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ABSTRACT
The classic peripheral chemoreflex response is a critical
homeostatic mechanism. In healthy individuals, appropriate
chemoreflex responses are triggered by acute activation of the
carotid body - the principal chemosensory organ in mammals.
However, the aberrant chronic activation of the carotid body can
drive the elevated sympathetic activity underlying cardio-
respiratory diseases such as hypertension, diabetes and heart
failure. Carotid body resection induces intolerable side effects and
so understanding how to modulate carotid body output without
removing it, and whilst maintaining the physiological
chemoreflex response, represents the next logical next step in the
development of effective clinical interventions. By definition,
excessive carotid body output must result from altered intra-
carotid body inter-cellular communication. Alongside the
canonical synaptic transmission from glomus cells to petrosal
afferents, many other modes of information exchange in the
carotid body have been identified, for example bidirectional
signalling between type I and type II cells via ATP-induced ATP
release, as well as electrical communication via gap junctions.
Thus, herein we review the carotid body as an integrated circuit,
discussing a variety of different inter-cellular signalling
mechanisms and highlighting those that are potentially relevant
to its pathological hyperactivity in disease with the aim of
identifying novel therapeutic targets.
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Introduction

Maintenance of homeostasis is crucial for mammalian health. Multiple parameters
including pH, the partial pressures of dissolved blood gases, temperature and others
must be maintained within a narrow range of values if the organs of the body are to func-
tion optimally. This is achieved using a network of sensors that provide feedback to
motor effectors via neuronal circuits that compute the adjustments in motor output
required to achieve a pre-determined set point.
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The carotid bodies are examples of such sensors. Although best known as regulators of
blood gases, the carotid bodies are in fact multi-modal sensors (Conde et al. 2014;
Holmes et al. 2019; Prabhakar and Peng 2017; Shin et al. 2019). Located bilaterally at
the bifurcation of the two common carotid arteries, they are innervated by the glosso-
pharyngeal and vagal nerves, as well as by a sympathetic nerve that originates in the
nearby superior cervical ganglion (Schulz et al. 2016). Petrosal ganglion neuron projec-
tions carried by the carotid sinus and then glossopharyngeal nerves act as the only
afferents and route carotid body output to the brainstem (Schulz et al. 2016). Activation
of the carotid body by various stimuli, including acidosis, hypoxia, hypercapnia, hypogly-
caemia and others, drives an increase in minute ventilation, as well as an increase in sym-
pathetic activity (via a reflex loop that includes the nucleus of the solitary tract and
ventral lateral medulla areas of the brainstem) that results in elevated blood pressure
(Marshall 1994). Interestingly, carotid body stimulation also activates the nucleus ambi-
guus, which induces bradycardia (Marshall 1994) and bronchoconstriction (Moraes et al.
2021) via the vagus nerve. Collectively, these changes constitute the classical primary per-
ipheral chemoreflex response.

Despite the attention afforded to components of the efferent system such as the sym-
pathetic nervous system, recent work suggests that the aetiologies of diseases involving
peripheral dysautonomia may involve afferent rather than efferent pathways (Ford
et al. 2015; Koeners et al. 2016). In these cases, the observed changes in efferent
output result from alterations in afferent drive. It is now commonly accepted that
over-activation of the sympathetic nervous system contributes to hypertension (Grassi
and Ram 2016; Esler 2000; Abboud 1982) and so research has largely been focused on
the efferent system. Interestingly however, inactivation of the carotid body by hyperoxia
has been shown to dramatically reduce both sympathetic nerve activity (renal sympath-
etic nerve) and blood pressure specifically in the spontaneously hypertensive rat (SHR)
(but not in Wistar rats), suggesting that the carotid body is tonically active in this
model of hypertension (McBryde et al. 2013). Further, carotid body de-afferentation
lowers blood pressure and renal sympathetic nerve activity chronically in SHRs
(McBryde et al. 2013). In addition to these data from the SHR, it has also been reported
that hyperoxia reduces the elevated mean sympathetic nerve activity of hypertensive
humans (Siński et al. 2012) and that both carotid body tumours and obstructive sleep
apnoea induce primary hypertension in human patients (Wang et al. 2000; Prabhakar
et al. 2015). These results support the hypothesis that the increased sympathetic activity
associated with hypertension results from carotid body hyperactivity - a combination of
hyperreflexia (exacerbated responses to acute stimuli) and aberrant hypertonicity
(chronic hyperactivation in the absence of an acute stimuli) (Paton et al. 2013). Elevated
sympathetic activity driven by carotid body hyperactivity is also thought to exacerbate
chronic heart failure (Schultz et al. 2015) and diabetes (Ribeiro et al. 2013), suggesting
carotid body dysfunction may contribute to multiple cardiovascular and metabolic
diseases.

Although these data are promising, resection of the carotid bodies can prolong oxygen
desaturations in heart failure patients with sleep apnoea (Lugliani et al. 1971; Chang et al.
1978). This has raised awareness of the side effects caused by surgical removal of the
carotid body and research efforts are now focused on identifying an alternative, pharma-
cological approach. Modulating carotid body activity to selectively alleviate the excessive
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sympathetic activity underlying cardiovascular diseases may be possible. This is
especially important given that some current anti-hypertensive treatments activate the
sympathetic nervous system, which likely accounts for why treated and controlled hyper-
tensives remain at cardiovascular risk (Guido 2004). Thus, we now require a thorough
understanding of how carotid body hyperactivity occurs in disease. The aspiration is
to discover if the carotid body pathway to the sympathetic nervous system can be selec-
tively targeted.

By inspection, inter-cellular communication within the carotid body must be altered
relative to the normotensive state if its output is increased in disease. The mechanisms
underlying these inter-cellular communication deficits are not fully understood: aberrant
transmission mechanisms may be involved or this altered communication may simply be
a result of increased upstream signalling. Regardless, an understanding of physiological
inter-cellular communication in the carotid body, as well as miscommunication in
disease, could prove informative when designing therapeutic interventions targeting
the carotid body.

Structure of the carotid body

The carotid body is comprised of several cell types (Figure 1). Neuron-like Chemorecep-
tive type I (glomus) cells, sheathed by glial-like type II (sustentacular) cells, are inner-
vated by petrosal afferents that transmit information to the brainstem (Duchen et al.
1988; Gonzalez et al. 1994). A subset of glomus cells, the so-called type Ib cells,
receive minimal innervation (Mcdonald and Mitchell 1975). Clusters of afferent-

Figure 1. information exchange in the carotid body. Known and hypothesised routes of information
flow (non-exhaustive) are represented by solid and dashed arrow shafts respectively. White arrows
indicate exclusively intracellular pathways i.e. mediated by gap junctions, whilst black arrows
denote all other pathways. See main text for more detailed descriptions of individual signalling
machinery components. The presence of pericytes in the carotid body requires confirmation. Note
that type II cells provide feedback to glomus cells via retrograde transmission following glomus
cell stimulation of type II cells. Petrosal afferents may similarly use anti-dromic signalling to
provide feedback (not shown) to glomus cells following the stimulation of petrosal afferents by
glomus cells. GC, guanalyl cyclase, ecto, ectonucleotidases, eNOS, endothelial nitric oxide synthase,
nNOS, neuronal nitric oxide synthases, NO, nitric oxide, ACh, acetyl choline, TH, tyrosine hydroxylase,
AngII, angiotensin II, (+), excitatory, (-), inhibitory. Adapted, using the CC BY license provided with the
publication, from (Taha 2015).
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innervated type I cells and type II cells are arranged around the many sinusoidal capil-
laries and arterioles found throughout the carotid body (Gonzalez et al. 1994). Arterioles
comprise a monolayer of endothelial cells, which is in turn is encased in a monolayer of
smooth muscle cells. Sinusoidal capillaries, however, lack this outer layer. Autonomic
neurons, and axons from autonomic neurons localised outside the carotid body in
other ganglia, are also present in the carotid body and are thought to innervate both
the carotid body vasculature and type I cells; however, the autonomic innervation of
the carotid body has been recently reviewed by us (Brognara et al. 2020) and will not
be considered in any detail here. The relatively large number of cell types present in
such a small organ, combined with their interspersion and close apposition, as well as
the presence of one of the densest capillary networks in the body, suggests that intra-
carotid body inter-cellular communication is potentially complex and may represent
an opportunity for the development of fine-tuned interventions.

