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A B S T R A C T

Acute oxygen (O2) sensing is essential for individuals to survive under hypoxic conditions. The carotid body (CB)
is the main peripheral chemoreceptor, which contains excitable and O2-sensitive glomus cells with O2-regulated
ion channels. Upon exposure to acute hypoxia, inhibition of K+ channels is the signal that triggers cell
depolarization, transmitter release and activation of sensory fibers that stimulate the brainstem respiratory
center to produce hyperventilation. The molecular mechanisms underlying O2 sensing by glomus cells have,
however, remained elusive. Here we discuss recent data demonstrating that ablation of mitochondrial Ndufs2
gene selectively abolishes sensitivity of glomus cells to hypoxia, maintaining responsiveness to hypercapnia or
hypoglycemia. These data suggest that reactive oxygen species and NADH generated in mitochondrial complex I
during hypoxia are signaling molecules that modulate membrane K+ channels. We propose that the structural
substrates for acute O2 sensing in CB glomus cells are “O2-sensing microdomains” formed by mitochondria and
neighboring K+ channels in the plasma membrane.

1. Introduction

Oxygen (O2) is necessary for oxidative phosphorylation, the major
source of energy for the cells; therefore, the provision of sufficient O2 to
the tissues is a fundamental physiological challenge. Deficiency of O2

(hypoxia), even if only transient, can have detrimental effects and
critically contribute to the pathogenesis of severe and highly prevalent
diseases in the human population. Adaptive responses, which can be
acute or chronic, have evolved to minimize the effect of hypoxia on
cells. During chronic (sustained) hypoxia, the hypoxia inducible factor-
proline hydroxylase pathway is activated to regulate the transcription
of numerous “O2-sensitive” genes. As a result of this process, in the time
course of hours or days cell aerobic metabolism is switched to non-
aerobic, to decrease cellular needs of O2, and the number of red blood
cells and blood vessels are increased to improve O2 transport and
distribution to the tissues [54,57]. In mammals, hypoxia also triggers
fast (in seconds) life-saving cardiorespiratory reflexes (hyperventilation
and sympathetic activation) (Fig. 1A) to increase gas exchange in the
lungs and rapid delivery of O2 to critical organs, such as the brain and

heart. These acute responses to hypoxia are mediated by the carotid
body (CB), the main arterial chemoreceptor, which is strategically
located in the carotid bifurcation (Fig. 1B) [35]. In addition to the CB,
there are other peripheral chemoreceptor tissues/organs acutely sen-
sing hypoxia (e.g. pulmonary arteries, ductus arteriosus, adrenal
medulla (AM) or neuroepithelial bodies in the lung), which, together,
constitute a “homeostatic acute O2-sensing system” of fundamental
biological and medical relevance (see [71]).

2. Membrane model of CB oxygen sensing

The CB is composed of clusters of cells (glomeruli), which contain
neural crest-derived O2-sensitive glomus cells (also called type I cells)
in close contact with capillaries and afferent sensory nerve fibers
(Fig. 1C) (see for a review [37]). Glomus cells are presynaptic-like
elements containing neurosecretory vesicles filled with neurotransmit-
ters (ATP, acetylcholine and dopamine, among others) that are released
in response to hypoxia to activate the afferent fibers connected with the
brainstem respiratory center. The CB is the main responsible for the
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acute hypoxic ventilatory response (HVR) (Fig. 1A), as this reflex is
practically abolished after CB resection [63] or in animal models with
CB atrophy (decrease in size and cell number) [39]. At the cellular
level, the HVR is represented by the secretory response to hypoxia
characteristic of single glomus cells, which can be monitored by
amperometry (Fig. 1D). Genetic or pharmacological alterations that
result in elimination of glomus cell responsiveness to hypoxia also
abolish the HVR ([14]; see below).

CB glomus cells are excitable cells that contain a variety of voltage-
gated and background ion channels (see for review [37]). It has been
more than two decades since a “membrane model” of glomus cell
chemotransduction was established (see [36,49,60]). The model is
based on the existence in glomus cells of K+ channels reversibly

inhibited by the decrease in oxygen tension (PO2), resulting in cell
depolarization (see for a recent review [38]). This leads to an influx of
extracellular Ca2+, which triggers the release of neurotransmitters from
secretory vesicles in order to activate afferent sensory nerve fibers
[5,66]. As a consequence, the respiratory center in the brainstem is
activated leading to hyperventilation (Fig. 1E). In addition to hypoxia,
CB glomus cells are activated by other chemosensory stimuli, including
hypercapnia, decrease in extracellular pH, and hypoglycemia
[16,19,47,75]. O2-sensitive ion channels have also been reported in
other organs of the “homeostatic acute O2-sensing system”, such as the
AM [26,32,42,56,61], resistance pulmonary arteries [52,74], neuroe-
pithelial bodies in the lung airway [43,73], or the ductus arteriosus
[40].

