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Abstract 
The carotid body (CB) is a major arterial chemoreceptor sensitive to changes in 

blood contents, such as oxygen. In response to hypoxia, the CB glomus cells are 

activated to elicit reflex hyperventilation. Despite significant advancement in the 

characterization of their physiological properties, our understanding of the underlying 

molecular machinery and signaling pathway in CB glomus cells is still limited.  

To overcome this limitation, in chapter 1, I present the first transcriptome profile 

of CB glomus cells using single-cell sequencing technology, which allowed us to 

uncover a set of abundantly expressed genes in CB, including novel glomus cell-specific 

transcripts. These results revealed involvements of G protein-coupled receptor (GPCR) 

signaling pathway, various types of ion channels, as well as atypical mitochondrial 

subunits in CB glomus cell function. I also identified ligands for the most highly 

expressed GPCR (Olfr78) in CB glomus cells and examined this receptor’s role in CB-

mediated hypoxic ventilatory response.  

Current knowledge suggests CB glomus cells may rely on unusual mitochondria 

for their sensitivity to hypoxia. In line with this, I previously identified the atypical 

mitochondrial subunit Ndufa4l2 as a highly over-represented gene in CB glomus cells. 

In chapter 2, to investigate the functional significance of Ndufa4l2 in CB, I characterized 

both Ndufa4l2 knockout mice and mice with conditional Ndufa4l2 deletion in CB 
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glomus cells. I showed that Ndufa4l2 is essential to the establishment of regular 

breathing after birth. Ablating Ndufa4l2 in postnatal CB glomus cells resulted in a 

defective hypoxic ventilatory response and the loss of normal CB glomus cell sensitivity 

to hypoxia. Together, my data demonstrate that Ndufa4l2 is critical to respiratory 

control and the oxygen sensitivity of CB glomus cells. 
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1. Introduction 

1.1 What is the carotid body? 

As a major substrate of the oxidative phosphorylation process, oxygen is 

essential to the survival of mammalian species. All cells can detect an insufficient 

provision of oxygen if a dramatic and sustained decrease is encountered. This triggers 

transcriptional activation to mount a slow and adaptive response at the cellular level. 

Such strategy is often used as a last resort to promote energy conservation and cell 

survival. Yet, changes in environment, activities, and even the cardio and pulmonary 

functions can result in frequent and unpredictable fluctuations in arterial oxygen 

tension. To maintain homeostasis at the systemic level, vertebrates, especially air-

breathing mammals have developed an exquisite system of arterial chemoreceptors to 

monitor and correct for any deviations within seconds of onset, albeit large or small. The 

carotid body (CB) is the predominant arterial chemoreceptor for sensing and adjusting 

to acute hypoxia in mammals. 

Structure 

The CB is a small neural crest-derived sensory organ located bilaterally at the 

common carotid artery bifurcations (Fig. 1-1A), where abnormal changes in arterial 

blood contents can be noticed before arriving at the brain. The CB is extremely small, 

less than 200 µM in diameter in mice, and is endowed with a profuse vascular network 

arising from the external carotid artery. The highly vascularized nature of CB minimizes 
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diffusion within the tissue and provides a flow rate ten times higher than that of the 

brain, making it possible for CB sensory cells to react correctly and immediately to acute 

changes (Kumar, 2009a).  

Other than the small size, another obstacle in the study of CB is its heterogeneity. 

The CB is composed of mainly two types of cells: the chemosensory neuron-like glomus 

cells (also called Type I cells), and the glia-like sustentacular cells (also called Type II 

cells), with a ratio of approximately four glomus cells to one sustentacular cell. Often, 

clusters of three to five glomus cells are grouped into glomeruli, wrapped around the 

processes of sustentacular cells (Fig. 1-1B) (Gonzalez et al., 1994). Due to its complex 

structure, other non-CB cells are also present, such as fat cells, endothelial cells, and 

circulating immune cells. 
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gp91phox-null mutant mice [34], hypoxia responsiveness of CB
and other cells appears to be unaltered [35, 36]. Moreover, in
patch-clamped glomus cells from these animals the modula-
tion of the O2-sensitive K+ current by O2 tension is unchanged
[37]. Surprisingly, genetic suppression of another component
of the neutrophil’s oxidase (p47phox) results in mice with
increased basal activity in the carotid sinus nerve and
exacerbated ventilatory response to hypoxia [38]. This pheno-
type suggests nonspecific modifications in the p47phox
knockout mouse rather than the selective alteration of the
O2-sensing machinery in the CB cells. Altogether, these studies
indicate that the phagocytic NADPH oxidase is not directly
involved in CB O2 sensing, although it is conceivable that other
isoforms, existing in numerous tissues [39], could contribute to
the hypoxia responsiveness of CB cells. The entire concept of
redox-based O2 sensing in glomus cells is, however, challenged
by the finding that the reduced/oxidised glutathione ratio in
CBs remains unchanged during exposure to hypoxia, despite
the fact that this quotient increases after incubation of CBs with
N-acetylcysteine, a precursor to reduced glutathione and an
ROS scavenger [40].

Mitochondrial dysfunction
Several investigators have traditionally considered mitochon-
dria to be the site of O2 sensing in glomus cells because, similar
to hypoxia, inhibitors of the electron transport chain (ETC) or
mitochondrial uncouplers increase the afferent activity of the
CB sinus nerve [41]. This proposal was complemented by
reports that hypoxia and cyanide (an inhibitor of mitochon-
drial complex IV) lead to Ca2+ release from mitochondria in
dispersed glomus cells [42]. As indicated in the previous

section, the mitochondrial hypothesis of CB O2 sensing has lost
much support after the discovery of O2-regulated K+ channels
and experimental demonstration that the Ca2+ ions needed for
glomus cell secretion in hypoxia enter the cell via plasmalem-
mal voltage-gated Ca2+ channels [8, 9, 23]. The interest in
mitochondria has, however, resurged more recently because
mitochondria uncouplers raise cytosolic Ca2+ and reduce
background K+ permeability in glomus cells [43, 44]. So, it
could be that in hypoxia, mitochondria generate signals that
alter membrane ionic conductances (e.g. through modification
of the cell redox status or via reduction of cytosolic ATP).
In fact, it has been proposed that the redox modulation of
membrane K+ channels is the reason for the O2 sensitivity
of other acutely responding cells [45]. Conversely, decrease of
intracellular ATP in hypoxia could result in either the direct
closure of ATP-regulated background K+ channels [46] or the
increase in AMP/ATP ratio leading to AMP kinase activation.
AMP kinase could, in turn, modulate membrane ion channels
thus eliciting cell depolarisation [47]. In favour of this
hypothesis is the existence of O2-sensitive background K+

channels, which appear to be modulated by mitochondrial
uncouplers and ATP. In addition, mRNA of AMP kinase is
detected in glomus cells (unpublished data of the current
authors). In contrast with these observations, the current
authors have shown that in the presence of saturating
concentrations of mitochondria ETC inhibitors acting at
different complexes (I, II, III and IV), hypoxia can still activate
transmitter release from glomus cells, thus suggesting that
mitochondrial inhibition and hypoxia might activate glomus
cells through separate pathways [32]. Moreover, patch-
clamped glomus cells loaded with a high concentration of
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FIGURE 3. Membrane model of glomus cell oxygen sensing. The steps in chemosensory transduction are as follows. 1) Decrease of O2 tension (PO2), 2) O2 sensing,

3) closure of potassium channels, 4) cell depolarisation, 5) opening of calcium channels, 6) increase of cytosolic calcium concentration, [Ca2+], 7) transmitter release and

8) activation of afferent fibres, which send the information to the central nervous system (CNS). Although these steps in chemosensory transduction have broad experimental

support, the nature of the O2 sensor and the mechanisms by which changes in O2 tension regulate K+ channel activity are still unknown (question mark). DVm: change in

membrane voltage. Modified from [2, 24].

J. LÓPEZ-BARNEO ET AL. CAROTID BODY AND HYPOXIA

c
EUROPEAN RESPIRATORY JOURNAL VOLUME 32 NUMBER 5 1389

C. Peers et al. / Respiratory Physiology & Neurobiology 174 (2010) 292–298 293

Fig. 1. (A) Cartoon of the carotid body chemoreceptor, located at the bifurcation of the common carotid artery (CC) into its internal (IC) and external (EC) branches. (B) Cartoon
of the basic cellular arrangement within the carotid body. Afferent chemosensory fibres terminate and are in synaptic contact with transmitter-filled type I (glomus) cells.
Clusters of type I cells are encapsulated by type II cells, and the organ receives a rich supply of arterial blood. (C) The membrane hypothesis for hypoxic chemotransduction:
K+ channel activity recorded in an isolated type I cell using the perforated vesicle technique shows hypoxia causes reduced channel activity (left). This leads to membrane
depolarization (middle) sufficient to activate voltage-gated Ca2+ channels and so trigger neurotransmitter release, determined by amperometry (right). Exposures to hypoxia
(pO2 ca. 15–25 mm Hg) indicated by shaded areas.

termed the membrane hypothesis for oxygen sensing. In brief,
hypoxia leads to the inhibition of specific K+ channels in type I
cells, causing them to depolarize. This depolarization is sufficient
to open voltage-gated Ca2+ channels and the resultant Ca2+ influx
triggers release of transmitters (Buckler and Vaughan-Jones, 1994;
Urena et al., 1994) (Fig. 1C). If one scratches beneath the surface
of this simple concept, however, one will find that there are diver-
gent views concerning many aspects of this cascade of events, most
particularly (and importantly) over the most fundamental step; the
process by which hypoxia leads to inhibition of K+ channel activity.
Before we consider this further, it is also important to note that the
identity of the K+ channels inhibited by hypoxia in type I cells, and
their relative importance, is still a subject of much debate.

2. O2 sensitive K channels in type I carotid body cells

Following shortly after the first report of hypoxic regulation of
K+ channels in type I cells (Lopez-Barneo et al., 1988), a number
of groups reported a similar phenomenon (Peers, 1990; Stea and
Nurse, 1991; Hescheler et al., 1989), and the list of O2 sensitive K+

channels identified, or at least characterised to varying degrees, has
subsequently grown considerably. An attempt to summarise those
reported is provided in Table 1. The table illustrates a number of
issues which have been problematic to the field. Firstly, there are
clear species differences in terms of the nature of the O2 sensitive K+

channels expressed, an issue which has been studied in most depth
by comparing rat and rabbit type I cells. Secondly, within a given
species there appears to be more than one type of O2 sensitive K+

channel expressed (for example, both BKCa and TASK-like channels
are O2 sensitive in rat type I cells; Table 1). Thirdly, although not
indicated in Table 1, there are developmental changes in expression
of O2 sensitive K+ channels, notably in the rat, which might account

for, or contribute to, postnatal maturation of O2 sensitivity (Hatton
et al., 1997; Wasicko et al., 2006). Collectively, these issues have
provided much debate within the field much of which continues
unresolved. Perhaps more importantly they have to a degree acted
as a distraction (or at the very least a complicating factor) from the
most fundamental question of all – how does hypoxia lead to such
a rapid inhibition of K+ channel function? Recent advances aimed
directly at addressing this question are the subject matter for the
remainder of this article.

3. Heme oxygenase-2 as an O2 sensor

Late in 2004, the hypoxic inhibition of BKCa channels in rat
type I cells was proposed to be mediated by heme oxygenase-
2 (HO-2; Williams et al., 2004). This study was initiated by a
mass spectrometry-based analysis of BKCa “protein partners” (pro-
teins which co-immunoprecipitated with recombinant human
BKCa channels). This approach revealed HO-2 as a closely associ-
ated protein: HO-2 generates carbon monoxide (CO), biliverdin and
Fe2+ by catabolism of heme. This was intriguing since the enzyme’s
activity requires NADPH and O2 as co-factors, and CO was already
recognised as an activator of BKCa channels (Hou et al., 2009).
Thus, it was proposed that under normoxic conditions, HO-2 con-
trolled BKCa channel activity tonically through the production of
CO (Fig. 2A), and that channel activity declined under hypoxic con-
ditions because the co-factor for CO production, O2, was limiting
(Fig. 2B). Channel inhibition may also be promoted by accumulation
of heme (through lack of its degradation by HO-2) in hypoxia (Tang
et al., 2003). Supporting this proposed mechanism was the earlier
observation that inhibition of heme oxygenases augments afferent
carotid sinus nerve activity, and that this augmentation is reversed
by CO (Prabhakar et al., 1995). However, data from transgenic mice
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(pO2 ca. 15–25 mm Hg) indicated by shaded areas.

termed the membrane hypothesis for oxygen sensing. In brief,
hypoxia leads to the inhibition of specific K+ channels in type I
cells, causing them to depolarize. This depolarization is sufficient
to open voltage-gated Ca2+ channels and the resultant Ca2+ influx
triggers release of transmitters (Buckler and Vaughan-Jones, 1994;
Urena et al., 1994) (Fig. 1C). If one scratches beneath the surface
of this simple concept, however, one will find that there are diver-
gent views concerning many aspects of this cascade of events, most
particularly (and importantly) over the most fundamental step; the
process by which hypoxia leads to inhibition of K+ channel activity.
Before we consider this further, it is also important to note that the
identity of the K+ channels inhibited by hypoxia in type I cells, and
their relative importance, is still a subject of much debate.

2. O2 sensitive K channels in type I carotid body cells

Following shortly after the first report of hypoxic regulation of
K+ channels in type I cells (Lopez-Barneo et al., 1988), a number
of groups reported a similar phenomenon (Peers, 1990; Stea and
Nurse, 1991; Hescheler et al., 1989), and the list of O2 sensitive K+

channels identified, or at least characterised to varying degrees, has
subsequently grown considerably. An attempt to summarise those
reported is provided in Table 1. The table illustrates a number of
issues which have been problematic to the field. Firstly, there are
clear species differences in terms of the nature of the O2 sensitive K+

channels expressed, an issue which has been studied in most depth
by comparing rat and rabbit type I cells. Secondly, within a given
species there appears to be more than one type of O2 sensitive K+

channel expressed (for example, both BKCa and TASK-like channels
are O2 sensitive in rat type I cells; Table 1). Thirdly, although not
indicated in Table 1, there are developmental changes in expression
of O2 sensitive K+ channels, notably in the rat, which might account

for, or contribute to, postnatal maturation of O2 sensitivity (Hatton
et al., 1997; Wasicko et al., 2006). Collectively, these issues have
provided much debate within the field much of which continues
unresolved. Perhaps more importantly they have to a degree acted
as a distraction (or at the very least a complicating factor) from the
most fundamental question of all – how does hypoxia lead to such
a rapid inhibition of K+ channel function? Recent advances aimed
directly at addressing this question are the subject matter for the
remainder of this article.

3. Heme oxygenase-2 as an O2 sensor

Late in 2004, the hypoxic inhibition of BKCa channels in rat
type I cells was proposed to be mediated by heme oxygenase-
2 (HO-2; Williams et al., 2004). This study was initiated by a
mass spectrometry-based analysis of BKCa “protein partners” (pro-
teins which co-immunoprecipitated with recombinant human
BKCa channels). This approach revealed HO-2 as a closely associ-
ated protein: HO-2 generates carbon monoxide (CO), biliverdin and
Fe2+ by catabolism of heme. This was intriguing since the enzyme’s
activity requires NADPH and O2 as co-factors, and CO was already
recognised as an activator of BKCa channels (Hou et al., 2009).
Thus, it was proposed that under normoxic conditions, HO-2 con-
trolled BKCa channel activity tonically through the production of
CO (Fig. 2A), and that channel activity declined under hypoxic con-
ditions because the co-factor for CO production, O2, was limiting
(Fig. 2B). Channel inhibition may also be promoted by accumulation
of heme (through lack of its degradation by HO-2) in hypoxia (Tang
et al., 2003). Supporting this proposed mechanism was the earlier
observation that inhibition of heme oxygenases augments afferent
carotid sinus nerve activity, and that this augmentation is reversed
by CO (Prabhakar et al., 1995). However, data from transgenic mice
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gp91phox-null mutant mice [34], hypoxia responsiveness of CB
and other cells appears to be unaltered [35, 36]. Moreover, in
patch-clamped glomus cells from these animals the modula-
tion of the O2-sensitive K+ current by O2 tension is unchanged
[37]. Surprisingly, genetic suppression of another component
of the neutrophil’s oxidase (p47phox) results in mice with
increased basal activity in the carotid sinus nerve and
exacerbated ventilatory response to hypoxia [38]. This pheno-
type suggests nonspecific modifications in the p47phox
knockout mouse rather than the selective alteration of the
O2-sensing machinery in the CB cells. Altogether, these studies
indicate that the phagocytic NADPH oxidase is not directly
involved in CB O2 sensing, although it is conceivable that other
isoforms, existing in numerous tissues [39], could contribute to
the hypoxia responsiveness of CB cells. The entire concept of
redox-based O2 sensing in glomus cells is, however, challenged
by the finding that the reduced/oxidised glutathione ratio in
CBs remains unchanged during exposure to hypoxia, despite
the fact that this quotient increases after incubation of CBs with
N-acetylcysteine, a precursor to reduced glutathione and an
ROS scavenger [40].

Mitochondrial dysfunction
Several investigators have traditionally considered mitochon-
dria to be the site of O2 sensing in glomus cells because, similar
to hypoxia, inhibitors of the electron transport chain (ETC) or
mitochondrial uncouplers increase the afferent activity of the
CB sinus nerve [41]. This proposal was complemented by
reports that hypoxia and cyanide (an inhibitor of mitochon-
drial complex IV) lead to Ca2+ release from mitochondria in
dispersed glomus cells [42]. As indicated in the previous

section, the mitochondrial hypothesis of CB O2 sensing has lost
much support after the discovery of O2-regulated K+ channels
and experimental demonstration that the Ca2+ ions needed for
glomus cell secretion in hypoxia enter the cell via plasmalem-
mal voltage-gated Ca2+ channels [8, 9, 23]. The interest in
mitochondria has, however, resurged more recently because
mitochondria uncouplers raise cytosolic Ca2+ and reduce
background K+ permeability in glomus cells [43, 44]. So, it
could be that in hypoxia, mitochondria generate signals that
alter membrane ionic conductances (e.g. through modification
of the cell redox status or via reduction of cytosolic ATP).
In fact, it has been proposed that the redox modulation of
membrane K+ channels is the reason for the O2 sensitivity
of other acutely responding cells [45]. Conversely, decrease of
intracellular ATP in hypoxia could result in either the direct
closure of ATP-regulated background K+ channels [46] or the
increase in AMP/ATP ratio leading to AMP kinase activation.
AMP kinase could, in turn, modulate membrane ion channels
thus eliciting cell depolarisation [47]. In favour of this
hypothesis is the existence of O2-sensitive background K+

channels, which appear to be modulated by mitochondrial
uncouplers and ATP. In addition, mRNA of AMP kinase is
detected in glomus cells (unpublished data of the current
authors). In contrast with these observations, the current
authors have shown that in the presence of saturating
concentrations of mitochondria ETC inhibitors acting at
different complexes (I, II, III and IV), hypoxia can still activate
transmitter release from glomus cells, thus suggesting that
mitochondrial inhibition and hypoxia might activate glomus
cells through separate pathways [32]. Moreover, patch-
clamped glomus cells loaded with a high concentration of
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FIGURE 3. Membrane model of glomus cell oxygen sensing. The steps in chemosensory transduction are as follows. 1) Decrease of O2 tension (PO2), 2) O2 sensing,

3) closure of potassium channels, 4) cell depolarisation, 5) opening of calcium channels, 6) increase of cytosolic calcium concentration, [Ca2+], 7) transmitter release and

8) activation of afferent fibres, which send the information to the central nervous system (CNS). Although these steps in chemosensory transduction have broad experimental

support, the nature of the O2 sensor and the mechanisms by which changes in O2 tension regulate K+ channel activity are still unknown (question mark). DVm: change in

membrane voltage. Modified from [2, 24].
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Fig. 1. (A) Cartoon of the carotid body chemoreceptor, located at the bifurcation of the common carotid artery (CC) into its internal (IC) and external (EC) branches. (B) Cartoon
of the basic cellular arrangement within the carotid body. Afferent chemosensory fibres terminate and are in synaptic contact with transmitter-filled type I (glomus) cells.
Clusters of type I cells are encapsulated by type II cells, and the organ receives a rich supply of arterial blood. (C) The membrane hypothesis for hypoxic chemotransduction:
K+ channel activity recorded in an isolated type I cell using the perforated vesicle technique shows hypoxia causes reduced channel activity (left). This leads to membrane
depolarization (middle) sufficient to activate voltage-gated Ca2+ channels and so trigger neurotransmitter release, determined by amperometry (right). Exposures to hypoxia
(pO2 ca. 15–25 mm Hg) indicated by shaded areas.

termed the membrane hypothesis for oxygen sensing. In brief,
hypoxia leads to the inhibition of specific K+ channels in type I
cells, causing them to depolarize. This depolarization is sufficient
to open voltage-gated Ca2+ channels and the resultant Ca2+ influx
triggers release of transmitters (Buckler and Vaughan-Jones, 1994;
Urena et al., 1994) (Fig. 1C). If one scratches beneath the surface
of this simple concept, however, one will find that there are diver-
gent views concerning many aspects of this cascade of events, most
particularly (and importantly) over the most fundamental step; the
process by which hypoxia leads to inhibition of K+ channel activity.
Before we consider this further, it is also important to note that the
identity of the K+ channels inhibited by hypoxia in type I cells, and
their relative importance, is still a subject of much debate.

2. O2 sensitive K channels in type I carotid body cells

Following shortly after the first report of hypoxic regulation of
K+ channels in type I cells (Lopez-Barneo et al., 1988), a number
of groups reported a similar phenomenon (Peers, 1990; Stea and
Nurse, 1991; Hescheler et al., 1989), and the list of O2 sensitive K+

channels identified, or at least characterised to varying degrees, has
subsequently grown considerably. An attempt to summarise those
reported is provided in Table 1. The table illustrates a number of
issues which have been problematic to the field. Firstly, there are
clear species differences in terms of the nature of the O2 sensitive K+

channels expressed, an issue which has been studied in most depth
by comparing rat and rabbit type I cells. Secondly, within a given
species there appears to be more than one type of O2 sensitive K+

channel expressed (for example, both BKCa and TASK-like channels
are O2 sensitive in rat type I cells; Table 1). Thirdly, although not
indicated in Table 1, there are developmental changes in expression
of O2 sensitive K+ channels, notably in the rat, which might account

for, or contribute to, postnatal maturation of O2 sensitivity (Hatton
et al., 1997; Wasicko et al., 2006). Collectively, these issues have
provided much debate within the field much of which continues
unresolved. Perhaps more importantly they have to a degree acted
as a distraction (or at the very least a complicating factor) from the
most fundamental question of all – how does hypoxia lead to such
a rapid inhibition of K+ channel function? Recent advances aimed
directly at addressing this question are the subject matter for the
remainder of this article.

3. Heme oxygenase-2 as an O2 sensor

Late in 2004, the hypoxic inhibition of BKCa channels in rat
type I cells was proposed to be mediated by heme oxygenase-
2 (HO-2; Williams et al., 2004). This study was initiated by a
mass spectrometry-based analysis of BKCa “protein partners” (pro-
teins which co-immunoprecipitated with recombinant human
BKCa channels). This approach revealed HO-2 as a closely associ-
ated protein: HO-2 generates carbon monoxide (CO), biliverdin and
Fe2+ by catabolism of heme. This was intriguing since the enzyme’s
activity requires NADPH and O2 as co-factors, and CO was already
recognised as an activator of BKCa channels (Hou et al., 2009).
Thus, it was proposed that under normoxic conditions, HO-2 con-
trolled BKCa channel activity tonically through the production of
CO (Fig. 2A), and that channel activity declined under hypoxic con-
ditions because the co-factor for CO production, O2, was limiting
(Fig. 2B). Channel inhibition may also be promoted by accumulation
of heme (through lack of its degradation by HO-2) in hypoxia (Tang
et al., 2003). Supporting this proposed mechanism was the earlier
observation that inhibition of heme oxygenases augments afferent
carotid sinus nerve activity, and that this augmentation is reversed
by CO (Prabhakar et al., 1995). However, data from transgenic mice
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of the basic cellular arrangement within the carotid body. Afferent chemosensory fibres terminate and are in synaptic contact with transmitter-filled type I (glomus) cells.
Clusters of type I cells are encapsulated by type II cells, and the organ receives a rich supply of arterial blood. (C) The membrane hypothesis for hypoxic chemotransduction:
K+ channel activity recorded in an isolated type I cell using the perforated vesicle technique shows hypoxia causes reduced channel activity (left). This leads to membrane
depolarization (middle) sufficient to activate voltage-gated Ca2+ channels and so trigger neurotransmitter release, determined by amperometry (right). Exposures to hypoxia
(pO2 ca. 15–25 mm Hg) indicated by shaded areas.

termed the membrane hypothesis for oxygen sensing. In brief,
hypoxia leads to the inhibition of specific K+ channels in type I
cells, causing them to depolarize. This depolarization is sufficient
to open voltage-gated Ca2+ channels and the resultant Ca2+ influx
triggers release of transmitters (Buckler and Vaughan-Jones, 1994;
Urena et al., 1994) (Fig. 1C). If one scratches beneath the surface
of this simple concept, however, one will find that there are diver-
gent views concerning many aspects of this cascade of events, most
particularly (and importantly) over the most fundamental step; the
process by which hypoxia leads to inhibition of K+ channel activity.
Before we consider this further, it is also important to note that the
identity of the K+ channels inhibited by hypoxia in type I cells, and
their relative importance, is still a subject of much debate.

2. O2 sensitive K channels in type I carotid body cells

Following shortly after the first report of hypoxic regulation of
K+ channels in type I cells (Lopez-Barneo et al., 1988), a number
of groups reported a similar phenomenon (Peers, 1990; Stea and
Nurse, 1991; Hescheler et al., 1989), and the list of O2 sensitive K+

channels identified, or at least characterised to varying degrees, has
subsequently grown considerably. An attempt to summarise those
reported is provided in Table 1. The table illustrates a number of
issues which have been problematic to the field. Firstly, there are
clear species differences in terms of the nature of the O2 sensitive K+

channels expressed, an issue which has been studied in most depth
by comparing rat and rabbit type I cells. Secondly, within a given
species there appears to be more than one type of O2 sensitive K+

channel expressed (for example, both BKCa and TASK-like channels
are O2 sensitive in rat type I cells; Table 1). Thirdly, although not
indicated in Table 1, there are developmental changes in expression
of O2 sensitive K+ channels, notably in the rat, which might account

for, or contribute to, postnatal maturation of O2 sensitivity (Hatton
et al., 1997; Wasicko et al., 2006). Collectively, these issues have
provided much debate within the field much of which continues
unresolved. Perhaps more importantly they have to a degree acted
as a distraction (or at the very least a complicating factor) from the
most fundamental question of all – how does hypoxia lead to such
a rapid inhibition of K+ channel function? Recent advances aimed
directly at addressing this question are the subject matter for the
remainder of this article.

3. Heme oxygenase-2 as an O2 sensor

Late in 2004, the hypoxic inhibition of BKCa channels in rat
type I cells was proposed to be mediated by heme oxygenase-
2 (HO-2; Williams et al., 2004). This study was initiated by a
mass spectrometry-based analysis of BKCa “protein partners” (pro-
teins which co-immunoprecipitated with recombinant human
BKCa channels). This approach revealed HO-2 as a closely associ-
ated protein: HO-2 generates carbon monoxide (CO), biliverdin and
Fe2+ by catabolism of heme. This was intriguing since the enzyme’s
activity requires NADPH and O2 as co-factors, and CO was already
recognised as an activator of BKCa channels (Hou et al., 2009).
Thus, it was proposed that under normoxic conditions, HO-2 con-
trolled BKCa channel activity tonically through the production of
CO (Fig. 2A), and that channel activity declined under hypoxic con-
ditions because the co-factor for CO production, O2, was limiting
(Fig. 2B). Channel inhibition may also be promoted by accumulation
of heme (through lack of its degradation by HO-2) in hypoxia (Tang
et al., 2003). Supporting this proposed mechanism was the earlier
observation that inhibition of heme oxygenases augments afferent
carotid sinus nerve activity, and that this augmentation is reversed
by CO (Prabhakar et al., 1995). However, data from transgenic mice
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Figure 1-0-1: Structure and cell types of the carotid body. 

A, the CB is located at the carotid artery bifurcation, where it receives 
innervations of the carotid sinus nerve (left). Scanning electron microscopy image of a 
cat CB, showing the highly complex vasculatures irrigating the CB tissues (right). B, The 
CB contains clusters of secretory glomus cells that are innervated by afferent nerve fiber 
of the petrosal ganglion, which relays chemoafferent information via the carotid sinus 
nerve (CSN). Glomus cells are also enveloped by supporting sustentacular cells as well 
as a dense network of capillaries. Adapted from Peers et al., 2010 and Jones et al., 2003. 

 

Glomus cells are small (~10 µM in diameter) and electrically excitable cells 

responsible for the transduction of blood-born stimuli, and hence the chemosensory cells 

within CB. Consistent with this, abundant dense-core vesicles are found in the 
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cytoplasm of glomus cells, in particularly near afferent nerve terminals (Kumar & 

Prabhakar, 2012). Depolarization of glomus cells can lead to the release of numerous 

neurotransmitters including dopamine, acetylcholine, ATP, peptides and 

gasotransmitters that act on both CB glomus cells and the afferent nerve fibers (Lopez-

Barneo et al., 2016). On the contrary, sustentacular cells lack synaptic vesicles and were 

thought to mainly serve as supporting cells. However, recent advancement suggests 

sustentacular cells are also neural stem cells that proliferate and generate new CB 

glomus cells under chronic hypoxia, indicating a more crucial role in structural plasticity 

(Pardal et al., 2007; Platero-Luengo et al., 2014). 

