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Nearly two decades ago, we evaluated ten patients with obstructive sleep
apnea (OSA). We determined that alarming nocturnal oscillations in arte-
rial pressure and sympathetic nerve activity (SNA) were caused by regula-
tory coupling and neural interactions among SNA, apnea, and ventilation.
Patients with OSA exhibited high levels of SNA when awake, during nor-
mal ventilation, and during normoxia, which contributed to hypertension
and organ damage. Additionally, we achieved a beneficial and potentially
lifesaving reduction in SNA through the application of continuous positive
airway pressure (CPAP), which remains a primary therapeutic approach
for patients with OSA. With these results in hindsight, we herein discuss
three concepts with functional and therapeutic relevance to the integrative
neurobiology of autonomic cardiovascular control and to the mechanisms
involved in excessive sympathoexcitation in OSA.

Neural reflex interactions

determine optimal autonomic
cardiovascular response

An integrated autonomic response to com-
bined stress signals is essential for optimal
adjustment. For example, in the cardiovas-
cular system, circulatory responses are typi-
cally mediated through activation of the
sympathetic and parasympathetic branches
of the autonomic system and serve to
maintain blood flow and oxygen delivery
to vital organs (1, 2).

The oxygen-conserving reflex. Responses to
obstructive sleep apnea (OSA) are triggered
by hypoxia and apnea. During hypoxia,
chemoreceptor activation promotes hyper-
ventilation to enhance oxygen delivery to
blood, which is followed by sympathetical-
ly mediated vasoconstriction to redistrib-
ute oxygenated blood flow to vital organs
(1, 2) and parasympathetically activated
bradycardia to reduce myocardial oxygen
demand (3). Within each respiratory cycle,
the cardiovascular response is maximal
during expiration and suppressed during
inspiration (4); however, this inhibitory
coupling of respiratory afferent nerves
with the chemoreceptor-mediated excita-
tion of both sympathetic and parasym-
pathetic efferents is dysfunctional during
apnea (1, 3). Apnea unbridles an intense
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cardiovascular response in order to main-
tain oxygen delivery, reduce cardiac oxy-
gen demand, and promote survival. This
is an oxygen-conserving reflex, similar to
the evolutionarily conserved diving reflex
in seals and ducks, that occurs in humans
during facial immersion and apnea (5-7).
Unfortunately, this physiologic response
to hypoxia becomes pathological when the
enhanced sympathoexcitation is sustained
over years, as is the case in OSA.
Baroreceptor-chemoreceptor interaction. Sev-
eral sensory signals converge during stress,
resulting in an integrated reflex response.
We have reported several examples of
occlusive and facilitatory central interac-
tions in humans (Figure 1). For example,
there is a central interaction between heat
sensation in the extremities and arterial
baroreceptor afferents that prevents baro-
reflex vasoconstriction locally, preserv-
ing the need for heat dissipation while
maintaining arterial pressure (8). Another
important interaction is the coordination
between increased arterial pressure and
baroreceptor activity, which overrides che-
moreceptor reflex to prevent hyperventila-
tion and reflex vasoconstriction (9, 10). In
hypertensive humans, hypoxia and apnea-
associated chemoreceptor responses are
exaggerated, enhancing both sympathetic
nerve activity (SNA) and parasympathetic
bradycardia (3, 11, 12). The enhanced che-
moreceptor reflex associated with hyper-
tension is likely attributable, at least in
part, to simultaneous baroreceptor reflex
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suppression (12, 13). Studies by our group
revealed that baroreceptor activation sup-
presses chemoreceptor-mediated SNA
increases (9, 11, 12); subsequently, Zuck-
er et al. revealed that carotid sinus nerve
stimulation provides a survival advan-
tage in a canine heart failure model (14).
Together, these results provided rationale
for recent clinical trials to evaluate electri-
cal stimulation of carotid sinus nerves as
an antihypertensive therapy in patients
with drug-resistant hypertension (15).
Preliminary results are promising and
indicate a dual benefit of sympathoinhi-
bition and parasympathetic activation
for patients in heart failure. We believe
that the beneficial SNA suppression is the
result of both arterial baroreflex-mediated
sympathoinhibition and suppression of
chemoreceptor-mediated sympathoexcita-
tion (11). Elegant studies by Schreihofer
and colleagues have provided electrophysi-
ological evidence that the central interac-
tion between baroreceptor and chemore-
ceptor signals and the central respiratory
modulation of SNA during acute hypoxia
occurs in neurons of the caudal ventrolat-
eral medulla (CVLM) (16, 17).

