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Respiration influences various pacemakers and rhythms of the body during inspiration and expiration but
the underlying mechanisms are relatively unknown. Understanding this phenomenon is important, as
breathing disorders, breath holding, and hyperventilation can lead to significant medical conditions.
We discuss the physiological modulation of heart rhythm, blood pressure, sympathetic nerve activity,
EEG, and other changes observed during inspiration and expiration. We also correlate the intracellular
mitochondrial respiratory metabolic processes with real-time breathing and correlate membrane poten-
tial changes with inspiration and expiration. We propose that widespread minor hyperpolarization
occurs during inspiration and widespread minor depolarization occurs during expiration. This depolar-
ization is likely a source of respiratory drive. Further knowledge of intracellular and extracellular ionic
changes associated with respiration will enhance our understanding of respiration and its role as a mod-
ulator of cellular membrane potential. This could expand treatment options for a wide range of health
conditions, such as breathing disorders, stress-related disorders, and further our understanding of the
Hering–Breuer reflex and respiratory sinus arrhythmia.

� 2014 Elsevier Ltd. All rights reserved.
Introduction

In addition to gas exchange and oxygenation of the blood, res-
piration in the lungs can regulate multiple physiological processes
throughout the body. Studies of the cardiovascular system, the
peripheral nervous system, and the central nervous system provide
evidence that respiratory patterns can exert a significant and
immediate influence on a wide range of bodily functions, including
changes in blood pressure and sympathovagal balance. Patterned
respiration can regulate blood pressure and heart rate [1], as well
as regulate rhythmic centers of the brain that control cardiovascu-
lar output [2,3]. While the majority of these findings have demon-
strated the impact of respiration on cardiac output and other
processes in isolated preparations, little work has focused on respi-
ration’s direct influence on membrane potential.

This article reviews the current understanding of respiration as
a regulator of cardiovascular physiology and nervous system func-
tion. More specifically, we discuss the role of respiratory rhythm
and rate on both systemic and local control of these systems. We
describe the role of pulmonary stretch receptors (with a focus on
slowly adapting receptors) in converting breathing patterns into
a functional, multi-faceted, mechanism that allows respiration to
communicate with, and direct various aspects of cardiovascular
and nervous system physiology. We propose a hypothesis in which
inspiration and expiration are associated with transient increases
and decreases in membrane potential that may underlie these
widespread changes and how these membrane potential changes
may underlie the chaotic dynamics of rhythmic breathing.

Many studies focus on the brainstem as the primary modulator
of respiration but breathing is affected by many different bodily
factors such as airway diameter [4], chest wall mechanics [5], the
state of the lungs, chemoreceptors sensitive to hypercapnia and
hypoxia [6] and mechanoreceptors in lungs, and intercostal mus-
cles [7]. The brainstem responds to these many peripheral signals
and modulates breathing accordingly [8]. We propose that the
brainstem responds to peripheral widespread membrane potential
changes during respiration, which may be a source of respiratory
drive.
Respiratory drive

Researchers have differing views on the source of respiratory
drive. The central pattern generator for respiration is located in
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the brainstem and respiratory neurons in the central pattern gen-
erator produce synaptic drive for neurons that control respiratory
muscles [9]. It has also been established that respiratory drive
derives from detection of high carbon dioxide levels by peripheral
chemoreceptors and receptors in the medulla [10]. There is also the
theory of hypoxic drive, a form of respiratory drive, in which the
medulla detects low levels of oxygen rather than high levels of car-
bon dioxide, resulting in the drive to breathe [11]. Hypoxic drive
was thought to occur in patients with chronically elevated levels
of CO2, such as patients with chronic obstructive pulmonary dis-
ease (COPD), but recent studies have shown that patients with
COPD do not rely on hypoxic drive to breathe [12]. When put on
oxygen their CO2 levels may rise due to the Haldane Effect (a
reduction in hemoglobin’s affinity to bind to CO2), and/or ventila-
tion/perfusion imbalance [12].