Extracellular signalling in the carotid body: molecular mechanisms

This section is not exhaustive and if extra detail is desired, the neurotransmitter / recep-
tor complement of the carotid body has been reviewed more extensively elsewhere
(Nurse 2010; Iturriaga and Alcayaga 2004).

As with all cellular events, inter-cellular communication relies on, and is a product of,
underlying molecular processes. Similar to nuclei in the central nervous system, the mol-
ecular machinery that facilities communication in the carotid body is diverse and so
facilitates several different modes of information exchange (Figure 1). Extracellular sig-
nalling in the carotid body is achieved by two main structures: synapses and large pores
embedded in the cell membrane. Both of these structure types have a critical role in med-
iating inter-cellular communication in the carotid body.

Classical synapses are used in the carotid body to link type I cells to petrosal afferents,
as well as to connect pre- and post- ganglionic autonomic efferents to their various
targets. The role of membrane pores in carotid body inter-cellular signalling is less
well understood but it is nevertheless clear that they contribute significantly, for
example by permitting the release of signalling molecules from type II cells (a mechanism
analogous to glio-transmission in the central nervous system) (Murali et al. 2017; Zhang
et al. 2012; Murali and Nurse 2016). Current evidence suggests that the majority of the
functional pores in the carotid body are pannexons (Murali et al. 2017), although the
involvement of the analogous connexons remain a possibility. Pannexons (and connex-
ons) are integral cell membrane hexamers that facilitate the exchange of ions, small mol-
ecules or small peptides through large diameter, hydrated channels which may have a
preferential direction of current flux (Thompson 2015; Penuela et al. 2013).

Excitatory ionotropic channels

A veritable cornucopia of signalling molecules with functional roles, along with their
cognate receptors, have been detected in the carotid body. The principle excitatory neu-
rotransmitters in the carotid body are ATP (Buttigieg and Nurse 2004; Zhang et al. 2000;
Pijacka et al. 2016), acetyl choline (ACh) (Zhang et al. 2000; Zhong and Nurse 1997;
Alcayaga et al. 2007) and dopamine (Verna et al. 1995; Iturriaga et al. 1994). ATP
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activates petrosal afferents by agonising the ionotropic purinergic receptors P2X2 and
P2X3, which are expressed in the petrosal afferent post-synaptic membrane (Buttigieg
and Nurse 2004; Zhang et al. 2000; Pijacka et al. 2016). Alongside ATP, ACh also acti-
vates ionotropic receptors in order to induce an excitatory post-synaptic response, in
this case by binding to, and opening, the α7 nicotinic ACh receptor (nAChR) (and poss-
ibly other isoforms) expressed by petrosal sensory afferents (Zhang et al. 2000; Zhong
and Nurse 1997; Alcayaga et al. 2007; Kåhlin et al. 2014).

Recent work has also established that glutamate, the major excitatory neurotransmit-
ter in the brain, has a functional role in the carotid body. N-methyl-D-aspartic acid
(NMDA) receptor activation has been found to augment hypoxic chemotransmission
(Liu et al. 2009) (where neurotransmitter binding to cognate receptors then induces
an action potential in the petrosal afferents innervating the glomus cells in question),
whilst it has been proposed that α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) activates extracellular signal-related kinases 1/2 in rat glomus cells (Liu
et al. 2018). Consistent with this, the expression of VGluT2 has been observed in petrosal
afferents (Yokoyama et al. 2014), whilst the GluA1 and GluN1, 2A and 2B glutamate
receptor subunits are now known to be expressed in glomus cells (Liu et al. 2009,
2018). mRNA transcripts encoding other excitatory ionotropic glutamate receptors
(including AMPA, NMDA and kainate receptor subunits) were also detected in the
same studies (Liu et al. 2009, 2018).

Inhibitory ionotropic channels

Not all of the ionotropic channels in the carotid body are excitatory. There are Cl- per-
meable GABA(A) receptors on petrosal afferent terminals that carry hyperpolarising
outward currents when opened by γ-aminobutyric acid (GABA) (Igarashi et al. 2009;
Zhang et al. 2009).

Excitatory metabotropic receptors

Metabotropic receptors are also critical for physiological carotid body function. ATP
activates not only the ionotropic P2X2/3 channels but also the metabotropic P2Y2 recep-
tor, which is expressed by type II cells (Zhang et al. 2012). P2Y2 receptors are Gq-
coupled, which means ATP binding to P2Y2Rs leads to an increase in intracellular
calcium that then drives the opening of Pannexin-1 pores, releasing gliotransmitters
including more ATP into the synapse (Zhang et al. 2012). Thus, ATP from glomus
cells can act to amplify P2X2/3 receptor signalling.

Extra-cellular adenosine is either generated via ectonucleotidase degradation of ATP
or pumped in to the extra-cellular space through equilibrative nucleoside transporters
expressed in the glomus cell plasma membrane (Conde and Monteiro 2004; Conde
et al. 2012). Adenosine acts on excitatory A2a receptors localised both to the petrosal
afferent post-synaptic membrane and the glomus cell plasma membrane (where A2b
receptors are also expressed). Activation of petrosal afferent A2a receptors (which is
essential for physiological afferent firing Murali and Nurse 2016) induces depolarisation
and thus augments firing (Conde et al. 2006), whilst the binding of adenosine to glomus
cell A2a/b receptors raises glomus cell intracellular calcium via the inhibition of
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background TWIK-related acid sensitive K+ (TASK) channels. This increases membrane
excitability (Zhang et al. 2018) and, consequently, also increases the release of neuro-
transmitters from type I cells (Nurse 2005) that then modulate the effects of adenosine
on innervating petrosal afferents. Thus, as with ATP-induced ATP release for amplifica-
tion, adenosine (which can be ATP-derived) can also provide positive complementary
excitation.

The list of other excitatory metabotropic receptors with functional roles in the carotid
body includes the serotonin-activated 5-HT2a receptor, expressed by glomus cells. Ser-
otonin binding to this receptor leads to protein kinase C-mediated inhibition of
resting K+ conductances, as well as calcium dependent K+ conductances (Zhang et al.
2003), thus enhancing hypoxia-evoked depolarisation. 5-HT3 receptors are known to
have an excitatory role in rat aortic bodies (Brophy et al. 1999), although whether they
have a similar function in the carotid body remains to be seen. M1 and M2 muscarinic
acetyl choline receptors (mAChRs) are known to be expressed by type I cells (Shirahata
et al. 2004; Bairam et al. 2006), but, similar to 5-HT2a receptor activation, muscarinic
stimulation appears to elevate type I cell [Ca2+]i (Dasso et al. 1997) via the inhibition
of background K+ leak TASK channels (Ortiz and Varas 2010), suggesting that Gq-
coupled mAChRs are functionally dominant in type I cells. α1 adrenoreceptors are
expressed by type I cells, as well as cells of the carotid body vasculature and act to
amplify the carotid sinus nerve output signal in response to hypoxia (Felippe et al.
2022). Transcripts encoding the excitatory D1 receptor have also been detected in the
carotid body by quantitative-reverse transcriptase PCR (Bairam et al. 1998).

Inhibitory metabotropic receptors and nitric oxide

Given the multiple excitatory signalling mechanisms above it is perhaps not surprising
that there are inhibitory systems in the carotid body that prevent excess chemosensory
afferent discharge. The best characterised inhibitory transmitter found in the carotid
body is dopamine. In the cat, dopamine acts via metabotropic D2 receptors to inhibit
what would otherwise be tonic activation of the petrosal afferents innervating type I
cells (D2 receptors are Gi coupled and therefore reduce cAMP production) (Verna
et al. 1995; Iturriaga et al. 1994). Of note, D2 receptors appear to be expressed both
on the terminals of innervating petrosal afferent axons, as well as other cells localised
to the carotid body (Dinger et al. 1981). It has been proposed that glomus cell D2R acti-
vation prevents neurotransmitter secretion via the inhibition of L-type Ca2+ channels
(Benot and López-Barneo 1990; Carroll et al. 2005). The presence of excitatory D1 recep-
tors alongside inhibitory D2 receptors may explain why dosing petrosal ganglion neurons
with high concentrations of dopamine prior to ACh application was found to be inhibi-
tory, whilst lower doses of dopamine potentiated the response to subsequent cholinergic
stimulation (Alcayaga et al. 1999). The exception to this is the rabbit carotid body, in
which dopamine appears to act via D2 receptors to increase chemotransmission fre-
quency (Alcayaga et al. 2006).