The carotid body in hypertension. The find-
ing that excessive SNA associates with
chemoreceptor overactivity and hyperten-
sion led to multiple studies on the drivers
of glomus cell activation in response to
hypoxia and acidosis. Identified molecular
determinates include the electron trans-
port chain, reactive oxygen, NO, and K*
channels (reviewed in ref. 18). We deter-
mined that overexpression of the acidic-
sensing ion channels (ASICs) and two-pore
domain K* channels enhanced pH sensitiv-
ity in glomus cells in young spontaneously
hypertensive rats (SHRs) prior to hyperten-
sion onset (4). Additionally, we found that
carotid body resection had an antihyper-
tensive effect when performed in young
prehypertensive SHRs. In fact, resection
reduced systolic pressure rise over a five-
month period in SHRs (19). Similar results
were observed and published contempora-
neously by Paton and colleagues (20). Cur-

April 2014



A e

Hypothalamic
modulators

Aldo, All, ET1, AVP,

NO, ANP, cytokines

Ventilation (

|

Regulation of blood
pressure and
cardiac function

Figure 1

Normoxia

Inhibitory T Excitatory Inhibitory
neural input ~ ——Brain stem «——  neural input neural input
Arterial [ Chemoreceptor Arterial
baroreceptor reflex reflex baroreceptor reflex
Inspiratory/ Spinal/somatic Inspiratory/
cardiopulmonary afferent reflex cardiopulmonary
vagal afferent reflex Modulation vagal afferent reflex

of SNA

hindsight

| Hypothalamic
modulators

Aldo, All, ET1, AVP,

NO, ANP, cytokines

Excitatory
neural input
Chemoreceptor
reflex
Spinal/somatic
afferent reflex

-=- Bré}iF stem —aff—

Excessive,
sustained SNA

Y

Inflammatory/
immune response

\

Hypertension/
cardiovascular
end-organ damage

Enhancement of SNA promotes cardiovascular disease. (A) Under normal conditions, hypothalamic modulators, including aldosterone (Aldo),
angiotensin Il (All), endothelin 1 (ET1), arginine vasopressin (AVP), NO, atrial natriuretic peptide (ANP), and cytokines, influence SNA. In healthy
individuals, SNA is promoted by excitatory neural input (red) in response to peripheral stress. Simultaneously, peripheral responses (green), such
as the arterial baroreceptor reflex and the cardiopulmonary and other vagal afferent reflexes, buffer the increase in SNA and maintain homeosta-
sis. (B) Patients with OSA exhibit sustained excessive SNA, due to a pathological increase of excitatory neural input (red) and prevention and/or
decrease of the protective inhibitory signals (green). Sustained SNA promotes proinflammatory immune responses and, ultimately, cardiovascular

disease—associated end-organ damage.

rently, carotid body resection along with
carotid sinus nerve stimulation, vagal nerve
stimulation, and renal sympathetic dener-
vation are under consideration as options
for treating drug-resistant hypertension
and heart failure (21, 22).

Neuroplasticity and neuroimmune
mechanisms sustain OSA-
associated sympathoexcitation

and organ damage

The inappropriate sustained SNA increase
in OSA patients likely contributes to hyper-
tension, organ damage, and mortality;
however, it is unclear how excessive SNA
develops in these patients. Several factors,
including obesity and increased carotid
body chemoreceptor sensitivity due to
intermittent hypoxia, have been consid-
ered. Obesity could mechanically obstruct
the airway and increase SNA through
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leptin, insulin, angiotensin, and cytokine
actions; however, many OSA patients are
not obese (23). Carotid body hypersensitiv-
ity as a result of intermittent hypoxia has
been confirmed in animal models of OSA.
In fact, plasticity of the carotid body glo-
mus cells with long-term sensory facilita-
tion and sensitization have been reported
(18, 24) and associated with ROS and
NOX2-dependent accumulation of HIF1
and the transcriptional coactivator CREB-
binding protein (25).

Central neuroplasticity. A provocative pos-
sibility for OSA-associated SNA dysfunc-
tion is that excessive activation of CNS
nuclei induces a process of neuroplasticity
that increases the excitatory drive to the
rostral ventrolateral medulla (RVLM) and
sustains a high sympathetic tone indepen-
dently of the peripheral sensory signals
(Figure 1 and ref. 26).
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We previously reported such an exces-
sive central excitatory drive of renal SNA in
aging ten-year-old beagles, whose baseline
renal nerve activity was drastically higher
than predicted based on total deafferenta-
tion of the inhibitory aortic, carotid, and
vagal afferents (27). Recently, Johnson and
colleagues reported that angiotensin II
sensitization induces a molecular neuro-
genic substrate in central neurons that pro-
motes hypertension (28). Furthermore, the
authors revealed that after a delay period
of sensitization, prohypertensive molecules
were pronounced in critical CNS sites, thus
provoking an increase in SNA. Intriguingly,
induction of prohypertensive molecules
may also result from various environmen-
tal and psychogenic stresses, including
episodic periods of hypoxia, as observed
in OSA. Molecular sensitization may be
sustained by positive feedback, which
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could explain the sustained hypertensive
effect associated with chronic intermittent
hypoxia as reported by Cunningham (29).