The urge to breathe is associated with activity in the bilateral
insula, frontal operculum, and second somatosensory cortex,
which suggests that cortical areas and not just the brainstem are
involved in respiratory control [13]. Most respiration studies focus
solely on the brain and the role of the brainstem in respiratory
drive and control. However, the body’s influence on respiration
and respiratory drive can seen by the vast afferent nerve feedback
[14] and peripheral chemoreceptor feedback that the brain
receives from throughout the body [15]. The phrenic nerve is also
vital for respiration; if severed, the subject will not be able to
breathe without artificial ventilation [16]. Peripheral chemorecep-
tors detect changes in blood oxygen levels throughout the body
and initiate reflexes that maintain homeostasis during hypoxemia
[15]. Augmented peripheral chemoreceptors have been shown to
be involved with recurrent apnea, congestive heart failure, and
some types of hypertension [15].
Hypothesis

Depolarization as a source of respiratory drive

We propose that respiration is associated with transient hyper-
polarizations and depolarizations of neural and non-neural cells
during inspiration and expiration respectively. We hypothesize
that membrane potential slightly increases during each inspiration
and slightly decreases during each expiration, by way of slowly
adapting stretch receptors (SARs) and oxygenation (Fig. 1).

The translation of respiratory patterns into electrical signals in
our model occurs primarily via SARs, vagal afferents, and oxygen-
ation and is translated in the brain stem into signals that are con-
veyed by processes involving the autonomic nervous system (ANS),
blood pressure, blood oxygenation, and other hemodynamic pro-
cesses. Tonic and coordinated polarization (a shift toward hyperpo-
larization) across groups of neurons has been previously observed.
For example, membrane potential signaling in the brain, during
non-REM sleep, is dominated by inhibition and hyperpolarization,
which likely play an important role during sleep [17]. During non-
REM sleep, the cortex, thalamus, hypothalamus, amygdala, and
reticular activating system are under widespread inhibitory and
hyperpolarizing forces [18]. This widespread inhibition and hyper-
polarization occurs during non-REM sleep when breathing is slow
and deep [19] breathing is faster and shallower during REM sleep
[19]. Although multiple physiological events, such as changes in
neurotransmitter signaling, occur during these periods of pat-
terned neural activity, no one physiological mechanism can explain
the widespread trend toward partial hyperpolarization.

The widespread hyperpolarization that we propose occurs dur-
ing inspiration, may lead to the sympathetic nerve inhibition that
occurs during slow deep breathing. In addition, the widespread
depolarization that occurs during expiration may be similar to
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the mechanism that is responsible for increased sympathetic nerve
activity during apnea. We propose that this widespread partial
depolarization, which occurs during exhalation, may be a source
for respiratory drive. If a person holds their breath or does not
inspire after exhaling, the increasing lack of oxygen leads to further
and further minor mitochondrial and cellular depolarizations and
increased respiratory drive.

Influence of respiratory rhythm on the autonomic nervous system

Numerous correlations exist between respiration and the mod-
ulation of the sympathetic and parasympathetic nervous systems
[20,21]. Using several measures of autonomic function, deep
breathing techniques (such as pranayama) have been shown to
increase parasympathetic activation [22,23]. In contrast, there is
a high correlation of increased sympathetic activity with various
forms of unstable respiration (i.e. short, rapid breathing and peri-
odic breathing) in patients with heart failure [24]. The respiratory
problems in these disorders with widespread autonomic dysfunc-
tion demonstrate a strong correlation of respiration with ANS
modulation.