Of note, ATP has inhibitory effects in addition to its excitatory actions described
above. ATP acts via glomus cell metabotropic P2Y1 and P2Y1/2 receptors (which may
act as autoreceptors) to inhibit the rise in intracellular calcium that would otherwise
be triggered by a stimulus (Xu et al. 2005; Carroll et al. 2012), reducing the likelihood
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of chemotransmission. Other inhibitory metabotropic receptors include GABA(B) recep-
tors, which are expressed by glomus cells. Activation of these receptors drives a back-
ground TASK-like K+ conductance that inhibits glomus cell depolarisation (Fearon
et al. 2003). Another inhibitory transmitter of note is nitric oxide (NO) (Alcayaga
et al. 1999; Fung et al. 2001), which is synthesised in the carotid body by both endothelial
nitric oxide synthase (eNOS) and neuronal nitric oxide synthase (nNOS) (discussed
further below) (Valdés et al. 2003). The classical signalling cascade triggered by NO
involves the activation of cytoplasmic NO-sensitive guanylyl cyclase, however it has
been reported that glomus cells are inhibited by NO via a cGMP-independent mechan-
ism that involves the blockade of L-type Ca2+ channels (Summers et al. 1999).

Similar to ATP, glutamate also has inhibitory as well as excitatory effects on the
carotid body. It has recently been reported that the metabotropic glutamate receptor
mGluR1 is expressed in type I cells (Li et al. 2021). The activation of this receptor by a
selective agonist was shown to inhibit hypoxia-driven chemotransmission (Li et al. 2021).

Histamine is also released by the carotid body during acute hypoxia (Koerner et al.
2004; Del Rio et al. 2008) and the presence of H1, 2 and 3 receptors has been
confirmed via immunohistochemistry (Lazarov et al. 2006). However, the functional
role of histamine remains uncertain with studies reporting both inhibitory and excitatory
responses to H3R activation (Del Rio et al. 2008; Lazarov et al. 2006). Of note, dopamine
(Fishman et al. 1985; Almaraz et al. 1993), ACh (Zhang et al. 2000), ATP (Zhang et al.
2000), adenosine (Conde and Monteiro 2004), serotonin (Ramirez et al. 2012), GABA
(Igarashi et al. 2009; Zhang et al. 2009), histamine (Koerner et al. 2004; Del Rio et al.
2008) and NO (Fung et al. 2001) are all also released in response to acute hypoxia,
raising the intriguing possibility that the exact degree of hypoxia may determine the rela-
tive amounts of the different neurotransmitters in the secreted neurotransmitter pool.

Regulation of neurotransmitter systems: ectonucleotidases

All of the above listed neurotransmitters and receptors are regulated by mechanisms con-
trolling their synthesis, transport and degradation - the dynamic modulation of which
can drastically alter output signals. Of particular recent interest is the role of ectonucleo-
tidases in the carotid body, such as ectonucleoside triphosphate diphosphohydrolase 1, 2
and 3 and ecto-5′-nucleotidase, which collectively convert ATP into adenosine (Salman
et al. 2017). Interestingly, ATP can inhibit some glomus cells (Xu et al. 2005; Carroll et al.
2012) but its metabolite adenosine excites glomus cells (Conde et al. 2006). As a conse-
quence, we should expect that if the equilibrium of this pathway is disturbed then
changes in carotid body activity will follow.

Additional receptors

In addition to the receptors discussed here, it has also been proposed that there are
specialised receptors (e.g. adrenoreceptors) expressed by cells of non-vasculature
lineage (e.g. glomus cells) for receiving inputs directly from autonomic neurons (Brog-
nara et al. 2020). Further, neuropeptides such as substance P, calcitonin gene-related
peptide, vasoactive intestinal polypeptide, endothelin-1 and neuropeptide Y have also
been detected in the carotid body (Iturriaga and Alcayaga 2004; Takahashi et al. 2011).
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Although the specific mechanisms underlying the function of each neurotransmitter
system are of interest (further such details can be found elsewhere Nurse 2010; Iturriaga
and Alcayaga 2004), it is perhaps more interesting to appreciate the potential for a vast
combinatorial code (and the possible fine tuning this implies) that having an array of
different signalling systems provides.

Direct communication in the carotid body: molecular mechanisms

Gap junctions are formed by the binding of a pair of connexons on apposed cell mem-
branes and enable the direct exchange of information, in the form of signalling mol-
ecules, between two coupled cells. The diameter of the gap junction pore is estimated
to be around 1.5nm (Weber et al. 2004), which is large enough to permit the passage
of molecules up to 1KDa in size (Weber et al. 2004). The presence of functional gap junc-
tions in the carotid body has been demonstrated using dye and current transfer exper-
iments (Jiang and Eyzaguirre 2003, 2006) (Figure 1). Further, both connexin 43
(Cx43) (Abudara et al. 1999), the canonical glial connexin, and connexin 36 (Cx36)
(Frinchi et al. 2013), the classical neuronal connexin, are expressed in the carotid
body. The spatial distribution of reported immunohistochemistry staining patterns
suggests glomus cells express both (Abudara et al. 1999; Frinchi et al. 2013), although
further work is needed to confirm this. Petrosal ganglion neuron projections are
another possibility. Importantly, homomer connexons formed of Cx36 are incompatible
with homomer connexons formed of Cx43, meaning Cx36 / 43 heteromer gap junctions
never assemble and so cannot couple cells. Homotypic Cx43 and Cx36 gap junctions are
both possible.

Type I cells (Duchen et al. 1988; Ureña et al. 1989), petrosal afferents, smooth muscle
cells and autonomic neurons are all electrically excitable, whereas type II cells and endo-
thelial cells are not. Direct electrical and chemical communication is possible between the
electrically excitable cells, whereas, with minor exceptions, only direct chemical com-
munication is possible between the remaining non-excitable cells. By facilitating the
sharing of electrical and chemical signalling states between cells, the direct coupling of
cells by gap junctions enables synchronicity, signal amplification and the propagation
of excitability in the carotid body and thus adds further complexity to its computational
code.

Bidirectional type I - petrosal afferent signalling

Canonical orthodromic signalling

The canonical model of carotid body function involves the detection of a change in the
chemical composition of circulating blood and the transduction of this information into pet-
rosal afferent firing. A drop in blood pO2 (or other stimuli) is detected by type I cells, which
causes the inhibition of K+ channels (López-Barneo et al. 1988; Buckler 1997). The resulting
depolarisation triggers an action potential (Duchen et al. 1988;Ureña et al. 1989), which leads
to Ca2+ influx into the cytoplasm via voltage-sensitive calcium channels (Buckler and
Vaughan-Jones 1994) and the secretion of excitatory neurotransmitters, for example adeno-
sine and / or ATP (Iturriaga and Alcayaga 2004; Nurse 2005). Chemotransmission follows
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(Figure 1) and this in turn drives reflex arcs that activate the motor outputs that define the
classic chemoreflex response, which includes hyperventilation.