Connectivity 

An important aspect of CB chemosensory is that it actively communicates the 

arterial blood information to the brainstem respiratory center to engage in reflex 

hyperventilation so that corrective adjustments can be made in a timely manner (Fig. 1-

2). CB glomus cells receive afferent innervation of the carotid sinus nerve, a branch of 

the IXth cranial nerve (glossopharyngeal nerve) whose cell bodies are present in the 

nearby petrosal ganglion (Nurse, 2005). Upon activation, CB glomus cells depolarize and 

nerve impulses are relayed to the brainstem nucleus tractus solitaries (NTS), where 

along with inputs from other cardiorespiratory reflexes are integrated and sent to the 

retrotrapezoid nucleus (RTN) within the respiratory center. From here, excitatory inputs 

are further relayed to the rhythm-generating circuitry in the pre-Bötzinger complex 
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(preBötC) (Spyer & Gourine, 2009). The pace-making neurons within the Pre-BötC make 

synaptic contact with ventral and dorsal respiratory groups, which signal the phrenic 

motor neurons that innervate the diaphragm to promote hyperventilation (Spyer & 

Gourine, 2009).   
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Extended Data Figure 1 | Model of oxygen sensing by the carotid body 
and the mitochondrion. a, Anatomy and blood supply of the carotid  
body. The carotid body is located bilaterally at bifurcation of carotid 
artery (CA) in the neck. Its location can be variable as well as the source 
of its blood supply, which can come from branches of nearby internal 
and external carotid, occipital, pharyngeal arteries. Blood flows through 
fenestrated capillaries close to clusters of type I glomus cells and drains 
from carotid body into jugular vein (JV) on ventral side2. b, Cellular  
organization of carotid body. The carotid body is composed of several 
cell types, including type I glomus cells (red) that sense changes in blood 
oxygen and are organized in clusters, type II sustentacular cells (blue)  
that resemble neuroglia and surround glomus cell clusters, carotid sinus 
nerve (CSN) fibres that innervate glomus cells, and endothelial (E) and 
smooth muscle cells (not shown) that form the tortuous vasculature2.  
Panels a and b modified from Pardal, R., Ortega-Sáenz, P., Durán, R. & 
López-Barneo, J. Glia-like stem cells sustain physiologic neurogenesis in the 
adult mammalian carotid body, Cell 131, 364–377 (2007) (ref. 45)  
with permission from Elsevier. c, Oxygen-sensing respiratory circuit.  
The primary chemoreceptor for blood oxygen is the carotid body. A 
decrease in PaO2 of arterial blood from normoxia (100 mmHg) to hypoxia 
(< 80 mmHg) stimulates glomus cells to signal the carotid sinus nerve, 
a branch of glossopharyngeal nerve (GN) with cell bodies in petrosal 
ganglion (PG). Axons of the GN terminate in nucleus tractus solitarius 
(NTS) in brainstem, a site of many converging afferent inputs2. The signal 
from NTS is transmitted to the ventral respiratory group (VRG) that 
includes the pre-Bötzinger complex, a region essential for respiratory 
rhythm generation. From VRG, neurons project to premotor and 
motor neurons that innervate respiratory muscles, such as diaphragm 
and intercostal muscles46. In addition to carotid body, vagus nerve 

afferents can also contribute to respiratory behaviours under specialized 
conditions39. The vagus nerve innervates heart, lung, and oxygen-sensitive 
cells of the aortic body43. d, A current model of acute oxygen sensing 
by carotid body. A decrease in PaO2 in blood causes a decrease in O2 
concentration inside carotid body glomus cells. This causes a decrease in 
activity of mitochondrial electron transport chain (ETC)47 and changes 
in other putative oxygen-sensing pathways, such as oxygen-sensitive K+ 
channels48,49, haem oxygenase50, AMP kinase51,  and hydrogen sulphide 
signalling37. These changes are hypothesized to converge on oxygen-
sensitive K+ channels, which close in hypoxia and depolarize the plasma 
membrane. Depolarization then opens voltage-gated Ca2+ channels, leading 
to an increase in intracellular calcium that stimulates transmitter release 
to carotid sinus nerve to increase breathing2. Mitochondria of carotid 
body cells are highly sensitive to hypoxia compared with other tissues, as 
assayed by imaging of mitochondrial membrane potential, NADH levels, 
and spectral properties23,52–54. Drugs and mutations that inhibit the ETC 
mimic the effect of hypoxia on carotid body activity and breathing23,55–59. 
e, Regulation of lactate production by oxygen. In normoxia, pyruvate 
produced by glycolysis is transported into mitochondria and efficiently 
used in Krebs cycle to supply electrons to ETC to produce ATP. In hypoxia, 
lack of oxygen to act as the final electron acceptor limits electron transport, 
causing pyruvate to build up and become converted to lactate5,6,27. The 
ETC poison cyanide inhibits the haem a3 subunit of cytochrome c oxidase 
to prevent transfer of electrons to oxygen, leading to lactate accumulation 
even in presence of adequate oxygen60. Cytosolic lactate accumulation 
results in transport of lactic acid (lactate and H+) out of the cell by 
monocarboxylate transporters6,61. In normoxia, lactate concentrations in 
blood, tissue, and tissue interstitium are 1–5 mM62,63.

Respiratory 
Center 

 

Figure 1-0-2: CB signals the respiratory center to engage in reflex 
hyperventilation. 

The major arterial chemoreceptor is the carotid body. Activated by a decrease in 
oxygen tension, the CB activates afferent carotid sinus nerve fiber of the petrosal 
ganglion (PG). The information is traveled through glossopharyngeal nerve (GN) to the 
brainstem nucleus tractus solitaries (NTS). NTS neurons integrate information from the 
CB as well as other peripheral input including the aortic body, and relay the information 
to the respiratory center in the ventral medulla of the brainstem. From here, central 
respiratory rhythm generator will adjust its signal to the respiratory muscles 
accordingly, based on the status of the arterial blood. Adapted from Chang et al., 2015. 
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Stimuli 

CB is a polymodal chemoreceptor that responds to a number of blood-borne 

stimuli, including hypoxia, hypercapnia/pH, hypoglycemia and etc. (Pardal & Lopez-

Barneo, 2002; Piskuric & Nurse, 2013). Since CB is the main mediator of hypoxic 

ventilatory response, the majority of study has been focused on hypoxia. Under 

normoxic condition (arterial PO2 ~100 mmHg), the tonic activity of CB sinus nerve is 

around 2 Hz and this can either decrease or increase respectively under hyperoxia or 

hypoxia. The changes in firing frequency can occur within seconds and sustain with 

little adaptation. As there is no apparent threshold to sensing hypoxia, even a minor 

drop in oxygen tension is sufficient to initiate CB chemotransduction that increases 

accordingly based on hypoxia intensity (Kumar & Prabhakar, 2012) (Fig. 1-3). The 

mechanism of CB oxygen sensing will be discussed in greater details in Chapter 1.2. 

 

Figure 1-0-3: CB activity is dependent on oxygen tension. 

Activation of CB glomus cells leads to increase in intracellular calcium (red) and 
catecholamine secretion (blue). The hypoxia response is a function of oxygen tension 
and is dependent on extracellular calcium. Taken from López-Barneo et al., 2016. 
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Rise in arterial CO2 level and subsequent drops in blood pH can also active CB, 

leading to reflex hyperventilation. While the central chemoreceptors in the brain are the 

main responder to such stimulus, it has been suggested that CB activation contributes to 

at least 30% of the respiratory drive under hypercapnia (Heeringa et al., 1979). The 

mechanism of CO2 transduction appears to be based on an alteration in pH (Kumar & 

Prabhakar, 2012).  CB glomus cells express carbonic anhydrase, which can greatly 

facilitate the hydration of CO2 , as well as the speed and magnitude of CB’s response to 

hypercapnia (Rigual et al., 1985; Iturriaga et al., 1991). It is also suggested that CB glomus 

cells express acid-sensitive potassium channel TASK1 that is responsible for more than 

50% of CB chemoafferent discharge response to hypercapnia (Trapp et al., 2008). 

Notably, concurring hypercapnia along with hypoxia can synergistically enhance CB 

sensitivity so that the response output is greater than the sum of individual stimulus. 

In addition to arterial blood gas contents, the CB glomus cells have also 

demonstrated sensitivity to other stimuli, indicative of additional physiological 

importance. Although still controversial, recent evidence has emerged, showing direct 

activation of CB glomus cells by low glucose (Pardal & Lopez-Barneo, 2002). Other 

chemicals present in the arterial blood have also shown stimulatory effects on CB, such 

as adenosine, adrenaline, vasopressin, acetate, propionic, and lactate (Kumar & 

Prabhakar, 2012; Chang et al., 2015). 
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1.2 Mechanisms of CB oxygen sensing 

Although the physiological function of CB was discovered in the earlier half of 

the twentieth century, the cellular basis of its chemosensory transduction did not start to 

unveil until half a century later when researchers were able to culture and study isolated 

glomus cells in vitro.  This, in turn, has led to a recent leap in the understanding of the 

molecular mechanisms governing the elusive oxygen sensing apparatus in this organ. 

However, the exact identity and the full signaling pathway utilized by the oxygen 

sensor are still controversial, although multiple theories have been proposed (Peng et al., 

2010; Chang et al., 2015; Fernandez-Aguera et al., 2015; Yuan et al., 2015). However, it is 

also possible that multiple oxygen sensors are present in this vital organ to ensure 

backup chemosensory mechanisms exist. In this chapter, I will summarize the main CB 

oxygen sensing mechanisms in the field. 

Membrane theory 

The membrane theory suggests that CB glomus cells contain inherent oxygen 

sensitive channels that determine cellular excitability in response to hypoxia. Initial 

evidence emerged as rabbit CB glomus cells were found to exhibit voltage-gated 

potassium channels with oxygen-dependent activities (Lopez-Barneo et al., 1988). This 

followed by the discovery that CB neurotransmission requires extracellular calcium 

influx mediated by the voltage-gated calcium channels soon led to the membrane 

oxygen sensing theory (Fig. 1-4) (Buckler & Vaughan-Jones, 1994). Hence, it was 



 

 

9 

proposed that hypoxia triggers closing of potassium channels leading to membrane 

depolarization, which further activates voltage-gated calcium channels. A sudden influx 

of calcium would release neurotransmitters to activate afferent nerve fiber, consistent 

with earlier microscopy findings of abundant synaptic vesicles within CB glomus cells.  

gp91phox-null mutant mice [34], hypoxia responsiveness of CB
and other cells appears to be unaltered [35, 36]. Moreover, in
patch-clamped glomus cells from these animals the modula-
tion of the O2-sensitive K+ current by O2 tension is unchanged
[37]. Surprisingly, genetic suppression of another component
of the neutrophil’s oxidase (p47phox) results in mice with
increased basal activity in the carotid sinus nerve and
exacerbated ventilatory response to hypoxia [38]. This pheno-
type suggests nonspecific modifications in the p47phox
knockout mouse rather than the selective alteration of the
O2-sensing machinery in the CB cells. Altogether, these studies
indicate that the phagocytic NADPH oxidase is not directly
involved in CB O2 sensing, although it is conceivable that other
isoforms, existing in numerous tissues [39], could contribute to
the hypoxia responsiveness of CB cells. The entire concept of
redox-based O2 sensing in glomus cells is, however, challenged
by the finding that the reduced/oxidised glutathione ratio in
CBs remains unchanged during exposure to hypoxia, despite
the fact that this quotient increases after incubation of CBs with
N-acetylcysteine, a precursor to reduced glutathione and an
ROS scavenger [40].

Mitochondrial dysfunction
Several investigators have traditionally considered mitochon-
dria to be the site of O2 sensing in glomus cells because, similar
to hypoxia, inhibitors of the electron transport chain (ETC) or
mitochondrial uncouplers increase the afferent activity of the
CB sinus nerve [41]. This proposal was complemented by
reports that hypoxia and cyanide (an inhibitor of mitochon-
drial complex IV) lead to Ca2+ release from mitochondria in
dispersed glomus cells [42]. As indicated in the previous

section, the mitochondrial hypothesis of CB O2 sensing has lost
much support after the discovery of O2-regulated K+ channels
and experimental demonstration that the Ca2+ ions needed for
glomus cell secretion in hypoxia enter the cell via plasmalem-
mal voltage-gated Ca2+ channels [8, 9, 23]. The interest in
mitochondria has, however, resurged more recently because
mitochondria uncouplers raise cytosolic Ca2+ and reduce
background K+ permeability in glomus cells [43, 44]. So, it
could be that in hypoxia, mitochondria generate signals that
alter membrane ionic conductances (e.g. through modification
of the cell redox status or via reduction of cytosolic ATP).
In fact, it has been proposed that the redox modulation of
membrane K+ channels is the reason for the O2 sensitivity
of other acutely responding cells [45]. Conversely, decrease of
intracellular ATP in hypoxia could result in either the direct
closure of ATP-regulated background K+ channels [46] or the
increase in AMP/ATP ratio leading to AMP kinase activation.
AMP kinase could, in turn, modulate membrane ion channels
thus eliciting cell depolarisation [47]. In favour of this
hypothesis is the existence of O2-sensitive background K+

channels, which appear to be modulated by mitochondrial
uncouplers and ATP. In addition, mRNA of AMP kinase is
detected in glomus cells (unpublished data of the current
authors). In contrast with these observations, the current
authors have shown that in the presence of saturating
concentrations of mitochondria ETC inhibitors acting at
different complexes (I, II, III and IV), hypoxia can still activate
transmitter release from glomus cells, thus suggesting that
mitochondrial inhibition and hypoxia might activate glomus
cells through separate pathways [32]. Moreover, patch-
clamped glomus cells loaded with a high concentration of
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FIGURE 3. Membrane model of glomus cell oxygen sensing. The steps in chemosensory transduction are as follows. 1) Decrease of O2 tension (PO2), 2) O2 sensing,

3) closure of potassium channels, 4) cell depolarisation, 5) opening of calcium channels, 6) increase of cytosolic calcium concentration, [Ca2+], 7) transmitter release and

8) activation of afferent fibres, which send the information to the central nervous system (CNS). Although these steps in chemosensory transduction have broad experimental

support, the nature of the O2 sensor and the mechanisms by which changes in O2 tension regulate K+ channel activity are still unknown (question mark). DVm: change in

membrane voltage. Modified from [2, 24].
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Fig. 1. (A) Cartoon of the carotid body chemoreceptor, located at the bifurcation of the common carotid artery (CC) into its internal (IC) and external (EC) branches. (B) Cartoon
of the basic cellular arrangement within the carotid body. Afferent chemosensory fibres terminate and are in synaptic contact with transmitter-filled type I (glomus) cells.
Clusters of type I cells are encapsulated by type II cells, and the organ receives a rich supply of arterial blood. (C) The membrane hypothesis for hypoxic chemotransduction:
K+ channel activity recorded in an isolated type I cell using the perforated vesicle technique shows hypoxia causes reduced channel activity (left). This leads to membrane
depolarization (middle) sufficient to activate voltage-gated Ca2+ channels and so trigger neurotransmitter release, determined by amperometry (right). Exposures to hypoxia
(pO2 ca. 15–25 mm Hg) indicated by shaded areas.

termed the membrane hypothesis for oxygen sensing. In brief,
hypoxia leads to the inhibition of specific K+ channels in type I
cells, causing them to depolarize. This depolarization is sufficient
to open voltage-gated Ca2+ channels and the resultant Ca2+ influx
triggers release of transmitters (Buckler and Vaughan-Jones, 1994;
Urena et al., 1994) (Fig. 1C). If one scratches beneath the surface
of this simple concept, however, one will find that there are diver-
gent views concerning many aspects of this cascade of events, most
particularly (and importantly) over the most fundamental step; the
process by which hypoxia leads to inhibition of K+ channel activity.
Before we consider this further, it is also important to note that the
identity of the K+ channels inhibited by hypoxia in type I cells, and
their relative importance, is still a subject of much debate.

2. O2 sensitive K channels in type I carotid body cells

Following shortly after the first report of hypoxic regulation of
K+ channels in type I cells (Lopez-Barneo et al., 1988), a number
of groups reported a similar phenomenon (Peers, 1990; Stea and
Nurse, 1991; Hescheler et al., 1989), and the list of O2 sensitive K+

channels identified, or at least characterised to varying degrees, has
subsequently grown considerably. An attempt to summarise those
reported is provided in Table 1. The table illustrates a number of
issues which have been problematic to the field. Firstly, there are
clear species differences in terms of the nature of the O2 sensitive K+

channels expressed, an issue which has been studied in most depth
by comparing rat and rabbit type I cells. Secondly, within a given
species there appears to be more than one type of O2 sensitive K+

channel expressed (for example, both BKCa and TASK-like channels
are O2 sensitive in rat type I cells; Table 1). Thirdly, although not
indicated in Table 1, there are developmental changes in expression
of O2 sensitive K+ channels, notably in the rat, which might account

for, or contribute to, postnatal maturation of O2 sensitivity (Hatton
et al., 1997; Wasicko et al., 2006). Collectively, these issues have
provided much debate within the field much of which continues
unresolved. Perhaps more importantly they have to a degree acted
as a distraction (or at the very least a complicating factor) from the
most fundamental question of all – how does hypoxia lead to such
a rapid inhibition of K+ channel function? Recent advances aimed
directly at addressing this question are the subject matter for the
remainder of this article.

3. Heme oxygenase-2 as an O2 sensor

Late in 2004, the hypoxic inhibition of BKCa channels in rat
type I cells was proposed to be mediated by heme oxygenase-
2 (HO-2; Williams et al., 2004). This study was initiated by a
mass spectrometry-based analysis of BKCa “protein partners” (pro-
teins which co-immunoprecipitated with recombinant human
BKCa channels). This approach revealed HO-2 as a closely associ-
ated protein: HO-2 generates carbon monoxide (CO), biliverdin and
Fe2+ by catabolism of heme. This was intriguing since the enzyme’s
activity requires NADPH and O2 as co-factors, and CO was already
recognised as an activator of BKCa channels (Hou et al., 2009).
Thus, it was proposed that under normoxic conditions, HO-2 con-
trolled BKCa channel activity tonically through the production of
CO (Fig. 2A), and that channel activity declined under hypoxic con-
ditions because the co-factor for CO production, O2, was limiting
(Fig. 2B). Channel inhibition may also be promoted by accumulation
of heme (through lack of its degradation by HO-2) in hypoxia (Tang
et al., 2003). Supporting this proposed mechanism was the earlier
observation that inhibition of heme oxygenases augments afferent
carotid sinus nerve activity, and that this augmentation is reversed
by CO (Prabhakar et al., 1995). However, data from transgenic mice
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termed the membrane hypothesis for oxygen sensing. In brief,
hypoxia leads to the inhibition of specific K+ channels in type I
cells, causing them to depolarize. This depolarization is sufficient
to open voltage-gated Ca2+ channels and the resultant Ca2+ influx
triggers release of transmitters (Buckler and Vaughan-Jones, 1994;
Urena et al., 1994) (Fig. 1C). If one scratches beneath the surface
of this simple concept, however, one will find that there are diver-
gent views concerning many aspects of this cascade of events, most
particularly (and importantly) over the most fundamental step; the
process by which hypoxia leads to inhibition of K+ channel activity.
Before we consider this further, it is also important to note that the
identity of the K+ channels inhibited by hypoxia in type I cells, and
their relative importance, is still a subject of much debate.

2. O2 sensitive K channels in type I carotid body cells

Following shortly after the first report of hypoxic regulation of
K+ channels in type I cells (Lopez-Barneo et al., 1988), a number
of groups reported a similar phenomenon (Peers, 1990; Stea and
Nurse, 1991; Hescheler et al., 1989), and the list of O2 sensitive K+

channels identified, or at least characterised to varying degrees, has
subsequently grown considerably. An attempt to summarise those
reported is provided in Table 1. The table illustrates a number of
issues which have been problematic to the field. Firstly, there are
clear species differences in terms of the nature of the O2 sensitive K+

channels expressed, an issue which has been studied in most depth
by comparing rat and rabbit type I cells. Secondly, within a given
species there appears to be more than one type of O2 sensitive K+

channel expressed (for example, both BKCa and TASK-like channels
are O2 sensitive in rat type I cells; Table 1). Thirdly, although not
indicated in Table 1, there are developmental changes in expression
of O2 sensitive K+ channels, notably in the rat, which might account

for, or contribute to, postnatal maturation of O2 sensitivity (Hatton
et al., 1997; Wasicko et al., 2006). Collectively, these issues have
provided much debate within the field much of which continues
unresolved. Perhaps more importantly they have to a degree acted
as a distraction (or at the very least a complicating factor) from the
most fundamental question of all – how does hypoxia lead to such
a rapid inhibition of K+ channel function? Recent advances aimed
directly at addressing this question are the subject matter for the
remainder of this article.

3. Heme oxygenase-2 as an O2 sensor

Late in 2004, the hypoxic inhibition of BKCa channels in rat
type I cells was proposed to be mediated by heme oxygenase-
2 (HO-2; Williams et al., 2004). This study was initiated by a
mass spectrometry-based analysis of BKCa “protein partners” (pro-
teins which co-immunoprecipitated with recombinant human
BKCa channels). This approach revealed HO-2 as a closely associ-
ated protein: HO-2 generates carbon monoxide (CO), biliverdin and
Fe2+ by catabolism of heme. This was intriguing since the enzyme’s
activity requires NADPH and O2 as co-factors, and CO was already
recognised as an activator of BKCa channels (Hou et al., 2009).
Thus, it was proposed that under normoxic conditions, HO-2 con-
trolled BKCa channel activity tonically through the production of
CO (Fig. 2A), and that channel activity declined under hypoxic con-
ditions because the co-factor for CO production, O2, was limiting
(Fig. 2B). Channel inhibition may also be promoted by accumulation
of heme (through lack of its degradation by HO-2) in hypoxia (Tang
et al., 2003). Supporting this proposed mechanism was the earlier
observation that inhibition of heme oxygenases augments afferent
carotid sinus nerve activity, and that this augmentation is reversed
by CO (Prabhakar et al., 1995). However, data from transgenic mice
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Figure 1-0-4: Membrane theory of CB oxygen sensing. 

The membrane theory suggests the yet unidentified oxygen sensor reacts to 
drops in oxygen tension and releases signals to inhibit membrane potassium channels. 
Subsequent depolarization will activate voltage-gated calcium channel, which promotes 
calcium-dependent exocytosis of neurotransmitters. Hence, the afferent carotid sinus 
nerve fiber is activated and information is sent to the central nervous system (CNS). 
Adapted from López-Barneo et al., 2008. 
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The groundbreaking finding of oxygen-sensitive potassium channels was soon 

supported by a myriad of studies demonstrating a similar feature among other types of 

potassium channels in CB glomus cells. This has also brought confusion as species and 

developmental differences soon emerged, accompanied by diverse potassium channels 

including calcium-activated potassium channels (BK channel), HERG-like potassium 

channels, voltage-independent TASK-like background potassium leak channels and etc. 

(Shimoda & Polak, 2011). It soon became evident that multiple classes of potassium 

channels co-exist to modulate hypoxia conductance in CB glomus cells. The next 

fundamental question regarding the membrane theory is whether potassium channels 

directly sense oxygen or are indirectly linked to an intracellular oxygen sensor? The 

former theory was largely disapproved by evidence showing a loss of hypoxia 

sensitivity in the outside-out patch clamp setting or when recombinantly expressed in 

heterologous cells (Wyatt & Peers, 1995; Johnson et al., 2004). Still, the overall picture 

depicted by the membrane theory is broadly supported by experimental data, and 

significant attention should be diverted to characterizing the molecular mechanism of 

how CB glomus cell oxygen sensor signals and inhibits downstream potassium 

channels. 

Mitochondrial theory 

Throughout the endeavor of characterizing CB function, mitochondria have been 

a long-standing candidate for CB oxygen sensing. This idea is built on several lines of 
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thinking. To begin with, the nonlinear, sigmoidal shape of CB response curve resembles 

that of oxygen-hemoglobin dissociation curve, suggesting that the oxygen sensor might 

be a heme protein (Prabhakar, 2006). In line with this, mitochondrial electron transport 

chain (ETC) contains heme protein (cytochromes) to reduce oxygen for generating ATP. 

In the early investigation of CB function, Dr. Heymans, who later was awarded the 

Nobel prize for his work on CB, was able to demonstrate that mitochondrial inhibitor 

cyanide can induce hyperventilation when injected into the common carotid artery and 

this effect was dependent on intact carotid sinus nerve. Notably, the majority of 

mitochondrial ETC inhibitors or uncouplers are capable of mimicking hypoxia in 

multiple steps of CB transduction pathway, or even occlude any additional response by 

hypoxia, suggesting CB oxygen sensing converges with mitochondria (Buckler & 

Vaughan-Jones, 1998; Wyatt & Buckler, 2004; Donnelly & Carroll, 2005; Lahiri et al., 

2006). 

However, the mitochondrial theory also draws criticism in several aspects. The 

unique sensitivity of CB glomus cells to hypoxia is not present in other cell types 

whereas mitochondria are ubiquitous. Also, small drops in oxygen tension can elicit CB 

activation, whereas it is known that such minute deviation would not alter 

mitochondrial function due to their high-affinity cytochromes. Specifically, 

mitochondrial cytochrome a3 (site of oxygen reduction) can preserve its oxidized state at 

PO2 of 5 mmHg or higher. To explain these incompatibilities, it was speculated that CB 
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may contain specialized mitochondria with a low-affinity for oxygen. Evidence for this 

hypothesis was first provided when concurrent CB cytochrome a3 reduction and CB 

chemoreceptor nerve activity were shown in artificially perfused CB in vivo (Mills & 

Jobsis, 1970). The presence of an unusual cytochrome with a low oxygen affinity was 

found within cytochrome c oxidase of CB ETC, another indication of specialization 

among CB mitochondria (Streller et al., 2002). Even if CB contained low-affinity heme 

proteins, does this lead to altered mitochondrial function in CB glomus cells? This was 

answered by experiments showing moderate hypoxia can elicit functional changes in 

mitochondrial NADH/NAD ratio as well as mitochondrial membrane potential whereas 

nearby superior cervical ganglion (SCG) mitochondria are not affected (Duchen & 

Biscoe, 1992a, b; Buckler & Turner, 2013). Hence, it is argued that CB senses hypoxia 

through specialized mitochondria with a low oxygen affinity. 

While intriguing, substantial work is needed to identify molecular evidence of 

specialized mitochondria and the missing link between mitochondria and the membrane 

model. Presently, there is a significant gap in knowledge in terms of what molecules 

contribute to the unusual mitochondria in CB. A recent study showed mitochondrial 

complex I subunit Ndufs2 is important for maintaining CB response to hypoxia by 

ablating Ndufs2 in catecholaminergic cells (Fernandez-Aguera et al., 2015). At the same 

time, this resulted in growth retardation in the whole animal and morphological 

changes in the CB. Hence, it is not clear if the defective hypoxia response is specific to 
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the CB or a result of improper development. Also, Ndufs2 is a constitutively expressed 

mitochondrial subunit, how it functions to confer unique hypoxia sensitivity on CB is 

not clear.  

Several scenarios have been proposed or shown regarding how mitochondria 

signal membrane ion channels. One possible mechanism is that hampered mitochondrial 

functions can lead to an increase in AMP/ATP ratio. This will activate AMP kinase 

(AMPK) and subsequently phosphorylate and inhibit potassium channels, resulting in 

cell depolarization (Wyatt et al., 2007). Another signaling pathway may be mediated by 

changes in mitochondrial reactive oxygen species (ROS) and NADH production. It was 

recently shown that hypoxia triggers increase in mitochondrial ROS and NADH, which 

can inhibit membrane potassium channels. This phenomenon disappeared in CB from 

mutant mice lacking Ndufs2 in catecholaminergic cells, once again stressing the 

importance of mitochondria in CB oxygen sensing (Fernandez-Aguera et al., 2015). 

Overall, it is clear that mitochondria are crucial to the oxygen-sensing machinery of CB 

glomus cells but awaits a clearer understanding of the unique interactions between 

mitochondria and oxygen.  

Gas theory 

Similar to the presumption of the mitochondrial theory, the ability to react with 

oxygen has also led to the hypothesis that several heme proteins are capable of 

regulating CB oxygen sensing through the generation of gasotransmitters, namely CO, 
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H2S, and NO. The pioneering study of gas-mediated oxygen sensing showed that 

heterologously expressed BK channel physically associates with and depends on 

constitutively expressed haemoxygenase-2 (HO-2), a heme protein that generates CO 

using oxygen as a substrate (Williams et al., 2004). Although HO-2 knockout mice 

showed normal CB and ventilatory response to hypoxia, it was recently demonstrated 

that this is due to the compensatory production of NO through neuronal nitric oxide 

synthase (nNOS) in HO-2 null animals (Ortega-Saenz et al., 2006; Yuan et al., 2015). 

Similar to CO, NO can inhibit carotid sinus nerve activity, and this inhibition is 

alleviated under hypoxia due to lack of oxygen as a substrate, leading to CB activation. 

The mechanism behind CO/NO inhibition of CB activity is revealed through its 

inhibitory activity on H2S generating enzyme cystathionine-γ-lyase (CSE), which has 

been shown to be important for CB oxygen sensing using CSE knockout mice (Peng et 

al., 2010). Both CO and NO can bind to soluble guanylate cyclase (sGC) and activate 

protein kinase G, which phosphorylates and inactivates CSE at specific serene residue 

(Fig. 1-5) (Yuan et al., 2015).  
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gaseous signaling contributes to diverse diseases, including hypertension
(3, 11) and Parkinson’s disease (40). Given that HO-2, NOS, and CSE are
all present in the vasculature as well as in neurons (41–43), dysregulated
crosstalk between CO, NO, and H2S may contribute to the patho-
physiology of these disorders. Accordingly, this newfound understanding
of gaseous messenger signaling likely has substantial implications in a di-
verse set of physiological and pathophysiological conditions.

MATERIALS AND METHODS

Plasmids, cell culture, and transfection
HO-2 (rat) was cloned into pcDNA3.1 with N-terminal myc tag. Mouse
CSE was cloned into pCMV-myc. Mutations of HO-2 and CSE were per-
formed using the QuikChange II XL mutagenesis kit (Agilent Technolo-
gies, #200521) according to the manufacturer’s instructions. Mutations
were verified by Sanger sequencing at the University of Chicago Core
sequencing facility. HEK-293 cells were cultured in Dulbecco’s modified
Eagle’s medium (Life Technologies, #11995-065), 10% fetal bovine serum,
penicillin (100 U/ml), and streptomycin (100 U/ml) in 5% CO2 atmosphere
at 37°C. Cells were plated on 60-mm plates and transfected with 0.5 mg of
plasmid pcDNA encoding either wild-type or mutant HO-2 and/or 2 mg of
plasmid DNA encoding either wild-type or mutant CSE using Lipofecta-
mine (Invitrogen, #18324-012) according to the manufacturer’s protocol.

Immunoblot and immunoprecipitation assays
Immunoblot assays (HO-2, CSE, sGCa1, PKG II, and phosphoserine) and
immunoprecipitation of CSE in HEK-293 cell lysates were performed as de-
scribed (44). The following primary antibodies were used: anti–HO-2
(1:1000; Abcam, #ab90492), anti-CSE (1:1000; Novus Biologicals,
#NBP1-52849), anti-sGCa1 (1:1000; Abcam, #ab50358), anti-CGK2
(PKG II; 1:1000; Abcam, #ab110124), anti-phosphoserine (1:1000; Chemi-
con International, #AB1603), and anti–a-tubulin (1:1000; Sigma-Aldrich,
#T6199).