Respiration works to regulate properties of muscle contraction
via the ANS [25]. In fact, breathing pattern, depth, and possibly
starting lung volume all affect sympathetic nerve activity. Recipro-
cal actions on sympathetic tone occur during deep breathing with
inspiration suppressing, and expiration enhancing this input [25].
Suppression of sympathetic input can be enhanced by increases
in tidal volume during inspiration, suggesting that SAR mechanore-
ceptor loading can provide significant input into the regulation of
sympathetic control during the resulting period of expiration
[25,26]. For example, the increase in sympathetic drive in heart
failure patients is related to a decreased resting tidal lung volume
and a subsequent decrease in the effect of sympathetic inhibition
due to lung inflation [25]. Thus, SAR activity represents a major
mechanistic link between changes in respiration and correspond-
ing alterations in the regulation of the ANS [27]. Change in sympa-
thetic tone reflects the membrane potential changes brought on by
SARs. Inhibitory currents from SARs that reduce retrotrapezoid
nucleus (RTN) neuronal firing in the brainstem [28] and sympa-
thetic nerve activity [26] may act as hyperpolarizing currents dur-
ing inspiration. Respiration’s powerful influence on the ANS is
apparent in its effects on the cardiac rhythm.

Influence of respiratory rhythm on cardiac rhythm

Respiration’s effects on heart rate and heart rate variability
(HRV) are well documented [29]. In addition, SAR activation
through vagal afferents may regulate cardiovascular function and
cardiac output through more direct mechanisms than discussed
above. Although a direct cause and effect relationship has not been
well established, variability in heart rate frequency has been
employed as a method to differentiate sympathetic (low fre-
quency) from parasympathetic (high frequency) autonomic func-
tion [30]. Respiratory sinus arrhythmia (RSA), a naturally
occurring variation in heart rate that occurs during breathing
cycles, is characterized by shortening of the beat-to-beat interval
during inspiration and lengthening during expiration [31]. This
manner of precise timing between heart beat and respiration could
improve the efficiency of pulmonary gas exchange [31].

Ventricular repolarization also undergoes modulation during
breathing [32]. In one study, normal ventricle electrical activity
was measured in patients undergoing a heart procedure (i.e. radio-
frequency ablation for supraventricular arrhythmias). In these
patients, ventricular repolarization time decreased during inspira-
tion and increased during expiration [32]. In this study, the right
ventricular endocardium became more hyperpolarized with each
uring expiration: A source of respiratory drive? Med Hypotheses (2014),
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Fig. 1. Model of hyperpolarization/depolarization induced by respiration. This flow chart depicts our proposed model of respiration’s influence over the body and resting
membrane potential. Information that is introduced as part of our hypothesis is labeled as bold print. The orange coloring within the arrows depicts depolarization during
expiration and the yellow coloring depicts hyperpolarization during inspiration. Abbreviations: NTS- nucleus of the solitary tract, MSNA- muscular sympathetic tone activity,
DMN- default mode network. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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beat during inspiration and more depolarized with each beat dur-
ing expiration, suggesting that ventricular action potential dura-
tion varies with the breathing cycle, independently of heart rate
variation. In addition to cardiac rhythm, respiration also has pro-
found effects on blood pressure and vascular resistance.
Influence of respiratory rhythm on blood pressure and peripheral
resistance

The substantial influence of respiration on cardiac activity via
the ANS could also allow respiration’s influence to extend to pro-
cesses governed by the heart. For instance, the influence of respira-
tion on blood pressure (BP) oscillations could be viewed as a
mechanism of conveying respiratory activity in the body. Arterial
BP levels throughout the body oscillate at a frequency that is
dependent upon other physiological systems including heartbeat,
respiration, and intrinsic myogenic vascular muscle tone. BP oscil-
lations of 0.1 Hz, commonly referred to as Mayer waves, are asso-
ciated with sympathetic nervous activity [2,33]. In contrast, BP
oscillations at a frequency of 0.25–0.3 Hz correlate with respiratory
rhythms [33]. The synchronization of BP oscillations with respira-
tion supports the theory of a baroreflex mechanism as an explana-
tion for RSA. However, baroreflex R–R interval responses can be
observed prior to changes in BP [32,34], which suggests the
involvement of a possible mechanism that is driven by afferent
SARs through the nucleus tractus solitarii (NTS). BP increases dur-
ing inspiration, reaching its peak just prior to expiration, and falls
during the expiration process [32]. One important implication of
BP-respiratory synchronization may be the utilization of BP oscilla-
tions to relate breathing patterns throughout parts of the body. The
Please cite this article in press as: Jerath R et al. Widespread depolarization d
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effects of respiration on vasculature and circulation, lead to
changes in cerebral blood flow and levels of oxyhemoglobin.