Neuroimmune mechanisms. The immune
system contributes to cardiovascular dis-
eases, including arrhythmias, hyperten-
sion, atherosclerosis, and heart failure (30).
Tissue injury promotes release of damage-
associated molecular pattern molecules
(DAMPs) that in turn activate receptors
on innate immune cells or resident inflam-
matory cells in various organs, such as
microglia in the CNS (31). Receptor activa-
tion triggers cytokine release into the cir-
culation or at specific brain nuclei, which
can induce neuronal sympathoexcitation
and enhance the homing of inflamma-
tory cells to vulnerable end-organs. In the
CNS, the inflammatory response results
in sympathoexcitatory effects that induce
positive feedback, and signals associated
with increased SNA induce mobilization
of hematopoietic stem and progenitor cells
and their proliferation (32).

During the past decade, several studies
have demonstrated an interaction between
the autonomic system and the immune
system. Harrison’s group convincingly
demonstrated a critical role for T lympho-
cytes in angiotensin II-induced sympatho-
excitation and hypertension (33). We found
that the innate immune system of geneti-
cally hypertensive rats is abnormally pro-
inflammatory due to activation of auto-
nomic receptors on immune cells, which
enhances their inflammatory response to
TLR activation (34, 35). The link between
the autonomic system and the immune
system may promote the marked accentua-
tion of end-organ damage and increased
mortality ascribed to excessive sympa-
thoexcitation in myocardial infarction,
hypertension, and heart failure. In fact,
vagal nerve stimulation has an antiinflam-
matory effect (36), which may account for
the dramatically prolonged survival docu-
mented in animal models of heart failure
(37). While it is clear that OSA promotes
a proinflammatory state, it remains to be
seen whether antiinflammatory treatments
can reduce and/or reverse the OSA-associ-
ated sustained sympathetic drive and delay
or prevent organ damage (31).

Could improvement of a

simple device affect

cardiovascular disease?

OSA is an aggregate of dysfunctions, but
characteristically, it is a chronic sleep dis-
order associated with incessantly recur-
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ring periods of apnea as a result of pha-
ryngeal collapse.

Understanding the events that lead to
pharyngeal collapse will be important for
preventing this initial trigger of OSA onset.
During sleep, inappropriate suppression of
reflexive neural activation of pharyngeal
dilator muscles could account for intermit-
tent or complete pharyngeal collapse (38).
Hypoxia and hypercapnia during an apneic
episode incite a vigorous ventilatory effort
and disrupt sleep to restore the pharyngeal
neuromuscular drive and open the airway.

We clearly demonstrated that con-
tinuous positive airway pressure (CPAP)
therapy promotes a beneficial reduction
in blood pressure and SNA during sleep
(1). Examination of CPAP therapy over a
period of one to six months and its effect
on various end points strongly supports
its use (39). Unfortunately, despite modi-
fications that have been made over two
decades, many patients do not tolerate
the CPAP facial mask, which maintains
positive airway pressure. Considering the
prevalence of OSA and the enormous cost
of associated cardiovascular risks, further
technological improvement of the pressure
device to achieve uniform acceptance and
exploration of new approaches to restore
neuropharyngeal tone (40) could greatly
affect health care outcomes.

Conclusions and reflections

With the benefit of hindsight, we lament,
as many have, the decline in physician-
scientists and the paucity of clinical inves-
tigation into physiologic mechanisms in
healthy humans and in disease states, while
an avalanche of drug-based trials make up
the bulk of translational research.

We find the neurobiology of the auto-
nomic nervous system a fascinating inte-
grative process of connecting and converg-
ing sensory signals. In fact, the biology of
brain function is quintessentially inte-
grative, and President Obama has put an
emphasis on the Brain Research through
Advancing Innovative Neurotechnologies
(BRAIN) initiative to usher in a decade of
“connectomics.”

Substantial advances have been made
and will continue to define molecular sub-
strates that determine central neuronal
plasticity and influence chemosensitivity
of glomus cells. Importantly, more work
will need to be done to determine how
diverse and heterogeneous environmental
stressors, including intermittent hypoxia,
induce sensitization of specific CNS sites
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in the hypothalamus and brain stem to
provoke pathological and fatal excesses of
SNA and hypertension. As opposed to the
shortsighted assumption that the sympa-
thetic nervous system primarily functions
as a buffer for circulatory collapse, it is now
recognized that the sympathetic nervous
system fatally accelerates pathological pro-
inflammatory immune processes.
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