Antidromic signalling

Less widely recognised is the antidromic signalling of petrosal afferents in the carotid
body (Figure 1). Stimulation of the carotid sinus nerve has been found to depress
carotid body sensory discharges (Fidone and Sato 1970; Eyzaguirre and Koyano 1965)
and this phenomena persists when autonomic efferents are eliminated via surgery, but
is abolished by dopamine antagonists (McDonald and Mitchell 1981). Together, these
data suggest that dopamine could mediate antidromic synaptic communication
between petrosal afferent terminals and type I cells. Consistent with this, tyrosine-
hydroxylase-containing type axons that innervate type I cells were found to be main-
tained following the removal of autonomic efferents but were lost when the carotid
sinus nerve was severed (McDonald and Mitchell 1981). It has since been demonstrated
that a sub-population of petrosal afferents that innervate type I cells are definitively tyro-
sine hydroxylase positive (Ichikawa 2002; Katz and Black 1986). It should be noted,
however, that due to the surgical procedures employed in this study (McDonald and
Mitchell 1981), it is possible that autonomic efferents remaining in the carotid sinus
nerve were involved in the depression of chemotransmission following post-‘efferent
removal’ sinus nerve stimulation.

As has been pointed out (Brognara et al. 2020), if dopamine does mediate the
depression of chemotransmission that is triggered by sinus nerve stimulation then it
could be acting either as a retrograde or autocrine signal (Gerdeman 2008; Tao and
Poo 2001). In the retrograde case, dopamine may be released by the afferent terminal
as result of depolarisation induced by orthodromic transmission (Brognara et al.
2020): if so, it is likely that this mechanism exists to limit the rate of afferent firing
locally. Interestingly, in this situation, antidromic synaptic transmission could be
induced by (but would not require) a preceding antidromic action potential.

Evidence suggests that ATP is also released by petrosal afferents at the level of the
nucleus tractus solitarii (Paton et al. 2002; Braga et al. 2007). This, together with the
fact that petrosal afferents are purine-sensitive (Buttigieg and Nurse 2004; Zhang et al.
2000; Pijacka et al. 2016) pseudo-unipolar neurons, raises the intriguing possibility
that antidromic action potentials may be triggered via the autocrine action of transmit-
ters including ATP in the nucleus tractus solitarii. Consequently, this central activation
may trigger retrograde dopamine signalling in the carotid body, which could potentially
effect local control of afferent firing.

NO may also be used as an inhibitory neurotransmitter during antidromic synaptic
transmission: a sub-population of the petrosal ganglia neurons that innervate type I
cells are nitric oxide synthase (NOS) – positive (Wang et al. 1993, 1994), the presence
of the P2 receptor blocker suramin reduces hypoxia-driven release of NO by around
50% (Fung et al. 2007) and glomus cells are inhibited by NO (Summers et al. 1999).
Of note, NOS activity is positively correlated with O2 saturation levels (Wang et al.
1994; Prabhakar et al. 1993), which is consistent with the idea that NO signalling is
used as a regulator that helps to ensure pO2 and chemosensory discharge are negatively
correlated.
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The role of gap junctions

The injection of hyperpolarising current into type I cells during paired recordings has
been shown to hyperpolarise the Em of neighbouring petrosal ganglion neuron projec-
tions as well as the Em of the type I cell, demonstrating gap junction coupling between
type I cells and petrosal afferents (Jiang and Eyzaguirre 2003, 2006). The transfer of intra-
cellular dye between type I cells and these afferents has also been described, although the
low quality of the reported data makes this evidence less convincing (Jiang and Eyza-
guirre 2003, 2006). Of note, the transfer of voltage between type I cells and afferents
was found to be asymmetrical: voltage was transferred much more efficiently from
type I cells to afferents than vice versa. At first glance, this may suggest that the observed
transmission might be mostly synaptic, but, importantly, the voltage change transferred
(in both directions) was hyperpolarising and so was very unlikely to have been trans-
mitted via any other route than via a gap junction. Additional studies have shown that
a combination of suramin and hexamethonium only partially inhibits chemosensory
excitation (Reyes et al. 2007), which is consistent with the existence of direct electrical
synapses that link type I cells and petrosal afferents (Figure 1).

When examined together, the multiple possible modes of information exchange
between glomus cells and petrosal afferents strongly suggest that communication
between these two cells types is complex and likely highly regulated. Although this
makes understanding the carotid body more challenging, it also provides us with oppor-
tunities to create highly targeted interventions.

Plasticity

Evidence that intra-carotid body signalling is dynamic is mounting. Carotid bodies from
rats exposed to mild chronic intermittent hypoxia (such as in sleep apnoea), but not those
exposed to multiple episodes of a more severe sustained hypoxia (such as experienced at
high altitude), exhibit a sustained but temporary increase in activity in the period follow-
ing mild acute intermittent hypoxia (Peng et al. 2003). This raises the intriguing possi-
bility that the carotid body is capable of plastic responses. Additional experiments
presented in the same publication revealed that complex I (of the mitochondrial electron
transport chain) activity in these carotid bodies was depressed and that the long-term
facilitation of the chemosensory response following mild chronic intermittent hypoxia
could be ameliorated by pre-treatment with a potent scavenger of oxygen free radicals
(Peng et al. 2003). If the strength of the chemosensory response is indeed positively cor-
related with the concentration of free radicals (which is inversely correlated with pO2 and
so in effect reports on the efficacy of the chemoreflex response) this relationship could be
viewed as a form of plasticity.

Chronic sustained hypoxia and chronic intermittent hypoxia are known to have
different effects. For example, the above described potentiation of the response to
acute intermittent hypoxia following chronic intermittent hypoxia was found to be
absent from the carotid bodies of rats subjected to chronic sustained hypoxia (Peng
et al. 2003). Nevertheless, it is well established that carotid body facilitation occurs
during, and is crucial for, acclimatisation to chronic sustained hypoxia (Bisgard 1994;
Bishop et al. 2013). Specifically, long-term (but reversible), hypoxia-inducible factor
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(HIF)-dependent carotid body facilitation mediates the sustained hypoxia-driven pro-
gressive tachypnoea that ameliorates what would otherwise be low blood pO2 in these
conditions (Smith et al. 1986; Olson et al. 1988; Hodson et al. 2016; Kline et al. 2002)
Many have reported differences in transmitters, their receptors and other channels in
the carotid body following chronic sustained hypoxia. NO, ACh, ATP, dopamine, and
endothelin-1 signalling, ectonucleotidase expression (discussed further below) and K+

and Na+ channels are all now known to be altered (Bisgard 2000; Pulgar-Sepúlveda
et al. 2018) following chronic sustained hypoxia. However, the studies involved in identi-
fying these changes largely failed to address whether they were reversible. This is an
important point given the reversible nature of the ventilatory hypoxic response
(Janssen et al. 1998), which implies that the cellular and molecular processes responsible
for carotid body facilitation during chronic sustained hypoxia are most likely also revers-
ible. To the best of our knowledge, carotid body hyperplasia, which is driven by HIF-2a
dependent type I cell proliferation (Hodson et al. 2016; Fielding et al. 2018) as well as
by vasculature changes (Fielding et al. 2018) in the rat, is the only carotid body adaptation
induced by chronic sustained hypoxia that is known to be reversible (Heath et al. 1985). In
addition, it is interesting to note that the HIF proteins, which are oxygen-sensing tran-
scription factors, regulate the expression of key components of several of the signalling
systems observed to be altered by chronic sustained hypoxia (Semenza 2000), including
P2X and P2Y purinergic receptors (Tak et al. 2016; Hirayama et al. 2015). Could
chronic sustained hypoxia – driven carotid body plasticity be mediated by activation of
the HIF system (Pulgar-Sepúlveda et al. 2018)?