Influence of respiratory rhythm on the oscillations of oxyhemoglobin
in the prefrontal cortex and cerebral vessels

Growing evidence suggests that oxygen delivery may be one
mechanism in which BP could act to relay information on pat-
terned respiration throughout the body. Oxyhemoglobin concen-
tration in the blood is determined by gas exchange in the lungs
(breathing) and recent studies suggest that arterial BP facilitates
the patterned delivery of oxyhemoglobin to various areas in the
body, including the brain. For instance, spontaneous changes in
cerebral blood flow have been strongly linked with changes in arte-
rial BP [35]. Fluctuations in cerebral oxyhemoglobin concentration
are influenced by heart rate and oscillations in BP and overlap, to a
large extent, with frequencies in respiratory rhythm [36]. Oscilla-
tions in concentrations of oxyhemoglobin in the prefrontal cortex,
with a frequency of approximately 0.07–0.13 Hz, correlate with
respiration in response to specific breathing patterns [37]. Finally,
oscillations in the flow of cerebrospinal fluid (frequencies between
0.15 and 0.6 Hz) overlap with those in cerebral blood flow [38].
Respiratory rhythms also directly influence neuronal membrane
potentials in the olfactory bulb and the RTN.

Influence of respiratory rhythm on olfactory neuronal firing pattern of
olfactory tuft cells and retrotrapezoid nucleus

The function of the olfactory bulb provides an interesting exam-
ple of the relationship between the physiology of neural activity
and respiration. Oscillations of membrane potential and neuronal
uring expiration: A source of respiratory drive? Med Hypotheses (2014),
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firing patterns of mitral and tuft cells in the olfactory bulb are reg-
ulated by the frequency of respiration [39]. Studies show that the
membrane potential of these cells oscillate in synchrony with res-
piration, in the presence and absence of an odor stimulus [40,41].
Furthermore, when hyperpolarization is induced, mitral and tuft
cells exhibit a greater synchronized membrane potential oscilla-
tion response to respiratory patterns [40].

Neurons of the RTN, which is located in the rostral medulla
oblongata, innervate respiratory pattern generator areas of the
brainstem [42]. The RTN, a central chemoreceptor site responsible
for the ‘drive’ to breathe [43], is important in maintaining involun-
tary breathing during anesthesia [44] and may be essential for
involuntary breathing during sleep [45]. Chemoreceptors in the
RTN receive inhibitory input from stretch receptors in the lungs,
most likely SARs, during lung inflation [28]. Inhibition of the RTN
lessens the respiratory chemoreflex whereas stimulation increases
respiratory rate [42]. Respiration, particularly inspiration, modu-
lates RTN neuronal firing via SARs [28] and in turn may affect
respiratory pattern generation in the brainstem [46]. In other
words, RTN neurons are hyperpolarized by SARs during inspiration.
Inspiration modulates the ANS and inhibits sympathetic drive
likely via SARs.