Fig. 1. Membrane model of acute O2 sensing by arterial chemoreceptor cells. A. Plethysmographic recording of hypoxic ventilatory response from a wildtype mouse. Note the increase in
breathing frequency (breaths/min) as the % O2 in air decreases. B. Photograph of the human carotid artery (CA) bifurcation after cleaning the surrounding fat and connective tissue. The
arrow indicates the carotid body (scale bar: 1cm). C. Carotid body glomerulus with indication of glomus (type I) cells and sustentacular (type II) cells in contact with capillaries and
afferent sensory fibers. V. vessel. D. Amperometric recording of the secretory response to hypoxia from carotid body glomus cells of a wildtype mouse. Each individual spike-like signal
indicates a quantum of dopamine released from a secretory granule (pA, picoAmperes). The red color trace, in picoCoulombs (pC), represents the cumulative secretion signal (time
integral of the recordings show at the top). E. Membrane model of acute O2 sensing by arterial chemoreceptor cells. See text for details. (Modified from [14,34,46]).
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Although the “membrane model” explains the basic sensory func-
tion of the CB, the underlying molecular mechanisms have remained
poorly understood and a subject of debate [30,37,38,50]. This partially
results from the small tissue size of the CB, which makes it technically
difficult to study, and the fact that the response to hypoxia can be easily
lost in apparently healthy CB glomus cells. Although several hypotheses
have been proposed to explain how changes in blood PO2 lead to
modulation of K+ channel function (mitochondrial energy metabolism,
redox signaling, gas transmitters, etc.), none of them has gained broad
acceptance due to the lack of consensus among the workers in the field
(see for updated reviews [37,38]). Recently, production of reactive
oxygen species (ROS) by mitochondrial complex I (MCI) has been
reported to play a critical role in CB acute O2 sensing [14]. In the next
section, we discuss the role of MCI signaling in acute O2 sensing, with
special attention to the roles of ROS and NADH in the signaling
pathway. Although we focus on the CB, many of the concepts and
processes discussed may be also applicable to cells in other organs
acutely responding to hypoxia.

3. Mitochondria complex I signaling during hypoxia is mediated
by ROS and pyridine nucleotides

Mitochondria have long been considered a potential candidate in
the signaling pathway of O2 sensing due to the high O2 consumption of
the CB [10,59] and the fact that this organ is highly sensitive to
mitochondrial poisons [44,72]. Similar to hypoxia (see Fig. 1E), glomus

cell activation by mitochondrial inhibitors requires extracellular Ca2+

influx [44]; hence hypoxic mitochondria could generate signaling
molecules to regulate the function of K+ channels in the plasma
membrane. Indeed, it has been proposed that a decrease in cytosolic
ATP concentration in glomus cells during hypoxia can modulate
membrane K+ channels [67,72]. Mitochondrial complex IV (MCIV) is
the natural O2-dependent site in the electron transport chain (ETC).
Therefore, changes in MCIV cytochrome c oxidase activity or its affinity
to O2 could also affect the sensibility to hypoxia. Although a low-
affinity cytochrome c oxidase has been suggested to exist in the CB, this
hypothesis has not been proven experimentally (see below) [13,41,6].

Recent interest on the role of mitochondria in acute O2-sensing is
based on studies performed using blockers of mitochondrial ETC
[19,44]. It was shown that the response to acute hypoxia in rat CB
glomus cells is efficiently blocked by MCI inhibitors, such as rotenone
or 1-methyl-4-phenylpyridinium (MPP+), acting on the quinone bind-
ing site. In contrast, MCI proximal inhibitors (e.g. diphenyliodonium),
acting outside the distal ubiquinone-binding site, appeared to have
much less effect [44]. Interestingly, mitochondrial inhibitors that
abolish responsiveness to hypoxia do not alter sensitivity to hypogly-
cemia in glomus cells [19]. In agreement with the data obtained in
glomus cells, it has been shown that functional mitochondria are
required for O2 sensing in immortalized AM chromaffin cells [7]. In
addition, the inhibition of sensitivity to hypoxia by rotenone was also
observed in ovine [27] and rat [62] chromaffin cells. These findings led
to the hypothesis that a rotenone-binding molecule is involved in acute