Measurements of H2S and CO
H2S and CO generation in HEK-293 cells and carotid bodies
was determined as previously described (7). In the experiments
involving carotid bodies, six tissues from three mice were
pooled in a given experiment. In experiments assessing the ef-
fect of PO2 on H2S and CO generation, sealed tubes containing
the reaction medium along with the center well were flushed
with either 21% O2 or varying proportions of O2-N2 gas mix-
tures for 15 min. PO2 in the reaction medium was determined
by a blood gas analyzer (ABL5, Radiometer). H2S concentra-
tions were calculated from a standard curve relating Na2S con-
centration to absorption at 620-nm light. CO concentrations
were calculated from a standard curve relating CORM-2
([Ru(CO)3Cl2]2; 1 mol of CORM-2 is equivalent to 0.7 mol of
CO) to absorption at 590-nm light. The generation of H2S and
CO was expressed as nanomoles per hour per milligram of protein.

Measurements of cGMP
cGMP concentrations were determined by a chemiluminescent
enzyme-linked immunosorbent assay (Cell Biolabs, # STA-
506) according to the manufacturer’s instructions. Before the
experiment, cells were treated with 1 mM IBMX (3-isobutyl-
1-methylxanthine) to inhibit degradation of cGMP by phospho-
diesterases. cGMP concentrations were normalized to protein
concentration as determined by bicinchoninic acid assay.

Measurements of intracellular calcium concentrations
Intracellular calcium concentrations ([Ca2+]i) in HEK-293 cells were
measured using Fura-2AM as previously described (10). Background fluo-
rescence was subtracted from signals. Image intensity at 340 nm was
divided by 380-nm image intensity to obtain the ratiometric image. Ratios
were converted to free [Ca2+]i using calibration curves constructed in vitro
by adding Fura-2 (50 mM, free acid) to solutions containing known concen-
trations of Ca2+ (0 to 2000 nM). The recording chamber was continually
superfused with solution from gravity-fed reservoirs.

Preparation of mice
Experimentswere approved by the Institutional Animal Care andUseCom-
mittee of the University of Chicago and were performed on age-matched,
male Bl6, HO-2−/− and CSE−/− mice (from S. H. Snyder and R. Wang) un-
less otherwise noted.DoubleHO-2 andCSEknockoutmicewere created by
crossing HO-2−/− females with CSE−/−males. Animals were euthanized by
intracardiac injection (0.1 ml) of euthanasia solution (Beuthanasia-D Spe-
cial, Schering-Plough).

Immunocytochemistry
Carotid bodies were harvested from anesthetized mice and perfused with
heparinized saline followed by 4% paraformaldehyde for 30 min. Adjacent
carotid body sections (8 mm thick) were immunostained with either rabbit
anti–tyrosine hydroxylase antibody (1:4000; Pel-Freez, #P40101), rabbit
anti–HO-2 antibody (1:200 dilution; Abcam, #ab90492), or rabbit anti-
nNOS antibody (1:200; Cell Signaling, #4231) as previously described (3, 7).

Carotid body sensory nerve activity
Sensory nerve activity was recorded from ex vivo carotid bodies harvested
from anesthetized mice as previously described (3, 7). Briefly, the carotid
sinus nerve was treated with collagenase, and a few nerve bundles were
isolated. Action potentials from one of the nerve bundles were recorded
using a suction electrode (~20-mm-diameter tip). In general, two to three
action potentials of varying size and amplitude were seen in a given nerve

Fig. 7. O2 sensing in the carotid body. Schematic presentation of the signaling path-
ways associated with the interplay between three gases—O2, CO, and H2S—in glo-
mus cells of the carotid body (CB) and their impact on CB neural activity and breathing.
Cys265 and Cys282 are located in the heme regulatory motif of HO-2. Ser377 is the target
residue in the putative PKG recognition sequence in CSE.
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Figure 1-0-5: Gas theory of oxygen sensing. 

Under normoxia, glomus cells are silenced through a series of reactions that 
ultimately inhibit H2S production, a known activator of CB. Under hypoxia, heme 
oxygenase-2 (HO-2) lacks molecular oxygen as a substrate to produce CO, which in turn 
inhibits soluble guanylyl cyclase activity (sGC), resulting in de-phosphorylation of 
cystathionine-γ-lyase (CSE). This results in activation of this enzyme to produce H2S gas, 
leading to CB activaiton. (Taken from Yuan et al, 2015) 

 

Although reports followed showing abilities of H2S to inhibit potassium channels 

and raise intracellular calcium in CB glomus cells (Li et al., 2010; Telezhkin et al., 2010; 

Buckler, 2012), questions have arisen regarding the physiological roles of H2S in CB 

oxygen sensing. There is discrepancy related to the expression of CSE in CB among 

different species and strains of mice (Mkrtchian et al., 2012). The concentration of 

externally applied H2S necessary to invoke calcium response in CB glomus cells is 
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significantly higher than the physiological range, questioning its functional relevance in 

vivo. More importantly, as a known cytochrome c oxidase inhibitor, H2S’s stimulatory 

effect is shown to be a result mitochondrial ETC inhibition (Buckler, 2012). Hence, it is 

necessary to distinguish the effects of H2S from those of mitochondria inhibition.  

Olfactory receptor theory 

Olfactory receptors are seven transmembrane G protein-coupled receptors 

(GPCR) expressed at the olfactory sensory neuron cilia, where they are exposed to 

environmental volatile chemicals (Buck & Axel, 1991). Upon binding to corresponding 

ligands, ORs trigger the cAMP-mediated G protein signaling cascade, resulting in the 

opening of cAMP-gated ion channels and subsequent cellular depolarization  ),0,1 ,

.. (( . Activation of the olfactory sensory neurons located at the nasal 

epithelium is part of the information coding process involved in odor recognition by the 

central nervous system (CNS) (Malnic et al., 1999).  Olfactory receptors predominantly 

localize at the nasal epithelium, yet ectopic expressions have been reported. A recent 

transcriptome profiling of multiple human tissues identified more than 100 olfactory 

receptors expressed outside of the olfactory tissues (Flegel et al., 2013). It is not clear if all 

of these olfactory receptors exert functional significance in their respective non-olfactory 

loci as it is known that most olfactory receptors require olfactory tissue-specific receptor 

transport protein (RTP1, RTP2) for functional expression at the membrane  , 2 .

,1 & . However, there have been indeed characterizations of non-olfaction related 
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function for some of the ectopically expressed olfactory receptors. For example, the 

human olfactory receptor OR1D2 has been implicated in mediating sperm chemotaxis in 

the testis (Spehr et al., 2003). A more prominent physiological role in blood pressure 

regulation has been uncovered for the mouse olfactory receptor Olfr78. Olfr78 is 

expressed in kidney vasculature and regulate renin secretion through propionate, a 

product of gut microbes (Pluznick et al., 2013).  

Recently, a novel theory has been put forward that stresses lactate sensing via 

Olfr78 as a crucial intermediate step of CB oxygen sensing (Chang et al., 2015). 

Transcriptome analysis of CB tissue uncovered Olfr78 being overexpressed in CB 

glomus cells compared to the adrenal medulla, another neuroendocrine tissue of neural 

crest origin. As a receptor for several short chain carboxylic acids (e.g. acetate, 

propionate, lactate), Olfr78 was found to mediate CB’s chemoafferent responses to these 

chemicals. Interestingly, while these chemicals are natural components of arterial blood, 

the authors showed an increase of blood lactate concentration after hypoxia treatment. 

Most strikingly, the Olfr78 knockout animals do not show obvious hypoxic response 

when their CB sinus nerve activity, glomus cell calcium response, and breathing were 

measured. Hence, it was suggested that Olfr78 senses hypoxia-induced lactate secretion 

from nearby tissues.  This theory may be compatible with the current mitochondrial 

theory in that the increase in lactate is likely the result of hypoxia-induced ETC 

inhibition. The lack of oxygen can lead to accumulation of pyruvate and its conversion 
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to lactate. However, this theory does not explain how CB glomus cells can respond to 

hypoxia when assayed as single dissociated cells in a continuously perfused system, 

where lactate accumulation in extracellular solution is not possible. Also, further studies 

are needed to investigate how activation of this GPCR leads to inhibition of potassium 

channels. 

1.3 Physiological significance of CB in respiratory control 

Reflex hyperventilation 

A signature function of CB is its ability to elicit reflex hyperventilation to correct 

arterial hypoxia or hypercapnia (information relay between CB and brainstem 

respiratory center is discussed in chapter 1.1). This is manifested through enhanced 

respiration frequency and tidal volume, the product of which is a dramatic increase in 

minute ventilation, i.e., the amount of air inhaled/exhaled per minute. Aside from direct 

respiratory increase, CB stimulation also directly leads to reflex bradycardia but is often 

masked by increase in heart rate due to activation of lung stretch receptors (Kumar, 

2009b). It is widely accepted that CB is responsible for the majority of hypoxic 

ventilatory response as hypoxia-induced ventilation increase is mostly abolished after 

sectioning the carotid sinus nerve, suggestive of a dominant role in guarding against 

arterial oxygen fluctuations (Marshall, 1994). This effect is even more striking in humans 

as normocapnic hypoxia failed to induce hyperventilation completely (Timmers et al., 

2003). The remaining response seen in non-human mammals is conveyed through 
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additional arterial chemoreceptors receiving afferent innervations via the vagal nerve 

(Gonzalez et al., 1992). Although not the sole sensor for increased CO2, CB’s reflex 

hyperventilation provides at least 30% of the overall respiratory drive increase under 

hypercapnia and is shown to ensure a relatively rapid response compared to that 

mediated by the central chemoreceptors in the brain (Kumar & Bin-Jaliah, 2007).  

Similar to the CB, several dispersed groups of aortic body cells are found near 

the aortic arch region where they serve as additional arterial chemoreceptors. These cells 

are innervated by the vagal nerve and contribute only a small degree to the overall 

hypoxic ventilatory response. Minute ventilation induced by the aortic body is less than 

1/7 of that elicited by the CB. While CB can promote increase in both breathing 

frequency and depth, aortic body predominantly raises the respiration rate. It is also 

suggested that aortic body plays a more important role in increasing vascular resistance 

than breathing frequency compared to CB (Daly & Ungar, 1966).  

Interestingly, other than humans, partial restoration of hypoxic ventilatory 

response has been demonstrated in several species including pony, goat, piglet, cat, rat 

and etc  (Teppema & Dahan, 2010). The likelihood and timeline to recovery appear to 

vary depending on the species and the time point of the denervation. Sectioning the 

carotid sinus nerve at a younger age is correlated with a higher chance of recovery. More 

advanced animals, such as pony and goat, require a much longer recovery time (months 

to years) compared to smaller rodents (days to weeks) (Forster et al., 2000). The exact 
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mechanism underlying this resurgence is still unclarified but evidence has suggested the 

compensatory hypoxic ventilatory response derive from augmented aortic body, 

regeneration of CB sinus nerve, or even central adaptation (Martin-Body et al., 1986).  

Eupneic ventilation 

Eupneic ventilation refers to the resting state baseline breathing under normoxia. 

Previously, it was thought that the brainstem respiratory neuronal network, especially 

the preBötzinger complex (preBöC), was the kernel for generating the breath-to-breath 

rhythm. This drive to breathe was assumed to be largely dependent on arterial CO2 level 

sensed by the central chemoreceptors in the brain, whereas input from the CB only 

contributes under non-normoxic condition. However, recent advancement suggests that 

CB contribution to eupneic ventilation is largely underestimated.  

Several lines of evidence via different approaches all point to a marked 

hypoventilation after CB inhibition. As discussed earlier, CB exhibits tonic baseline level 

activation and does not possess an apparent threshold to sense drops in oxygen tension. 

Hence, basal CB chemoafferent activities can be inhibited with hyperoxia (Dejours, 

1963). Immediately after inhaling 100% oxygen, between 10 to 28% reduction in eupneic 

ventilation could be seen in humans or dogs (Dripps & Comroe, 1947; Cao et al., 1993). 

This was even more obvious immediately after CB denervation. In several mammalian 

species, it has been shown that marked hypoventilation (approximately 20%) concurrent 

with increased arterial PCO2  appeared after CB sinus nerve sectioning (Bisgard et al., 
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1976; Pan et al., 1998; Forster et al., 2000). However, CB denervation is not ideal for 

probing the full effect of CB inhibition as the invasive surgery precludes observation of 

an immediate effect, and allows time for normalization of ventilation through aortic 

body gain-of-function. Also, compensatory ventilation induced by an increase in arterial 

PCO2 would also mask the severity of CB denervation. Hence, researchers have devised 

an extracorporeal perfusion system where CB can be inhibited using hyperoxic or 

hypocapnic blood and their immediate influences on respiration can be monitored 

without anesthetics.  This has led to a 30% reduction in ventilation approximately 30 

seconds after perfusion (Smith et al., 1995). Using the same system, more pronounced 

reductions between 49 to 80% were observed when hyperoxic and hypocapnic blood 

was used. Sustaining such inhibition led to respiratory acidosis that invoked a 

subsequent compensatory response, but hypoventilation nevertheless persisted (~31% 

reduction). Hence, it is suggested that CB may contribute to more than half of the 

eupneic drive to breathe (Blain et al., 2009). 

Peripheral input on the regulation of respiration may play a critical role during 

the neonatal period. Neonates do not yet have a fully mature respiratory control system 

and may be more susceptible to any defect in CB function. In addition to the 

hypoventilation observed in adults, CB denervation in neonates has been demonstrated 

in multiple species to incur breathing instability, frequent apnea, and even increased 

mortality in some instances (Bureau et al., 1985; Donnelly & Haddad, 1990; Cote et al., 
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1996; Forster et al., 2000; Serra et al., 2001). While increased mortality was not 

consistently observed, this phenomenon was further repeated in rats, suggesting a 

greater vulnerability to CB denervation in species that are less mature at birth (Hofer, 

1984; Serra et al., 2001). Although controversial, this has led to the theory that CB is 

essential to the neonatal respiration stabilization. Similar to CB denervated newborn 

animals, abnormality in ventilatory control is one of the important hallmarks of sudden 

infant death syndrome (SIDS) and congenital central hypoventilation syndrome (CCHS). 

Intriguingly, reports of defective CB development and function have surfaced, although 

not confirmed by all researchers. Examination of CB from some SIDS and CCHS victims 

has shown reduced glomus cell number and cytoplasmic dense-core vesicles (Cutz et al., 

1997; Porzionato et al., 2013). CB from SIDS victims also contained more dopamine, 

which can exert inhibitory effects on CB function (Perrin et al., 1984a; Perrin et al., 1984b) 

1.4 Evolutionary origin and development of oxygen sensing 
chemoreceptors 

How oxygen sensing came to be? 

For a significant part of the earth’s history, atmosphere concentration of oxygen 

remained extremely low until the appearance of oxygen-producing photosynthetic 

organisms. The increase in atmosphere oxygen, notably during the Pre-Cambrian 

period, has placed substantial evolutionary pressure and advantage on early organisms 

(Raymond & Segre, 2006; Berner et al., 2007). Not only do they need to adapt to the 

negative impact of oxidation (e.g. reactive oxygen species), but also develop aerobic 
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respiration using oxygen as an electron acceptor (oxidative phosphorylation). Dramatic 

increase in the efficiency of energy production is one of the criteria that enabled the 

formation of complex, multi-cellular organisms (Costa et al., 2014). This at the same time 

caused greater reliance on oxygen for survival and hence the basis of evolving a 

neuronal oxygen sensing system for guiding behavior and physiological responses. 

Oxygen sensing in invertebrates 

Small invertebrate species like nematodes obtain oxygen through direct 

perfusion and do not require sophisticated respiratory and cardiovascular systems 

observed in larger metazoans. In response to hypoxia, which is actually quite common 

considering their natural environment, C. elegans have evolved oxygen sensitive neurons 

that direct active avoidance behavior. To navigate and stay in their preferred 5-10% 

oxygen environment, C. elegans rely on two sensory neurons URX and BAG, which are 

activated by high and low oxygen levels respectively. These neurons are sensitive to 

different oxygen gradients by expressing atypical soluble guanylyl cyclases (sGCs) that 

interact with oxygen through associated heme proteins. Activation of the sGCs can lead 

to cGMP-gated channel opening followed by cellular depolarization (Gray et al., 2004; 

Zimmer et al., 2009). While atypical sGCs have been shown to be essential for Drosophila 

larvae’s hypoxia response, how insects, especially adults, sense and respond to hypoxia 

is less clear (Vermehren-Schmaedick et al., 2010; Janes & Syed, 2012). Unlike nematodes, 

insect4 have developed a primitive lung-like tracheal respiratory system that deposits 
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branching tubules into inner tissues to allow gas exchange. Larger insects may facilitate 

gas exchange by pumping the abdomens (Costa et al., 2014).  

Evolutionary development of arterial chemoreceptors in vertebrates 

Vertebrate species have evolved a complex respiratory system for efficient 

distribution and clearance of blood gasses. The continuous respiratory rhythm 

generated in the brainstem also integrates peripheral input from arterial chemoreceptors 

so that it can adjust accordingly to the environmental or systemic alterations. The output 

of such neuronal activities is a more physiological response compared to the behavioral 

changes in nematodes. In lower vertebrates including fish, hypoxia can lead to increased 

water propulsion through the gills, whereas air-breathing mammals response by 

enhancing pulmonary function.  

The entities that mediate the peripheral chemosensory function are present in all 

vertebrate species (Sundin et al., 2007). These specialized chemoreceptors are neuron-like 

cells that sense abrupt changes in oxygen and covey this information to the central 

nervous system (CNS) through a chemoreflex pathway. Over the course of evolution 

from aquatic breathing fish to purely air-breathing mammals, arterial chemoreceptors 

concentrate from multiple dispersed sites to a system where oxygen sensing is 

predominantly mediated by the CB (Fig. 1-6) (Milsom & Burleson, 2007). This 

phenomenon correlates with the phylogeny of the aortic arches, which also display a 

reduction over evolutionary development. In fish, multiple sites of chemoreceptors are 
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found in the four gill arches, where they contain neuroepithelial cells along the gill 

filament epithelium for monitoring exterior oxygen concentration (Jonz & Nurse, 2012). 

This is an important feature for surviving in an aquatic environment where oxygen 

concentration can be quite variable. While the larvae of amphibians retain 

chemoreceptors in the gill, the first gill arch is converted to the primitive prototype of 

mammalian CB, also innervated by the IXth cranial nerve (Milsom & Burleson, 2007). In 

mammals, the chemoreflex response to hypoxia is largely dependent on the carotid 

body, with the remaining response mediated by the aortic body and even possibly 

abdominal chemoreceptors (Kumar & Prabhakar, 2012). In the presence of CB, these 

other arterial chemoreceptors are less effective in inducing hypoxic response but are 

suggested to gain functional importance after CB denervation. 
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W.K. Milsom, M.L. Burleson / Respiratory Physiology & Neurobiology 157 (2007) 4–11 5

Fig. 1. Schematic diagram to illustrate the distribution of O2-sensitive chemoreceptors in different vertebrate groups. VII, IX and X refer to cranial nerves (facial,
glossopharyngeal and vagus nerves) while 2–6 refer to arteries supplying the respective embryonic gill arches. While O2 chemoreceptors are found in the aortic
bodies of mammals, they do not appear to serve a respiratory role. See text for further details (from Burleson and Milsom, 2003). pb, pseudobranch; hb, hemibranch.

2. Location and innervation of peripheral arterial O2
chemoreceptors

Studies over the past five decades provide fairly strong evi-
dence that oxygen-sensitive chemoreceptors in fish can be found
all along the respiratory passages. They have been reported
within the walls of the orobranchial cavity innervated by cra-
nial nerves V and VII (Butler et al., 1977; Smatresk, 1990).
They also occur in the spiracle and pseudobranch in species that
have such structures, innervated by cranial nerves VII and IX
(Burleson et al., 1992). Finally, they can be found on all gills in
fish, innervated by cranial nerves IX and X (Fig. 1).

The exact distribution of these receptors is highly variable
from species to species, however, as are their roles in various
physiological processes. Hypoxia produces a reflex bradycardia
in fish and the receptors associated with this are restricted to
the first gill arch in many species (trout, cod and traira; Smith
and Jones, 1978, 1982; Fritsche and Nilsson, 1989; Sundin et
al., 1998a,b), but can be found throughout the first 3 pairs of
gill arches in others (catfish; Burleson and Smatresk, 1990a)
and within the orobranchial cavity in the elasmobranch fishes
(dogfish; Butler et al., 1977; Taylor et al., 1977). The hypoxic
ventilatory response, on the other hand, only arises from recep-
tors confined to the gill arches in a few species (catfish; Burleson
and Smatresk, 1990b); in many fishes, total gill denervation fails
to eliminate the hypoxic ventilatory response (sea raven, tench,
tambaqui; Saunders and Sutterlin, 1971; Sundin et al., 1998b)
and the remaining receptors appear to occur at extrabranchial
sites including the orobranchial cavity (tambaqui, Milsom et al.,
2002).

Air breathing has arisen in fishes many times utilizing var-
ious surfaces of the alimentary canal including parts of the

buccal and pharyngeal cavities. The most derived forms make
use of either air breathing organs or true lungs (Gans, 1970).
Oxygen-sensitive chemoreceptors in these fishes now regulate
not only changes in heart rate and gill ventilation but also
ventilation of the air breathing organs. The sites and inner-
vation of the oxygen-sensitive chemoreceptors that stimulate
gill breathing and air breathing have not been studied exten-
sively. In the Actinopterygian fishes, the gar and bowfin, they
are found diffusely distributed throughout the gills and pseudo-
branch innervated by cranial nerves VII, IX and X (McKenzie
et al., 1991; Smatresk et al., 1986; Smatresk, 1988; Coolidge et
al., 2007). In the Dipnoan lungfishes, they are also distributed
throughout the anterior hemibranch and all gill arches inner-
vated by cranial nerves VII, IX and X (Fig. 1) although data
suggest that ventilatory reflexes arise principally, but not exclu-
sively from receptors in the hemibranch and the anterior two
(filament free) arches (Lahiri et al., 1970).

In amphibians, the homologues of all these sites, except per-
haps the orobranchial cavity, remain active as O2-sensing sites.
Amphibian tadpoles begin life as skin and gill breathers and
during late metamorphosis both gills and lungs are present. The
first extant gill arch (embryonic branchial arch 3) subsequently
becomes the carotid labyrinth and is innervated by cranial nerve
IX. Studies indicate that the initial rapid response to envi-
ronmental hypoxia arises exclusively from this arch while the
subsequent slow component of the hypoxic ventilatory response
arises from receptors at other sites (Jia and Burggren, 1997).
In amphibians, the aortic arch is a homologue of the fourth
embryonic gill arch innervated by the Xth cranial nerve and the
pulmocutaneous artery is a homologue of the sixth embryonic
gill arch innervated by the Xth cranial nerve. In adults, all appear
to contain oxygen chemoreceptors that participate in respiratory

 

Figure 1-0-6: Evolutionary evolvement of arterial chemoreceptors. 

A reduction in the number of arterial chemoreceptors is shown spanning the 
evolutionary development of vertebrates. The red dots represent the carotid body or its 
primitive homologs. The yellow dots represent the aortic body or its primitive 
homologs. The blue dots represent possible abdominal chemoreceptor or its primitive 
homologs. 

 
Functionally, the fish neuroepithelial cells are homologous to the glomus cells of 

mammalian arterial chemoreceptors. Fish gill neuroepithelial cells were shown to inhibit 

their potassium channel activity as oxygen tension decreased, causing depolarization in 

a similar fashion as mammalian CB glomus cells (Jonz & Nurse, 2012). The gill 

neuroepithelial cells are also innervated by the IXth and Xth cranial nerves, which also 
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relay information to a similar structure as the mammalian brainstem nucleus tractus 

solitarius (NTS) (Costa et al., 2014). Activation of the fish neuroepithelial cells also 

triggers similar cardiorespiratory reflex as in mammals (Sundin et al., 2007).  
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2. Single-cell transcriptome analysis of mouse carotid 
body glomus cells 

2.1 Introduction 

Oxygen is essential to the survival of animals, and deviation from its normal 

homeostasis state may lead to undesirable consequences or even death. At the cellular or 

tissue level, a reduction in oxygen level can be sensed via stabilization of hypoxia-

inducible factors (HIFs), which initiate transcriptions of various hypoxia responsive 

genes to facilitate survival under a hypoxic state (Semenza, 2012). At the systemic level, 

even a moderate drop in oxygen tension, a level that could go undetected by most cells, 

immediately activates the carotid body (CB) located at the carotid artery bifurcations 

(Lopez-Barneo et al., 2009; Prabhakar, 2013). The CB reacts to drops in arterial oxygen 

tension by instructing the brainstem respiratory center to engage in reflex 

hyperventilation. Such sensitive and immediate responses are crucial to the prevention 

of more widespread hypoxemia. Enhanced CB activity has also been implicated in 

sympathetic activation leading to heart rate variability and hypertension among patients 

with obstructive sleep apnea and chronic heart failure (Schultz & Li, 2007; Dempsey et 

al., 2012).  

Despite great physiological significance, the identity of oxygen sensors 

functioning in the CB is still controversial, although multiple players have recently been 

shown to be critical in this process (Peng et al., 2010; Chang et al., 2015; Fernandez-

Aguera et al., 2015; Yuan et al., 2015). A long-held theory suggests that the CB glomus 
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cells, also known as Type I cells, sense hypoxia through hampered mitochondrial 

metabolism (Mills & Jobsis, 1970, 1972; Duchen & Biscoe, 1992a, b; Streller et al., 2002; 

Buckler & Turner, 2013), but how their mitochondria are specifically influenced by 

moderate hypoxia is not understood (Chandel & Schumacker, 2000; Kemp & Telezhkin, 

2014). To complicate things further, we do not fully understand how the hypoxia signal 

is transduced to downstream ion channels important for cellular depolarization. In 

addition to oxygen, the CB glomus cell activity is affected by CO2, pH, glucose, insulin 

and acetate (Sato, 1994; Pardal & Lopez-Barneo, 2002; Ribeiro et al., 2013; Prabhakhar & 

Joyner, 2014), but the molecules mediating these effects are not well characterized. 

To better understand CB transduction pathways, a comprehensive list of genes 

expressed in CB glomus cells would serve as a useful resource. However, it has been 

challenging to conduct molecular biology experiments at least partly due to CB’s 

extremely small size (several hundred micrometers in diameter in rodents). Currently 

available CB transcriptome information is obtained from whole CB tissues (Ganfornina 

et al., 2005; Balbir et al., 2007; Fagerlund et al., 2010; Mkrtchian et al., 2012; Chang et al., 

2015), which may contain other cell types including sustentacular cells, endothelial cells, 

connective tissue cells, fat cells, and circulating immune cells.  

Here we employed a more targeted approach to focus on glomus cells using the 

single-cell RNA-Seq method. Using this approach, we not only confirmed the presence 

of many of the known CB genes but also uncovered a large set of genes abundantly 
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expressed in CB glomus cells. Our data suggest that CB glomus cells have a unique 

transcriptome profile, prominently expressing G protein-coupled receptor (GPCR) 

signaling pathway components, ion channels, and HIFs target genes. Our study also 

uncovered two atypical mitochondrial electron transport chain (ETC) subunits 

(Ndufa4l2 and Cox4i2) to be highly enriched in CB glomus cells compared to multiple 

mouse tissues, highlighting their potential roles in mitochondria-mediated oxygen 

sensing. An olfactory receptor Olfr78 was the most abundant GPCR in CB glomus cells, 

supporting a recent finding (Chang et al., 2015).  Using a high-throughput heterologous 

system, we identified acetate and propofol respectively act as potent agonist and 

antagonist for Olfr78. We also investigated the role of Olfr78 in hypoxic ventilatory 

response using Olfr78 null animals. 

2.2 Results 

Evaluating the single-cell RNA-Seq approach 

To obtain the gene expression profile of CB glomus cells using the single-cell 

RNA-Seq approach (Fig. 2-1), we first sought to evaluate our technique using a well-

characterized chemosensory cell, the olfactory sensory neuron (OSN), whose canonical 

signal transduction components are fully identified and conventional RNA-Seq data is 

available. 
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Figure 2-0-1: Workflow of preparing single-cell RNA-Seq. 

The tissue of interest was dissected out from mice for further enzymatic and 
mechanical treatment to obtain single cells in suspension. Cells are colored differently to 
represent the heterogeneity of cell types present at this step. Each individual single cell 
was carefully dispensed into a PCR tube containing lysis buffer and heated for RNA 
denaturation. mRNAs were reverse transcribed using anchor T primers and further 
processed to generate poly(A)-tailed single-stranded cDNAs, which were subsequently 
amplified using anchor T primers. In order to identify the cell type of interest, each 
single cell-derived cDNA was used as a template for the marker genes analysis. cDNAs 
capable of amplifying specific cell type markers were selected and used for Illumina 
library preparation and sequencing. Sequences from these candidate cells were then 
aligned to the current mouse genome database for further analysis.  

 

Two OSNs were selected to generate independent single cell-derived cDNA 

libraries that yielded an average of 5 million reads (Table 2-1), comparable to other 

whole tissue RNA-Seq results. The majority of the reads (78.83%) mapped to the mouse 

reference genome (mm10), and only reads with a single alignment to the exonic regions 

were counted. Comparison of gene expression levels between these individual single 

OSNs showed a strong correlation (Pearson correlation of 0.82, Fig. 2-2A), with 
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increased variations occurring in genes with medium to low expression, as previously 

shown in other single-cell RNA-Seq studies (Wu et al., 2014). Consistent with the current 

knowledge, each OSN expressed one major unique olfactory receptor at a high level, 

highlighting a true transcriptome difference between the two samples. To examine 

whether our single OSN expression profiles agree with that of conventional RNA-Seq, 

we compared the average relative gene expressions of two single OSNs with published 

RNA-Seq data from FACS-sorted mature OSNs (Magklara et al., 2011).  Indeed, we 

observed a positive correlation (Pearson correlation of 0.68, Fig. 2-2B). Notably, all the 

known genes encoding the canonical signal transduction components in OSNs were 

highly expressed, including Gnal (guanine nucleotide binding protein, alpha 

stimulating, olfactory type), Cnga2 (cyclic nucleotide gated channel alpha 2), and Adcy3 

(adenylyl cyclase type 3). In addition, known olfactory markers, including Omp 

(olfactory marker protein) and Rtp1 (receptor-transporting protein 1), were also among 

the most abundant transcripts. 