Slowly adapting stretch receptor rhythms modulate the respiratory
center in the brain stem

Pulmonary stretch receptors, which include both rapidly and
slowly adapting types, are found throughout the respiratory tract
and are responsive to mechanical, noxious (chemical) and inflam-
matory stimuli [27]. SARs reside predominantly in the tracheo-
bronchial tree and peripheral lung where they respond to
changes in smooth muscle contraction during inspiration.
Although both rapidly adapting stretch receptors (RARs) and SARs
project to medullary structures in the brain stem, their effects on
physiological processes in the body may vary to a large extent.
Sympathetic nerve activity is inhibited during inspiration, most
likely due to modulation by pulmonary stretch receptors [26]. This
sympathoinhibitory effect is enhanced during slow, deep breathing
[26]. SARs hyperpolarize and produce inhibitory impulses post-
hyperinflation [47] and SARs influence breathing pattern, heart
rate, vascular resistance, and smooth muscle tone [48]. The mech-
anism by which SARs control these functions is not well under-
stood [48]. These inhibitory impulses may be the mechanism by
which SARs influence the autonomic nervous and cardiovascular
systems. We propose that inhibition by SARs, when associated
with oxygenation, leads to hyperpolarization of neural and non-
neural tissues. Although SAR projections have diverse targets in
the brain stem, they are considered the main pulmonary mechano-
receptor responsible for preventing excessive lung inflation in
response to smooth muscle activity that occurs during inspiration
[27]. This well-characterized reflex between the lung and brain
stem is called the Hering–Breuer inflation reflex [27]. Once acti-
vated, SARs and RARs induce action potentials through projections
that run along the vagus nerve and synapse on second order neu-
rons in the caudal portion of the nucleus of the solitary tract (NTS)
in the medullary region of the brainstem [49,50]. Current evidence
points to SAR activation as a major link between the mechanical
stimulus induced by breathing and the physiological responses
induced by this stimulus during respiration.

SAR projections form monosynaptic connections with two sub-
populations of neurons, the pump cells (P-cells) and inspiratory-b
(Ib) cells [51]. Studies have demonstrated that P- and Ib cells dis-
play a phasic firing pattern that mimics SAR activity and tracks pul-
monary oscillations [52,53]. This suggests that these neuronal
populations act in some capacity to relay patterns of respiration
from SARs in the lung to regions of the central nervous system
Please cite this article in press as: Jerath R et al. Widespread depolarization d
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(CNS) in which third order SAR neurons reside. Therefore, the
NTS may act as a staging area in the brain stem that receives respi-
ratory input and translates respiratory patterns (through SARs and
perhaps other tracheobranchial fibers) into a signal that is under-
stood by multiple neuronal populations in areas of the CNS. To bet-
ter understand the influence of respiration and SARs on the ANS
and membrane potentials we must examine respiration at the cel-
lular level.
Influence of respiration on the cellular level

Ca2+ signaling coordinates mitochondrial ATP production with
cellular work so that energy conversion and utilization are equal
[54]. Rate of respiration is directly proportional to the level of work
[55,56]. During exercise both rate of respiration (breathing) and
glucose metabolism increase in proportion to the exertion level
during exercise to meet increased demands [57]. There is only
enough ATP stored for 1–2 s of work so ATP must be rapidly syn-
thesized according to demand [57]. In the absence of oxygen,
anaerobic ATP supply pathways are initiated but these can only
sustain demands of ATP for the brain cells and tissue for a few min-
utes, or a few hours for skeletal muscle [58]. It has been well estab-
lished that oxygen is vital for aerobic respiration yet the direct
relationship of breathing with ATP production has not been well
recognized. These processes and changes that occur at a cellular
level have not been linked to inspiration and expiration. During
inhalation, oxygenation of tissues occurs within the lungs and then
oxygen is carried by red blood cells throughout the body, oxygen-
ating tissues. This oxygenation leads to the first stage of cellular
respiration, glycolysis. Protons from the high-energy bonds of
NADH and FADH2 that are pumped across the mitochondrial mem-
brane [59] lead to membrane hyperpolarization [60], in which the
interior matrix voltage of the mitochondria is more negative [61].
At the same time, during inhalation, the inflation of alveoli and
the trancheo-bronchial tree may cause SARs to send hyperpolariza-
tion impulses to the brain [47]. Protons translocate across the
membrane to facilitate establishing a transmembrane potential
[62].

