist prevented IH-induced attenuated carotid baro-
receptor sensitivity. These findings suggest that IH attenuates baro-reflex function, which is
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in part due to its effects on carotid baro-receptors (Fig.1). Despite the preliminary nature of
these findings, it is remarkable that IH-evoked up-regulation of ET-1 exerts diametrically
opposing effects on carotid chemo and baroreceptors, in that it exaggerates chemoreceptor
responses to hypoxia whereas it depresses baroreceptor responses to increased sinus
pressures (Fig.1).

9. Significance of altered chemo-baro-receptor function by IH
The studies outlined above suggest that depending on the severity of the stimulus and age
chronic IH up-regulates chemo- and down-regulates baro-reflexes. It is likely that the
imbalance between these two opposing reflex pathways play a major role in evoking
persistent sympathetic activation in response to chronic IH (Fig.1).

10. Effects of IH on vasoactive hormones/ mediators
In addition to chemo-and baro reflex regulation of blood pressure via sympathetic nervous
system, several vasoactive hormones/mediators by directly acting on resistance vessels also
contribute to changes in blood pressure. In the periphery, the vascular endothelium, adrenal
gland, and kidney are the major sites of production of vasoactive hormones/mediators.
Catecholamines derived from the adrenal medulla, renal renninangiotensin system and
endothelins from the vascular endothelial cells are major vasoconstrictors. Several studies
on patients with OSA and IH-treated rodents explored the roles of vasoactive mediators in
elevated blood pressures.

Catecholamines
Several studies reported elevated circulating catecholamines in OSA patients (Carlson et al.,
1993; Fletcher et al.1987; Garcia-Rio et al. 2000; Marrone et al. 1993; Somers et al., 1995).
Both norepinephrine and epinephrine levels were elevated in plasma and urine in these
patients (Carlson et al., 1993; Fletcher et al. 1987; Marrone et al., 1993). Marrone et al
(1993) reported urinary epinephrine levels decreased in the absence of apneas in these
subjects. Chronic CPAP treatment reduced circulating catecholamines in OSA patients
(Suzuki et al., 1993). A similar increase in circulating norepinephrine and epinephrine was
also reported in rats and mice exposed to chronic IH (Bao et al., 1997; Kumar et al., 2006;
Peng et al., 2006).

Adrenal medulla is a major source of catecholamines. Recent studies examined the effects of
IH on acute-hypoxia evoked catecholamine secretion from adrenal medulla in rats (Kumar et
al., 2006; Souvannakitti et al., 2009) and mice (Kuri et al., 2007). Hypoxia-evoked
catecholamine secretion from adrenal medulla was markedly potentiated in IH treated rats.
Studies on mouse adrenal medullary chromaffin cells (AMC) showed that chronic IH
increases the readily releasable pool of secretory vesicles via ROS-mediated activation of
protein kinase C (Kuri et al., 2007). Studies on rat AMC showed that the effects of IH
involve ROS-dependent facilitation of Ca2+ influx as well as mobilization of intracellular
Ca2+ stores (Souvannakitti et al. 2009). In a recent study, Souvannakitti et al (2010)
examined the source of ROS and the cellular mechanisms associated with Ca2+ homeostasis
in IH treated AMC. They identified NADPH oxidases, especially Nox2 and Nox 4 isoforms
as potential sources of ROS generation. They further showed that IH-evoked Ca2+ flux is
mediated in part via up-regulation of low-threshold T-type Ca2+ channels and mobilization
of intracellular Ca2+ stores involving transcriptional up-regulation as well as post-
translational modification of ryanodine receptors (RyRs). These studies suggest that IH
facilitates catecholamine secretion from AMC involves ROS-dependent signaling
mechanisms, which might account in part to the elevated circulating catecholamines
reported in sleep-apnea patients and IH treated rodents.
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Endothelins
Vascular endothelial cells express endothelin-1 (ET-1), a potent vasoconstrictor peptide with
mitogenic properties (Howard et al., 1992). Circulating ET-1 levels are elevated in patients
with OSA compared to healthy humans (Gjorup et al., 2007; Phillips et al., 1999;
Saarelainen et al., 1997; Zamarron-Sanz, et al, 2006), and CPAP treatment restores ET-1
levels. However, some studies reported no change in plasma ET-1 levels in OSA patients
(Grimpen et al., 2000; Moller et al., 2003). Interestingly, Jordan et al., (2005) reported
elevations of plasma big ET-1 (a precursor of ET-1) but not ET-1 level in OSA patients, and
CPAP therapy decreased big-ET-1 levels to controls. Kanagy et al., (2001) reported elevated
plasma ET-1 levels and blood pressure in rats treated with chronic IH combined with
hypercapnia. Endothelin type A receptor antagonist normalized blood pressure in IH treated
rats (Allahdadi et al., 2008).

Renin-Angiotensin System
Activation of the renin-angiotensin system causes vasoconstriction, via the angiotensin I
(AT-1) receptor. Patients with OSA exhibit elevated plasma angiotensin II levels (Moller et
al., 2003). Fletcher et al. (2002) reported that AT-1 receptor antagonist prevents elevated
blood pressures in rats treated with chronic IH.

11. Summary and Perspective
In this review, we highlighted recent studies addressing the mechanisms by which recurrent
apnea causes persistent sympathetic activation and elevated blood pressure. Studies on
experimental models of IH provided significant mechanistic insights underlying the
autonomic changes associated with recurrent apneas. Importantly, these studies uncovered
that augmented chemoreflex and attenuated baroreflex as one of the major reflex alteration
for evoking persistent sympathetic excitation by IH. In addition, IH also increases the
synthesis and release of various vasoactive hormones leading to vasoconstriction. Thus,
interplay between the sympathetic activation and vasoactive hormones mediate the elevated
blood pressure caused by IH as illustrated in Figure 1.
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Figure 1.
Schematic illustration of the effects and mechanisms associated with alterations in chemo-
and baro-reflexes by intermittent hypoxia (IH) and the effects of IH on circulating
vasoactive hormones. ET-1-Endothelin-1; ETA = Endothelin receptor A; 5-HT= 5-
hydroxytryptamine; sLTF= sensory long-term facilitation of the carotid body activity. CA=
catecholamines; Ang II= angiotensin II; SNA= sympathetic nerve activity; BP= Arterial
blood pressure.
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