Together, our data suggest that abundantly expressed genes can be identified via 

the single-cell RNA-Seq approach, which can serve as a powerful tool to screen for key 

transcripts expressed in rare cell types. 
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Table 2-0-1: Summary of single-cell RNA-Seq details 

Cell Mouse strain 
Illumina 
platform 

Read 
length 

Reads with 
one 
alignment 

Reads with multiple 
alignments 

Reads with 
no 
alignment Total reads 

OSN1 C57BL/6J × CAST/EiJ HiSeq 50 bp  
3431160 

(61.23%) 769494 (13.73%) 
1402698 

(25.03%) 5,603,352 

OSN2 C57BL/6J × CAST/EiJ HiSeq 50 bp  
4076868 

(66.81%) 968909 (15.88%) 
1055971 

(17.31%) 6,101,748 
Glomus 
cell 1 C57BL/6J  GA2000 36 bp  

5,709,578 
(58.76%) 1,951,978 (20.09%) 

2,055,039 
(21.15%) 9,716,595 

Glomus 
cell 2 C57BL/6J × SPRET/EiJ HiSeq 50 bp  

113,034,997 
(69.40%) 32,543,457 (19.98%) 

17,299,429 
(10.62%) 162,877,883 

Glomus 
cell 3 C57BL/6J  HiSeq 50 bp  

15045753 
(67.65%) 4710465 (21.18%) 

2485967 
(11.18%) 22,242,185 

Glomus 
cell 4 C57BL/6J  HiSeq 50 bp  

14936522 
(68.80%) 4945355 (22.78%) 

1828792 
(8.42%) 21,710,669 

Glomus 
cell 5 C57BL/6J  HiSeq 50 bp  

12422108 
(69.31%) 3670097 (20.48%) 

1830883 
(10.22%) 17,923,088 

Glomus 
cell 6 C57BL/6J  HiSeq 50 bp  

22711176 
(70.98%) 6242775 (19.51%) 

3043914 
(9.51%) 31,997,865 

Glomus 
cell 7 C57BL/6J  HiSeq 50 bp  

16018321 
(66.74%) 5840606 (24.34%) 

2141508 
(8.92%) 24,000,435 

Glomus 
cell 8 C57BL/6J  HiSeq 50 bp  

18546167 
(68.14%) 6077140 (22.33%) 

2595193 
(9.53%) 27,218,500 
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Figure 2-0-2: Transcriptome comparison of single OSNs 

A, scatter plot of gene expression profiles (RPM values) from individually picked 
and processed single OSNs. The Pearson correlation coefficient between the two samples 
is indicated. Colored dots represent the predominant olfactory receptor expressed in 
each OSN. B, scatter plot comparing the average expression profile of our single OSNs 
with the transcriptome of FACS-sorted mature OSNs (Omp positive cells). Pearson 
correlation coefficient is indicated. Colored dots label genes crucial to OSN function. 
Omp, olfactory marker protein; Gnal, guanine nucleotide binding protein, alpha 
stimulating, olfactory type; Cnga2, cyclic nucleotide gated channel alpha 2; Rtp1, 
receptor transport protein 1; Adcy3, adenylate cyclase type 3. 

 

Transcriptome analysis of single CB glomus cells 

We next applied our single-cell RNA-Seq method to CB glomus cells. We 

dissociated tissues containing the CB, picked single cells, and amplified cDNAs derived 

from each single cell. To select cDNA samples derived from CB glomus cells, we 

conducted a marker genes analysis. Each single cell-derived cDNA sample was used as a 

template for PCR diagnosis with primers complementary to three glomus cell markers 
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(Th, tyrosine hydroxylase; Uchl1, ubiquitin carboxyl-terminal esterase L1, also known as 

PGP9.5; Kcnk3, potassium channel subfamily K member 3, also known as TASK1), as 

well as a housekeeping gene Gapdh. Single cells positive for all glomus cell markers 

tested were considered candidate CB glomus cells (Fig. 2-3A).  

Illumina sequencing libraries for eight candidate CB glomus cells were 

constructed and sequenced (Table 2-1). The eight CB glomus cells generated an average 

of 39 million reads, with an average of 88.81% of the reads mapped to the reference 

mouse genome (mm10). The number of genes detected in each cell ranged from 5007 to 

7742, consistent with other single-cell transcriptome studies (Ramskold et al., 2012; 

Hanchate et al., 2015). Their reads distributions followed a similar pattern among the 

eight samples (Fig. 2-3B). Similar to other single-cell RNA-Seq studies (Shalek et al., 

2013; Jaitin et al., 2014; Patel et al., 2014), the transcriptomes of separately processed 

single CB glomus cells correlated well with each other yet demonstrated individual 

variations (mean Pearson correlation: 0.63, 0.32 < r < 0.84, Fig. 2-3C). When the average 

expression profile of these single CB glomus cells was compared with published whole 

CB RNA-Seq and microarray data (Balbir et al., 2007; Chang et al., 2015), we also saw 

positive correlations (Pearson correlation of 0.58 and 0.59, Fig. 2-3D, E). As expected, the 

top 1% genes from our single CB glomus cells occupied high rankings in the whole CB 

data, albeit lower than they were in CB glomus cells. For these genes, an average 

ranking of top 5% was observed in the C57BL/6J CB RNA-Seq data, and their average 
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ranking was in the top 10% of the DBA/2J CB microarray data. Intriguingly, the top 1% 

genes from the whole CB data were not highly ranked in our CB glomus cells, with an 

average ranking of 28% and 46% respectively for the C57BL/6J RNA-Seq and the DBA/2J 

microarray, probably reflecting the fact that the fraction of glomus cells in the whole CB 

is relatively low. These suggest that our single-cell RNA-Seq data vastly enriched for 

glomus cell-specific transcripts. The most highly expressed genes uncovered through 

our single CB glomus cell RNA-Seq are listed in Table 2-2, many of which have not been 

previously reported in CB glomus cells (see below for more discussion).  
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Figure 2-0-3: Transcriptome comparison of single CB glomus cells. 

A, representative marker genes analysis for four single cells isolated from CB 
dissociations. Cell 1 and cell 2 are considered candidate CB glomus cells due to their 
expressions of glomus cell markers Th (tyrosine hydroxylase), Uchl1 (ubiquitin carboxy-
terminal hydrolase L1) and Kcnk3 (potassium channel subfamily K member 3). B, 
histogram of the RPM values of all detected genes in eight individually picked and 
processed candidate CB glomus cells (G1 through G8). C, scatter plot of gene expression 
profiles (RPM values) from two single CB glomus cells. The Pearson correlation 
coefficient between the two samples is indicated. D, scatter plot of mean expression 
profiles from single CB glomus cell RNA-Seq and C57Bl6/J CB RNA-Seq. Pearson 
correlation coefficient is indicated. E, scatter plot of mean expression profiles from single 
CB glomus cell RNA-Seq and DBA/2J CB microarray. Mean expression levels were 
calculated and their relative rankings were used for comparison. Pearson correlation 
coefficient is indicated. 
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Table 2-0-2: Top 15 most abundant genes in CB glomus cells. 

Rank 
Gene 
Symbol Gene Name 

Average 
Expression 

(RPM) 

1 Gnas 
GNAS (guanine nucleotide binding protein, alpha stimulating) complex 
locus  18169 

2 
Epas1 
(Hif2a) endothelial PAS domain-containing protein 1 8096 

3 Rgs4 regulator of G-protein signaling 4 7141 
4 Ndufa4l2 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 4-like 2 5456 
5 Nnat neuronatin 2451 
6 Cyb561 cytochrome b-561 2422 
7 Eml5 echinoderm microtubule-associated protein-like 5 2412 
8 Pkib cAMP-dependent protein kinase inhibitor beta 2371 
9 Itm2b integral membrane protein 2B 2298 
10 Snap25 synaptosomal-associated protein 25  2267 
11 Ddc dopa decarboxylase  2183 
12 Slc39a6 zinc transporter ZIP6 precursor 2130 
13 Olfr78 olfactory receptor 78 2078 
14 Dgkk diacylglycerol kinase kappa 2048 
15 Th tyrosine hydroxylase 2043 

Average relative gene expression in CB glomus cells was calculated from eight separately prepared single 
glomus cell RNA-Seq data. 
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Validation of single CB glomus cell RNA-Seq  

Although our single-cell RNA-Seq experiments generated a comprehensive 

transcriptome profile, it is difficult to exclude the possibility that contamination of non-

glomus cells affected the RNA-Seq data relying solely on sequencing analysis. To 

confirm which genes were expressed in the CB glomus cells in vivo, we conducted in 

situ hybridizations for 53 selected genes using acutely frozen carotid arteries containing 

CB and surrounding tissues from mice 3 weeks or older. We did not limit our selection 

to the most highly ranked genes but included 17 genes that ranked among the top 30, 13 

genes that ranked between 31st to 300th, 22 genes that ranked between 300th to 7000th, 

as well as Olfr558, a gene not detectable in our sequencing results. As expected, Olfr558 

did not show obvious signals (Fig. 2-4A), and the quantification of relative staining 

intensity showed that it had the least hybridization signal among all 53 probes tested. 

Similar to the staining pattern using the glomus cell marker Th (Fig. 2-4D), 40 probes 

marked the clustered glomus cells typical of CB glomeruli (Fig. 2-4A-E), which covered 

mostly genes encoding the GPCR signaling pathway (Fig. 2-4A), ion channels and 

associated proteins (Fig. 2-4B), the HIF pathway (Fig. 2-4C), and neuronal markers (Fig. 

2-4D). For a set of candidate genes including Gnas, Ndufa4l2, Syp and Th, protein 

expressions were additionally confirmed via immunohistochemistry (Fig. 2-4F). Taken 

together, our single-cell RNA-Seq data indeed derived from CB glomus cells and 

represent their transcriptome.  
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 Figure 2-0-4: Validation of single CB glomus cell RNA-Seq data using in situ 
hybridization and immunohistochemistry.  

A-E, genes identified through single CB glomus cell RNA-Seq were confirmed by 
in situ hybridization. CB sections from mice 3 weeks or older were hybridized with DIG-
labeled antisense RNA probes of GPCR signaling components (A), ion channels and 
associated proteins (B), HIF pathway components (C), neuronal markers (D) and others 
(E). Olfr588, not detected in CB glomus cell RNA-Seq, served as a negative control (A). 
Scale bar, 100 µm. F, representative images of adult mouse CB sections stained with 
primary antibodies specific for the proteins of several highly abundant genes identified 
in the single CB glomus cell RNA-Seq. Scale bar, 100 µm. Gnas, (guanine nucleotide 
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binding protein, alpha stimulating) complex locus; Rgs5, regulator of G-protein 
signaling 5; Dgkh, diacylglycerol kinase eta; Adora2a, adenosine receptor A2a; Rgs4, 
regulator of G-protein signaling 4; Olfr78, olfactory receptor 78; P2ry12, P2Y 
purinoceptor 12; Pkib, cAMP-dependent protein kinase inhibitor beta; Dgkk, 
diacylglycerol kinase kappa; Lphn1, latrophilin-1 precursor; Adcy1, adenylate cyclase 
type 1; Adcyap1r1, pituitary adenylate cyclase-activating polypeptide type I receptor; 
Ednra, endothelin-1 receptor precursor; Hcrtr1, orexin receptor type 1; Olfr558, olfactory 
receptor 558; Grina, glutamate receptor, ionotropic, N-methyl D-aspartate-associated 
protein 1; Chrna3, neuronal acetylcholine receptor subunit alpha-3 precursor; Gria3, 
glutamate receptor 3; Trpm7, transient receptor potential cation channel subfamily M 
member 7; Cacnb3, voltage-gated L-type calcium channel subunit beta-3; Gria2, 
glutamate receptor 2; Ndufa4l2, NADH dehydrogenase [ubiquinone] 1 alpha 
subcomplex subunit 4-like 2; Epas1, endothelial PAS domain-containing protein 1; 
Cox4i2, cytochrome c oxidase subunit 4 isoform 2; Egln1, egl-9 family hypoxia-inducible 
factor 1; Arnt2, aryl hydrocarbon receptor nuclear translocator 2; Hif1α , hypoxia-
inducible factor 1-alpha; Nnat, neuronatin; Chga, chromogranin a; Chgb, chromogranin 
b; Th, tyrosine hydroxylase; Uchl1, ubiquitin carboxy-terminal hydrolase L1; Cyb561, 
cytochrome b561; Maged1, melanoma-associated antigen D1; Methig1, 
methyltransferase hypoxia inducible domain containing 1; Ly6h, lymphocyte antigen 6 
complex, locus H; Adipor1, adiponectin receptor 1; Slc25a4, solute carrier family 25 
(mitochondrial carrier, adenine nucleotide translocator), member 4; Car2, carbonic 
anhydrase 2; Cox4i1, cytochrome c oxidase subunit 4 isoform 1; Npr2, atrial natriuretic 
peptide receptor 2 precursor; Syp, synaptophysin. 

 

Comparison of CB glomus cells with other cell types 

How unique is the CB glomus cell transcriptome? We first compared gene 

expression profiles between single CB glomus cells and single OSNs or single 

vomeronasal sensory neurons (VSNs), another class of chemoreceptors we had 

sequenced. The Pearson correlation coefficients between the CB glomus cell and the 

OSN/VSN were as low as 0.12 and 0.20 (Fig. 2-5A, B), indicative of marked differences in 

transcriptomes among the three cell types. When principal component analysis was 

performed for these 12 cells’ expression profiles, discrete separations among each cell 
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type were observed (Fig. 2-5C). Together, our data suggest unique transcriptome 

profiles in each of the chemosensory cells.   
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Figure 2-0-5: Transcriptome comparison between single CB glomus cells and 
other cell types. 

For each cell type, the average RPM values are the mean expression levels from 
separately picked and processed single cells. A, scatter plot showing a weak correlation 
between CB glomus cells and OSNs. Pearson correlation coefficient is indicated. B, 
scatter plot showing a weak correlation between CB glomus cells and VSNs. Pearson 
correlation coefficient is indicated. C, Principal component analysis of gene expression 
patterns for eight single CB glomus cells, two single OSNs, and two single VSNs. The 
amount of variance explained by principal component 1 and 2 are shown in X- and Y- 
axes respectively.  



 

 

43 

 

We next explored which genes were uniquely expressed in the CB glomus cells. 

Differential gene expression analysis was conducted between CB glomus cells and 15 

other mouse tissues (Shen et al., 2012), as well as single-cell RNA-Seq data of the OSN 

and the VSN. Overall, 7110 genes were differentially expressed with p-values below 0.01 

after correcting for false discovery rates, among which 448 were overrepresented and 

6662 were underrepresented in CB glomus cells (Fig. 2-6A). Overall, the majority of 

these differentially expressed CB glomus cell genes display substantial expression level 

differences when compared to the RNA-Seq data of other non-CB tissues (Fig. 2-6B). The 

drastic differences displayed here further suggest CB glomus cell is a distinct sensory 

cell type, consistent with its unique function.  
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Figure 2-0-6: Differential gene expression analysis between single CB glomus 
cells and non-CB tissues. 

Differential gene expression analysis was performed using single-cell RNA-Seq 
data from CB glomus cells, OSNs, VSNs as well as public available RNA-Seq data from 
15 other mouse tissues. A, volcano plot displays −log10 (p-value) as a function of log2 
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(fold change) between CB glomus cells and non-CB tissues, with colored dots indicating 
significantly differentially expressed genes (FDR < 0.01). The significantly 
overrepresented genes in CB glomus cells are marked in red, while the significantly 
underrepresented genes in CB glomus cells are marked in blue. B, heat maps showing 
the expression patterns of the significantly differentially expressed CB glomus cell 
genes, with the top 50 overrepresented genes shown on the left and top 50 
underrepresented genes shown on the right. Mean expression levels were calculated and 
their relative rankings in each tissue were shown, with the least abundant gene and 
other non-detected genes ranked as 100%.  

 

GPCR signaling components are abundantly expressed in CB glomus 
cells  

A prominent feature of the CB transcriptome profile is the enrichment of various 

guanine nucleotide-binding proteins (G proteins) that constitute the heterotrimeric G 

protein complex, an important component of the GPCR signaling pathway (Table 2-3). 

The alpha subunits of several G protein families were detected at high levels. In 

particular, the most abundant transcript in glomus cells was stimulatory G protein alpha 

(Gnas, also known as Gαs), representing 1.82% of the total transcripts. The mRNA and 

protein expressions of this cAMP pathway-activating molecule were confirmed by in 

situ hybridization and immunohistochemistry (Fig. 2-4A, F). G protein alpha olfactory 

type (Gnal, also known as Gαolf), which is functionally similar to Gαs, was also 

detected. Other highly expressed G protein alpha subunits include the cAMP-inhibiting 

G protein alpha i2/i3 (Gnai2, Gnai3) and G protein alpha O (Gnao1), as well as the 

phospholipase C-activating G protein alpha q and 11 (Gnaq, Gna11). In line with this, 

beta and gamma subunits of the heterotrimeric G protein complexes were also 

abundantly expressed, such as Gnb1, Gnb2, Gng2, Gng3, Gng10, and Gng12. 
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Table 2-0-3: Highly expressed G proteins in CB glomus cells. 

Rank 
Gene 
Symbol Gene Name 

Average 
Expression 

(RPM) 

1 Gnas 
GNAS (guanine nucleotide binding protein, alpha stimulating) complex 
locus  18169 

25 Gnb2l1 guanine nucleotide binding protein (G protein), beta polypeptide 2 like 1 1710 
50 Gnb1 guanine nucleotide binding protein (G protein), beta 1 1159 
86 Gnb2 guanine nucleotide binding protein (G protein), beta 2 853 
250 Gnao1 guanine nucleotide binding protein, alpha O 500 
252 Gng2 guanine nucleotide binding protein (G protein), gamma 2 498 
271 Gna11 guanine nucleotide binding protein, alpha 11 478 
276 Gng3 guanine nucleotide binding protein (G protein), gamma 3  475 
386 Gnai2 guanine nucleotide binding protein (G protein), alpha inhibiting 2 408 
401 Gnai3 guanine nucleotide binding protein (G protein), alpha inhibiting 3  396 
412 Gnaq guanine nucleotide binding protein, alpha q  389 
427 Gng10 guanine nucleotide binding protein (G protein), gamma 10 383 
517 Gng12 guanine nucleotide binding protein (G protein), gamma 12  341 
966 Gnal guanine nucleotide binding protein, alpha stimulating, olfactory type 237 

For Table 3, 4, 5, 6, and 8, only genes expressed in the top 10% are listed. 
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Consistent with the abundant expression of G proteins, several GPCRs were 

detected at high levels (Table 2-4). Notably, the olfactory receptor Olfr78 that couples to 

Gαs/olf was found to be the most abundant GPCR in the CB glomus cell transcriptome, 

consistent with the recent finding that Olfr78 is highly enriched in mouse CB (Chang et 

al., 2015). Other highly expressed GPCRs detected include previously reported 

adenosine receptor (Adora2a), purinergic receptor (P2ry12), cannabinoid receptor 

(Cnr1), pituitary adenylate cyclase-activating polypeptide (PACAP) receptor 

(Adcyap1r1) (Conde & Monteiro, 2004; McLemore et al., 2004; Xu et al., 2005; Conde et 

al., 2006; Lam et al., 2012), as well as two unreported GPCRs, latrophilin receptor 

(Lphn1) and Leucine-rich repeat-containing GPCR (Lgr5). The list of GPCRs with less 

abundant sequencing reads in our single-cell RNA-Seq (genes ranked blow the top 10%) 

also included previously identified CB GPCRs, such as type-1A angiotensin II receptor 

(Agtr1a), dopamine receptor (Drd2) and endothelin-1 receptor (Ednra) (Gauda et al., 

1996; Fung et al., 2001; Chen et al., 2002). The various ligands activating these receptors 

suggest their potential influence over CB sensory activities.   
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Table 2-0-4: Highly expressed GPCRs in CB glomus cells 

Rank 
Gene 
Symbol Gene Name 

Average 
Expression 

(RPM) 
13 Olfr78 olfactory receptor 78 2078 
127 Adora2a adenosine receptor A2a 689 
135 P2ry12 P2Y purinoceptor 12 668 
293 Cnr1 cannabinoid receptor 1 462 

312 Adcyap1r1 

pituitary adenylate cyclase-
activating polypeptide type I 
receptor 445 

337 Lphn1 latrophilin-1 precursor 430 

849 Lgr5 

leucine-rich repeat-containing G-
protein coupled receptor 5 
precursor 257 

 

Among the highly expressed GPCR signaling genes in CB glomus cells, more 

than half of them are involved in the cAMP-mediated GPCR signaling pathway (Table 5, 

top). Molecules participating in this pathway include Gαs-coupled GPCRs (Olfr78, 

Adora2a, Adcyap1r1), Gαi-coupled GPCRs (P2ry12, Cnr1), G proteins that regulate 

adenyl cyclase (Gnas, Gnao1, Gnai2, Gnai3, Gnal), the cAMP-activating adenyl cyclase 

(Adcy1), the cAMP-dependent protein kinase A (PKA) (Prkar1a, Prkacb, Prkaca, 

Prkar2a), and PKA regulators (Pkib, Akap9, Akap11, Akap8). Also notable was the 

presence of the protein kinase C (PKC)-mediated GPCR signaling pathway components 

(Table 5, middle). This is supported by expressions of Gαq/11-coupled GPCRs (Agtr1a, 

and Ednra) and corresponding G proteins (Gnaq, Gna11), downstream effectors such as 

PKC (Prkce, Prkca), as well as several diacylglycerol (DAG) kinases (Dgkk, Dgkh, 



 

 

49 

Dgkg). Moreover, we noticed some highly ranked genes that undertake roles in 

regulating GPCR signaling (Table 2-5, bottom), such as regulators of G protein signaling 

(RGS) family members (Rgs4, Rgs5) that facilitate hydrolysis of GTP-bound G proteins. 

Together, the abundant GPCR signaling pathway transcripts detected in CB 

glomus cells emphasize the notion that GPCR signaling, especially cAMP-mediated 

signal transduction pathway, is important in modulating CB function. Furthermore, we 

have characterized several GPCRs as well as GPCR signaling components not 

previously described in CB glomus cells. 
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Table 2-0-5: Highly expressed GPCR signaling genes in CB glomus cells 

Rank 

Gene 

Symbol Gene Name 

Average 

Expression (RPM) 

cAMP-mediated GPCR signaling   

1 Gnas 

GNAS (guanine nucleotide binding protein, alpha stimulating) 

complex locus  18169 

8 Pkib cAMP-dependent protein kinase inhibitor beta 2371 

13 Olfr78 olfactory receptor 78 2078 

70 Prkar1a cAMP-dependent protein kinase type I-alpha regulatory subunit 948 

127 Adora2a adenosine receptor A2a 689 

135 P2ry12 P2Y purinoceptor 12 668 

163 Prkacb cAMP-dependent protein kinase catalytic subunit beta 601 

170 Adcy1 adenylate cyclase type 1 593 

250 Gnao1 guanine nucleotide binding protein, alpha O 500 

266 Pde1b phosphodiesterase 1B, Ca2+-calmodulin dependent 483 

293 Cnr1 cannabinoid receptor 1 462 

312 Adcyap1r1 pituitary adenylate cyclase-activating polypeptide type I receptor 445 

366 Prkaca protein kinase, cAMP dependent, catalytic, alpha 416 

386 Gnai2 guanine nucleotide binding protein (G protein), alpha inhibiting 2 408 

396 Adrbk2 beta-adrenergic receptor kinase 2 401 

401 Gnai3 guanine nucleotide binding protein (G protein), alpha inhibiting 3  396 

663 Akap9 A-kinase anchor protein 9 299 
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812 Akap11 A kinase (PRKA) anchor protein 11 263 

867 Prkar2a cAMP-dependent protein kinase type II-alpha regulatory subunit 254 

966 Gnal guanine nucleotide binding protein, alpha stimulating, olfactory type 237 

1042 Akap8 A kinase (PRKA) anchor protein 8  226 

1049 Npy pro-neuropeptide Y precursor 225 

PKC-mediated GPCR signaling   

14 Dgkk diacylglycerol kinase kappa 2048 

29 Dgkh diacylglycerol kinase eta 1456 

126 Prkce protein kinase C epsilon type 691 

239 Dgkg diacylglycerol kinase gamma 513 

271 Gna11 guanine nucleotide binding protein, alpha 11 478 

411 Cds2 phosphatidate cytidylyltransferase 2 390 

412 Gnaq guanine nucleotide binding protein, alpha q polypeptide  389 

421 Marcks myristoylated alanine-rich C-kinase substrate 384 

797 Prkca protein kinase C alpha type 266 

804 Cdipt CDP-diacylglycerol--inositol 3-phosphatidyltransferase 265 

Regulation of GPCR signaling   

3 Rgs4 regulator of G-protein signaling 4 7141 

37 Rgs5 regulator of G-protein signaling 5 1337 

93 Cd81 CD81 antigen 796 

102 Wdr26 WD repeat-containing protein 26 768 

149 Gprasp1 G-protein coupled receptor-associated sorting protein 1 637 

409 Ric8b synembryn-B 391 
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460 Gde1 glycerophosphodiester phosphodiesterase 1 369 

578 Gprasp2 G-protein coupled receptor-associated sorting protein 2 322 

595 Ric8 synembryn-A 315 

646 Arhgef28 rho guanine nucleotide exchange factor 28 304 
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CB glomus cells express various types of ion channels 

It is established that the signal transductions of CB glomus cells rely on 

modulation of channel opening probabilities, a process that is not fully understood. To 

help address this question, we compiled a list of abundant ion channels identified 

through the single CB glomus cell RNA-Seq (Table 2-6). Ion channels from a variety of 

families were detected in CB glomus cells, many of which were expressed at moderate 

levels, yet still confirmed previous publications (Table 2-7).  

Consistent with a prominent role of the background potassium channels in 

initiating glomus cell depolarization under hypoxia (Buckler et al., 2000; Buckler, 2007), 

the most abundantly expressed ion channel found was the two-pore domain potassium 

channel TASK1 (Kcnk3). Another channel of the same family, TREK1 (Kcnk2), was also 

detected albeit of lower abundance, consistent with a previous report (Yamamoto & 

Taniguchi, 2006). Interestingly, other potassium channels detected are mostly voltage-

gated potassium channels and calcium-activated potassium channels, both of which 

have been suggested as additional regulators in CB chemotransduction (Wyatt & Peers, 

1995; Sanchez et al., 2002). In particular, we show here that a large number of transcripts 

encode the inwardly-rectifying hERG channel (Kcnh2). Meanwhile, other types of 

voltage-gated potassium channels detected include the A-type potassium channels 

(Kcnc4, Kcnd2) and the delayed rectifier channels (Kcnq5, Kcnq2, Kcnb1, Kcnc1). The 



 

 

54 

presence of large conductance calcium-activated potassium channel Maxi-K is 

supported by expressions of both its alpha and beta subunits (Kcnma1, Kcnmb2). 

Evidence has also suggested contributions of voltage-gated sodium channels in oxygen 

sensing by CB glomus cells in rats (Caceres et al., 2007). Consistently, we demonstrated 

sequencing reads mapping to voltage-gated sodium channel subunits Scn8a, Scn3a, 

Scn3b and Scn9a in mouse glomus cells.  

As expected, several genes encoding the voltage-gated calcium channel subunits 

were also expressed at high levels, consistent with the notion that calcium influx follows 

the membrane depolarization step (Buckler & Vaughan-Jones, 1994). Although the high 

voltage-gated L-type and N-type calcium channels seemed most prevalent, we also 

observed expression of intermediate voltage-gated R-type and low voltage-gated T-type 

calcium channels, consistent with the recent demonstration of a functional involvement 

of T-type channels in the mouse CB (Makarenko et al., 2015). Furthermore, several 

transient receptor potential channels that may act as additional source of calcium influx 

were detected. Specifically, Trpm7, Trpc3, and Trpc5 from the TRPM and TRPC sub-

families were expressed.  

We also found multiple ligand-gated ion channels in CB glomus cells. These 

include a highly expressed AMPA-type glutamate receptor (Gria2). Among the less 

abundant glutamate receptors genes was an NMDA receptor family member Grin1, 

which was previously reported in rat CB glomus cells (Liu et al., 2009). Our data also 
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corroborate the previous suggestion that nicotinic acetylcholine receptors contribute to 

glomus cell excitation (Wyatt & Peers, 1993), as several subunits of this receptor were 

detected. Inhibitory receptors subunits (Glrb, Gabrb3) were discovered as well, which 

respectively belong to the glycine receptor and GABAA receptor. Gabrb3 is also one of 

the less abundant genes whose expression in CB glomus cells has been previously 

demonstrated in the literature (Igarashi et al., 2009).  

Together, our single-cell RNA-Seq identified a CB glomus cell ion channel profile 

that supports the current understanding of CB membrane conductance. Furthermore, 

we identified ion channel transcripts in CB glomus cells that may serve as additional 

players in regulating membrane potential.  
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Table 2-0-6: Highly expressed ion channels in CB glomus cells 

Rank 
Gene 
Symbol Alias Gene Name 

Average Expression 
(RPM) 

41 Kcnk3 TASK1 potassium channel subfamily K member 3 1268 
61 Scnn1b ENaC sodium channel, nonvoltage-gated 1 beta 1041 
116 Gria2 GluA2 glutamate receptor 2 711 
130 Chrna3 nAChRA3 neuronal acetylcholine receptor subunit alpha-3 684 
279 Clcn4-2 CLC4 chloride channel 4-2  473 
507 Scn8a Nav1.6 sodium channel, voltage-gated, type VIII, alpha 343 
516 Glrb Glyrb glycine receptor subunit beta  342 
565 Scn3b Nav1.3 sodium channel, voltage gated, type III, beta 327 
601 Cacna2d1 

 
voltage-dependent calcium channel subunit alpha-2/delta-1 314 

620 Cacna1b Cav2.2 voltage-dependent N-type calcium channel subunit alpha-1B 310 

732 Trpm7 
 

transient receptor potential cation channel subfamily M 
member 7 280 

799 Scn3a Nav1.3 sodium channel, voltage gated, type III, alpha 266 
997 Kcnc4 Kv3.4 potassium voltage-gated channel subfamily C member 4 232 
1074 Ano6   anoctamin-6 222 
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Table 2-0-7: Several families of ion channels previously reported in CB were detected by the single glomus cell RNA-Seq. 