Exhalation’s main purpose is to rid the body of carbon dioxide, a
by-product of cellular respiration. The changing levels of oxygen
and C02 in inhaled and exhaled air suggest that cellular respiration
may slow during exhalation due to the decreased presence of oxy-
gen. One study found spontaneous mitochondrial membrane
potential changes in cultured neurons [63]. The researchers pro-
posed that these partial, transient depolarizations may reflect the
mitochondria alternating between active and inactive oxidative
phosphorylation [63]. Other studies have also shown mitochondrial
membrane potential changes in isolated mitochondria [64,65], and
in mitochondria within different cell types, such as cardiomyocytes
[66], vascular endothelium [65], and pancreatic B-cells [67]. Buck-
man and Reynolds found that oligomycin, which inhibits ATP-syn-
thase, decreased the number of fluctuations, suggesting that the
fluctuations are related to oxidative phosphorylation [63]. The
researchers also performed several experiments to eliminate other
explanations for these depolarizations and repolarizations. This
study supports our hypothesis that inspiration/oxygenation, leads
to hyperpolarization of the mitochondrial membrane during cellu-
lar respiration and that the membrane is hyperpolarized during
active oxidative phosphorylation and depolarized during expira-
tion, when oxidative phosphorylation is inactive or reduced. We
emphasize that hyperpolarization, which occurs as a result of inspi-
ration, is only partial hyperpolarization. Maximal mitochondrial
hyperpolarization has been associated with the ‘‘shutting off’’ of
mitochondria and subsequent depletion of ATP that can be seen
in cancer [68].
uring expiration: A source of respiratory drive? Med Hypotheses (2014),
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Mitochondrial potential is generated by a proton gradient, and
inhibition of the electron transport chain would limit proton
pumping and lead to depolarization [69]. In the presence of oxy-
gen, F1F0-ATPase is the site of ATP production but during anoxia
it begins to run backwards, pumping protons from the matrix to
maintain the membrane potential [70]. This depletes ATP rather
than producing it [70]. In fact, F1F0-ATPase requires a membrane
potential to induce a rotary torque because it is driven by proton
reentry [71]. In addition, hypoxia has been shown to inhibit the
electron transport chain [72]. These studies suggest that lack of
oxygen may lead to depolarization and reduced levels of oxygen
may lead to partial depolarization. Studies have shown that
hypoxia leads to depolarization in different types of rat cells
[73,74], as well as depolarization of mitochondria [75,76]. This
hypoxic depolarization of mitochondria appears to be caused by
decreased electron transport chain activity due to lack of oxygen
[76]. In addition, this mitochondrial depolarization has been
shown to precede hypoxic spreading depression, suggesting that
the mitochondrial membrane potential can influence the cell’s
membrane potential [76], consistent with our hypothesis. During
expiration the lowering levels of oxygen may cause inhibition of
oxidative phosphorylation and subsequent depolarization followed
by polarization (hyperpolarization) during inspiration and resup-
ply of oxygen. We do not suggest that the degree of membrane
depolarization, that may occur during expiration, is anywhere near
the level that occurs during hypoxia. We propose that decreases in
oxygen, at the levels measured during expiration, may lead to
slight increases in the degree of membrane depolarizations. Previ-
ous studies discussed, found that transient mitochondrial mem-
brane hyperpolarizations and depolarizations may indicate active
and inactive states of oxidative phosphorylation [63], consistent
with our proposed hypothesis, though they did not directly link
these processes with oxygen intake. We propose that these mito-
chondrial membrane potential changes extend to the membrane
of the cell, leading to slight hyperpolarizations and depolarizations
of the cell membrane. The importance of these membrane poten-
tial changes and the influence of respiration on the body and brain
can be better understood by examining the physiological and neu-
rological changes that occur in breath-holding and breathing
disorders.