Fig. 2. Loss of mitochondrial complex I (MCI) signaling during hypoxia in Ndufs2-deficient mice. A. Plethysmographic recording (left) and quantification (right) showing selective loss of
hypoxic ventilatory response in Ndufs2 knockout mice. Responsiveness to hypercapnia (Hc, CO2) remained unaltered. Nx, normoxia; Hx, hypoxia. B. Amperometric recording (left) and
quantification (right) demonstrating selective loss of secretory response to hypoxia in Ndufs2-deficient glomus cells (pA, picoAmperes; pC, picoCoulombs). C, control; KO, knockout. C.
Changes in NAD(P)H auto-fluorescence during hypoxia in control and Ndufs2-deficient carotid body glomus cells. D. Changes in ROS levels in the cytosol (left) and intermembrane
mitochondrial space (IMS, right) during hypoxia in control and Ndufs2-deficient glomus cells infected with redox-sensitive fluorescent probes (roGFP). a.u., arbitrary units; **, p<0.01.
(Modified from [14]).
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O2 sensing by peripheral chemoreceptors.
Rotenone is known to block MCI by preventing ubiquinone binding

to a site that is highly conserved from bacteria to mammals
[15,4,77,78]. To test the involvement of MCI in acute O2-sensing, we
generated mice with conditional ablation of the Ndufs2 gene. This
nuclear gene encodes a 49 kDa protein that contributes to the ubiqui-
none-binding site, located at the junction between the peripheral and
transmembrane arms of MCI near the most distal Fe/S cluster (N2 site)
from where electrons are transferred to ubiquinone [15,25,4,77,78]. In
our initial experiments, the Ndufs2 gene was deleted in tyrosine
hydroxylase (TH)-positive catecholaminergic cells, such as O2-sensitive
CB glomus cells and AM chromaffin cells (TH-NDUFS2 mice; [14]). TH-
NDUFS2 mice show a complete abolition of the HVR while maintaining
normal responsiveness to hypercapnia (Fig. 2A). In fair correspondence
with this observation at the whole animal level, hypoxia-induced
catecholamine secretion is also abolished in single Ndufs2-deficient
glomus cells, although they show normal responses to hypercapnia
(Fig. 2B) and hypoglycemia [14]. The selective loss of responsiveness to
hypoxia is also observed in ESR-NDUFS2 mice, in which the floxed
Ndufs2 alleles are deleted after the administration of tamoxifen, once
the mice have reached adulthood [14]. In addition, AMs from Ndufs2-
deficient mice (TH-NDUFS2 and ESR-NDUFS2 models) also fail to
respond to hypoxia. Interestingly, CB glomus cells in Ndufs2-null mice
appear in normal number and have normal morphology, ATP levels,
and density of voltage-dependent ion channels [14]. This suggests that
Ndufs2-deficient glomus cells, without MCI function, rely on succinate-
dependent mitochondrial complex II (MCII) activity for oxidative
phosphorylation. In agreement with this finding, abundant glomus cell
loss has been observed in MCII-deficient mice [11,51].

MCI catalyzes the oxidation of NADH to NAD+ and the reduction of

ubiquinone to ubiquinol (QH2). Therefore, pyridine nucleotides could
be potential mitochondria signaling molecules to modulate membrane
ion channels. This hypothesis is supported by early reports showing that
the level of pyridine nucleotides (NADH and NADPH) in glomus cells,
as determined by microfluorimetry, is reversibly increased during
hypoxia [13,6]. In addition, we have shown that increases in NAD(P)
H induced by hypoxia are abolished in Ndufs2-deficient glomus cells
(Fig. 2C).

Rotenone mimics hypoxia, as it induces external Ca2+-dependent
secretion from glomus cells, and is also known to increase ROS
production in MCI [44,65]. Therefore, mitochondria ROS production
during hypoxia could also play a signaling role. It is long ago that a
mitochondrial redox-based sensor was proposed to mediate hypoxic
pulmonary artery vasoconstriction [2,31,69], although whether cyto-
solic ROS increases or decreases during hypoxia in pulmonary artery
myocytes and other cell types has been a matter of controversy
[20,23,70,71]. In the pulmonary artery, the main source of ROS
generated during hypoxia has been suggested to be mitochondrial
complex III (MCIII) [70]. On the other hand, non-mitochondrial ROS
generated in NADPH oxidases have been reported to participate in
acute O2 sensing in several tissues [17,33,9]. In the CB setting,
however, this proposal has not received strong experimental support
[22]. In addition, ROS have traditionally been considered not involved
in CB chemotransduction [1,72]. ROS are promiscuous agents and their
determination in small cells is a long-standing methodological chal-
lenge. In recent years, a ratiometric redox probe, based on a genetically
encoded green fluorescent protein (roGFP), has been developed
[12,21,55]. Using roGFP targeted to either the cytosol or mitochondria
intermembrane space we have been able to detect robust reversible
increases in ROS in CB glomus cells exposed to hypoxia, which are
absent, or drastically reduced in amplitude, in Ndufs2-deficient cells
(Fig. 2D). Taken together, these results demonstrate that in Ndufs2-null
mice the response to hypoxia is specifically lost and MCI is essential for
acute O2 sensing by peripheral chemoreceptors.