Cha
nnel Family Subfamily Gene Alias RPM Gene name Reference 

K+ 

Two-
pore 
domain  TASK Kcnk3 TASK1 1268 

potassium channel subfamily K 
member 3 

Buckler et al., 
2000 

  
TREK Kcnk2 TREK1 43 

potassium channel subfamily K 
member 2 

Yamamoto et 
al., 2006 

 

Voltage-
gated  

Inward-
rectifying Kcnh2 hERG 182 

potassium voltage-gated channel 
subfamily H member 2 

Overholt et al., 
2000 

  
A-type  Kcnc4 Kv3.4 232 

potassium voltage-gated channel 
subfamily C member 4 

Kaab et al., 
2005 

  
A-type  Kcnd2 Kv4.2 84 

potassium voltage-gated channel 
subfamily D member 2  

Mkrtchian et 
al., 2012 

  

Delayed 
rectifier Kcnq5 Kv7.5 169 

potassium voltage-gated channel 
subfamily KQT member 5 

Buniel et al., 
2008 

  

Delayed 
rectifier Kcnq2 Kv7.2 150 

potassium voltage-gated channel 
subfamily KQT member 2  

Buniel et al., 
2008 

  

Delayed 
rectifier Kcnb1 Kv2.1 107 

potassium voltage-gated channel 
subfamily B member 1 

Mkrtchian et 
al., 2012 

  

Delayed 
rectifier Kcnc1 Kv3.1 107 

potassium voltage-gated channel 
subfamily C member 1  

Pérez-García 
et al., 2004 

 

Calcium
-

Large 
conductanc Kcnma1 

BK, 
Maxi-K 51 

calcium-activated potassium channel 
subunit alpha-1 

Peers et al., 
1990 
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activate
d 

e 

    
Large 
conductance Kcnmb2 

BK, 
Maxi-K 85 

calcium-activated potassium channel 
subunit beta-2 

Balbir et al., 
2007 

Na+ 
Voltage-
gated  Type VIII Scn8a Nav1.6 343 

sodium channel, voltage-gated, type 
VIII, alpha 

Caceres et al., 
2007 

  
Type III Scn3a Nav1.3 266 

sodium channel, voltage gated, type 
III, alpha  

Caceres et al., 
2007 

  
Type III Scn3b Nav1.3 327 

sodium channel, voltage gated, type 
III, beta 

Caceres et al., 
2007 

    Type IX Scn9a Nav1.7  10 
sodium channel, voltage gated, type 
IX, alpha  

Caceres et al., 
2007 

Ca2+ 
Voltage-
gated  

Alpha-1, L 
type Cacna1d Cav1.3 184 

voltage-gated L-type calcium channel 
subunit alpha-1D 

Fieber et al., 
1993 

  

Alpha-1, L 
type Cacna1c Cav1.2  131 

voltage-gated L-type calcium channel 
subunit alpha-1C  

Fieber et al., 
1993 

  

Alpha-1, N 
Type Cacna1b Cav2.2 310 

voltage-gated N-type calcium channel 
subunit alpha-1B 

Balbir et al., 
2007 

  

Alpha-1, T 
type Cacna1i Cav3.3 48 

voltage-gated T-type calcium channel 
subunit alpha-1I 

Makarenko et 
al., 2015 

  

Alpha-1, T 
type Cacna1h Cav3.2 38 

voltage-gated T-type calcium channel 
subunit alpha-1H 

Makarenko et 
al., 2015 

  

Alpha-1, R 
Type Cacna1e Cav2.3 12 

voltage-gated R-type calcium channel 
subunit alpha-1E 

Overholt et al., 
1997 

  
Alpha- Cacna2d1   314 voltage-gated calcium channel subunit Buckler et al., 
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2/delta  alpha-2/delta-1  1994 

  

Alpha-
2/delta  Cacna2d3   85 

voltage-gated calcium channel subunit 
alpha-2/delta-3 

Balbir et al., 
2007 

  

Alpha-
2/delta  Cacna2d2   26 

voltage-gated calcium channel subunit 
alpha-2/delta-2  

Buckler et al., 
1994 

  
Beta Cacnb3   148 

voltage-gated L-type calcium channel 
subunit beta-3 

Buckler et al., 
1994 

  
Gamma Cacng2   52 

voltage-gated calcium channel 
gamma-2 subunit 

Buckler et al., 
1994 

    Gamma Cacng4   18 
voltage-gated calcium channel 
gamma-4 subunit 

Buckler et al., 
1994 

TRP 
 

TRPC Trpc3   47 
short transient receptor potential 
channel 3 

Buniel et al., 
2003 

    TRPC Trpc5   22 
short transient receptor potential 
channel 5 

Buniel et al., 
2003 

Liga
nd-
gate
d 

Glutama
te NMDA Grin1 GluN1 110 

glutamate receptor, ionotropic, N-
Methyl D-Aspartate 1 

Yuzhen Liu et 
al., 2009 

 

Acetylch
oline Nicotinic Chrna3 

nAChR
A3 684 

neuronal acetylcholine receptor 
subunit alpha-3 

Wyatt et al., 
1993 

  
Nicotinic Chrna5 

nAChR
A5 2 

neuronal acetylcholine receptor 
subunit alpha-5 

Wyatt et al., 
1993 

  
Nicotinic Chrnb2 

nAChR
B2 118 

neuronal acetylcholine receptor 
subunit beta-2 

Wyatt et al., 
1993 



 

 

60 

  
Nicotinic Chrnb4 

nAChR
B4 97 

neuronal acetylcholine receptor 
subunit beta-4 

Wyatt et al., 
1993 

  GABA A Gabrb3 
GABA
A 188 

gamma-aminobutyric acid receptor 
subunit beta-3 

Igarashi et al., 
2009 
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Atypical mitochondrial ETC subunits are among the highly expressed 
HIF pathway genes in CB glomus cells  

In our CB glomus cell RNA-Seq, we found Epas1 (also known as hypoxia-

inducible factor 2α, Hif2α) as the second most abundant transcript. This is corroborated 

by strong Epas1 mRNA in situ hybridization signal (Fig. 2-4C), as well as previous 

experiments showing constitutive expression of Hif2α protein in mouse CB glomus cells 

(Tian et al., 1998; Peng et al., 2011).  Furthermore, the sequencing result also indicated 

the presence of other HIF pathway components such as the hypoxia-inducible factor 1a 

(Hif1α), the HIFα heterodimer partner aryl hydrocarbon receptor nuclear translocator 2 

(Arnt2), and the hypoxia-inducible factor prolyl hydroxylase 2 (PHD2, also known as 

Egln1). Both HIF1α and HIF2α are transcription factors stabilized under long-term 

hypoxia to help initiate transcriptions of hypoxia responsive genes. This relatively slow 

response dynamic of HIFα to hypoxia does not appear to be an ideal feature of acute 

oxygen sensing. Nonetheless, heterozygous Hif1α and Hif2α deficient mice respectively 

display altered hypoxic responses to chronic and acute hypoxia (Kline et al., 2002; Peng 

et al., 2006; Peng et al., 2011). HIFs may prove essential through transcribing other genes 

relevant to CB function. Consistent with this, several HIF target genes were also highly 

expressed in our RNA-Seq data (Table 2-8), including genes promoting cell growth 

(Tgfa, Mcl1) and glycolysis (Slc2a3, Ldha, Aldoa).  These genes are consistent with CB’s 

ability to self-proliferate and sense low glucose (Pardal & Lopez-Barneo, 2002; Pardal et 
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al., 2007; Platero-Luengo et al., 2014). Unexpectedly, two hypoxia-inducible 

mitochondrial ETC subunits, Ndufa4l2 and Cox4i2, were among the most highly 

expressed genes. Their abundance in the CB glomus cells does not require hypoxia 

induction, as constitutive expressions were observed under normoxic condition (Fig. 2-

4C, F). Based on our meta-analysis of published work, while Cox4i2 was moderately 

expressed in the top 53-63% of whole CB genes, Ndufa4l2 did show relatively high 

expression in mice CB (Balbir et al., 2007; Chang et al., 2015). Ndufa4l2 is highly ranked 

(top 0.28%) in the C57BL6/J whole CB RNA-Seq data published recently (Chang et al., 

2015). Interestingly, Ndufa4l2 occupied higher ranking in the high hypoxia responder 

DBA/2J strain (top 8.47%) than the low hypoxia responder A/J strain (top17.02%). 

Notably, these two genes were also ranked highly among the list of differentially 

expressed genes in CB glomus cells, which may imply specialized functions in the CB 

(Fig.  2-6B). In line with this, the CB mitochondria have demonstrated unusual 

characteristics, which along with other evidence have led to the theory that CB is 

equipped with specialized mitochondria for sensing moderate hypoxia (Donnelly & 

Carroll, 2005). Such unique features may require mitochondria that are constituted with 

alternative molecules. While it has been demonstrated that Ndufa4l2, and Cox4i2 are 

crucial for preventing excess reactive oxygen species (ROS) production under hypoxic 

conditions in other cell types (Fukuda et al., 2007; Tello et al., 2011), further studies are 
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required to explore their functional significance in the CB, which may lead to novel 

mechanistic insights. 

Overall, the CB glomus cells constitutively overexpress HIFs and certain HIFs 

transcriptional targets that are normally part of the counteractive mechanism against the 

negative impacts of sustained hypoxia. Specifically, the CB glomus cells 

transcriptionally upregulate atypical mitochondrial ETC components, stressing the 

previous notion that unique mitochondria are possibly present in the CB and may be 

responsible for oxygen sensing. 
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Table 2-0-8: Highly expressed HIFs and HIF responsive targets in CB glomus cells 

Rank Gene Symbol Gene Name 
Average Expression 

(RPM) 
2 Epas1 (Hif2a) endothelial PAS domain-containing protein 1 8096 
3 Rgs4 regulator of G-protein signaling 4 7141 

4 Ndufa4l2 
NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 4-
like 2 5456 

37 Rgs5 regulator of G-protein signaling 5 1337 
92 Cox4i2 cytochrome c oxidase subunit IV isoform 2 806 
193 Slc2a3 solute carrier family 2 (facilitated glucose transporter), member 3  566 

195 Tgfa transforming growth factor alpha  565 
197 Adm ADM precursor 563 
257 Ldha lactate dehydrogenase A  491 
390 Ctsd cathepsin D  404 
398 Mcl1 myeloid cell leukemia sequence 1 401 
413 Vim vimentin 388 
522 Sod2 superoxide dismutase 2, mitochondrial 340 
561 Aldoa fructose-bisphosphate aldolase A 328 
635 Ak3 adenylate kinase 3 306 
850 Zeb1 zinc finger E-box-binding homeobox 1 256 
886 L1cam neural cell adhesion molecule L1 precursor 251 
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High-throughput heterologous screening of a CB GPCR  

According to our RNA-Seq data, olfactory receptor Olfr78 was the most abundant GPCR 

in CB glomus cells. Olfr78 is a relatively conserved olfactory receptor, with conserved 

orthologs found in mammals and birds (Fig. 2-7A). Interestingly, the intact Olfr78 

sequence is also present in dolphins, species without olfactory nerve, suggesting ectopic 

functional significance outside of olfaction. To validate active Olfr78 expression in the 

CB in vivo, we performed lacZ staining using an Olfr78-IRES-taulacZ transgenic mouse 

strain Olfr78tm1Mom/MomJ, where the Olfr78 coding sequence is replaced with GFP followed 

by IRES-taulacZ (Bozza et al., 2009). As shown in Fig. 2-7B, blue precipitations marked 

the cells in the CB but not any other cells in the nearby superior cervical ganglion, 

indicative of an active Olfr78 promoter in CB glomus cells. GPCRs expressed in CB 

glomus cells, such as the adenosine receptor and the PACAP receptor, have been shown 

to affect CB sensory activities through receptor activation. Analogous to this, it is likely 

that ligands for Olfr78 can also affect CB function. To identify such ligands, we utilized 

an established heterologous cell system for screening olfactory receptors (Zhuang & 

Matsunami, 2008). Olfr78 was expressed in HEK293T cells, and cAMP-induced 

luciferase activity was monitored after exposure to different chemicals. A screening was 

preformed on Olfr78 against approximately 345 diverse odorants. After a secondary 

screening, we found that two short-chain fatty acids (SCFA), acetic acid and propionic 

acid, act as potent Olfr78 agonists, while some other SCFA such as lactic acid mildly 
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activated Olfr78 (Fig. 2-8A), consistent with previous reports (Saito et al., 2009; Pluznick 

et al., 2013; Chang et al., 2015). We further showed that Olfr78 responded similarly to 

both acetic acid and sodium acetate (pH 7.4) (EC50=0.5 mM), suggesting it is acetate, not 

acid, that is activating this receptor (Fig. 2-8B). Intriguingly, we identified propofol, a 

known inhibitor of CB activity, as a potent antagonist of Olfr78 (Fig. 2-8C). In summary, 

we identified both agonist and antagonist for a highly expressed olfactory receptor in 

the CB glomus cells that may contribute to CB’s chemosensory function. 
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Figure 2-0-7: Olfr78 is a conserved olfactory receptor expressed in the CB. 

A, unrooted phylogenetic tree of Olfr78 family orthologs based on similarity of 
amino acid properties. B, lacZ staining of a carotid artery bifurcation from a 
heterozygous Olfr78tm1Mom/MomJ mouse. Blue precipitation marks the lacZ positive cells. 
SCG, superior cervical ganglion.  
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Figure 2-0-8: Identification of Olfr78 ligands. 

A, Dose response curves of Olfr78 against short chain fatty acids. B, Dose 
response curves of Olfr78 against acetic acid and sodium acetate (pH 7.4). C, Dose 
response curves of Olfr78 against propofol. X-axis represents molar concentration in log 
scale. 
 

Olfr78-/- mice maintain a normal hypoxic ventilatory response 

After the identification of a highly abundant GPCR in the CB glomus cells, we 

asked whether Olfr78 itself is necessary for the hypoxic ventilatory response. Olfr78+/- 

mice were recovered via in vitro fertilization of cryopreserved sperm carrying the 

Olfr78tm1Lex mutant allele at the Duke Rodent Genetics Core. Olfr78-/- mice were 
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indistinguishable from wild-type controls in overall appearance. While Olfr78 was 

complete absent in the mutant CB, CB from Olfr78-/- mice was histologically similar to 

that of wild-type and expressed canonical glomus cell marker Th (Fig. 2-9). In order to 

investigate the effect of Olfr78 deletion on the CB-mediated ventilatory response, we 

challenged the animals with a short period of hypoxic gas while measuring their 

breathing in a non-invasive manner. Under room air, Olfr78-/- mice breathed at a similar 

pace and volume as their wild-type littermates and increased both the respiration rate 

and minute ventilation to a similar level as the controls under hypoxic gas (10% O2) (Fig. 

2-10A). We also tested Olfr78-/- mice’s response to hypercapnia (5% CO2) and did not 

find significant difference compared to the wild-type animals (Fig. 2-10B). Together, our 

results show that Olfr78 is not necessary for CB to initiate the hypoxic or hypercapnia 

ventilatory response. 

Wild-type Olfr78-/-

O
lfr
78
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Figure 2-0-9: Olf78 deletion in Olfr78-/- CB. 

In situ hybridizations showing expression of glomus cell marker Th, but not 
Olfr78 in Olfr78-/- CB. Scale bar, 50 µm. 

 



 

 

69 

Wild-type Olfr78-/-
0

100

200

300

400

Br
ea

th
s 

/ m
in

Respiration Rate

Air
5% CO2

Wild-type Olfr78-/-
0

100

200

300

Br
ea

th
s 

/ m
in

Respiration Rate

Air
10% O2

A	

B	

Wild-type Olfr78-/-
0

1

2

3

4

m
L/

m
in

/g

Minute Ventilation

Air
10% O2

Wild-type Olfr78-/-
0

2

4

6

m
L/

m
in

/g

Minute Ventilation

Air
5% CO2

 

Figure 2-0-10: Olfr78-/- mice maintained normal ventilatory response to hypoxia 
and hypercapnia. 

Olfr78-/- (n=3) mice’s ventilatory responses were recorded and compared with 
wild-type littermates (n=3) using whole body plethysmography. A, the respiration rate 
and minute ventilation during air and 10% O2 hypoxia gas challenge. B, the respiration 
rate and minute ventilation during air and 5% CO2 hypercapnia gas challenge. (Two-
way ANOVA followed by Sidak post-hoc test, NS, P > 0.05). 

 

2.3 Discussion 

A major roadblock to a better understanding of CB function is our scarce 

knowledge of the glomus cells at the molecular level, which greatly prohibits functional 

interpretations. There are several reasons that can explain this gap in knowledge, with 

the small size of the tissue being the most obvious. This problem has been partially 
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circumvented by performing transcriptome profiling experiments using pooled mouse 

or human CB (Ganfornina et al., 2005; Balbir et al., 2007; Fagerlund et al., 2010; 

Mkrtchian et al., 2012; Chang et al., 2015). These studies highlighted species differences 

and confirmed expression of many genes relevant to CB function.  

In the present study, we explored the possibility of answering this question from 

a single-cell perspective. Using this approach, we obtained the gene expression profile of 

mouse CB glomus cells. This eliminated contamination and dilution effects caused by 

other cell types and allowed us to uncover gene expressions specific to the actual oxygen 

sensing cells, complementing previous whole-tissue based analyses. In particular, we 

observed many GPCR signaling pathway components, ion channels and HIF targets, 

many of which had not been previously described in CB glomus cells. Furthermore, we 

showed that the olfactory receptor Olfr78 was the most abundant GPCR expressed in CB 

glomus cells and responded to SCFA such as acetate in vitro. We also identified two 

atypical mitochondrial ETC subunits specifically expressed in CB glomus cells. 

Does our single-cell RNA-Seq data mimic the in vivo transcriptome status? We 

first sequenced two individual OSNs from the olfactory system. The available literature 

and transcriptome data of bulk OSNs permit comparisons with our single OSNs data, 

which suggest substantial similarity, particularly for the more abundant genes. This 

approach seems feasible, as many of the key signaling genes in OSNs were identified. In 

the case of CB glomus cell, we also observed similar correlations between single glomus 
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cells and whole CB tissue. We further addressed our question by performing in situ 

hybridization and immunohistochemistry for genes and gene products identified from 

the single-cell RNA-Seq, most of which specifically stained the CB glomus cells. In situ 

hybridization is more informative than validation through qRT-PCR, in the sense that it 

gives information on the origin of the transcript. There were some cases where we saw 

little to no hybridization signal, possibly due to inefficient RNA probe binding or 

stochastic transcription in the cell we had sequenced. Another explanation is a result of 

the immediate early response to stimuli during cell preparation, as seen with immediate 

early genes Fos and Egr1. Fos and Egr1 probes have shown strong hybridization signal 

in hypoxia-stimulated CB but not in unstimulated CB. Their mRNA occurrences in the 

single-cell RNA-Seq are likely induced by hypoxia or stress associated with the 

dissociation of single cells. Still, we saw a high degree of consistency between the single-

cell RNA-Seq and in situ hybridizations. Collectively, our data suggest that the single-

cell RNA-Seq approach is a powerful screening tool for uncovering abundant transcripts 

in specific cell types of interest including CB glomus cells though caution should be 

taken for less abundant genes as no sequence read in our transcriptome data does not 

necessarily mean no expression. 

Our approach also exhibits some potential issues that warrant careful scrutiny of 

the results. Similar to most single-cell RNA-Seq, there is more variability compared to 

traditional whole tissue RNA-Seq in part due to cell-to-cell heterogeneity among 
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seemingly homogeneous cells (Cai et al., 2006; Wang & Bodovitz, 2010; Tang et al., 2011; 

Shalek et al., 2013). Furthermore, more abundant transcripts show stronger correlations 

between replicates, whereas more discrepancy occurred for genes with low read counts, 

leading to increased variability and a lower detection rate among weakly expressed 

genes. Technical noises resulting from small starting RNA material and cDNA 

amplification biases can account for such variability. It has been demonstrated that 

RNA-Seq sensitivity decreases substantially when the starting amount of RNAs decline 

to the picogram level (Ramskold et al., 2012). Additionally, due to the multiple rounds of 

cDNA amplification, it is inevitable that amplification efficiency differences and PCR 

byproducts deter faithful representation of original expression profile. However, these 

effects are less likely to hinder the amplification of more abundant transcripts. Also, 

considering that molecules with crucial functions are often associated with abundant 

transcripts, as has been demonstrated in the OSNs, the technical limitations’ preferential 

influence on the weakly expressed genes becomes less concerning. 

The expression profile painted by our single glomus cell RNA-Seq suggests a 

unique transcriptome signature. Previous studies comparing human CB transcriptome 

with those of other tissues have found little similarity (Mkrtchian et al., 2012). In line 

with this, our principal component analysis and correlation coefficients also showed 

clear differences between CB glomus cells and OSNs/VSNs, supporting a unique 

transcriptome profile. To highlight the differentially expressed genes, we compared the 
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glomus cells with 17 other tissues and cell types. These differentially expressed CB 

glomus cell genes may possibly contribute to its distinguishing features. Importantly, 

the differentially expressed genes contain those that have not been previously described 

in CB glomus cells, such as Ndufa4l2 and Cox4i2 (see below for further discussions). 

Our CB glomus cell data emphasizes a long-held notion that G protein-mediated 

signaling is heavily involved in CB chemotransduction (Cachero et al., 1995; Prabhakar 

et al., 1995; Cachero et al., 1996). Although G proteins have been suggested to be present 

in CB tissue, direct evidence is still limited, especially regarding the types of G proteins 

present. Here we describe a list of heterotrimeric G protein complex subunits expressed 

at high levels in CB glomus cells. While members of all four major G protein families 

were present in CB glomus cells, Gαs, which activates adenyl cyclase, was most 

appreciably expressed. Aside from Gαs and Gαolf, we also detected many transcripts 

encoding Gαi/o that inhibit adenyl cyclase activity, enabling the negative regulation of 

cAMP. These, combined with our analysis of the highly ranked GPCR signaling 

molecules, suggest a prominent role of cAMP-mediated GPCR signaling in modulating 

CB chemotransduction. Although some controversies exist, cAMP has been described to 

increase under hypoxia stimulus and contribute to chemosensory discharge in CB 

(Wang et al., 1989; Perez-Garcia et al., 1990; Delpiano & Acker, 1991; Perez-Garcia et al., 

1991). Increased cAMP level is associated with inhibitions of hypoxia-sensitive 

potassium channels and enhanced neurotransmitter release from CB glomus cells 
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(Lopez-Lopez et al., 1993; Rocher et al., 2009). Meanwhile, alternative signal transduction 

acting through the PKC-mediated pathway also seems to co-exist, potentially 

contributing to additional source of calcium release that facilitates CB activation. 

Interestingly, PKC has also been implicated in potentiating CB glomus cells response 

through diverse targets (Peers & Carpenter, 1998; Faff et al., 1999; Summers et al., 2000; 

Roy et al., 2013). Overall, our data indicate that CB glomus cells are equipped with vast 

GPCR signal transduction components. More research is clearly needed to differentiate 

the role of individual signaling pathways and molecules with regard to different CB 

stimuli and how distinct chemotransduction pathways are integrated in this polymodal 

sensory tissue. 

The various neurotransmitters and peptides secreted by CB glomus cells and 

nearby tissues have shown ability to exert autocrine or paracrine effects on CB glomus 

cells. A significant portion of these effects is mediated through activation of 

corresponding GPCRs, with those that increase cAMP levels exerting excitatory effects, 

and vice versa (Cachero et al., 1996; Nurse, 2005; Nunes et al., 2014). This phenomenon is 

in consensus with high levels of such receptors detected in our experiment. Among the 

highly expressed GPCRs identified, the adenosine and ATP receptors (Adora2a, P2ry12) 

have long been known to modulate CB response to hypoxia (Monteiro & Ribeiro, 1987; 

Conde & Monteiro, 2004; Xu et al., 2005; Conde et al., 2006). Interestingly, our data also 

corroborates recent findings of several GPCRs in CB glomus cells with implications in 
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respiratory control, highlighting the importance of GPCR signaling in CB function. The 

most persuasive evidence comes from the recent work showing that Olfr78 mutant mice 

fail to hyperventilate under hypoxia as a result of lactate insensitive CB (Chang et al., 

2015).  In addition, the highly abundant cAMP-inhibiting cannabinoid receptor 1 (Cnr1) 

was also detected in rat CB glomus cells, where a possible link between perinatal 

exposure to marijuana and sudden infant death syndrome was suggested (McLemore et 

al., 2004). Another particularly intriguing receptor is the PACAP receptor (Adcyap1r1) 

that couples to Gαs. This receptor binds to PACAP, an important secretory peptide 

important for respiratory chemoresponses (Cummings et al., 2004; Arata et al., 2013). 

PACAP and its receptor have also been shown to be present in rat CB (Lam et al., 2012). 

Interestingly, PACAP alone is sufficient to demonstrate stimulatory effects on CB 

glomus cells that could be attenuated by PKA inhibition, further suggesting the 

importance of cAMP in CB chemosensory transduction (Lam et al., 2012). While an 

increase in cAMP is associated with increased glomus cells activation, the CB can also 

take advantage of the inhibitory autocrine regulation via Gαi-coupled receptors, e.g. 

dopamine receptor (Drd2), to maintain a sustained slow-adapting hypoxia response 

through a push and pull mechanism (Carroll et al., 2005). 

We found olfactory receptor Olfr78 to be the most abundantly expressed GPCR 

in CB glomus cells as shown in the single-cell RNA-Seq data, Olfr78 in situ 

hybridization, and lacZ staining of Olfr78 transgenic mouse CB. Published whole CB 
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transcriptome data corroborates this finding in C57BL6/J, DBA/2J and A/J strains of mice 

(Balbir et al., 2007; Chang et al., 2015). Furthermore, Olfr78 was found to be upregulated 

in mice CB versus brain, although it was not included when human CB was compared 

with the brain (Mkrtchian et al., 2012). The mRNA abundance of OR51E2 (human 

ortholog of Olfr78) may be undermined in the whole tissue setting, especially 

considering the fact that these CB derived from older adults (aged 48-68), as there may 

be more connective tissues and fats. While we were unable to attest to Olfr78’s 

expression in human CB due to lack of open resource, we confirmed its presence in rats 

using public available microarray data of cultured rat CB cells (GEO ID: GSE67429).  

Our analysis also indicates that Olfr78 was the most differentially expressed gene 

overrepresented in CB glomus cells, indicative of specialized function. Unlike most other 

olfactory receptors, Olfr78 is well conserved and translocates to the cell surface without 

additional receptor transport proteins (Pluznick et al., 2013). Olfr78 was previously 

detected in several small non-olfactory tissues including specialized renal cells where it 

demonstrated functional significance outside of the olfaction system (Conzelmann et al., 

2000; Weber et al., 2002; Neuhaus et al., 2009; Pluznick et al., 2013). Our hypothesis of 

Olfr78 contributing to CB chemosensory function is further supported by a recent study 

that also demonstrated Olfr78 enrichment in the mouse CB, where it indirectly senses 

hypoxia via lactate (Chang et al., 2015). While we also observed weak activation of 

Olfr78 by lactic acid, its response is considerably smaller compared to other SCFA 
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ligands, acetic acid, and propionic acid. SCFA, derived from the fermentation of 

complex polysaccharides by gut microbes, are normal constituents of arterial blood with 

significant implications in many physiological activities (Tremaroli & Backhed, 2012). 

Being the major SCFA entering circulation, the arterial acetate concentrations fall 

between 0.1 to 0.5 mM in non-herbivores and are within the responsive range of Olfr78 

(Ballard, 1972), making it a great candidate for monitoring blood acetate level. Of 

particular interest, blood acetate level was shown to increase in newborn rats given 

hypoxia challenge (Knowles et al., 1974). While there are currently no definitive links 

between acetate level and CB-mediated breathing control at the whole animal level, 

acetate applied to rabbit CB glomus cells at pH 7.4 has led to an increase in intracellular 

calcium (Sato, 1994). The recent study by Chang et al. also directly showed that Olfr78 is 

responsible for CB sensory activity to lactate and acetate (Chang et al., 2015). Although 

lower than those of lactate, blood acetate levels may elicit robust Olfr78 activation. 

Hence, it is intriguing to speculate that acetate may be capable of modulating CB 

chemosensory function through Olfr78 in a similar fashion as other metabotropic 

receptor ligands that act on CB.  

A particularly interesting finding from our screening is the identification of 

propofol as a potent antagonist of Olfr78. Propofol, an extensively used general 

anesthetic, is known to induce respiratory depression and inhibit acute hypoxic 

ventilatory response in humans (Blouin et al., 1993; Nagyova et al., 1995; Eriksson, 1999; 
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Nieuwenhuijs et al., 2000). The mechanism underlying this phenomenon is not clear. 

Propofol has been shown to markedly depress CB chemoafferent nerve activity to 

hypoxia, suggesting peripheral CB as a potential depression target of propofol (Ponte & 

Sadler, 1989; Akada et al., 2008). The hypothesis that CB may be inhibited by propofol 

through a receptor-ligand relationship, especially under hypoxia condition, is further 

supported by the finding that propofol depressed the chemosensitivity of CB in a 

concentration-dependent manner (Jonsson et al., 2005). Hence, it is possible to speculate 

propofol targets Olfr78 to repress CB activity, causing respiratory depression and a 

weakened hypoxic ventilatory response. 

Considering the significant presence of GPCR signaling components in CB 

glomus cells, we asked if Olfr78 deletion would lead to ventilatory defects under 

hypoxia. Contrary to the report of Chang et al., we observed a significant respiratory 

increase in Olfr78-/- mice, a level that was indistinguishable from the wild-type controls. 

This inconsistency may derive from differences in the targeted mutant allele or strains of 

mice used. While Change et al. used the Olfr78 null GFP reporter mice for phenotyping, 

we used a different line of Olfr78 null mutant mice. Also, our Olfr78-/- mice derived from 

a mixed B6;129S5 background. It has been shown that different mouse strains exhibit 

differences in CB size and the potency of hypoxic response (Yamaguchi et al., 2003).  

Although little is known about the identity of the actual oxygen sensor in glomus 

cells, it is generally agreed upon that oxygen-sensitive potasssium channels are 
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important downstream effectors. However, some degree of variation has been observed 

due to strain, species, and experimental differences. Our single-cell RNA-Seq data 

described which ion channels are expressed in mouse CB glomus cells. In multiple 

species, TASK channels have been demonstrated to be the predominant oxygen sensitive 

channels (Buckler et al., 2000; Kobayashi & Yamamoto, 2010). In line with this, the most 

abundant ion channel detected in our single CB glomus cells was TASK1 (Kcnk3). 

However, TASK3 (Kcnk9) was not detected. This is similar to human CB microarray 

data showing expression of TASK1 but not TASK3 (Mkrtchian et al., 2012). Although 

studies using mutant mice have shown that both TASK1 and TASK3 contribute to 

background potassium currents, the latter has a smaller conductance and is less sensitive 

to hypoxia and mitochondrial inhibitors (Turner & Buckler, 2013). If expressed at low 

level, it is possible for our single-cell RNA-Seq method to underestimate its presence. In 

addition to background potassium channels, the mouse CB glomus cells also expressed 

several members from different voltage-gated potassium channels and calcium-

activated potassium channels families. For example, the presence of Kcnh2 transcripts 

supports the characterization of hERG-like currents in regulating the resting membrane 

potential of CB glomus cells (Overholt et al., 2000).  