Breath-holding and breathing disorders

Breath holding does not stop the central respiratory rhythm;
the rhythm continues and is merely suppressed by voluntarily
holding the chest at a chosen volume [77]. In addition, the length
of time a person is able to hold their breath is increased by bilateral
paralysis of the phrenic or vagus nerve, suggesting that stimulation
of peripheral diaphragm muscle chemoreceptors may contribute to
the breakpoint of breath holding more than previously thought
[77]. Duration of breath-holding has been shown to be reduced
by factors that increase feedback from diaphragm afferents, such
as tonic diaphragm activity, or factors that increase the central
respiratory rhythm, such as hypoxia or hypercapnia, decreasing
lung volume, or increased metabolic rate [77]. During breath-hold-
ing, respiratory drive is stimulated when the breaking point is
reached, likely due to elevated levels of CO2, there is a growing
urge to breath and involuntary contractions of respiratory muscles
known as involuntary breathing movements (IBMs) [78]. These
IBMs have been shown to increase cerebral oxygenation during
this struggle phase of apnea [78].

Involuntary apneas, occurring during sleep, as in obstructive
sleep apnea (OSA), have been shown to cause long-term health
problems such as hypertension, stroke, coronary artery disease, or
cardiac arrhythmias [79]. Defects in respiratory control are known
to be involved in the pathogenesis of OSA [80]. Daytime hyperten-
Please cite this article in press as: Jerath R et al. Widespread depolarization d
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sion caused by OSA is due to increased chemoreceptor sensitivity
causing excessive sympathetic vasoconstriction, increased superox-
ide production, and inflammation of vessels [79]. OSA can also lead
to hypoxia-induced neural damage resulting in impaired memory
and concentration [79]. Intermittent hypoxia can affect insulin sen-
sitivity and glucose regulation but it is unknown whether OSA attri-
butes significantly to metabolic syndrome or whether these are
more attributable to obesity [79]. Experiments on voluntary apneas
have shown acute and lasting effects on autonomic regulation of the
cardiovascular system and increased sympathetic nerve activity
caused by hypoxia [81,82]. Hypoxia has also been shown to induce
hypoxic spreading depression-like depolarization in areas through-
out the brain, including hippocampal [83] and cortical tissues [84].
We propose that this well-documented hypoxic depolarization
occurs on a much smaller scale during each expiration. If a person
does not inspire after exhaling, and holds the breath, this depolar-
ization becomes more and more pronounced, increasing the drive
to breathe via widespread depolarization.

In addition to hypoxia, low levels of CO2, like those seen in
hyperventilation can also cause negative effects [85]. Hyperventila-
tion leads to an increase in organic acids and causes changes in
metabolism [86]. The formation of these organic acid-calcium com-
plexes decreases the calcium activity at the cell membrane [86].
This suggests that cells become unstable and depolarize during
hyperventilation because there is less blood calcium available at
the membrane. Hypocalcemia and/or alkalosis, caused by hyper-
ventilation can lead to tetany, a disorder in which increased neuro-
nal excitability causes painful muscle cramping and spasming [85].
Hyperventilation can lead to hypoxia [87], increased heart rate,
peripheral and cerebral vasoconstriction with reductions of blood
flow to the brain by up to 30%, and interference with tissue oxida-
tion [88]. These studies demonstrate the delicate balance that must
be maintained between oxygen, CO2, and membrane potentials.
Detection of elevated CO2 levels is likely a factor in respiratory drive
but we propose an additional mechanism in which widespread par-
tial depolarization may also be a source of respiratory drive.