Perhaps consistent with this (as HIF-1 is universally expressed), chemosensitive pet-
rosal afferent neurons in the SHR exhibit a pathological P2X3 receptor-dependent toni-
city and ATP hyper-sensitivity (Pijacka et al. 2016; Moraes et al. 2018). This finding is
likely explained by the 5-fold up-regulation of P2×3 mRNA levels that was detected in
these neurons (Pijacka et al. 2016; Moraes et al. 2018). It is possible that petrosal
afferent neurites become enlarged in the SHR to enable synaptic contacts with all
glomus cells in the hyperplasic carotid body. Thus, it remains to be seen whether this
up-regulation of P2×3 mRNA levels reflects, either in part or in whole, the synthesis
of additional receptors necessary to maintain expression levels per unit of cell membrane
area in petrosal afferent neurites. It is also unclear if the apparent increased expression of
P2X3-containing receptors can be reversed if normotension can be re-established. Either
way, it is becoming apparent that significant modulation of synaptic efficacy in the
carotid body is possible and that the mechanisms underlying this modulation can
become aberrant in disease (Pijacka et al. 2016). Further, blockade of the P2X3 receptor
entirely inhibits the pathological tonic carotid body activity observed in the SHR and
eliminates differences in ATP-sensitivity between the petrosal afferent neurons of
Wistar rats and SHRs (Pijacka et al. 2016; Moraes et al. 2018), leading to reduced arterial
pressure in the SHR (whilst leaving the physiological chemoreflex intact) and demon-
strating that targeting the mechanisms that control the efficacy of intra carotid body
inter-cellular communication could well represent an effective clinical intervention.

One additional potential form of sustained chronic hypoxia-driven carotid body plas-
ticity is gap junction modulation: sustained hypobaric hypoxia has been found to
increase type I – petrosal neuron afferent coupling efficiency, whilst normoxia reportedly
induces intra-type I gap junction coupling that is then lost during hypoxia (Jiang and
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Eyzaguirre 2006). These changes have the potential to reconfigure the carotid body
circuit and so could have important implications for carotid body output (see below
for further discussion).

Understanding the root cause of the differences in the plastic responses of the carotid
body to intermittent or sustained hypoxia is critical as although sustained hypoxia
induces beneficial adaptations (Bisgard 1994), the carotid body response to chronic inter-
mittent hypoxia is maladaptive and associated with hypertension (Del Rio et al. 2014). In
the future, additional insight into how low pO2 can drive a plastic response in the carotid
body may come from studies of the human cortico-spinal pathway, where mild acute
intermittent hypoxia has been shown to accentuate spike timing dependent plasticity
(Christiansen et al. 2018).

The paradox of encoding hypoxia detection using ATP

The observation that scavenging free radicals can apparently attenuate long-term facili-
tation of the carotid body chemosensory response suggests that free radicals generated by
hypoxic inhibition of the electron transport chain act as one of the detectors of pO2 in the
carotid body (Peng et al. 2003). By definition, hypoxic inhibition of the electron transport
chain reduces ATP availability and yet, surprisingly, ATP is one of the primary neuro-
transmitters used to encode hypoxia. Exactly how hypoxia induces both an increase in
ATP-signalling and a (presumed) decrease in ATP synthesis, remains an open question
- as we discussed recently (Bardsley et al. 2021). One possibility is regulated catabolism:
the rate at which ectonucleotidase enzymes catabolise ATP into adenosine appears to be
inversely correlated with pO2

79. As explained above, whilst adenosine and ATP act in
synergistic fashion to excite petrosal afferents (Buttigieg and Nurse 2004; Zhang et al.
2000; Pijacka et al. 2016; Conde et al. 2006), they have juxta-posed effects on glomus
cells, with adenosine being excitatory (Conde et al. 2006) and ATP being inhibitory
(Xu et al. 2005; Carroll et al. 2012). Thus, augmenting the conversion of ATP to adeno-
sine under hypoxic conditions should boost purinergic signalling without demanding the
synthesis of additional ATP. Of note, it has been proposed that excess purinergic signal-
ling leads to carotid body hyperactivity in disease (Moraes et al. 2018), consistent with the
aberrant tonic activation of mechanisms that might ordinarily boost purine signalling
during acute hypoxia. Another potential mechanism is the inhibition of ATP-dependent
TASK channel K+ conductances (Varas et al. 2007) as a result of the reduced intracellular
ATP availability that generally defines hypoxia. Similar to the effects of adenosine on
glomus cells (Conde et al. 2006), this would also lead to cell membrane depolarisation
and increased excitability.

Systems must also exist to inhibit carotid body output during hyperoxia (or even nor-
moxia), or at other times when mitochondrial efficiency improves. ATP does inhibit
complex IV (Arnold and Kadenbach 1997) and the above described ectonucleotidase-
driven shift from adenosine to ATP (which inhibits glomus cells) during normoxia
may also contribute, but one other additional mechanism might be a concomitant rise
in the levels of inhibitory NO during normoxia / hyperoxia: by inspection NO pro-
duction should fall during hypoxia, which presumably leads to disinhibition. Additional
experiments are required if we are to resolve this paradox.
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Type II cell interactions

Type II cells have historically been considered supporting cells, however, many now
accept that they act to modulate carotid body chemotransmission (Ortega-Sáenz and
López-Barneo 2020; Nurse and Piskuric 2013; Leonard et al. 2018). This revelation is
largely the result of the establishment of the ATP-induced ATP release hypothesis
(Nurse and Piskuric 2013). Here (and as stated above), type II P2Y2 receptor activation
by ATP released from type I cells leads to a [Ca2+]i-dependent ATP release through type
II cell pannexons (Zhang et al. 2012; Murali and Nurse 2016; Xu et al. 2003) and this in
turn induces afferent firing, potentially by amplifying synaptic ATP and / or adenosine
signalling (Zhang et al. 2012) (Figure 1). Because glomus cells express P2Y1 receptors,
secreted ATP may also concurrently inhibit the hypoxia-induced rise in [Ca2+]i in
glomus cells (Xu et al. 2005), providing negative feedback (Figure 1). Consistent with
the ATP-induced ATP release theory, electron microscopy has revealed dense core ves-
icles clustered around regions of the glomus cell plasma membrane apposed to type II
cells (Platero-Luengo et al. 2014). Other signalling molecules such as serotonin and
angiotensin induce pannexon opening by raising type II cell [Ca2+]i (Murali et al.
2017; Murali et al. 2014), although it is not yet known if these pathways affect purine
release. It is also currently unclear if pannexon channels are specifically localised to
synapses or if the population is wholly or partially extra-synaptic, with released ATP
diffusing into nearby synapses formed between type I cell and petrosal afferents.
Panx1 and P2X2 receptors do co-immunoprecipitate together, implying at least a fraction
of expressed pannexons are localised to the synapse (Li et al. 2018), but further research
to determine which model is the case is warranted as the balance of synaptic (localised)
and extra-synaptic (global) type II cell ATP signalling has important consequences for
information processing in the carotid body.

Quantitative PCR and immunofluorescence data indicates that ectonucleotidases are
expressed by type II cells (Salman et al. 2017). Given that ectonucleotidases convert
glomus cell-inhibiting ATP to glomus cell-activating adenosine (see above), this raises
the intriguing prospect that type II cells could modulate carotid body output via regu-
lated secretion of these enzymes (Figure 1). In support of this idea, the activation of
type I cells following type II cell activation is often delayed and can be inhibited using
Panx-1, A2a receptor and 5′-ectonucleotidase blockers (Murali and Nurse 2016).

The observation that type II cells can trigger afferent firing viaATP release leads directly
to the idea that type II cell signallingmay trigger petrosal afferent firing even in the absence
of direct afferent excitation by glomus cells. If this is the case, dysfunction of type II signal-
ling alone could be sufficient to cause carotid body sensitisation (Leonard et al. 2018).

The glial cells of the CNS share several characteristics with type II cells, including glial
fibrillary acidic protein expression and the modulation of synaptic transmission (Murali
and Nurse 2016). Of note, Western blotting of carotid body tissue has shown that Cx43
expression is upregulated during chronic hypoxia (Abudara et al. 1999; Chen et al. 2002)
and, at least in cultured rat astrocytes, mild hypoxia also causes an upregulation in Cx43,
as well as a concomitant rise in ATP efflux following extracellular Ca2+ depletion (Ca2+

depletion opens hemi-channels) (Lin et al. 2008). This implies that mild hypoxia triggers
a rise in the number of functional gap junction hemi-channels (functionally equivalent to
pannexons) expressed by glia. A similar mechanism affecting the glial-like type II cells of
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the carotid body would be consistent with the enhanced petrosal afferent firing observed
during hypoxia, given the importance of purines released by type II cells for
chemotransmission.