Other than potassium channels, we also detected various other types of ion 

channels in our sequencing reads, including sodium channels, TRP channels, and 

ligand-gated ion channels. This information can be of great value for future studies as 
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these ion channels may also regulate the electrical signaling in CB glomus cells. 

Intriguingly, the detection of TRP channels in CB glomus cells may prove of functional 

importance through their diverse sensitivity to a wide array of stimuli. Both a TRPM 

channel (Trpm7) and a TRPC channel (Trpc3) were detected in our experiment, 

consistent with a previous report of multiple TRPC channels in rat CB glomus cells 

(Buniel et al., 2003). TRPM7 channel has been implicated in meditating anoxia sensing in 

the brain while TRPC6 channel is suggested to be essential to hypoxic pulmonary 

vasoconstriction in the pulmonary smooth muscle cells (Takahashi et al., 2012). Our 

glomus cell transcriptome profile also indicates the presence of both excitatory and 

inhibitory ligand-gated ion channels. Specifically, the data highlights the presence of 

glutamate, acetylcholine, and glycine receptors in CB glomus cells, whose roles in CB 

transduction remain to be explored.   

Mitochondria have long been proposed as the oxygen sensor in CB glomus cells. 

Not only do mitochondria consume most of the cellular oxygen, their inhibitors also 

activate CB as does hypoxia. However, the mitochondrial theory succumbs to major 

criticism due to mitochondria’s ubiquitous presence and their high oxygen affinity. 

While evidence has emerged indicating the presence of specialized mitochondria in CB 

glomus cells (Mills & Jobsis, 1970, 1972; Duchen & Biscoe, 1992a, b; Streller et al., 2002; 

Buckler & Turner, 2013), molecular evidence is still lacking. A key finding from our 

single CB glomus cell RNA-Seq is the abundant and constitutive expression of two 
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atypical mitochondrial ETC subunits Ndufa4l2 and Cox4i2, which are also among the 

most differentially expressed genes overrepresented in CB glomus cells. Ndufa4l2 and 

Cox4i2 are both nuclear encoded mitochondrial ETC subunits that are induced by HIF1α 

upon several hours of hypoxia challenge in various cells or tissues. Their significance 

lies in their ability to keep hypoxia-induced ROS production in check (Fukuda et al., 

2007; Tello et al., 2011). Specifically, Ndufa4l2 was shown to limit ROS production by 

attenuating mitochondrial activity, which also results in decreases in oxygen 

consumption, and mitochondrial membrane potential (Tello et al., 2011). Hence, one 

could speculate that constitutive Ndufa4l2 expression would also attenuate CB glomus 

cell mitochondrial activity, making it more susceptible to additional changes in oxygen 

tension. The observed high expression levels of glycolysis genes may also reflect 

weakened mitochondrial oxidative phosphorylation. Ndufa4l2 was previously 

categorized as a complex I component of mitochondrial ETC due to its sequence 

similarity to its paralog Ndufa4 (Tello et al., 2011). In line with this, another 

mitochondrial complex I component, Ndufs2, was recently characterized as a critical 

player in CB oxygen sensing and signals hypoxia stimulus through cellular redox state 

(Fernandez-Aguera et al., 2015). This, combined with our transcriptome results, further 

iterates the importance of mitochondria in acute oxygen sensing. It is also interesting to 

point out that recent studies demonstrated that the Ndufa4l2 paralog, Ndufa4, belongs 

to complex IV of the mammalian mitochondrial ETC (Balsa et al., 2012; Pitceathly et al., 
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2013). Thus, it is possible that Ndufa4l2 could also be a complex IV component as it is in 

the case of Cox4i2. A unique feature of complex IV is its role as the site of oxygen 

reduction. Therefore, it is tempting to speculate that these two proteins may also affect 

CB glomus cell mitochondrial functions, especially those pertaining to oxygen affinity.  

The most perplexing question about the CB is the identity of the oxygen sensor 

and its immediate components. Previous efforts in understanding the nature of these 

sensors have generated multiple theories on how acute hypoxia is sensed in CB. Our 

single CB glomus cell RNA-Seq data provide a list of candidate genes that may serve 

such functions. One of the major theories is the metabolic theory. In support of this 

theory, we identified two highly expressed atypical mitochondrial ETC subunits in CB 

glomus cells that may contribute to specialized mitochondria. The metabolic theory also 

suggests that increased AMP/ATP ratio under hypoxia activates AMP-activated protein 

kinase (AMPK), which may phosphorylate potassium channels (Wyatt et al., 2007). In 

line with this, we detected transcripts encoding the α, β, and γ subunits of AMPK. 

NADPH oxidase has also been considered to be a potential oxygen sensor due to its 

ability to translate oxygen level into reactive oxygen species. Yet, similar to previous CB 

transcriptome studies, we could only detect NADPH oxidase 4 (Nox4) in mouse CB 

glomus cells. Recently, greater emphasis has been given to H2S, CO and NO as 

gasotransmitters in the CB oxygen sensing process (Peng et al., 2010; Prabhakar & Peers, 

2014; Yuan et al., 2015). However, we observed few to no reads for the genes responsible 
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for generating these gases, i.e. Cbs, Cth, Hmox2, Nos1, Nos2 and Nos3. Previous mouse 

CB microarray experiments also failed to detect the H2S generating enzyme Cth in mice, 

and Cbs was not detected in the DBA/2J and A/J strains. Possible explanations for this 

discrepancy could be either strain differences, or the relatively lower sensitivity of the 

single-cell RNA-Seq approach for less abundant genes, resulting in drop out incidences. 

Lastly, we detected significant presence of an olfactory receptor Olfr78, which is recently 

proposed to be a novel CB oxygen sensor (Chang et al., 2015). 

In conclusion, we established a method of sequencing single sensory cells 

isolated from heterogeneous tissues. We showed here that this method could be 

effectively used to estimate the overall gene expression from a single cell as had been 

demonstrated with OSNs. Using this approach, we characterized the transcriptome 

profile of mouse CB glomus cells, generating substantial novel information regarding 

the types of molecules present in this much-understudied tissue. The CB glomus cell 

transcriptome is unique from other cell types, containing a set of differentially expressed 

genes. Transcriptome analysis revealed the significant involvement of GPCR signaling 

in CB glomus cells, especially pertaining to the cAMP-mediated pathway. Overall, our 

CB transcriptome profile not only demonstrated similarity to the current literature but 

also discovered many novel CB glomus cell genes with potential functional importance, 

such as the atypical mitochondrial ETC subunits. Our study will serve as a rich resource 

for future research investigating molecular mechanisms of CB glomus cell transduction.
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3. The atypical mitochondrial subunit Ndufa4l2 is 
required for the establishment of regular breathing after 
birth and a normal carotid body response to hypoxia 

3.1 Introduction 

The CB is a specialized peripheral sensory organ that monitors arterial oxygen 

tension changes. It is critical for our survival in that it triggers hypoxic ventilatory 

response to correct potential deleterious hypoxemia (Lopez-Barneo et al., 2009). 

Although the physiological function of CB has been discovered for almost a century, our 

understanding of the molecular mechanism underlying CB glomus cell oxygen sensing 

remains primitive, in part due to the extremely small size and heterogeneous makeup of 

the tissue. Prior to our transcriptome profiling study of single CB glomus cells, our 

knowledge on the specific transcripts present in the oxygen sensing glomus cells is 

rather limited.  Hence, previous studies using genetic mutant animals explored various 

candidate genes that are also present in other tissues without acute oxygen sensitivity. 

The results of these studies have led to increasing debate in the field and the question of 

how CB glomus cells sense hypoxia remains enigmatic (Akada et al., 2008).  

One of the classic theories of acute oxygen sensing is the mitochondrial theory. In 

the early work describing the functional roles of CB, it was found that mitochondrial 

electron transport chain (ETC) inhibitors and uncouplers could stimulate CB activity and 

subsequent reflex ventilation (Buckler & Vaughan-Jones, 1998; Wyatt & Buckler, 2004; 

Donnelly & Carroll, 2005). However, this theory encounters several criticisms.  The 
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cytochrome c oxidase of mitochondrial ETC has a very high affinity for oxygen. Hence, 

the moderate level of hypoxia that activates CB does not perturb normal mitochondrial 

function. In addition, the ubiquitous presence of mitochondria makes them an unlikely 

candidate for such a specialized sensor. To explain the unique sensitivity of CB glomus 

cells, experiments have been performed to demonstrate unusual sensitivity to hypoxia in 

CB mitochondria (Mills & Jobsis, 1970; Duchen & Biscoe, 1992b, a; Streller et al., 2002; 

Buckler & Turner, 2013). However, molecular evidence supporting the presence of 

atypical mitochondria is not available.  

Using single-cell sequencing technology, we previously obtained the 

transcriptome profile of single CB glomus cells (chapter 2). This study revealed novel 

information on the genetic components of these sensory cells. Interestingly, an atypical 

mitochondrial subunit Ndufa4l2 (NADH dehydrogenase (ubiquinone) 1 alpha 

subcomplex subunit 4-like 2) was one of the most highly abundant transcripts in CB 

glomus cells. When compared with 17 other mouse tissues, it was also highly ranked in 

the list of differentially expressed CB glomus cell genes. Ndufa4l2 is an unusual 

mitochondrial subunit in that it is not a normal constituent of mitochondria and is 

scarcely found in limited cells or tissues. This mitochondrial protein is also unique as it 

is capable of minimizing mitochondrial oxygen consumption when induced by long-

term hypoxia (hours to days) (Tello et al., 2011). These features of Ndufa4l2 prompted us 
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to explore the possibility of Ndufa4l2 acting as part of the CB oxygen-sensing 

machinery.  

In this chapter, we first investigated the function of Ndufa4l2 using Ndufa4l2 

global knockout mice. This led to an unexpected discovery that Ndufa4l2 is essential to 

the establishment of regular rhythmic breathing in the newborns. To circumvent the 

neonatal lethality phenotype, we engineered Olfr78-CreER, a novel tamoxifen-

dependent Cre line that is specific for the CB glomus cells. Using this Cre driver, we 

demonstrated efficient deletion of Ndufa4l2 specifically in postnatal CB glomus cells as 

well as subsequent occurrences of a defective hypoxic ventilatory response and a 

decreased baseline eupneic ventilation. We further supported the phenotypes with 

cellular evidence of defective calcium response to hypoxia in CB glomus cells of the 

Ndufa4l2 conditional knockout (Ndufa4l2 CKO) mice. Together, we provide evidence 

that Ndufa4l2 is critical for respiration control at different developmental stages and 

environmental conditions. 

3.2 Results 

Ndufa4l2 deficiency results in neonatal lethality 

To examine the functional significance of Ndufa4l2, we first obtained mice 

heterozygous for the Ndufa4l2 gene. Ndufa4l2+/- mice were recovered via in vitro 

fertilization of cryopreserved sperm carrying the Ndufa4l2tm1(KOMP)Vlcg mutant allele at the 

Duke Rodent Genetics Core. Ndufa4l2+/- mice were indistinguishable from wild-type 
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controls and maintained normal respiratory responses to both hypoxic and hypercapnia 

(Fig. 3-1). However, Ndufa4l2+/- intercrosses never produced viable Ndufa4l2-/- progeny. 

The ratio of homozygous offspring from six heterozygous intercrosses found on 

postnatal day 0 (P0) was lower than the normal Mendelian ratio (Table 3-1). These 

Ndufa4l2-/- pups were found dead or cannibalized. In order to examine if Nudfal42-/- 

mutants encountered embryonic lethality, we performed Caesarean-section (C-section) 

just prior to birth on embryonic day 18.5 (E18.5). Analysis of 13 such litters showed 

expected number of Ndufa4l2-/- embryos that was within the normal range of Mendelian 

ratio (Table 3-2). In sum, this evidence suggest that Ndufa4l2-/- pups were born but 

suffered from fatal neonatal defects. 
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Figure 3-0-1: Ndufa4l2+/- mice maintained normal ventilatory response to 
hypoxia and hypercapnia. 

Six-week-old Ndufa4l2+/- (n=5) mice ’s ventilatory responses were recorded and 
compared with wildtype littermates (n=4) using whole body plethysmography. A, the 
respiration rate and minute ventilation during air and 10% O2 hypoxia gas challenge. B, 
the respiration rate and minute ventilation during air and 5% CO2 hypercapnia gas 
challenge. (Two-way ANOVA followed by Sidak post-hoc test, NS, P > 0.05). 

 

Table 3-0-1: . Genotype distribution of P0 neonates from Ndufa4l2 
heterozygous intercrosses. Table showing the number and percentage of Ndufa4l2+/+, 
Ndufa4l2+/-, and Ndufa4l2-/-neonates from six heterozygous intercrosses on P0, including 
the numbers of dead and live pups. 

Age Genotype 
P0 +/+ +/-  -/- 

dead/alive 1/9 2/24 5/0 
Number 10 26 5 
% of total 24.4 63.4 12.2 
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Table 3-0-2: Genotype distribution of E18.5 embryos from Ndufa4l2 
heterozygous intercrosses. Table showing the number and percentage of Ndufa4l2+/+, 
Ndufa4l2+/-, and Ndufa4l2-/- embryos from 13 heterozygous intercrosses on E18.5. The 
percentage of each genotype did not differ from the expected Mendelian ratio (Chi-
square test, P=0.4602). 

Age Genotype 
E18.5 +/+ +/-  -/- 

Number 22 52 31 
% of total 21.0 49.5 29.5 

 

Ndufa4l2-/- mice do not establish regular breathing after birth 

To pinpoint the exact occurrence of neonatal lethality among Ndufa4l2-/- pups, 

we set up timed-pregnancies using Ndufa4l2+/- parents. On E18.5, the animals were 

carefully delivered by C-section. Immediately after birth, Ndufal42-/- mutants were 

viable and exhibited similar pink color as their control littermates, suggestive of 

sufficient placental oxygenation (Fig. 3-2A). Morphologically, Ndufa4l2-/- mutants were 

grossly similar to their wild-type or heterozygous littermates but some displayed a 

relatively smaller body size (Table 3-3 and Fig. 3-2B). When gently touched, Ndufa4l2-/- 

mutants showed voluntary movements of the limbs and trunk, an indicator that their 

neuro-muscular junctions may be intact. However, while other control littermates 

promptly initiated gasping-like breathing in the first five minutes after birth, the 

Ndufa4l2-/- mutants only made infrequent attempts. Following the initial gasping 

behavior, control littermates stabilized breathing by transitioning to rhythmic breathing 
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through the nose. Yet, Ndufa4l2-/- mutants continued to breathe through intermittent 

deep gasping. Due to the small size of newborn animals, their breathing cannot be 

detected by conventional whole body plethysmography. To analyze the breathing 

efforts of these E18.5 animals, the thoracic movements caused by expansion and 

contraction of the lungs were counted and used as an indirect indicator of breathing 

frequency. We recorded these numbers at approximately 15 minutes after C-section, a 

time when wild-types had established rhythmic breathing (Fig. 3-3). While both 

Ndufa4l2+/- and Ndufa4l2-/- mutants made fewer thoracic movements than the wild-

types, the latter’s was astonishingly low, averaging at two attempts per minute. As a 

result, Ndufa4l2-/- mutants were poorly oxygenated, soon became cyanotic (Fig. 3-2B) 

and died approximately one hour after birth (Fig. 3-4). 
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Figure 3-0-2: E18.5 Ndufa4l2-/- mutants were viable at birth but soon developed 
cyanosis. 

A, immediately after C-section, Ndufa4l2-/- mutants appeared pink and grossly 
similar to other wild-type or heterozygous littermates. White dashed line encircles the 
placenta. B, approximately 30 minutes after birth, E18.5 Ndufa4l2-/- mutants developed 
severe cyanosis while other littermates appeared red due to established regular 
breathing. Note that some E18.5 Ndufa4l2-/- mutants appeared smaller in size compared 
to other genotypes. 

 

Table 3-0-3: Average body weights of E18.5 embryos from seven Ndufa4l2 
heterozygous intercrosses. (On-way ANOVA, ***, p < 0.001). 

Age Genotype 
E18.5 +/+ +/-  -/- 

Number 13 20 19 
Weight (g) 1.139 1.096 0.994*** 
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Figure 3-0-3: Absence of frequent breathing in E18.5 Ndufa4l2-/- mutants.  

The numbers of thoracic movements at 15 minutes post C-section. (One-way 
ANOVA, ****, p < 0.0001). 
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Figure 3-0-4: . E18.5 Ndufa4l2-/- mutants died an hour after birth. 

The progeny of eight Ndufa4l2+/- intercrosses were delivered by C-section and 
closely monitored for over an hour. The percentages of alive and dead animals at an 
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hour after C-section are plotted according to genotypes. Dead animal was defined as 
unresponsive to tail pinches and no obvious breathing effort in the past ten minutes.  

 

Next, we examined the CB from Ndufa4l2-/- mutants. As expected, functional 

Ndufa4l2 protein was absent from the CB (Fig. 3-5). As shown, CB from the mutant 

animal was similar in size to the wild-type CB and expressed the canonical glomus cell 

marker tyrosine hydroxylase (Th). Hence, the ablation of Ndufa4l2 did not lead to 

obvious abnormal CB development and, therefore, an unlikely cause for the respiratory 

failure phenotype. The extremely small size of the newborn animals precluded us from 

functional studies of CB using calcium imaging or whole body plethysmography. 
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Figure 3-0-5: Ndufa4l2 was fully removed from E18.5 Ndufa4l2-/- CB while 
preserving normal histology. 

A, immunohistochemistry for Ndufa4l2 on sections from E18.5 wild-type (top) 
and Ndufa4l2-/- (bottom) CB. Phase contrast images of the same sections are shown to 
the right. B, Immunohistochemistry for Th on consecutive sections from the same CB 
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shown in A. In A and B, blue dashed line encircles CB, white dashed line marks the 
edges of superior cervical ganglion (SCG). Scale bar, 100 µm. 

 

The respiratory failure observed in Ndufa4l2-/- mutants prompted us to examine 

the lungs of these animals. As expected, the irregular breathing behavior resulted in 

mostly deflated lungs that sank in PBS (Fig. 3-6A, B). Otherwise, lungs from Ndufa4l2-/- 

mutants were histologically similar to the wild-types based on gross morphology and 

H&E staining of lung sections (Fig. 3-6, C-F). We also examined the possibility that 

functional expression of Ndufa4l2 in the lung contributed to the breathing phenotype. 

However, immunohistochemistry of wild-type lung sections showed that Ndufa4l2 was 

only faintly expressed and, therefore, unlikely the cause for the severe phenotype (Fig. 3-

6G).  
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Figure 3-0-6: Lungs from E18.5 Ndufa4l2-/- embryos were poorly ventilated. 

Compared to inflated and floated wild-type lungs (A), Ndufa4l2-/- lungs sank in 
PBS due to respiratory failure (B). The gross anatomy structure of lungs from wild-type 
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(C) and Ndufa4l2-/- animals (D). E and F, H&E staining, no major histology defect was 
revealed in Ndufa4l2-/- lung sections (performed by Safa Kaleem). G and H, 
immunohistochemistry for Ndufa4l2 in wild-type and Ndufa4l2-/- lung sections. Scale 
bar, 100 µm. 

Breathing is a fundamental process controlled by a complex circuit of brainstem 

neurons (Feldman et al., 2013). To examine the possibility that Ndufa4l2 is involved in 

the brainstem respiratory center, we probed for Ndufa4l2 expression at both the mRNA 

and protein levels in this region of the newborns. As shown, we were unable to detect 

Ndufa4l2 at the brainstem area. Hence, it is unlikely that Ndufa4l2 is part of the 

respiratory network that controls breathing (Fig. 3-7). 
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Figure 3-0-7: Ndufa4l2 was not detectable in the brainstem of wildtype 
neonates. 

A, in situ hybridization of consecutive coronal sections showing labeling of Th 
positive catecholaminergic neurons (left) and absence of Ndufa4l2 staining (right) in 
wild-type brainstem. B, in situ hybridization of the same probes showing expected 
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labeling of Th and Ndufa4l2 positive cells in the carotid body or superior cervical 
ganglion of a 3-week-old mouse. (A and B, performed by Safa Kaleem) C, phase contrast 
image of a wild-type neonate brainstem section and corresponding 
immunohistochemistry staining for Ndufa4l2. Scale bar, 100 µm. 

 

Aside from CB, the neonatal adrenal medulla also contains neuroendocrine cells 

that respond to acute hypoxia. There is increasing evidence demonstrating adrenal 

medulla uses an analogous mechanism as that of CB (Nurse et al., 2009; Fernandez-

Aguera et al., 2015). If Ndufa4l2 is part of the common oxygen sensing apparatus used 

by these chemoreceptors, it is likely to be also present in the newborn adrenal medulla. 

Indeed, we found high levels of Ndufa4l2 in E18.5 wild-type adrenal medulla (Fig. 3-8), 

suggesting a potential role in these oxygen-sensitive cells.  
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Figure 3-0-8: Ndufa4l2 was expressed in the adrenal medulla of E18.5 wild-
types. 

Immunohistochemistry showing Ndufa4l2 expression in E18.5 wild-type adrenal 
medulla (left) but not in that of Ndufa4l2-/- mutants (right). Scale bar, 100 µm. 
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Olfr78-CreER: a CB glomus cell-specific Cre driver  

To circumvent the neonatal lethality observed in the global Ndufa4l2 knockout 

mice, a tissue- and time-specific approach to study the effect of Ndufa4l2 deletion in 

postnatal CB glomus cells was necessary. We took advantage of our previously 

performed differential gene expression analysis between CB glomus cells and 17 other 

mouse tissues. The result from this analysis was used to select for a CB glomus cell 

marker to drive a tamoxifen-inducible form of Cre recombinase, CreERT2. Interestingly, 

the most highly over-represented gene in CB glomus cells was an olfactory receptor, 

Olfr78 (Fig. 3-9A). This olfactory receptor is mainly expressed in the nasal epithelium 

and in some small groups of cells outside of the acute oxygen-sensing circuit, such as the 

testes and some kidney vascular smooth muscle cells (Spehr et al., 2003; Pluznick et al., 

2013). Compared to other CB glomus cell genes, the relatively restricted expression 

pattern of Olfr78 makes it an excellent driver for targeted recombination in CB glomus 

cells.  

To faithfully mimic the expression pattern of Olfr78, an internal ribosome entry 

site (IRES) followed by an inducible Cre recombinase (CreERT2) cassette was inserted to 

the 3′UTR of the endogenous mouse Olfr78 locus via homologous recombination by 

researchers at the Neurotransgenic Laboratory at Duke University (Fig. 3-9B). After 

crossing the founding lines into the C57BL/6 background, we subsequently removed the 

Neo cassette by crossing the Olfr78-CreER mice with FLP deleter mice (Fig. 3-9C).  
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Figure 3-0-9: Generation of Olfr78-CreER mice. 

A, heat map showing the expression patterns of the most differentially expressed 
CB glomus cell genes, with Olfr78 ranked at the top. B, schematic diagram of the Olfr78-
CreER allele. IRES-CreER-Neo transgene was inserted immediately after the Olfr78 stop 
codon. C, Olfr78-CreER mice were crossed with FLP mice to remove the frt flanked Neo 
cassette.  

 

Next, we assayed the specificity and efficiency of our Olfr78-CreER lines by 

crossing to Rosa26-ChR2-EYFP reporter mice (Ai32) (Fig. 3-10A). Upon tamoxifen 

treatment, Cre recombinase translocated to the nucleus, where it removed the loxP-

flanked STOP cassette to permit the expression of ChR2-EYFP fusion protein. Mice 
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heterozygous for both transgenic alleles (Rosa26-ChR2-EYFPfl/+; Olfr78 Cre-ER+/- ) were 

administered tamoxifen or corn oil for five days. Seven days after tamoxifen treatment, 

carotid arteries containing CB tissues were analyzed for reporter expression. As shown, 

strong native YFP signal at the carotid artery bifurcations was detected only in mice 

given tamoxifen treatment (Fig. 3-10B), whereas spontaneous recombination was not 

detected in the nearby superior cervical ganglion (SCG) or in CB from mice receiving 

corn oil (Fig. 3-10C). Double immunohistochemistry of CB sections from mice given 

tamoxifen treatment further demonstrated co-localization between GFP-positive and 

Ndufa4l2-positive cells, suggesting Cre-mediated recombinations occurred in CB 

glomus cells only (Fig. 3-10C). These results demonstrate efficient temporal control of 

Olfr78 driven Cre-mediated recombinations in CB glomus cells. 
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Figure 3-0-10: Olfr78-CreER driven Rosa26-ChR2-EYFP reporter expression in 
CB glomus cells heterozygous for both transgenic alleles. 

A, schematic representation of tamoxifen-mediated Cre recombination removing 
the floxed Stop cassette before ChR2-EYFP fusion transgene. B, native YFP fluorescence 
was detected in CB of tamoxifen-treated mouse but not in the oil-treated control. C, 
phase contrast image and immunohistochemistry staining for YFP (via anti-GFP) and 
Ndufa4l2 of the same CB section from a tamoxifen-treated mouse. 

Postnatal deletion of Ndufa4l2 in CB glomus cells 

Having engineered an ideal CB glomus cell CreER driver line, we next aimed to 

ablate Ndufa4l2 in CB glomus cells in mice four weeks or older. Targeted ES cells 

harboring gene-trap Ndufa4l2 alleles with conditional potential were purchased from 

EUCOMM and subsequently used for blastocysts injection at Duke Transgenic Facility. 

Chimeric mice were bred with FLP deleter mice to remove the Neo cassette and before 
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crossing with the Olfr78 Cre-ER line (Fig. 3-11A). To ensure effective Ndufa4l2 protein 

deletion, we subjected the animals to ten days of tamoxifen injections and waited for at 

least eight days before analysis (Fig. 3-1 B).  

Ndufa4l2tm1a	
A	

2 31

Ndufa4l2		locus	

lacZ	 Neo	

Cross	with	FLP	deleter	mice	

2 31

Cross	with	Olfr78-CreER	
		

4 week old mice 75mg/kg tamoxifen 
injections for 10 days 

≥8 days Ndufa4l2 
conditional 
knockout 

Floxed	Ndufa4l2	

31

B	

 

Figure 3-0-11: Generation of Ndufa4l2 conditional knockout mice. 

A, schematic diagram showing the strategy for creating Ndufa4l2 conditional 
knockout mice. The frt-flanked knockout-first lacZ-tagged insertion was removed by 
FLP deleter mice, resulting in a loxp-flanked second exon of the Ndufa4l2 gene. B, 
tamoxifen dosing plan for conditionally deleting Ndufa4l2 in mice after weanling age. 
Four-week-old mice were subjected to ten days of tamoxifen injection (75mg/kg), and 
waited for at least additional eight days before analysis. 

 

To investigate if Cre-mediated recombinations occurred at the Ndufa4l2 locus, 

tissues containing CB were collected from Ndufa4l2 condition knockout mice 

(Ndufa4l2fl/fl; Olfr78-CreERCre/+, referred to as Ndufa4l2 CKO) given tamoxifen or corn oil 
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injections. Using a PCR-based strategy, we were able to amplify the smaller 

recombinated Ndufa4l2 sequence only in the CB from tamoxifen-treated mouse (Fig. 3-

12). As expected, due to the heterogeneous makeup of CB tissue, we inevitably were 

able to amplify the non-recombinated allele. 

ΔNdufa4l2	(452	bp)	

Flox	(1132	bp)	

+Tam	

2 31

31

 

Figure 3-0-12: PCR analysis of recombination status at the Ndufa4l2 locus. 

CB DNA from Ndufa4l2fl/fl; Olfr78-CreERCre/+ mice with or without tamoxifen 
injections were used as PCR templates. Primers spanning exon 2 of the Ndufa4l2 gene 
were used to amplify PCR products of different lengths (1132 bp or 452 bp).  

 

We further validated our Ndufa4l2 CKO by assaying Ndufa4l2 protein 

expression. Sex-matched Ndufa4l2 CKO and control littermates (Ndufa4l2fl/fl; Olfr78-

CreER+/+ or Ndufa4l2+/+; Olfr78-CreERCre/+) were used. 4-week-old mice were given ten 

days of tamoxifen injections, and sacrificed between 9 to 23 days after the last injection. 

As shown in Fig. 3-13A, Ndufa4l2 expression was dramatically reduced in Ndufa4l2 

CKO CB.  This was corroborated with statistically significant reduction of Ndufa4l2 

fluorescence signal in Ndufa4l2 CKO CB glomus cells compared to the controls (Fig 3-

13B).  
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Figure 3-0-13: Ndufa4l2 protein deletion in CB glomus cells. 

A, representative images of Ndufa4l2 immunohistochemistry of CB sections from 
tamoxifen-treated control and Ndufa4l2 CKO mice. Scale bar, 100 µm. B, quantification 
of mean Ndufa4l2 fluorescence intensity from tamoxifen-treated control and Ndufa4l2 
CKO CB sections. (Unpaired T-test, ****, P < 0.0001, 41 sections from 17 control CB, 28 
sections from 15 CKO CB.) 

 
Previously, we showed that global Ndufa4l2 deletion resulted in slightly smaller 

pups. Hence, we also compared the body weights of controls and Ndufa4l2 CKO at 

different time points.  Both before and after tamoxifen injections, Ndufa4l2 CKO and 

control animals were indistinguishable in appearance and weight (Table 3-4). 

 

Table 3-0-4: Average body weights of control and Ndufa4l2 CKO mice before 
and after tamoxifen injections. (Unpaired T-test, not significant.) 

Timepoint Control 
Ndufa4l2 

CKO 
Number 13 14 

Before tamoxifen 14.5 15.7 
After tamoxifen 17.3 18.5 
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Ndufa4l2 conditional knockout mice exhibit an defective hypoxic 
ventilatory response 

In response to hypoxia, the CB, along with other peripheral chemoreceptors, is 

activated, leading to reflex hyperventilation to adjust the blood oxygen level.  In order to 

investigate the systemic effect of Ndufa4l2 ablation in CB glomus cells, we challenged 

the animals with a short period of hypoxic gas while measuring their breathing in a non-

invasive manner. Under room air, Ndufa4l2 CKO breathed at a similar pace as the 

controls, but at a smaller volume as their average minute ventilation was significantly 

smaller than that of controls (Fig. 3-14A). In response to hypoxic gas (10% O2), both the 

respiration rate and minute ventilation of Ndufa4l2 CKO mice were significantly lower 

compared to controls. Strikingly, Ndufa4l2 CKO’s minute ventilation was not 

significantly different from the baseline ventilation of controls. Together, our results 

show that postnatal deletion of Ndufa4l2 in CB glomus cells not only undermines basal 

breathing but also greatly impairs the animals’ hypoxic ventilatory response. 