Evaluation and consequences of the hypothesis

The current understanding of respiratory drive is that respira-
tory centers in the brainstem control rate and depth of respiration
via movements of the diaphragm and other respiratory muscles.
Peripheral chemoreceptors detect elevated levels of CO2 in the
blood which stimulate the respiratory center to stimulate respira-
tory muscles to breathe [10]. There is also the debated existence of
hypoxic drive, in individuals with compromised respiratory func-
tion, in which the body uses oxygen chemoreceptors rather than
CO2 chemoreceptors [11]. We propose a form of respiratory drive
that involves changing levels of oxygen but does not involve oxy-
gen chemoreceptors as specified in the hypoxic drive theory. The
proposed mechanism involves widespread partial depolarization
of cells throughout the brain and body during exhalation due to
decreased oxygen and increased sympathetic drive. Although we
do not challenge the major contributions of CO2 detection to respi-
ratory drive, we propose that the widespread depolarization of
cells is also an important contributing factor. This mechanism
could be examined by using microsensors to measure oxygen ten-
sion and action potential simultaneously in various cell types and
may be more pronounced in cells with higher metabolic rates and
oxygen consumption.

If this depolarization mechanism proves to be true, it would
have important clinical implications for the treatment of many dis-
orders. Research on this topic, could help treating a wide array of ill-
nesses ranging from stress and anxiety to respiratory, cardiac, sleep,
and autonomic disorders. A common treatment for COPD is supple-
mentation of oxygen which can lead to decreased respiratory drive
uring expiration: A source of respiratory drive? Med Hypotheses (2014),
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in which the patient can enter respiratory failure, therefore further
study of this possible mechanism could help to understand the
underlying mechanisms of COPD [12]. The decrease in respiratory
drive in COPD patients is no longer thought to be due to hypoxic
drive but may be due to an increase in CO2 in the blood caused by
the Haldane Effect and/or ventilation/perfusion imbalance [12], as
previously discussed. However these mechanisms are still under
debate [12] and levels of oxygen should not be ruled out as a factor
involved in respiratory drive. We propose an additional respiratory
drive mechanism in which widespread depolarization, due to low
oxygen and increased sympathetic drive drives respiration. Further
understanding of this possible mechanism could lead to the devel-
opment of newer and more effective treatments for COPD and other
disorders.

The proposed mechanism may also help to elucidate unex-
plained afflictions such as Sudden Infant Death Syndrome (SIDs).
Abnormalities in the arcuate nucleus [89] and medulla oblongata
[90] of the brainstem of SIDs victims suggests that they may have
delayed development of cardiorespiratory control, arousal, and
homeostatic responses. When breathing or other physiologic activ-
ity becomes compromised the infant does not arouse sufficiently to
abate progression of such activity [91]. A recent study found that
the infant brainstem is prone to the generation of hypoxic spread-
ing depression. The study found a sudden depolarizing direct cur-
rent of �20 mV spread from the spinal trigeminal nucleus to the
hypoglossal nucleus, NTS, and the ventral respiratory group [92].
Research on subtle widespread depolarizations that may occur
during decreased but not hypoxic levels of oxygen and increased
sympathetic drive may give us insights into the causes of SIDs, as
well as better means of prevention and preemptive treatments.
This mechanism, if proven true, would have widespread clinical
applications for many different disorders.

Conclusion

Up to this point, research has predominantly been focused on
the influence of respiration on the brain, heart, ANS, or vasculature
in isolated settings. The direct influence or correlation of respira-
tion with brain activity, ANS function, heart activity, and BP levels
demonstrate the notable control that respiration exerts in homeo-
static physiology. We propose that cellular membrane potentials
may also be influenced by respiration and that widespread partial
hyperpolarization occurs during each inspiration and depolariza-
tion occurs during each expiration. We also propose that this wide-
spread depolarization that occurs during expiration is a source of
respiratory drive. The inclusion of membrane potential recordings
in future research, as well as the direct investigation of respira-
tion’s role in membrane potential modification, may allow a better
understanding of rhythmogenesis, the physiological impact of
breathing techniques for normal health. Such knowledge could
expand clinical options to supplement standard of care for many
types of illness or disease, such as obstructive and non-obstructive
breathing disorders, stress-related disorders, and abnormal sleep
and further our understanding of the Hering–Breuer reflex and
respiratory sinus arrhythmia.
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