Based on the data obtained from Ndufs2-null mice, we have
proposed a mechanistic model of O2 sensing in arterial chemoreceptor,
which relies on the generation of MCI signaling molecules (ROS and
NADH) during hypoxia capable of modulating membrane ion channels
(see [14,38]). We suggest the existence in glomus cell mitochondria of a
special form of MCIV whose enzymatic activity is decreased during
hypoxia. This would slow down ETC and lead to accumulation of
reduced quinone (QH2), which in turn would cause an increase in
NADH and in ROS production due to backlog accumulation of electrons
in the iron/sulfur clusters of MCI (Fig. 3). When QH2 reaches
sufficiently high value, reversal of MCI (a state favored by high
succinate-dependent quinone reduction [53,68,8] may potentiate the
generation of ROS and NADH [14,38]. Recent data have shown that
glomus cells express atypical mitochondrial subunits (Ndufa4l2 and
Cox4i2), which could account for the high sensitivity of CB cells to
hypoxia ([76]; our unpublished data). Cox4i2 is induced by low PO2 in
some cells to optimize O2 consumption during hypoxia [18]. However,
the role of Cox4i2 may change in different tissues (see [24]) and in the
CB it may be its co-expression with Ndufa4l2, which confers upon MCIV
special sensitivity to PO2. Indeed, Ndufa4 (the predominantly expressed
isoform of Ndufa4l2) is expressed in close association with MCIV
subunits [3,24]. In addition, we have shown that succinate concentra-
tion is higher in the normoxic CB than in other neural (central and
peripheral) tissues studied [14], thus supporting the continuous
production of QH2. This proposal is also compatible with the fact,
mentioned before, that glomus cell survival strongly depends on
succinate dehydrogenase (MCII) activity [11,51]. Although the model
is compatible with the concomitant production of ROS in MCI and
MCIII, the experimental data suggest that in glomus cells ROS produced
outside MCI do not efficiently signal the plasma membrane to produce
rise of cytosolic Ca2+ or cell secretion. Blockade of glomus cell
sensitivity to hypoxia by rotenone is not reverted by incubation of

Fig. 3. Model of mitochondrial complex I signaling during hypoxia in carotid body
glomus cells mediated by ROS and pyridine nucleotides (NADH). See text for description.
Q, ubiquinone; QH2, ubiquinol; MCI, MCII, MCIII, MCIV, mitochondrial complex I, II, III,
IV, respectively. (Modified from [38]).
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the cells with membrane permeable methyl succinate to favor respira-
tion through the MCII-III-IV pathway [44]. Similarly, although methyl
succinate can support respiration (O2 consumption) in cells from TH-
NDUFS2 mice, this treatment fails to rescue hypoxia sensitivity in
Ndufs2-deficient glomus cells [14].

4. Intracellular redox regulation of ionic currents in glomus cells

The primary effect of hypoxia in glomus cells is to inhibit membrane
K+ channels to produce depolarization. CB glomus cells express a
variety of O2-sensitive K+ channels, including voltage-dependent K+

channels, maxi-K channels, and background K+ channels ([45], see for
reviews [37,38]). Therefore, it seems that rather than a specific K+

channel type, hypoxia regulates numerous K+ channels and other ion
channels over a broad range of membrane potentials [35,58]. As shown
in Fig. 4A, hypoxia inhibits background channels, causing an increase
in input resistance, and voltage-gated K+ channels in CB glomus cells,
both effects being reversible upon re-oxygenation. Interestingly, similar
to hypoxia, intracellular application of oxidants H2O2 and diamide (a
thiol-oxidizing agent) result in an increase in input resistance whereas