CB is  multi-modal chemosensory organ that is also capable of sensing rises in 

arterial CO2 level, or hypercapnia. To exclude the possibility of a general sensory defect 

due to Ndufa4l2 deletion, we also analyzed Ndufa4l2 CKO’s response to hypercapnia 

(Fig. 3-14B). Both controls and Ndufa4l2 CKO mice immediately increased their 

ventilation to a similar rate and volume, suggesting CO2 sensitivity was intact in the 

Ndufa4l2 CKO. Therefore, the ablation of Ndufa4l2 specifically targets the oxygen-

sensing circuit within CB glomus cells. 
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Figure 3-0-14: Ventilatory responses of tamoxifen-treated Ndufa4l2 CKO and 
control mice. 

Six- to eight-week-old Ndufa4l2 CKO (n=14) mice’s ventilatory responses were 
recorded and compared with control littermates (n=13) using whole body 
plethysmography. A, the respiration rate and minute ventilation during air and 10% O2 
hypoxia gas challenge. B, the respiration rate and minute ventilation during air and 5% 
CO2 hypercapnia gas challenge. (Two-way ANOVA followed by Sidak post-hoc test, *, P 
< 0.05, ***, P < 0.001).  

Normal CB glomus cell calcium response to hypoxia is lost in 
Ndufa4l2 conditional knockout mice 

While hypoxic ventilatory response is an indicator of CB function, there are also 

other peripheral chemoreceptors contributing to this end reflex response. To specifically 

analyze the effect of Ndufa4l2 deletion on CB glomus cells function, we performed 

calcium imaging to assess the sensory activity at the cellular level. We obtained Rosa26-

GCaMP6s mice (Ai96) that express genetically encoded calcium sensor GCaMP6s in Cre-
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expressing cells (Fig. 3-15A). By breeding with the Olfr78-CreER line, mice homozygous 

for Rosa-GCaMP6s expressed strong GCaMP6s signal in CB glomus cells (Fig. 3-15B), 

allowing us to directly assess calcium influx using whole mount CB. CB was subjected to 

a brief period of hypoxia solution perfusion followed by 30 mM KCl solution as a 

positive control stimulus. Glomus cell clusters that showed obvious responses to high-

potassium solution (ΔFpeak/F0  ≥ 20%) were analyzed (Fig. 3-15C). As shown in both time 

course traces and area under curve quantifications, hypoxia solution elicited robust 

calcium increases in CB glomus cells from control mice (GCaMP6sfl/fl; Olfr78-CreERCre/+), 

whereas they were greatly attenuated in those of Ndufa4l2 CKO mice (Ndufa4l2fl/fl; 

GCaMP6sfl/fl; Olfr78-CreERCre/+). At the same time, strong influx of calcium was observed 

after the application of 30 mM KCl, suggesting Ndufa4l2 deficient glomus cells 

maintained a normal transduction ability. This loss of normal CB glomus cell hypoxia 

sensitivity in Ndufa4l2 CKO mice is consistent with the impaired hypoxic ventilatory 

response, where robust ventilation increase was also abolished in the Ndufa4l2 CKO 

mice. Hence, these findings strongly support our hypothesis that Ndufa4l2 mediates CB 

glomus cells oxygen sensing. 
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Figure 3-0-15: GCaMP6s calcium imaging using whole mount CB from 
tamoxifen-treated Ndufa4l2 CKO and control mice. 

A, schematic representation of GCaMP6s expression upon tamoxifen injection of 
mice positive for Olfr78-CreER. B, representative images of Ndufa4l2 and GFP 
immunohistochemistry of CB sections from tamoxifen-treated mice homozygous for the 
floxed GCaMP6s allele. Scale bar, 100 µm. C, left: intracellular calcium transients to 
hypoxia and 30 mM KCl in glomus cells from tamoxifen-treated controls (41 glomus cell 
clusters) and Ndufa4l2 CKO (5 glomus cell clusters). Right: the calcium responses to 
hypoxia were quantified by integrating the area below the curve during the time of 
the stimulus. (Unpaired T-test, *, P < 0.05). 
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3.3 Discussion

Mitochondria have long been proposed as the site of oxygen sensing in CB 

glomus cells. Although several lines of evidence exist to suggest CB oxygen sensitivity 

relies on the presence of unique mitochondria (Mills & Jobsis, 1970; Duchen & Biscoe, 

1992a, b; Streller et al., 2002; Buckler & Turner, 2013), support for such theory at the 

molecular level has been missing. Here, using a combination of transgenic animals, we 

explored the functional significance of an atypical mitochondrial protein Ndufa4l2 

specifically and highly expressed in CB glomus cells. Our study suggests that Ndufa4l2 

is required for both the establishment of regular breathing after birth and CB oxygen-

sensing sensitivity, reflective of its selective expression in the major peripheral input to 

the respiratory center.  

Previous studies investigating candidate CB oxygen sensors mostly relied on 

whole genome global knockouts, resulting in two major issues. First, genome-wide 

ablation of several candidate oxygen sensing genes, such as Hif1α, Hif2α, Ndufs2, 

results in embryonic lethality, preventing functional evaluation of the null mutants 

(Peng et al., 2006; Peng et al., 2011; Platero-Luengo et al., 2014). Whereas in the case 

Ndufa4l2, homozygous null mutants survive embryonic stage but die neonatally, 

precluding sophisticated analysis of CB function. Second, gene expression in other 

tissues in addition to CB often complicates the final analysis of CB’s contribution to the 



 

 

109 

phenotype. Hence, one of the major contributions of our work is the generation of a 

conditional Cre line (Olfr78-CreER) that allows temporal- and tissue- specific gene 

modifications in CB glomus cells. Olfr78 was the top CB glomus cell marker from our 

comprehensive differential gene expression analysis. Compared to the Th-Cre line used 

in previous CB studies, Olfr78-CreER is superior in terms of its flexibility to induce 

recombination at a specific time point and its more restricted expression pattern. Th can 

be found in the central nervous system and the adrenal medulla, another oxygen 

sensitive tissue (Platero-Luengo et al., 2014). The accompanied deletion in these tissues 

may pose significant influence over the oxygen-sensing circuit. Olfactory receptors, on 

the other hand, are mainly expressed in the nasal epithelium and functions as an 

odorant sensor. Outside of the olfactory tissues, other than CB glomus cells, Olfr78 is 

detectable in several ganglia of the autonomic nervous system, the testes as well as small 

sets of vascular smooth muscle cells in tissues including the kidney, heart, diaphragm 

and skeletal muscle, tissues without a direct involvement in the oxygen-sensing circuit. 

Using this Olfr78-CreER line, we demonstrated targeted expression of reporter proteins 

(ChR2-EFYP, GCaMP6s) as well as removal of Ndufa4l2 protein in postnatal CB glomus 

cells, evident by immunohistochemistry and PCR-based evidence. 

In this chapter, we found that normal hypoxia sensitivity was lost at both the 

cellular and whole animal levels after Ndufa4l2 deletion in CB glomus cells. At the 

cellular level, we demonstrated a severely blunted calcium increase when CB glomus 
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cells were acutely exposed to hypoxia solution, suggesting the inherent oxygen sensing 

apparatus was disrupted in CB glomus cells due to lack of Ndufa4l2. Our GCaMP6s 

calcium imaging data likely reflected the genuine effect of Ndufal2 deficiency as the use 

of this genetically encoded sensor circumvented possible confounding factors of 

traditional calcium imaging. The harsh enzymatic and mechanical dissociation related to 

traditional calcium imaging often results in glomus cell damage and subsequent labile 

calcium response to hypoxia. Also, identification of dissociated glomus cells could be 

unpredictable and inaccurate. The weak calcium rise in Ndufa4l2 CKO CB glomus cells 

would suggest a reduced neurotransmitter release. Hence, a much-attenuated input will 

be delivered to the central nervous system. Indeed, complementing our cellular data, we 

showed that Ndufa4l2 CKO mice have severe defects in engaging reflex adaptation to 

brief hypoxia challenges. A major response elicited by activated CB is enhanced 

breathing under hypoxia condition. Without the impact of restraints and anesthetics, we 

showed that conditionally deleting Ndufa4l2 in CB glomus cells strongly impaired the 

animals’ ability to increase respiration rate and minute ventilation in freely-behaving 

mice. By contrast, Ndufa4l2 CKO mice had no apparent abnormalities in their 

ventilatory response to hypercapnia, indicating Ndufa4l2 was not involved in the CO2 

sensing networks in either the CB or the central chemoreceptors. Interestingly, Ndufa4l2 

CKO’s eupneic ventilation was also depressed compared to that of controls, as evident 

by a significant reduction in minute ventilation at baseline. This echoes with findings in 



 

 

111 

various mammalian species including humans that hypoventilation occurs after 

denervation, removal or inhibition of CB (Dripps & Comroe, 1947; Bisgard et al., 1976; 

Cao et al., 1993; Smith et al., 1995; Pan et al., 1998; Forster et al., 2000; Blain et al., 2009). 

Hence, conditionally deleting Ndufa4l2 in CB glomus cells also impaired CB’s role in 

sustaining normoxic eupneic breathing. The phenotypes we observed in this study were 

most likely the specific results of Ndufa4l2 reduction in CB glomus cells. Not only did 

we demonstrate a defective hypoxia-induced CB response at both the systemic and 

cellular levels, the relatively restricted expression patterns of both Olfr78 and Ndufa4l2 

make it even less likely for other cells or tissues to be responsible. Hence, it can be 

suggested that Ndufa4l2 is a critical component of the oxygen sensing circuit within CB 

glomus cells. 

Although Ndufa4l2 CKO breathed less under hypoxia, there was still a small 

increase compared to their baseline ventilation, which is also significantly lower than 

controls. There are several possible reasons that Ndufa4l2 deletion did not lead to a 

complete depletion of hypoxia-evoked hyperventilation. First, while CB is the primary 

oxygen sensor in the body, other peripheral chemoreceptors exist in the body and can 

contribute to the reflex response. The influence of these other chemoreceptors was 

shown to be particularly obvious after removing CB’s peripheral input to the CNS. It has 

been shown in multiple species, especially rodents, the aortic body is capable of gaining 

increased chemoreflex response to compensate for the loss of CB activity, which may 
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develop during the wait period after tamoxifen dosing in our experiment (Martin-Body 

et al., 1986; Forster et al., 2000; Serra et al., 2001).  Similarly, additional oxygen sensors 

may also exist in CB glomus cells. Based on the sigmoidal shape of the oxygen tension-

CB response curve, researchers have previously suggested there may be a redundancy 

in oxygen sensors to maintain sensitivity to different oxygen concentrations (Prabhakar, 

2006). This is consistent with the current trend that multiple genes have been shown to 

impact CB response to hypoxia (Peng et al., 2010; Chang et al., 2015; Fernandez-Aguera et 

al., 2015; Yuan et al., 2015). It is possible that multiple mitochondrial subunits contribute 

to the unique sensitivity of CB mitochondria. For example, another mitochondrial 

subunit Ndufs2 has been recently implicated in CB oxygen sensing (Chang et al., 2015). 

In line with this, we also found that another atypical mitochondrial subunit Cox4i2 

being highly over-represented in CB glomus cells. Interestingly, Cox4i2 is also an 

atypical nuclear-encoded mitochondrial gene that is expressed in limited tissues and 

localizes to the mitochondrial ETC oxygen reduction complex. Furthermore, while 

tamoxifen exposure led to dramatic reduction in Ndufa4l2 protein in CB glomus cells, 

we still observed some weak residual signals in some of the CB examined. This may be 

explained by a myriad of scenarios, such as inconsistent tamoxifen absorption through 

intraperitoneal injections, varied recombination efficiencies among cells, or extended 

Ndufa4l2 protein half-life.  



 

 

113 

How might Ndufa4l2 contribute to the oxygen sensing circuit within CB glomus 

cells? Previous studies on Ndufa4l2 suggest this nuclear-encoded mitochondrial gene is 

induced under extended hypoxia to reprogram mitochondrial ETC to a less efficient 

state (Tello et al., 2011). Ndufa4l2 induction leads to decreases in mitochondrial oxygen 

consumption, mitochondrial membrane potential and ROS production. Therefore, such 

attenuated mitochondria may have less affinity for oxygen and hence ultra sensitive to 

hypoxia compared to regular mitochondria. Furthermore, Ndufa4, the constitutively 

expressed isoform of Ndufa4l2, is recently regrouped as part of ETC Complex IV 

subunit (cytochrome c oxidase). It is tempting to speculate that Ndufa4l2 may be 

functionally active at the site of oxygen reduction to limit the electron flow rate to 

oxygen. CB glomus cells may overexpress the atypical mitochondrial subunit Ndufa4l2 

so that moderate hypoxia can easily trigger changes in mitochondrial functions. The 

ensuing fluctuations in mitochondrial membrane potential, NADH, ROS, AMP levels 

have been shown or implicated in signaling downstream ion channels to induce glomus 

cell depolarization (Wyatt et al., 2007; Gonzalez et al., 2010; Fernandez-Aguera et al., 

2015). Further analysis of the Ndufa4l2 null CB mitochondria will be required to resolve 

whether Ndufa4l2 provides the missing link between unusual mitochondria sensitivity 

and acute oxygen sensing. 

An unexpected finding from our studies is that Ndufa4l2 is essential to the 

establishment of regular breathing after birth. Breathing is a highly conserved and 
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fundamental process mediated by pattern-generating nuclei in the brainstem. This 

circuit cells even maintain their normal rhythmic firing even in cultured brainstem slices 

(Feldman et al., 2013). How may Ndufa4l2 deletion affect the impulse to breathe? The 

broad consensus suggests that the brainstem preBötzinger complex (preBötC) is the 

origin of respiration rhythm generation.  Perturbation of the PBC (preBötC) and other 

brainstem respiratory circuit neurons can lead to very similar phenotypes as seen in the 

Ndufa4l2 global knockout (Shirasawa et al., 2000; Blanchi et al., 2003; Arata et al., 2013). 

However, we did not detect Ndufa4l2 in the newborn brainstem and this was supported 

by gene expression patterns from the Allen Brain Atlas as well as the GenePaint 

database. Since brainstem respiratory center starts generating breathing rhythms around 

E14.5, any perturbation of the function or connectivity of the circuit components before 

this time point may as well lead to a defected rhythm generator. It is possible that 

Ndufa4l2 is expressed transiently in small sets of brainstem neurons earlier on during 

the embryonic stage, leading to the absence of regular breathing after birth. Given the 

defective CB functions seen in the Ndufa4l2 CKO, it is also possible that Ndufa4l2 global 

knockout mice failed to establish and maintain regular respiratory rhythm due to a lack 

of excitatory input from the CB. Although the current understanding of the respiratory 

network is still very limited, much work has been done to suggest the importance of 

peripheral chemoreceptors in stabilizing breathing, especially in the neonatal period 

when respiratory rhythm control may not be fully developed. As mentioned earlier, 
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eupneic ventilation was shown to decrease after CB denervation in adult animals, which 

was also observed in our Ndufa4l2 CKO mice. More importantly, CB denervation at the 

neonatal period has been demonstrated in various mammalian species to promote 

breathing instability, hypoventilation, apnea and even death (Bureau et al., 1985; 

Donnelly & Haddad, 1990; Cote et al., 1996; Forster et al., 2000; Serra et al., 2001). This 

was more prominent in less mature species such as rats (Hofer, 1984; Serra et al., 2001). 

Although controversial, hypoplasia and reduced function were also found in CB from 

some (SIDS) and congenital central hypoventilation syndrome (CCHS) patients (Cutz et 

al., 1997; Porzionato et al., 2013). It has also been demonstrated that CB raises its 

chemoafferent nerve activity two to five folds during the transition period between cord 

occlusion and the initiation of air breathing (Blanco et al., 1984). Hence, CB activation by 

severe hypoxia during cord occlusion at birth may serve as a vital signal to stimulate the 

brainstem respiratory center to maintain rhythmic breathing. Such information is 

relayed to the brainstem retrotrapezoid nucleus (RTN), where neurons make synaptic 

contact with the pacemaker neurons in the preBötC. While the preBötC is essential to the 

generation of respiratory rhythm, recent work has also demonstrated without proper 

connection with the RTN, mice can also develop respiratory failure and die an hour after 

birth (Huang et al., 2012). This may indicate that peripheral input may participate in the 

generation of respiratory rhythm generation in the neonatal period.  
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However, it is also very likely that Ndufa4l2 in other tissues contributed to the 

neonatal lethality. We also found Ndufa4l2 expression in the oxygen-sensitive newborn 

adrenal medulla. It is possible that Ndufa4l2 is also part of the oxygen-sensing network 

that mediates catecholamine release from adrenal medulla under hypoxia, which has 

been suggested to be essential to multiple events required for transitioning to air 

breathing (Slotkin & Seidler, 1988). Also, the fact that some Ndufa4l2 null mutants 

displayed a smaller body size may indicate a fundamental role in development. Hence, 

future work including more detailed characterization of other potential Ndufa4l2 

positive tissues may help distinguish these different possibilities. 

3.4 Future directions 

Ablating Ndufa4l2 in CB glomus cells during the embryonic stage 

To investigate if functional Ndufa4l2 in CB glomus cells is required for the 

establishment of regular breathing after birth. We intend to conditionally delete 

Ndufa4l2 in CB glomus cells by using Wnt1-Cre mice, which constitutively express Cre 

recombinase in neural crest-derived cells including the CB glomus cells (Kameda et al., 

2012). Even if this hypothesis failed, this experiment would also allow us to probe the 

importance of Ndufa4l2 in shaping CB hypoxia sensitivity, as we can measure CB 

response at various stages of development. It is possible that an earlier deletion of 

Ndufa4l2 will result in a more severe phenotype as CB glomus cells adjust its sensitivity 

to oxygen after postnatal exposure to increased oxygen tension (Carroll & Kim, 2005). 
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Hence, removing a key oxygen-sensing component from these cells may influence their 

ability to develop an enhanced hypoxia sensitivity. 

Compare mitochondrial sensitivity to moderate hypoxia between 
wild-type and Ndufa4l2 mutant CB glomus cells 

To better understand the mechanism of Ndufa4l2 in mediating CB oxygen 

sensing, we intend to perform assays to compare mitochondrial functions under 

hypoxia. Normal mitochondrial function is not affected by moderate hypoxia, whereas 

CB mitochondria are. To investigate if Ndufa4l2 expression in CB mediates this unique 

sensitive to hypoxia, we will acutely expose dissociated CB glomus cells to hypoxia 

solution and simultaneously monitor mitochondrial NADH fluorescence and 

mitochondrial membrane potential changes. If changes occur only in the wild-type but 

not the Ndufa4l2 null glomus cells, this will provide mechanistic evidence of how 

Ndufa4l2 contribute to CB oxygen sensing. 
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4. Materials and methods 

4.1 Animal experiments 

4.1.1 Animals 

All experiments involving animals were carried out in accordance with the 

Institutional Animal Care & Use Committee of Duke University Medical Center, 

Durham, NC, USA. Adult C57BL6/J (000664), SPRET/EiJ (001146), CASTS/EiJ (000928), 

and Olfr78tm1Mom/MomJ (006722), Ai32 (Rosa26-ChR2-EYFP, 012569), Ai96 (Rosa26-

GCaMP6s, 024106), FlP (012930) mice were obtained from the Jackson Laboratory (Bar 

Harbor, ME, USA). Olfr78tm1Mom/MomJ mice were maintained in the C57BL6/J background 

(backcrossed for more than five times). 

Olfr78+/- mice were recovered via in vitro fertilization of cryopreserved sperm 

carrying the Olfr78tm1Lex mutant allele at the Duke Rodent Genetics Core. Olfr78tm1Lex 

mutant sperms were purchased from Lexicon (UNQ3966). Heterozygous progenies were 

maintained in the C57BL6/J background (backcrossed for more than 10 times). 

To generate Olfr78-CreER mice, targeting vector containing an internal ribosome 

entry site (IRES) followed by an inducible Cre recombinase (CreERT2) cassette following 

the coding sequence of the mouse Olfr78 gene was generated via BAC recombineering 

technology at the Neurotransgenic Laboratory at Duke University (see appendix B for 

the insertion sequence). ES cells expressing the targeting vector were microinjected into 

blastocysts and later transferred into pseudopregnanet females to generate chimeric 
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offspring. Two 100% chimeric mice were crossed into the C57BL/6 background. The Neo 

cassette was later removed by crossing the Olfr78-CreER mice with FLP deleter mice. 

Targeted ES cells harboring gene-trap Ndufa4l2 alleles with conditional potential 

were purchased from EUCOMM (IKMC project #117964), and subsequently used for 

blastocysts injections at Duke Transgenic Facility. Chimeric mice were bred with FLP 

deleter mice to remove the Neo cassette and before crossing with Olfr78 Cre-ER line 

4.1.2 Animal euthanasia 

Adult mice were euthanized using CO2 followed by decapitation according to 

the approved animal protocol. Cervical dislocation followed by decapitation was only 

used for pregnant females. Mice pups were anesthetized by hypothermia on ice for 10 

minutes followed by immediate decapitation and tissue collection. 

4.1.4 CB Dissection 

CB is enclosed in connective tissues attached to the superior cervical ganglion at 

the bifurcation of the carotid artery in the neck, usually more closely approximated to 

the dorsal side of the internal carotid artery. The entire carotid bifurcation was removed, 

along with the sympathetic ganglion and transferred to ice-cold PBS equilibriated with 

100% O2. From the dorsal side, fats and small ganglia were carefully removed. The 

sympathetic ganglion was carefully pulled off from the bifurcation before locating CB.  
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4.1.4 C-section for collecting E18.5 embryos 

 Plugs were checked daily in the morning. Removed females from males once 

plug was found. E0.5 refers to the noon on the day of plug appearance. On E18.5, the 

pregnant female was sacrificed by cervical dislocation followed by decapitation. The 

abdomen was cut open to reveal the uterus. The uterus was carefully removed by 

cutting at the oviducts and the cervix, and by tearing away the attached membranes. The 

pups were gently removed out of the uterine tube using blunt forceps. The membranes 

that surrounded the pups were carefully dissected away and the umbilical cord was cut 

afterward. Fluid from the area of the nose and the mouth was wiped away. Pups were 

placed on a prewarmed damp tissue mat, and kept warm under a high-watt lamp 

(around 30°C). 

4.1.5 Whole body plethysmography 

Calibrate the chamber by quickly injecting 100uL air into the sealed whole body 

plethysmography test chamber (Buxco). After calibration, an unrestrained, 

unanaesthetized mouse was placed in the test chamber under a constant flow of air (~1.5 

L/min) for more than 45 minutes or until the mouse had acclimated. After 10 minutes of 

baseline breathing (air), the animal was subjected to 10 minutes of hypoxia gas (10% O2 

balance with N2) and 10 minutes of hypercapnia gas (5% CO2 balance with air), with 10 

minutes of air recovery after each stimulus. Ventilatory parameters were collected and 

calculated by the FinePointe software (Buxco), and animal movements were recorded by 
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videotaping. All data points from each 10-minute challenge were used for analysis, 

except for periods containing movements or apneas identified by the video recordings. 

For Olfr78 knockout and wild-type littermates, a similar protocol was followed except 

that each gas challenge lasted five minutes with a five-minute air recovery in between 

hypoxic and hypercapnia gasses. Video recording was not available for these mice. 

Hence, all data points of non-disturbed breathing traces from each five-minute challenge 

were used for analysis. 

4.1.6 Intraperitoneal injections of tamoxifen  

Tamoxifen (Sigma-Aldrich, T5648) was dissolved in corn oil containing 5% 

ethanol. Four-week-old mice were subjected to 10 days of intraperitoneal injection at a 

dose of 75 mg/kg using 20 mg/ml tamoxifen. Mice were given at least 8 days before use 

for further experiments. 

4.2 Histology and staining 

4.2.1 Cryosectioning 

Freshly dissected tissues were snap frozen in Trek O.C.T compound in liquid 

nitrogen and stored at -80°C. Frozen tissues were then sectioned into 16 µm sections 

using a cryostat (Leica) and mounted on Superfrost Plus slides (VWR). The slides were 

allowed to dry before storing at -80°C. 
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4.2.2 In situ hybridization 

16 µm frozen tissue sections were fixed in 4% PFA for 15 minutes. The slides 

were washed with PBS, followed by an acetylation step with acetic anhydride in 

triethanolamine solution. Next, the slides were washed with PBS and then incubated 

with hybridization buffer for at least one hour at 58°C to prevent nonspecific binding. 

Following prehybridization, hybridization buffer containing DIG-labeled antisense RNA 

probes was added to each slide and allowed to incubate at 58°C overnight. DIG-labeled 

antisense RNA probes were generated from cDNA fragments using the DIG RNA 

labeling mix (Roche) and T3 RNA polymerase (Promega). After multiple washes in SSC, 

the slides were incubated in 0.5% Blocking Reagent (Roche) in PBS for at least 30 

minutes before incubation in 1:5000 anti-DIG-AP antibody in blocking solution. The 

slides were washed with PBS before an overnight incubation in NBT/BCIP that helped 

visualize the hybridized mRNAs. The slides were subsequently mounted with Mowiol. 

Digital images of the CB regions were obtained with a QImaging camera on a Zeiss 

inverted microscope and analyzed using ImageJ.  

4.2.3 Immunohistochemistry 

16 µm frozen tissue sections were fixed in 4% PFA for 15 minutes and 

permeabilized for one minute in 0.5% Triton X-PBS. Briefly after PBS rinses, the slides 

were blocked with 5% skim milk in 0.1% Triton X-PBS for at least 30 minutes. 

Afterward, primary antibodies diluted in the same blocking solution were added onto 
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the slides for an overnight incubation at 4°C.  Following multiple PBS washes, the slides 

were incubated with the appropriate secondary antibody along with nuclear Hoechst 

stain (bisBenzimide, B2883). The slides were washed and mounted with Mowiol. Digital 

images of the CB regions were obtained with a QImaging camera on a Zeiss inverted 

microscope. Rabbit anti-Th (AB152, Millipore), 1:1000; Rabbit anti-Ndufa4l2 (16480-1-

AP, Proteintech), 1:1000; Rabbit anti-Syp (SAB4502906, Sigma-Aldrich), 1;100,; Goat anti-

Gnas (SAB2501411, Sigma-Aldrich), 1:100; Goat anti-GFP, 1:100; Donkey anti-rabbit Cy3 

(Jackson ImmunoResearch), 1:200; Donkey anti-goat Cy3 (Jackson ImmunoResearch), 

1:100. 

4.2.4 LacZ staining 

Freshly dissected carotid artery bifurcations containing the CB from 

heterozygous Olfr78tm1Mom/MomJ mice were fixed in 4% PFA for 15 minutes followed 

by three 5-minute PBS wash. The tissues were then incubated in X-gal Reaction Buffer 

(Zymo Research) for 3 hours at 37°C and washed with PBS before viewing under bright 

field optics.  

10 mL X-gal Reaction Buffer 

0.5mL potassium ferricyanide (100mM) 

0.5mL potassium ferrocyanide (100mM) 

20uL MgCl2 (1M) 

20uL NP-40 (10%) 
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600uL TritonX (5%) 

7.9mL dW 

0.5mL X-Gal  

4.2.5 H & E staining 

Frozen sections were fixed in 4% PFA for five minutes followed by dW rinses. 

The slides were stained with Harris Hematoxylin for two minutes and allowed to rinse 

under tap water until clear (~ 2 minutes). After a two-minute incubation in 

differentiation solution (0.3% acid alcohol), the slides were transferred to bluing solution 

(0.1% sodium bicarbonate) for two minutes. After washing off extra dye in running 

water, the slides were dipped in 80% ethanol for another two minutes. The slides were 

further stained with Eosin Y for two minutes and rinsed with 80% ethanol. The slides 

were mounted with Vectashield and sealed with clear nail polish. 

4.3 Cellular experiments 

4.3.1 OR ligand screening 

Cell culture 

HEK293T cells were maintained in minimal essential medium (Sigma) containing 

10% fetal bovine serum (Sigma) with 500µg/mL Penicillin-Streptomycin (Gibco), and 

6µg/mL Amphotericin B (Sigma). Cells are incubated in 5% CO2 at 37°C. 
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Transfection 

HEK293T cells were plated in 96-well plates (ThermoScientific) to reach 50% 

confluence before transfection. HEK293T cells were transfected with 5 ng/well of pRL-

SV40, 10 ng/well of luciferase driven by a cAMP-response element, and 5 ng/well of 

plasmids encoding FLAG-tagged Olfr78. Cells were then maintained in medium without 

antibiotics for between 17 to 24 hours before odor stimulation. 

Odor stimulation 

1 M odorant stocks were diluted in DMSO. Transfection medium was removed 

and replaced with CD293 medium (Gibco) containing the appropriate concentration of 

odorants diluted from the 1 M stocks. The cells were allowed to incubate for four hours 

before luciferase measurement. 

Luciferase assay 

Four hours after the odor stimulation, luminescence was measured using a 

Polarstar Optima plate reader (BMG). All luciferase luminescence values were divided 

by the Renilla luciferase values to obtain normalized responses and control for 

transfection efficiency.  

Screening procedure 

The olfactory receptor Olfr78 was screened against 345 odorants at 300 µM in 

duplicates. The top 20 odorant-receptor pairs were ranked by their Luc/RL ratios (the 

cAMP driven luciferase value divided by the Renilla luciferase value). A secondary 
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screening was performed where Olfr78 was tested against a no-odor control as well as 3 

µM, 30 µM and 300 µM of each of the 20 agonists identified in the primary screening. 

Each comparison was performed in triplicates. The final dose-response curves were 

generated for sodium acetate (pH 7.4) and acetic acid against ten concentrations in 

quadruplicates. 

4.3.2 Calcium imaging 

For each mouse, two carotid arteries each containing a CB were dissected for 

analysis. After removing the superior cervical ganglion in ice-cold PBS equilibrated with 

100% O2, one CB was immediately imaged while the other CB was placed in minimal 

essential medium (Sigma) containing 10% fetal bovine serum (Sigma) in 5% CO2 at 37°C 

for up to an hour before imaging. 