Interestingly, it has recently been reported that astrocytes in the CNS act as ‘intracra-
nial baroreceptors’ (Marina et al. 2020); a finding which raises the possibility that type II
cells may also transduce pressure information, given the similarities between these cells
and CNS glia. If so, this could effectively provide a feedback loop, enabling homeostatic
control of carotid body output affecting blood pressure.

The interface between type II cells and the vasculature

As well as sensing pressure, astrocytes couple blood flow to metabolism in the brain.
When increased neuronal activity creates additional metabolic demands, nearby astro-
cytes induce vasodilation in the vessels they ensheath and thus elevate blood flow to
the area (Harder et al. 2002; Alkayed et al. 1996; Bhardwaj et al. 2000) overspill glutamate
released by transmitting neurons is detected by astrocytes, which respond by secreting
arachidonic acid. This acid is metabolised in the extracellular space to produce a set of
epoxyeicosatrienoic acids (Alkayed et al. 1996), which drive the hyperpolarisation and
consequent relaxation and dilation of vascular muscle by potentiating smooth muscle
cell K+ conductances (Gebremedhin et al. 1992). In the carotid body, type II cells, and
possibly also pericytes, encircle vessels in the carotid body in a similar fashion to the
way astrocytes surround vessels in the brain (Heath et al. 1983; McDonald and Larue
1983) (Figure 1). This related anatomy suggests that the carotid type II cells may also
control blood flow, possibly in response to the metabolic state of the surrounding
tissue or possibly as a consequence of some other factor. If so, this role could be relevant
to carotid body pathology, as the inhibition of any vasodilation-inducing mechanism
would be expected to contribute to the carotid body sensitisation associated with hyper-
tension by inducing a hypoperfusion-driven local hypoxia. Of note, it has recently been
proposed that the dysfunction of autonomic inputs to the carotid body may lead to
exactly this situation (Brognara et al. 2020).

Research examining the role of type II cells as part of an integrated carotid body circuit
is at an early stage, but it is clear that these cells should be afforded the same attention as
glial cells in the central nervous system, if we are to fully understand peripheral
chemosensation.

Nitric oxide: parenchyma-vasculature cross talk and nitric oxide synthase
microdomains

Type I cells and petrosal afferents collectively release several neurotransmitters NO
(Wang et al. 1993; Del Rio et al. 2011) and ATP (Buttigieg and Nurse 2004; Grygorczyk
and Orlov 2017; Buvinic et al. 2002) as well as ACh (Zhang et al. 2000) and noradrenaline
(Gomez-Niño et al. 1990; Schamel and Verna 1992) known to stimulate or inhibit vas-
cular smooth muscle and so it may be that parenchymal cells engage in paracrine com-
munication with the local vasculature and that this modulates carotid body perfusion
with consequences for chemoreceptor sensitivity and ultimately petrosal afferent firing
(Figure 1).
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If parenchymal signalling to the vasculature is to be considered then so too should the
possibility of the reverse, with NO being worthy of particular attention here. Although it
is now widely accepted that NO has a critical inhibitory role in the carotid body
(Alcayaga et al. 1999; Fung et al. 2001), attention has mostly focused on NO released
from inhibitory efferents, petrosal afferents and intrinsic neurons (Brognara et al.
2020; Wang et al. 1993, 1994; Campanucci et al. 2006), with little attention paid to the
possibility that NO released from other sources such as endothelial cells (Boulanger
et al. 1995; Chistiakov et al. 2015) may also be relevant to intra-carotid body inter-cellular
communication (Figure 1). This is despite the carotid body being one of the most densely
vascularised human organs (meaning vascular and non-vascular tissues are closely
apposed throughout the carotid body) (Barnett et al. 1988) and classical paracrine endo-
thelial cell signalling being mediated by NO. Illustrating the importance of non-neuronal
NO in the nervous system, previous work has demonstrated that eNOS-derived NO in
the nucleus tractus solitarius is critical for the modulation of the baroreflex by circulating
angiotensin II, for example (Paton et al. 2001; Wong et al. 2002; Waki et al. 2003).

The relative contributions of eNOS and nNOS to NO signalling

Interestingly, it has been shown via the use of non-selective and specific inhibitors of
nNOS and eNOS, that eNOS activity is in fact the main source of functional NO in
the intact carotid body following carotid body stimulation (Valdés et al. 2003). At first
glance, this result seems to imply that the endothelial cells of the vasculature might
release the majority of the functionally relevant NO in the carotid body, raising the
intriguing possibility that endothelial cell-derived NO may significantly influence
the activity of carotid body parenchymal cells (Figure 1). An important caveat to
this logic however, is that this difference in nNOS- and eNOS-driven NO activity
may be the result of the eNOS isoform being expressed by glomus cells (Del Rio
et al. 2011; Yamamoto et al. 2006). Despite this, the prospect of vasculature endo-
thelial cells communicating chemosensory information to the parenchyma is appealing
because of the direct contact between the vasculature and circulating blood. One
speculative hypothesis is that endothelial cells may contribute to the putative NO -
mediated inhibition described above, where the level of inhibition is proportional to
[NO], which in turn depends on pO2 as this determines the availability of O2 for
NO synthesis by NOS. It should be noted that this mechanism might be temporarily
counter-acted by the fact that hypoxia drives both the release of NO from erythrocytes
(Stamler et al. 1997; McMahon et al. 2002; Thomas et al. 2001; Pawloski et al. 2001;
Ulker et al. 2013), as well as an acute [Ca2+]i-dependent increase in the quantity of
NO synthesised by glomus cells (Yamamoto et al. 2006). Further, hypoxia also
drives the release of ATP from erythrocytes, which then acts via endothelial P2YRs
to activate eNOS and thus amplify acute endothelial NO production (Grygorczyk
and Orlov 2017; Buvinic et al. 2002). It is also possible that this ATP may ‘spill
over’ and activate the P2Rs expressed by type I cells (inhibitory P2Y1Rs (Xu et al.
2005; Carroll et al. 2012)), type II cells (excitatory P2Y2Rs (Zhang et al. 2012)), pet-
rosal afferents (excitatory P2XRs (Pijacka et al. 2016)) and other cells of the parench-
yma (Figure 1).
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Regardless of whether parenchyma-vasculature cross-talk is functionally relevant in
the carotid body, the balance of nNOS and eNOS activity has significant implications
for carotid body NO signalling. It is already well established that nNOS and eNOS
have distinct functions (Valdés et al. 2003; Martin et al. 2006) and in particular it is intri-
guing to note thatNos3-/- (encodes eNOS), but notNos1-/- (encodes nNOS) mice develop
hypertension (Barouch et al. 2002), a finding consistent with constitutive eNOS-
mediated inhibition being required to prevent the development of carotid body
hyperactivity.

NOS isoform microdomains

Understanding the difference in the functions of the two NOS isoforms requires an
understanding of enzyme microdomains. In this case, a NOS microdomain is the area
within which the NO synthesised by a particular NOS moiety is likely to have an
effect and is primarily defined by the localisation of the enzyme population and the
diffusion distance of NO.

NO diffusion distance is a product of the half-life of NO and of the NO diffusion rate.
Although many factors contribute to the regulation of the NO diffusion rate in vivo, NO
has a very short lifetime under physiological conditions with estimates of half-life ranging
from of under 1s in blood-free isolated perfused heart (maximum diffusion distance esti-
mated to be 130um) down to only a few ms in the presence of oxygenated blood
(Beckman 1996). This short half-life dominates the diffusion distance calculation and
ensures that NOS isoform microdomains are relatively small in volume, which in turn
permits tight spatial and temporal regulation of the NO signal produced by NOS.

As described, eNOS is found in endothelial cells in the carotid body (as would be
expected) and is also highly expressed in carotid body glomus cells (Del Rio et al.
2011; Yamamoto et al. 2006), whilst nNOS has been detected in glossopharyngeal
nerve inhibitory efferent neurons and is presumed to be present in intrinsic neurons
and NOS-positive petrosal afferents (Wang et al. 1993, 1994; Campanucci et al. 2006).
The sub-cellular expression patterns of the NOS isoforms are also known to be segre-
gated: nNOS is soluble and is usually localised to the sarcoplasmic / endoplasmic reticu-
lum via its PDZ domain (Elfering et al. 2002), but it has also been detected at pre- and
post- synaptic structures (Atkinson et al. 2003), whilst eNOS is palmitoylated and so
associates with calveolar rafts in the plasma membrane (Shaul et al. 1996) as well as
potentially with carotid body mitochondrial membranes, but only in response to
hypoxia (Yamamoto et al. 2006).