N-acetylcysteine (a reducing agent) has no effect (Fig. 4B). In the
presence of intracellular H2O2 or diamide the inhibitory effect of
hypoxia on background channels is blocked, leaving unaltered the
modulation of the current mediated by voltage-gated channels
(Fig. 4C,D). These results, suggesting that cysteine oxidation inhibits
the O2 sensitive K+ current in glomus cells, are compatible with the
signaling role of ROS on membrane channels, in particular on back-
ground channels, which are the most critical for the regulation of the
cell resting potential (see preceding section). Task3 homomers or
Task1/Task3 heteromers seem to be the most abundant ion channel
subunits contributing to the O2-sensitive background K+ currents in CB
glomus cells [28,64]; although acute responsiveness to hypoxia is
maintained in the Task1/Task3 knockout mouse [45]. Interestingly,
Task 3 subunits contain several cysteine residues facing the cytosol
[29], which is compatible with the effects of sulfhydryl reagents
described in Fig. 4. To our knowledge, the modulation of Task 3
channels by internal redox reagents has not been studied in detail,
however the closely related TREK2 channels are inhibited by the
intracellular application of oxidizing agents [48]. It remains also the
possibility that in addition to the pore-forming subunits, accessory

Fig. 4. Redox regulation of ionic currents in carotid body glomus cells. A. Hypoxia-induced reversible inhibition of background and voltage-dependent K+ currents recorded during
depolarizing ramps in patch clamped glomus cells (perforated patch recording). The initial part of the recordings (between −90 and −40 mV) is shown at an expanded amplitude and
time base on the right part of the panel. Nx, normoxia, Hx, hypoxia, R, re-oxygenation. B. Top. Inhibition of the background current in glomus cells following intracellular application of
H2O2 (15 µM). Bottom. Increase in input resistance (inversely proportional to the slope of the background current) in glomus cells recorded with intracellular solutions containing: H2O2

(15–50 µM), N-acetylcysteine (25 µM), or diamide (50–60 μM). C. and D. Blockage of hypoxia-induced closure of background K+ channels by H2O2 (15 µM) or diamide (50–60 μM).
Recordings between −90 and −40 mV are shown at an expanded amplitude and time base *, p<0.05; **, p<0.01. (Modified from [14]).
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subunits modulating ion channel function are susceptible to redox
regulation during hypoxia. NADH, the other signaling molecule pro-
duced in hypoxic mitochondria, seems to modulate preferentially
voltage-dependent K+ channels (see [14]). This concept is, however,
preliminary and must be further investigated in future experimental
work.

5. Conclusions

We have proposed a model of acute O2 sensing by peripheral
chemoreceptors, which combines the standard membrane model based
on the modulation of O2-sensitive K+ channels [36], and the production
of signaling molecules (ROS and NADH) in mitochondria [14]. CB
glomus cells contain numerous mitochondria located near the plasma
membrane [14,51], therefore it is conceivable that they form with
neighboring K+ channels “O2-sensing microdomains” (Fig. 5). How-
ever, specialized morphological structures supporting this concept have
not yet been described. Glomus cells contain several subtypes of “O2-
sensitive” K+ channels, hence it is logical that chemosensory transduc-
tion relies on relatively promiscuous signals (such as ROS or NADH)
rather than on an O2 sensor molecule selectively associated with a
specific K+ channel class (see [45,14]).

Although fundamental advances have recently been made regarding
the mechanism underlying acute O2 sensing by peripheral chemore-
ceptors, several questions remain to be clarified by further research. In
the TH-NDUFS2 mice, failure to form MCI poses an abnormal challenge
to cell intermediary metabolism [14]. A mouse model defective in
ubiquinone binding without affecting the MCI formation and activity, if
available, could critically improve our understanding of the relation-
ship between MCI and O2 sensing. ROS and NADH/NAD+ metabolism,
oxidative phosphorylation, and energy production are closely linked in
mitochondria. Therefore analytical experimental tools that could
separate these processes would be also of great value to discern their
specific role in acute O2 sensing. Superoxide and H2O2 react with
different molecules and cause distinct molecular modifications. The
specific ROS implicated in acute O2 sensing and their direct molecular
targets are not known. In this regard, thiol redox proteomics in CB
tissue could eventually help to identify the targets of hypoxia-induced
ROS. In addition, it remains to be determined whether during hypoxia
ROS are generated only in MCI or if MCIII also participates in acute O2

sensing by CB cells, as it seems to do in pulmonary arteries [70].
Finally, it cannot be ruled out the possibility that in CB glomus cells, as

well as in other cells of the homeostatic acute O2 sensing system [71],
multiple O2-sensing mechanisms work in coordination to ensure a fast
response to hypoxia. Advances in these questions will also help us
understanding the role of the CB in hypoxia-mediated diseases.
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