The carotid artery containing the CB was placed on a poly-L-Lysine coated glass-

bottom dish and secured under a small piece of nylon mesh. The CB was constantly 

under perfusion solution and imaged consecutively in three-second intervals using a 

Zeiss AxioObserver 1.0 inverted microscope. Perfusion solutions contained (in mM): 

NaCl, 115; KCl, 5; CaCl2, 2, MgCl2, 1; NaHCO3, 24; glucose, 5. Normoxic solutions were 

equilibrated with 5% CO2 balance with air and hypoxic solutions were equilibrated with 

5% CO2 balance with N2. High-potassium solution was equilibrated with 5% CO2 

balance with air and contained (in mM): NaCl, 90; KCl, 30; CaCl2, 2, MgCl2, 1; NaHCO3, 

24; glucose, 5. 
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Regions containing GFP-positive glomus cell or cell clusters (2 to 3 cells) were 

selected and those that showed obvious responses (ΔFpeak/F0  ≥ 20%) to 30 mM KCl 

solution were used for analysis, where F0 is the average fluorescence intensity of four 

frames before stimulus onset. To quantify calcium responses, the area below the curve 

during the time of the stimulus was integrated. All data analysis was done with ImageJ, 

MetaFluor, Microsoft Excel and Prism. 

4.4 Molecular biology experiments 

4.4.1 Single-cell RNA-Seq 

Dissociation of single cells 

The carotid artery bifurcations were quickly dissected out from anesthetized 

mice and kept in ice-cold PBS. The superior cervical ganglion was carefully removed 

from the bifurcation, and the CB was gently teased free from the surrounding tissue in 

the bifurcation. The CB was later transferred to enzyme digestion solution containing 

0.1% trypsin and 0.1% collagenase in PBS. The tissue was digested for 15 minutes on a 

37°C shaker at 60 rpm. MEM (Gibco) medium containing 10% FBS was quickly added to 

stop the enzyme reaction. The CB were gently triturated using a heat-polished Pasteur 

pipette previously coated with 0.1% BSA-PBS. The cells were then centrifuged at 1000 

rpm for 5 minutes and resuspended in 0.1% BSA-PBS. The cells were subsequently 

placed in a 60 mm petri dish containing 0.1% BSA-PBS for observation. A single cell was 

picked with a micro-capillary and placed in another petri dish with 0.1% BSA-PBS to 
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confirm that only one cell was picked. Once confirmed, the cell was picked again and 

seeded into a PCR tube containing ice-cold cell lysis mix. For each isolation experiment, 

19 or 39 cells were picked. For OSN or VSN dissociation, a similar protocol was used 

except that the enzyme digestion solution contained a final concentration of 0.1% 

collagenase and 0.2% dispase. 

RT-PCR 

For each single-cell RT-PCR experiment, 20 PCR tubes with ice-cold cell lysis mix 

containing PCR buffer (Roche), NP-40 (Roche), MgCl2 (Roche), DTT (Invitrogen), RNase 

inhibitors mix (Qiagen RNase inhibitor and Promega RNasin), Anchor T primers (IDT) 

and dNTPs (Takara) were prepared. Cells were heated to 65°C for 1 minute to promote 

unfolding of RNAs and quickly chilled on ice afterwards. Then RT mix containing 

Superscript II (Invitrogen), RNase inhibitors mix (Qiagen RNase inhibitor and Promega 

RNasin), and T4 gene 32 (Roche) was added. For each round of experiment, two 

negative controls were included: one without any cell, and one without any reverse 

transcriptase. The RNAs were then incubated at 37°C for 10 minutes to generate cDNAs. 

The cDNAs were then treated with Exonuclease I (NEB) to remove redundant primers 

and further incubated with TdT (Roche) and RnaseH (Roche) for the addition of poly(A) 

tails. For the final PCR step, the RT tailed products were amplified with Anchor T 

primers and subsequently run in agarose gels to check for appropriate DNA products.  
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Marker genes analysis 

Each single cell-derived cDNA was diluted and used as a template for PCR 

amplification of published CB glomus cell markers, i.e. tyrosine hydroxylase (Th), 

ubiquitin carboxy-terminal hydrolase L1 (Uchl1, also known as PGP9.5), potassium 

channel subfamily K member 3 (Kcnk3, also known as TASK1). Single cells capable of 

amplifying all these marker genes were considered candidate CB glomus cells. The 

remaining RT tailed products from the candidate cell were used to generate additional 

cDNAs according to the protocol described above. For the identification of candidate 

OSNs or VSNs, a similar protocol was used except for the marker genes amplified. OSN 

markers include the olfactory marker protein (Omp); guanine nucleotide binding 

protein, alpha stimulating, olfactory type (Gnal); cyclic nucleotide gated channel alpha 2 

(Cnga2); and adenylate cyclase type 3 (Adcy3). VSN markers include guanine nucleotide 

binding protein, alpha O (Gnao1); guanine nucleotide binding protein, alpha inhibiting 2 

(Gnai2); olfactory marker protein (Omp); transient receptor potential cation channel 

subfamily C member 2 (Trpc2); calreticulin 4 (Calr4); and beta-2 microglobulin (B2m). 

Illumina sequencing library preparation 

We selected the amplified cDNAs of eight candidate CB glomus cells, two 

candidate OSNs and two candidate VSNs for the construction of Illumina sequencing 

libraries. For glomus cell 1, the cDNAs were gel-purified and sheared using the Covaris 

S220 Focused-ultrasonicator. DNAs in the 150-300bp ranges were purified and Illumina 
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sequencing adaptors were added following the manufacturer’s protocol. The library was 

then subjected to 36-bp single-end sequencing on the Illumina GA2000 system. For the 

remaining samples, the cDNAs were gel-purified or bead-purified (Agencourt AMPure 

XP) and tagmentated using the Nextera DNA sample preparation kits (Illumina) 

according to the manufacturer’s protocol. The libraries were then multiplexed and 

sequenced using the Illumina HiSeq system with a 50-bp length.  

4.4.2 Cloning 

52 genes detected in the single CB glomus cell RNA-Seq were cloned using 

Phusion polymerase (Finnzymes). Approximately 400 bp sequences in the 3’UTR or the 

open reading frame were amplified from the cDNAs of C57BL/6 mice CB and brain. For 

olfactory receptor Olfr78 and Olfr558, the entire open reading frame was amplified. The 

sequences were subcloned into pCI expression vectors (Promega E1731). 

4.4.3 RNA probe synthesis 

The target template was amplified by PCR and column-purified. The purified 

PCR product was used for RNA synthesis using DIG labeling mix (Roche) and T3 RNA 

polymerase (Promega). The probes were then subjected to alkaline hydrolysis and 

column purification (Micro Bio-Spin 30, Bio-Rad). 

4.4.4 Sequencing 

Cloned DNA sequences were verified by Sanger sequencing (3100 or 3730 

Genetic Analyzer, Applied Biosystems). 
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4.4.5 Genotyping 

Toe or tail clips were obtained from P7 pups and subjected to proteinase K 

digestion overnight followed by heat-inactivation. The DNA was diluted and used as 

template for genotyping PCR. The thermocycler conditions are as followed. 

95˚C        15m 

95˚C         30s 

55˚C         30s 

72˚C         30s  for 35 cycles 

72˚C        10m 

Primers used for genotying PCR are as follows 

Olfr78 
mutant 

Wild-type F TACCACTAAGTTCCAGGGGACT 
509 bp R TTGTTGAGGACAGCAGCGTGAC 

    Mutant F TACCACTAAGTTCCAGGGGACT 
349 bp R CCTAGGAATGCTCGTCAAGA  

Olfr78-
GFP 

mutant 

Wild-type F GATACACATAAGCCTTCCTG 
670 bp R CTCATTGGTCTGTCAGTGG 

 
  

 
Mutant F GATACACATAAGCCTTCCTG 
670 bp R TGGAGCCCGTCAGTATCGGC 

Ndufa4l2 
mutant 

Wild-type F GTACTCAATGTCCCTGCAACC 
85bp R TGAAACCTACAGCCACATCCTC 

  
 

 
Mutant F GGTAAACTGGCTCGGATTAGGG 
210 bp R TTGACTGTAGCGGCTGATGTTG 

Olf78- Wild-type F GTTTTGGAAACAGCCTGGAT 
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CreER 396 bp R CAGTGGGTCTCATTTTACAGCA 

  
 

 
Mutant F GTGCAAGCTGAACAACAGGA 
219 bp R CCAGCATCCACATTCTCCTT 

Floxed 
ChR2-
EYFP 

Wild-type F AAGGGAGCTGCAGTGGAGTA 
297 bp R CCGAAAATCTGTGGGAAGTC 

  
 

 
Mutant F ACATGGTCCTGCTGGAGTTC 

253 R GGCATTAAAGCAGCGTATCC 

Floxed 
GGCaMP

6s 

Wild-type F AAGGGAGCTGCAGTGGAGTA 
297 bp R CCGAAAATCTGTGGGAAGTC 

  
 

 
Mutant F ACGAGTCGGATCTCCCTTTG 
509 bp R CCGAAAATCTGTGGGAAGTC 

Floxed 
Ndufa4l2 

Wild-type F CCGGCAGATAAAAAGACACC 
415 bp R CAAGCAGATGAAGCCAATCA 

  
 

 
Mutant F CCGGCAGATAAAAAGACACC 

462 R CCCTTCAGTCTTCCTGTCCA 

    After 
recombination 

F 
CCGGCAGATAAAAAGACACC 

452 bp R GCAGGACACAAAGTCCCAGT 
 

4.5 Bioinformatics and statistics 

4.5.1 Transcriptome analysis 

FASTQ files from the sequencing runs were aligned to the mouse reference 

genome (mm10) using Bowtie –m 1 option to obtain uniquely mapped reads. Output 

SAM-files were summarized and subjected to gene annotation by ANNOVAR software 
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(Wang et al., 2010). Reads aligned to exonic regions of the RefGene were counted and 

the relative gene expression levels were summarized as RPM values (the number of 

reads mapped to each gene per million of total mapped reads). As reverse transcription 

was limited to ten minutes, the sizes of cDNAs were similar, around 0.5 to 1.5 kb in 

length. Hence, transcript lengths were not considered in the normalization. Genes with 

multiple transcript variants were combined into one count. The expression profiles of 

CB glomus cells were submitted to NCBI Gene Expression Omnibus (GEO) database 

(GEO ID: GSE76579). 

Pearson correlation coefficients between different RNA-Seq experiments were 

computed using relative expression levels (RPM) in Stata and GraphdPad Prism 6. To 

calculate correlation coefficients between RNA-Seq data and microarray data, relative 

rankings based on gene expression levels were compared. Principal component analysis 

was performed after normalizing the read counts from all expressed genes across 12 

single cells by the DESeq package (Anders & Huber, 2010). For the differential 

expression analysis, we compared CB glomus cells with 17 non-CB tissues using the 

edgeR package (Robinson & Smyth, 2008; Robinson et al., 2010). Non-CB tissues 

included our OSN and VSN RNA-Seq data, as well as 15 other mouse tissues 

downloaded from GSE29184 (Shen et al., 2012). The raw sequences from different tissue 

RNA-Seq were processed through the same pipeline used for the single-cell data to 

obtain read counts. By using the default edgeR setting, we used the read counts and 
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treated them as two groups, CB and non-CB group, as our single factor for the program 

to apply model-based normalization. In this case, quantile-adjusted conditional 

maximum likelihood (qCML) method calculated the likelihood by conditioning on the 

total counts for each gene and used pseudo counts after adjusting the library sizes. The 

pseudo counts could be viewed as normalized counts. Overall, to search for the CB-

specific genes, we were only concerned with the differential expression between groups 

rather than the quantification of gene expression; therefore, no additional normalization 

was applied to both single-cell and tissue data. CB-specific genes were defined as having 

p-values below 0.01 after correcting for false discovery rates. To generate heat maps for 

the top differentially expressed genes, relative rankings based on gene expression levels 

were calculated for all expressed genes in each tissue. The most weakly expressed gene 

is ranked at 100% along with other non-expressed genes.  

4.5.2 Data analysis for Olfr78 screening 

    For the primary screening for Olfr78 ligands, z-score was used to rank odor-

receptor pairs. For the secondary screening for Olfr78, two-sided student t-test was used 

to compare stimulated wells and no odor control wells in triplicates. For ligands with p-

values below 0.05, dose response curves were generated. The dose response curves 

report mean ± s.e.m, from quadruplicates. The data was fitted with a three-parameter 

logistic model. Data were analyzed with Microsoft Excel and GraphPad Prism 6. 
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4.5.3 General statistical tests 

Data analysis and statistical tests were performed using Microsoft Excel, Stata, 

and Prism. Prism was used to fit dose–response curves and to calculate EC50 values. All 

data are biological replicates, and quantitative data with error bars are presented as 

mean ± s.e.m. Data with two groups were analyzed with two-sided student T-tests. Data 

with multiple groups were analyzed with two-way ANOVA tests followed with Sidak 

post-hoc test.  
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Appendix A 

Odors screened against Olfr78 

Phenylethanol Butyl formate 
Anisole (Methoxybenzene, Methyl phenyl 
ether) Ionone;  beta-Ionone  
Isobutylamine Quinoline (1-Benzazine;  2,3-Benzopyridine)  
citronellol 2,3-Hexanedione 
Isovaleric acid 1,1-Dimethoxyoctane 
Nonanoic acid Citral 
Octanal Butyric acid 
Pyridine Anisaldehyde 
2,5-dihydro-2,4,5-trimethylthiazoline (TMT) Methyl eugenol 
2,3-Diethylpyrazine  amylbutyrate 
(+)-Dihydrocarvone Allylbenzene 
L-Carvone (-)-carvone, R-carvone, Spearmint w-Pentadecalactone 
1-Hexanol beta-Damascone 
Geraniol Acetophenone-d8 
Cyclohexanone 3,4-Hexanedione 
Octanoic Acid Methyl sulfone 
Amyl hexanoate 2-ethoxythiazole 
4-Hydroxycoumarin 2,4-Dinitrotoluene 
2-Methyl-1-propanethiol 2-Hexanone 
trans-2-Methyl-2-butenal (2MB) (S)-(+)-2-Heptanol 
1-Nonanethiol  Ethyl butyrate 
Octyl octanoate Phenetole 
(-)-b-Citronellol Butyl heptanoate 
2-Butanone Heptyl isobutyrate 
ethylamylketone (3-Octanone) p-Tolyl phenylacetate 
1-Heptanol Triethylamine 
Vanillic acid Heptanoic acid 
2-Coumaranone laevo-arabinose 
Ethyl pyruvate (1R)-(-)-Fenchone 
isobutyric acid 1-propanol 
Geranyllinalool Butyl butyrate 
Methyl benzoate Undecanal 
Benzene Cinnamyl alcohol 
Octanal(Caprylic aldehyde) a-Hexylcinnamaldehyde 
Benzyl alcohol 2-Methoxy-3-Methyl-pyrazine 
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Hexyl acetate dimethyl sulfide 
Heptaldehyde (+)-Fenchone 
Decanoic acid (±)-2-Butanol 
Dihydrojasmone (S)-(-)-1-Phenylethanol 
Ethyl isobutyrate tert-Butyl propionate 
diacetyl (R)-(+)-Pulegone 
hexyl octanoate (R)-(+)-Citronellal 
5-Norbornene-2-carboxylic acid Isobornyl acetate 
Rosemary oil 2-Methoxypyrazine 
Hexanoic acid Eugenol methyl ether 
Benzyl salicylate helional 
Pentyl acetate (-)-Rose oxide 
1-Decanol (-)-Menthol 
1-Octanol (R)-(-)-2-Butanol 
Allyl phenylacetate Methyl butyrate 
Cis(2-methyl-3-funyldisurphide Guaiacol 
phenyl acetate (S)-(-)-Citronellal 
2-Nonanone Linalool 
alpha-methyl-trans-cinnamaldehyde Methyl salicylate 
(+)-Carvone (d-carvone, S-carvone, caroway) Butylaldehyde (Butanal) 
Valeric acid 4-Ethylphenol 
camphor ((+)-Camphor) Isoamyl octanoate 
thymol (+)-Rose oxide 
1-Nonanol (R)-(-)-2-Heptanol 
Butyl butyryllactate Propionaldehyde(propanal) 
(-)-Menthone Propyl butyrate 
Neryl isobutyrate Isopentylamine 
3-Heptanone Coumarin 
Ethanol a-Amylcinnamaldehyde dimethyl acetal 
(-)-Fenchone Myrcene 
Propionic acid Hexanal 
Cinnamaldehyde Ethyl vanillin 
2-Heptanone (S)-(-)-Limonene 
Cedryl acetate (+)-Menthol 
Acetophenone Nonanal (Pelargonaldehyde) 
2-Pentanone Cyclopentanethiol 
Allyl heptanoate Dimethyl trisulfide 
p-cymene Isoamyl acetate 
Hydroxycitronellal n-Decyl acetate 
2-Phenethyl acetate 2-Methylbutyric acid  

1-Hexanol (hexyl alcohol) 
2-Methoxy-3-(1-methylpropyl)pyrazine 
(Methoxymethylpropylpyrazine) 

Vanillin 2-methoxy-4-methylphenol 
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Azelaic acid(nonanedioic acid)   
(R)-(+)-1-Phenylethanol 2-Acetyl-3,5(6)-dimethylpyrazine 
2-methyl-2-heptanol Pyrrole 
Heptanoic acid(Oenanthic acid) trans-2-Dodecenal 
(1S)-(-)-a-Pinene 8-Bromooctanoic acid 
Anethole D-Carvone  
5,5-Dimethyl-1,3-cyclohexanedione 
(Dimedone) prenylacetate 
p-Tolyl isobutyrate Dimethyl anthranilate 
Piperonal Farnesene 
1-Pentanol 1-Nonanethiol 
2-Ethylphenol 4-methylvaleric acid 
cyclooctane Tetrahydrofuran 
(S)-(+)-2-Phenylbutyric acid 2,2'-(Dithiodimethylene)difuran 
(S)-(+)-2-Octanol Piperidine 
Methyl propionate trans-2,cis-6-Nonadienal 
1,4-Cineole 2-Bromohexanoic acid 
a-Amylcinnamaldehyde  Octyl formate 
Eucalyptol Phenethyl octanoate 
o-Tolyl isobutyrate (-)-menthol 
Pyrazine ambrette 
valeraldehyde (pentanal, pentyl aldehyde)  Tetrahydropyran 
2-bromophenol  Thioglycolic acid 
Benzaldehyde dimethyl acetal Ethyl salicylate 
d-Valerolactone cis-4-Decenal 
Ethyl 2-methylbutyrate 6-Bromohexanoic acid 
cis-6-Nonenal trans-Cinnamaldehyde 
2-Bromooctanoic acid 3,7-Dimethyl-2,6-octadienenitrile (citralva) 
2,3-Diethyl-5-methylpyrazine Ethyl isovalerate 
 (R)-(+)-Limonene 3-Phenyl propyl propionate 
1-butanol (+)-menthol 
Benzaldehyde anise 
Dicyclohexyl disulfide banana 
2-Furyl methyl ketone citral 
Decanal eugenol acetate 
trans-2-Nonenal heptaldehyde 
1-Octen-3-one  lime 
Dimethylpyrazine orange 
1-Octanethiol terpinyl acetate 
2-Octanone 2-mercaptopyridine 
Cyclobutanecarboxylic acid peppermint flavor 
2-butanone Chanel Allure 
Piperonyl alcohol sweet orange 
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2-,3-,10-Mercaptopinane bourgeonal 
Acetal citronella 
Nonanal eugenol methyl ether 
trans-2-Undecenal heptyl acetate 
Diethyl disulfide linalool 
octen pentadecalactone 
1-Undecanol undecanal 
Isopentylamine (1-Amino-3-methylbutane, 
Isoamylamine) thioacetic acid 
Ethyl decanoate (Ethyl caprate) anise flavor 
2-decenal Chanel Chance 
Piperonyl acetate ketamine 
1,3-Butanedithiol butyl acetate 
Tetrahydrofurfuryl acetate decyl aldehyde 
1S)-(-)-a-Pinene  fenchone 
Furfuryl methyl disulfide hexyl butyrate 
Dimethyl disulfide methanethiol 
Ethyl 2-methylpentanoate phenyl acetaldehyde 
Pentyl propionate (Amyl propionate) Amyl laurate ((+)-Nootkatone) 
Furfuryl mercaptan 4-mercaptopyridine 
2-ethylfenchol vanilla extract 
4-Chromanone home fragrance oil 
azi propofol chloroform 
caproic acid cinnamon 
diallyl sulfide ethylene brassylate 
fir geranyl acetate 
isobornyl acetate isovaleric acid 
methyl salicylate octyl acetate 
pyrazine spearmint 
octanedioic acid (suberic acid) 2-mercaptopyridine N-oxide 
dimethyl trithiocarbonate rosewater 
butter flavor Chanel No. 5 
jasmine oil ylang ylang 
F3 cyclobutane halothane 
cedarwood cis-3-hexen-1-ol 
diphenyl ether eugenol 
galaxolide guaiacol 
isobutyraldehyde jasmine 
nonyl aldehyde octyl aldehyde 
r-limonene terpineol 
decanedioic acid (sebacic acid) 2-thiophenethiol 
2-mercaptoimidazole almond extract 
chocolate flavor Perry Ellis 
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rose oil eucalyptus 
enflurane propofol 
cineole lactic acid 
ethyl vanillin androstenenone 
androstadienone acetid acid 
isoeugenol citric acid 
nutmeg malic acid 
sandalwood hydrochloric acid 
2-mercaptopyrmidine NaHCO3 
lavender oil formic acid 
Shiseido Zen glycolic acid 
lemon 2-mercaptop 
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Appendix B 

CreER sequence inserted after the Olfr78 coding sequence 

GCCCCTCTCCCTCCCCCCCCCCTAACGTTACTGGCCGAAGCCGCTTGGAATAAGG
CCGGTGTGCGTTTGTCTATATGTTATTTTCCACCATATTGCCGTCTTTTGGCAATGT
GAGGGCCCGGAAACCTGGCCCTGTCTTCTTGACGAGCATTCCTAGGGGTCTTTCC
CCTCTCGCCAAAGGAATGCAAGGTCTGTTGAATGTCGTGAAGGAAGCAGTTCCT
CTGGAAGCTTCTTGAAGACAAACAACGTCTGTAGCGACCCTTTGCAGGCAGCGG
AACCCCCCACCTGGCGACAGGTGCCTCTGCGGCCAAAAGCCACGTGTATAAGAT
ACACCTGCAAAGGCGGCACAACCCCAGTGCCACGTTGTGAGTTGGATAGTTGTG
GAAAGAGTCAAATGGCTCTCCTCAAGCGTATTCAACAAGGGGCTGAAGGATGC
CCAGAAGGTACCCCATTGTATGGGATCTGATCTGGGGCCTCGGTACACATGCTTT
ACATGTGTTTAGTCGAGGTTAAAAAAACGTCTAGGCCCCCCGAACCACGGGGAC
GTGGTTTTCCTTTGAAAAACACGATGATAATATGGCCACAACCaGGCCGGCCAC
CATGGTGtccaacctgCTGACTGTGCACCAAAACCTGCCTGCCCTCCCTGTGGATGCC
ACCTCTGATGAAGTCAGGAAGAACCTGATGGACATGTTCAGGGACAGGCAGGC
CTTCTCTGAACACACCTGGAAGATGCTCCTGTCTGTGTGCAGATCCTGGGCTGCC
TGGTGCAAGCTGAACAACAGGAAATGGTTCCCTGCTGAACCTGAGGATGTGAGG
GACTACCTCCTGTACCTGCAAGCCAGAGGCCTGGCTGTGAAGACCATCCAACAG
CACCTGGGCCAGCTCAACATGCTGCACAGGAGATCTGGCCTGCCTCGCCCTTCT
GACTCCAATGCTGTGTCCCTGGTGATGAGGAGAATCAGAAAGGAGAATGTGGAT
GCTGGGGAGAGAGCCAAGCAGGCCCTGGCCTTTGAACGCACTGACTTTGACCAA
GTCAGATCCCTGATGGAGAACTCTGACAGATGCCAGGACATCAGGAACCTGGCC
TTCCTGGGCATTGCCTACAACACCCTGCTGCGCATTGCCGAAATTGCCAGAATCA
GAGTGAAGGACATCTCCCGCACCGATGGTGGGAGAATGCTGATCCACATTGGCA
GGACCAAGACCCTGGTGTCCACAGCTGGTGTGGAGAAGGCCCTGTCCCTGGGGG
TTACCAAGCTGGTGGAGAGATGGATCTCTGTGTCTGGTGTGGCTGATGACCCCA
ACAACTACCTGTTCTGCCGGGTCAGAAAGAATGGTGTGGCTGCCCCTTCTGCCAC
CTCCCAACTGTCCACCCGGGCCCTGGAAGGGATCTTTGAGGCCACCCACCGCCT
GATCTATGGTGCCAAGGATGACTCTGGGCAGAGATACCTGGCCTGGTCTGGCCA
CTCTGCCAGAGTGGGTGCTGCCAGGGACATGGCCAGGGCTGGTGTGTCCATCCC
TGAAATCATGCAGGCTGGTGGCTGGACCAATGTGAACATAGTGATGAACTACAT
CAGAAACCTGGACTCTGAGACTGGGGCCATGGTGAGGCTGCTCGAGGATGGGG
ACGTCGAGCCATCTGCTGGAGACATGAGAGCTGCCAACCTTTGGCCAAGCCCGC
TCATGATCAAACGCTCTAAGAAGAACAGCCTGGCCTTGTCCCTGACGGCCGACC
AGATGGTCAGTGCCTTGTTGGATGCTGAGCCCCCCATACTCTATTCCGAGTATGA
TCCTACCAGACCCTTCAGTGAAGCTTCGATGATGGGCTTACTGACCAACCTGGC
AGACAGGGAGCTGGTTCACATGATCAACTGGGCGAAGAGGGTGCCAGGCTTTGT
GGATTTGACCCTCCATGATCAGGTCCACCTTCTAGAATGTGCCTGGCTAGAGATC
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CTGATGATTGGTCTCGTCTGGCGCTCCATGGAGCACCCAGTGAAGCTACTGTTTG
CTCCTAACTTGCTCTTGGACAGGAACCAGGGAAAATGTGTAGAGGGCATGGTGG
AGATCTTCGACATGCTGCTGGCTACATCATCTCGGTTCCGCATGATGAATCTGCA
GGGAGAGGAGTTTGTGTGCCTCAAATCTATTATTTTGCTTAATTCTGGAGTGTAC
ACATTTCTGTCCAGCACCCTGAAGTCTCTGGAAGAGAAGGACCATATCCACCGA
GTCCTGGACAAGATCACAGACACTTTGATCCACCTGATGGCCAAGGCAGGCCTG
ACCCTGCAGCAGCAGCACCAGCGGCTGGCCCAGCTCCTCCTCATCCTCTCCCAC
ATCAGGCACATGAGTAACAAAGGCATGGAGCATCTGTACAGCATGAAGTGCAA
GAACGTGGTGCCCCTCTATGACCTGCTGCTGGAGGCGGCGGACGCCCACCGCCT
ACATGCGCCCACTAGCCGTGGAGGGGCATCCGTGGAGGAGACGGACCAAAGCC
ACTTGGCCACTGCGGGCTCTACTTCATCGCATTCCTTGCAAAAGTATTACATCAC
GGGGGAGGCAGAGGGTTTCCCTGCCACAGCTTGATGAAGATCTGAGCTCGCTGA
TCAGCCTCGACTGTGCCTTCTAGTTGCCAGCCATCTGTTGTTTGCCCCTCCCCCGT
GCCTTCCTTGACCCTGGAAGGTGCCACTCCCACTGTCCTTTCCTAATAAAATGAG
GAAATTGCATCGCATTGTCTGAGTAGGTGTCATTCTATTCTGGGGGGTGGGGTGG
GGCAGGACAGCAAGGGGGAGGATTGGGAAGACAATAGCAGGCATGCTGGGGA
TGCGGTGGGCTCTATGGCTTCTGAGGCGGAAAGAACCAGCTGGGGCTCGACGAC
TAGGTTAATTAAGATCTGCAGGAATTCGATAGATAACTGATCAAGCTTGAAGTT
CCTATACTTTCTAGAGAATAGGAACTTCGGAATAGGAACTTCAAGATCCCCCTG
GCGAAAGGGGGATGTGCTGCAAGGCGATTAAGTTGGGTAACGCCAGGGTTTTCG
TCAGGTGGCACTTTTCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTCTA
AATACATTCAAATATGTATCCGCTCATGAGACAATAACCCTGATAAATGCTTCA
ATAATATTGAAAAAGGAAGAGTCCTGAGGCGGAAAGAACCAGCTGTGGAATGT
GTGTCAGTTAGGGTGTGGAAAGTCCCCAGGCTCCCCAGCAGGCAGAAGTATGCA
AAGCATGCATCTCAATTAGTCAGCAACCAGGTGTGGAAAGTCCCCAGGCTCCCC
AGCAGGCAGAAGTATGCAAAGCATGCATCTCAATTAGTCAGTAACCATAGTCCG
CAAAGATCGATCAAGAGACAGGATGAGGATCGTTTCGCATGATTGAACAAGAT
GGATTGCACGCAGGTTCTCCGGCCGCTTGGGTGGAGAGGCTATTCGGCTATGAC
TGGGCACAACAGACAATCGGCTGCTCTGATGCCGCCGTGTTCCGGCTGTCAGCG
CAGGGGCGCCCGGTTCTTTTTGTCAAGACCGACCTGTCCGGTGCCCTGAATGAAC
TGCAAGACGAGGCAGCGCGGCTATCGTGGCTGGCCACGACGGGCGTTCCTTGCG
CAGCTGTGCTCGACGTTGTCACTGAAGCGGGAAGGGACTGGCTGCTATTGGGCG
AAGTGCCGGGGCAGGATCTCCTGTCATCTCACCTTGCTCCTGCCGAGAAAGTATC
CATCATGGCTGATGCAATGCGGCGGCTGCATACGCTTGATCCGGCTACCTGCCC
ATTCGACCACCAAGCGAAACATCGCATCGAGCGAGCACGTACTCGGATGGAAG
CCGGTCTTGTCGATCAGGATGATCTGGACGAAGAGCATCAGGGGCTCGCGCCAG
CCGAACTGTTCGCCAGGCTCAAGGCGAGCATGCCCGACGGCGAGGATCTCGTCG
TGACCCATGGCGATGCCTGCTTGCCGAATATCATGGTGGAAAATGGCCGCTTTTC
TGGATTCATCGACTGTGGCCGGCTGGGTGTGGCGGACCGCTATCAGGACATAGC
GTTGGCTACCCGTGATATTGCTGAAGAGCTTGGCGGCGAATGGGCTGACCGCTT
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CCTCGTGCTTTACGGTATCGCCGCTCCCGATTCGCAGCGCATCGCCTTCTATCGC
CTTCTTGACGAGTTCTTCTGAGGGGATCGGCAATAAAAAGACAGAATAAAACGC
ACGGGTGTTGGGTCGTTTGTTCGGATCCGAGCTTCAAAAGCGCTCTGAAGTTCCT
ATACTTTCTAGAGAATAGGAACTTCGGAATTACCCGGGCTCGAGACTAGT 
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