By inspection, this differential cellular and sub-cellular localisation of the two NOS
isoforms combined with the restricted volume of NOS microdomains should result in
eNOS and nNOS having segregated microdomains and thus divergent functions in the
carotid body, despite being apparently similar enzymes. This is indeed consistent with
experimental results, as described above (Valdés et al. 2003). Further, the localisation
of the NOS isoform populations should be expected to be the dominant factor in
defining their separate functions.

Future work will be required if we are to elucidate the exact roles of eNOS and nNOS
in their respective cellular compartments in the carotid body. However, based on the fact
that glomus cells and petrosal afferents express eNOS (Del Rio et al. 2011; Yamamoto
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et al. 2006) and nNOS (Campanucci et al. 2006) respectively (meaning that these cells are
at least partially included in the eNOS and nNOS microdomains by definition) and are
inhibited by NO (Alcayaga et al. 1999; Summers et al. 1999), it is fairly certain that both
eNOS and nNOS act as ‘auto-inhibitors’, with eNOS inhibiting glomus cells and nNOS
inhibiting petrosal afferents. It is also likely that the microdomains of both NOS isoforms
include a volume of extracellular space – eNOS by virtue of its association with caveolin
(Shaul et al. 1996), which is an integral part of the plasma membrane and nNOS because
it interacts with the synaptic machinery (Atkinson et al. 2003). As a result, both eNOS
and nNOS microdomains may well also include neighbouring cells and thus may facili-
tate inter-cellular communication. For the eNOS microdomain, inter-cellular communi-
cation would likely involve the inhibition of petrosal afferents (Alcayaga et al. 1999) via
eNOS localised to glomus cells (Del Rio et al. 2011; Yamamoto et al. 2006) and the induc-
tion of vasodilation via smooth muscle cell relaxation via eNOS (Wang et al. 1994)
expressed by endothelial cells (see Figure 1 for circuit diagram). nNOS microdomain
inter-cellular signalling probably also causes vasodilation in this way (Wang et al.
1994), but via nNOS found in the inhibitory efferents (Wang et al. 1993, 1994) and intrin-
sic neurons (Wang et al. 1993, 1994) that target the carotid body microvasculature
instead of via eNOS. In addition, nNOS microdomain inter-cellular communication
may also include the inhibition of glomus cells (Summers et al. 1999) via nNOS expressed
by inhibitory efferents (Campanucci et al. 2006) and petrosal afferents (Wang et al. 1993,
1994), with the latter case being discussed earlier as a form of antidromic signalling at the
glomus cell-petrosal afferent synapse. Although this means the collective functional
microdomains of both NOS isoforms may possibly incorporate an identical set of cell
types, it should be noted that intercellular communication within a NOS microdomain
requiring diffusion across an extracellular space is probably significantly less robust
than NO-mediated intracellular communication within that same microdomain.

In addition, as both eNOS and Cx43 associate with cavaeolin (Shaul et al. 1996; Lan-
glois et al. 2008), these three proteins may form a tripartite complex and thus provide
access to a high-speed (Figueroa et al. 2013) and direct pathway to apposed, coupled
cells for eNOS-synthesised NO, greatly increasing the likelihood of the eNOS microdo-
main facilitating inter-cellular communication between specific cell types. Based on the
gap junction coupling patterns of cells known to express eNOS (Del Rio et al. 2011;
Yamamoto et al. 2006) and Cx43 (Abudara et al. 1999) (i.e. glomus cells), this inter-cel-
lular intra-eNOS microdomain signalling via gap junctions would probably involve
intra-glomus cell and glomus cell-petrosal afferent communication (Figure 1). Of note,
the eNOS microdomain may not be static: it has been reported that eNOS may be trans-
located to the mitochondrial membrane during hypoxia (Yamamoto et al. 2006) i.e. away
from the plasma membrane and neighbouring cells. If true, this may help explain how
disinhibition of petrosal afferents (which are inhibited by NO (Alcayaga et al. 1999))
occurs during carotid body stimulation. Importantly, given that eNOS is the apparent
source of the majority of the NO capable of inhibiting stimulus-driven chemotransmis-
sion (Valdés et al. 2003), most functionally relevant NOS signalling in the carotid body is
likely contained within eNOS microdomains (the area surrounding an eNOS moiety
within which the NO synthesised by that moiety could be expected to have a functional
effect).
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Distributed networks

It is widely acknowledged that syncytial systems formed of multiple cells of the same type
exist in the CNS. Links between astrocytes, for example, can be formed via gap junctions
(Simard and Nedergaard 2004; Wallraff et al. 2006; Dallérac et al. 2018). When many
astrocytes are connected in this way, the resulting syncytial system effectively acts as a
single cell with an expansive receptive field, permitting homeostasis of global conditions
and thus global activity (Simard and Nedergaard 2004; Wallraff et al. 2006; Dallérac et al.
2018). Until this point, however, most studies have conceptualised the carotid body as
either a complete organ or a collection of individual cells that communicate using the
linear logic of the canonical model of carotid body function. As a result, few have con-
sidered the possibility that an arrangement analogous to the astrocytic syncytial system
might exist in the carotid body.

Previous experiments have failed to detect dye transfer between cultured type II cells
(Chou et al. 1998), suggesting that the ‘glial’ cells of the carotid body are not connected.
This is in contrast to brain astrocytes (although gap junctions between multiple type II
cells remains a possibility: discussed here (Reyes et al. 2014). Type I cells, however, do
appear to be linked by gap junctions, as evidenced by the transfer of Lucifer yellow
dye between apposed cells that were all later confirmed, via post-hoc immunostaining,
to express tyrosine hyrdoxylase (Jiang and Eyzaguirre 2006). In addition, it has been
demonstrated via paired sharp microelectrode recordings that neighbouring type I
cells exhibit bidirectional electrical coupling (Chou et al. 1998; Monti-Bloch et al.
1993). This charge transfer phenomenon was also observed when multiple petrosal
afferent terminals were recorded from simultaneously, suggesting that gap junctions
also link the individual petrosal neuron projections that innervate type I cells (Jiang
and Eyzaguirre 2006). As described above, initial evidence suggests glomus cells
express both Cx36 and Cx43, whilst petrosal afferents may express Cx36 (Abudara
et al. 1999; Frinchi et al. 2013).

In addition to achieving a syncytial system via information transfer through gap junc-
tions, a similar system using coded chemical transmitters with both paracrine and auto-
crine features is also possible. Given that type I cells are known to be sensitive to the
transmitters that they release when depolarised, and that autocrine stimulation by
several of these ligands induces a positive feedback loop, such a system regulating type
I cells likely operates in the carotid body.

For example: type I cells release ACh when stimulated (Zhang et al. 2000) and the acti-
vation of type I cell α4 and α7 nAChRs depolarises type I cells (Wyatt and Peers 1993;
Meza et al. 2012). Further, the activation of either nAChRs or mAChRs expressed by
type I cells elevates type I cell [Ca2+]i (Dasso et al. 1997). In the case of mAChRs, the
[Ca2+]i response was found to be biphasic, with a rapid initial phase that was dependent
on internal Ca2+ stores and a slower secondary phase that was dependent on external Ca2+

(Dasso et al. 1997). [Ca2+]i is increased above baseline in both phases (Dasso et al.
1997). These observations are consistent with the mAChRs in question being Gq
coupled (i.e. either M1, M3 or M5 mAChRs) as the first and second phases are well
explained by inositol trisphosphate receptor-mediated Ca2+ release from the ER and
the inhibition of background K+ leak TASK channels via diacylglycerol respectively
(Ortiz and Varas 2010). Indeed, it does appears that M1 mAChRs have a functional,
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excitatory role in the carotid body (Bairam et al. 1985, 2006; Wang and Fitzgerald
2002) and are expressed by glomus cells (Shirahata et al. 2004) (M2 mAChRs are see-
mingly also expressed by glomus cells (Shirahata et al. 2004 but are presumably func-
tionally dominated either by M1 mAChRs alone or M1 mAChRs working in concert
with M3 and / or M5 mAChRs). The combination of stimulation-induced release of
ACh from type I cells together with ACh providing excitatory input to those same
cells strongly suggests an ACh-specific positive feedback loop via ACh autoreceptors.
This mechanism would be expected to spread an excited state amongst localised type I
cells, thus effectively creating a syncytial system.

Interestingly, ACh activation of type I cells also induces a catecholamine release (Meza
et al. 2012) that may mostly consist of NA (Vicario et al. 2000), which itself may represent
another example of a transmitter that facilitates a syncytial state. Type I cells release NA
when activated (Gomez-Niño et al. 1990) and recent data suggests α1 adrenoreceptors
are expressed by type I cells, as well as cells of the carotid body vasculature (Felippe
et al. 2022). The pre-activation of these receptors amplifies carotid sinus nerve discharges
in response to hypoxia (Felippe et al. 2022) and so, as the hypoxic state is communicated
directly to petrosal afferents by type I cells, it is possible that type I cell α1 adrenorecep-
tors can also act to propagate excitatory NA signalling within a local group of type I cells
via a positive feedback mechanism. However, it remains possible that carotid body α1
adrenoreceptor activation mediates a vasculature-only effect. If the type I cell cholinergic
system does act both to initiate and maintain a syncytial state directly, as well as trigger a
localised, noradrenergic positive feedback loop then this would serve to amplify syncytial
function fidelity.

A final example of a neurotransmitter that may induce a syncytial state amongst loca-
lised type I cells via a positive feedback loop is adenosine: type I cells release adenosine
when stimulated (Conde and Monteiro 2004; Conde et al. 2012), but also express A2
receptors, which, when bound by ligand, induce the downstream inhibition of TASK
channels and so increase excitability (Zhang et al. 2018).

These positive autocrine signals may directly offset the negative D2 auto-receptor
feedback that likely results from type I cells both releasing dopamine upon being stimu-
lated (Fishman et al. 1985) and being inhibited by it (Carroll et al. 2005). They may also
offset the inhibitory retrograde dopamine transmission that is thought to occur following
petrosal afferent activation (see above).

Functional consequences of a syncytial network in the carotid body

The cellular and molecular bases for gap junction coupling and neurotransmission in the
carotid body suggest the presence of syncytial structures; the implications of this for
information processing are significant. Individual clusters of linked glomus cells would
in effect act as a single cell with a large receptive field. This could, for example,
amplify the sensitivity of the glomus cell detection system and / or allow coincidence
detection, which would improve the accuracy of the chemoreflex response by rejecting
errant activation of an individual glomus cell. Further, the collective activation of a syn-
cytial network of glomus cells potentially innervated by multiple different petrosal
afferents (Figure 1) may help synchronise petrosal afferent output in the brainstem,
which could in turn improve transmission fidelity, provide signal patterning that
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contributes to plasticity mechanisms such as LTP and LDP or synchronise downstream
motor effector outputs. Similar information processing changes as a result of linked pet-
rosal afferents can also be imagined.

Interestingly, hypoxia reduces intra-type I gap junction coupling (Jiang and Eyza-
guirre 2006) whilst simultaneously increasing intra-afferent and type I – afferent gap
junction coupling (Jiang and Eyzaguirre 2006). This latter change effectively exchanges
lower fidelity synaptic signalling for much higher fidelity gap junction-mediated com-
munication and so may represent one of the mechanisms underlying the increase in
carotid body discharge in hypoxic conditions. The molecular processes underlying
these changes in gap junction coupling are currently unclear, but interestingly, chronic
hypoxia has been shown to upregulate Cx43 expression (Abudara et al. 1999; Chen
et al. 2002). If the different connexins represent a computational code for specifying
cell coupling in the carotid body, as they do in other organs, then a change in the differ-
ential translation of distinct connexin isoforms could well be what facilitates the switch
from intra-type I and / or intra-afferent gap junction coupling to type I – afferent gap
junction coupling during sustained hypoxia. Another proposal is that glomus cells
may de-couple due to the inactivation of gap junction channels by hypoxia, an acidic
pH or hypercapnia (Reyes et al. 2014), however this does not explain the surge in coup-
ling efficiency between other cell types induced by low pO2. This apparent discrepancy
may be explained by the hypothesis that whilst certain connexin isoforms are inhibited
by specific environmental conditions, others (which are localised elsewhere) are activated
by those same stimuli. In support of this idea, the activation of medullary connexin 26 by
elevated PaCO2 is required for 30% of the total ventilatory response to hypercapnia (Van
de Wiel et al. 2020).

These findings together suggest that, in future, models of the carotid body may need to
incorporate the idea that individual clusters of cells in the carotid body function as iso-
lated distributed networks (see below for evidence supporting the notion of multiple
confined networks rather than a single syncytial system). Further, the active modulation
of cell coupling and de-coupling appears to regulate afferent firing and so an examination
of whether the disruption of these mechanisms is involved in pathological carotid body
tonicity and hyperreflexia is warranted.

Specialised sub-circuits facilitate heterogeneous carotid body output
pathways

The responses of individual components of the peripheral chemoreflex response differ
depending on the stimuli involved, consistent with specific carotid body sub-circuits
responding to certain stimuli and these sub-populations of cells then communicating
with specific motor output pathways (Zera et al. 2019). For example, hypoxia leads to
tachypnoea whereas, surprisingly, ATP causes apnoea (Spiller et al. 2021). Further,
some highly branched petrosal afferents form multiple groups of calcyform synapses
that each envelope 20–60 glomus cells, an arrangement that presumably produces func-
tional cluster units (likely separated from other clusters by septal tissue, with the glomus
cells in such clusters possibly being linked via gap junctions to form a syncytial detector
as described above) (Torrealba and Alcayaga 1986). Other thinner afferents, with far
simpler arborisation patterns, project to only a few closely apposed glomus cells
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(Torrealba and Alcayaga 1986; Torrealba 1996; Nishi and Stensaas 1974). It has been
suggested that the larger fibres are likely myelinated A-type fibres that are characterised
by a lower rheobase and a phasic firing pattern, whilst the smaller fibres are proposed to
be C-type fibres, which have a higher rheobase and a tonic firing pattern (Zera et al. 2019;
Belmonte and Gallego 1983). If correct, this could enable the system to encode hetero-
geneous responses to quantitative differences in stimulation intensity in addition to
differentiating between distinct modes of stimulation. Finally, as mentioned above, inhi-
bition of the P2X3 purinergic receptor reduces sympathetic tone and blood pressure in
the SHR but does not affect reflex bradycardia or hyperventilation, which supports the
separate reflex transmission circuits proposal (Pijacka et al. 2016; Zera et al. 2019).
Taken together, these data suggest that differential responses to carotid body activation
may be defined by a functional computational code that combines the variety of neuro-
transmitters described earlier with anatomical segregation of the carotid body and down-
stream structures into chemosensory units. This idea has been termed the ‘SCART lead’
or ‘ribbon cable’ hypothesis and is discussed further here (Zera et al. 2019; Paton et al.
2013) (also see Figure 1). If correct, this logic could provide a basis for the selective
modulation of different chemoreflex components and thus enable highly targeted treat-
ments with reduced off-target effects.

Conclusions and future perspectives

Further research is needed to reveal how the interplay between the different cells of the
carotid body culminates in the output that drives the chemoreflex response and how this
inter-cellular communication is altered in disease. Addressing the carotid body as a
circuit by, for example, exploring how its receptor fields are organised or if vasculature
signalling within the carotid body is influential, will be critical in achieving this goal. By
clarifying exactly how manipulation of carotid body activity can influence sympathetic
activity, we will be able to establish a basis for more specific interventions to control
the elevated sympathetic activity underlying a variety of cardio-respiratory and metabolic
diseases.
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