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TOPICAL REVIEW

Expanding role of ATP as a versatile messenger at carotid
and aortic body chemoreceptors

Nikol A. Piskuric and Colin A. Nurse

Department of Biology, McMaster University, 1280 Main St West, Hamilton, Ontario L8S 4K1, Canada

Abstract In mammals, peripheral arterial chemoreceptors monitor blood chemicals (e.g. O,,
CO,, HT, glucose) and maintain homeostasis via initiation of respiratory and cardiovascular
reflexes. Whereas chemoreceptors in the carotid bodies (CBs), located bilaterally at the carotid
bifurcation, control primarily respiratory functions, those in the more diffusely distributed aortic
bodies (ABs) are thought to regulate mainly cardiovascular functions. Functionally, CBs sense
partial pressure of O, (Po,), whereas ABs are considered sensors of O, content. How these
organs, with essentially a similar complement of chemoreceptor cells, differentially process these
two different types of signals remains enigmatic. Here, we review evidence that implicates ATP
as a central mediator during information processing in the CB. Recent data allow an integrative
view concerning its interactions at purinergic P2X and P2Y receptors within the chemosensory
complex that contains elements of a ‘quadripartite synapse’. We also discuss recent studies on the
cellular physiology of ABs located near the aortic arch, as well as immunohistochemical evidence
suggesting the presence of pathways for P2X receptor signalling. Finally, we present a hypothetical
‘quadripartite model’ to explain how ATP, released from red blood cells during hypoxia, could
contribute to the ability of ABs to sense O, content.
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Introduction bodies (CBs) located near the bifurcation of the common
carotid artery. In response to reductions in the partial

Homeostasis in the mammalian respiratory and cardio-  pressure of O, (Po,), i.e. hypoxia, or increases in
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vascular systems is maintained by reflexes that are initiated
at specialized peripheral organs that sense changes in the
chemical composition of arterial blood. These so-called
peripheral arterial chemoreceptors are located strategically
along the major arteries and contribute to the maintenance
of O, and CO,/H" homeostasis (Gonzalez et al. 1994).
One well-studied group is the bilateral pair of carotid

Nikol A. Piskuric (left) completed her PhD studies on the anatomical organization and cellular physiology
of aortic versus carotid body chemoreceptors at McMaster University in 2012. She was the recipient of
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is currently Professor of Biology, since 1994. His research interests are in the mechanisms of sensory
processing at peripheral arterial chemoreceptors, and on the developmental regulation of O, and CO,

chemosensitivity in adrenal chromaffin cells.

Pco,/H™ (acid hypercapnia), CB receptor cells depolarize
and release excitatory neurotransmitters onto afferent
terminals of the carotid sinus nerve (Gonzalez et al.
1994; Lopez-Barneo, 2003; Nurse, 2010). The resulting
increase in sensory discharge is relayed to the central
pattern generator in the brainstem, ultimately leading
to hyperventilation and restoration of blood gas and
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pH homeostasis. It is now generally accepted that the
CB is a polymodal sensor, capable of detecting other
sensory modalities including low glucose and temperature
(Lopez-Barneo, 2003; Kumar & Bin-Jaliah, 2007; Nurse,
2010). Additionally, CB chemoexcitation is also known
to play a role in cardiovascular reflexes resulting in
bradycardia and peripheral vasoconstriction mediated
via changes in sympathetic and parasympathetic efferent
activity (Alsberge et al. 1988; Kumar, 2009).

By contrast, another group of peripheral chemo-
receptors known as the aortic bodies (ABs) has been
poorly studied, and only recently has their cellular physio-
logy been investigated (Piskuric & Nurse, 2012). These
ABs are scattered diffusely along the thoracic and cervical
vagus nerve and its branches, and are thought to act as
‘O,-content’ rather than ‘Po,” sensors, eliciting primarily
cardiovascular reflexes (Comroe, 1939; Lahiri et al. 1981).
While there is a wealth of information on potential
mechanisms by which the CB senses Po, (Buckler, 2007;
Peers et al. 2010), and the role of neurotransmitters
in signal processing (Nurse, 2010; Nurse & Piskuric,
2012), virtually nothing is known about the mechanisms
underlying the ability of ABs to monitor O, content.
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This remains a major challenge, especially because the
cellular components and morphology of the chemo-
receptor complexes appear similar in both the CB and
AB. Also, as illustrated in Fig. 1, the responses of their
respective chemoreceptor cells appear similar (Piskuric &
Nurse, 2012).

In this review, we examine the evidence for a central
role of ATP and purinergic receptor signalling during
information processing in the CB. Recent evidence
suggesting contributions from glial cells is also included.
Though the focus here is on ATP, it is recognized
that many other neurochemicals, including dopamine,
adenosine and ACh, play key roles in the physiological
function of CBs. Space constraints preclude an adequate
consideration of the relevant literature on those neuro-
chemicals; however, the reader is referred to other reviews
and articles on these topics (Eyzaguirre & Zapata, 1984;
Shirahata et al. 2007; Iturriaga et al. 2009; Conde et al.
2012; Nurse & Piskuric, 2012). We also review recent data
on the organization and cellular physiology of ABs, and
present a novel hypothesis on how ATP release from red
blood cells could contribute to their ability to monitor O,
content.
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Figure 1. Intracellular Ca?t responses in CB versus AB type I cells to various chemostimuli
Note that type | cells from both organs respond similarly to a decrease in Po, (hypoxia), isohydric hypercapnia and

acid hypercapnia.
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Anatomical organization of carotid bodies versus
aortic bodies

Although more numerous, ABs are relatively small
such that their combined total volume is less than
that of one CB (McDonald & Blewett, 1981). In
both cases, the chemosensory units comprise innervated
chemoreceptor type I (glomus) cell clusters with inter-
digitating glia-like type II cells and their blood supply
(McDonald & Mitchell, 1975; Hansen, 1981; Kummer
& Neuhuber, 1989). The oval type I cells (~10pum
diameter) possess catecholamine-containing dense-core
and clear-core vesicles (Kummer & Neuhuber, 1989;
Gonzalez et al. 1994). The glia-like (sustentacular) type
IT cells are ~4-times fewer, and have elongated cell bodies
with long processes that ensheath type I cells (McDonald,
1981; Kummer & Neuhuber, 1989). In the CB, nerve end-
ings derive mainly from afferent neurones located in the
petrosal ganglion (Gonzalez et al. 1994), though there isan
efferent autonomic innervation as well (Wang et al. 1993;
Campanucci ef al. 2003). In the AB, innervation derives
mainly from afferent nodose ganglion neurons, though in
some cases local neurones may also contribute (Hansen,
1981; Kummer & Neuhuber, 1989; Piskuric et al. 2011).
Both organs are penetrated by thin-walled fenestrated
capillaries; however, whereas the CB receives an enormous
blood flow from branches of multiple arterioles, one
distant arteriole is thought to supply the comparatively
low blood flow to the AB (McDonald & Blewett, 1981;
McDonald & Larue, 1983).

ATP as an excitatory neurotransmitter between
carotid body type I cells and petrosal afferent
terminals

The excitatory effects of ATP on the CB chemosensory
discharge have been known for many years, based on
perfusion experiments (Jarisch et al. 1952; Spergel &
Lahiri, 1993). In the rat CB, P2X receptor agonists
evoked rapid cardiorespiratory reflexes suggesting the
presence of endogenous purinoceptors (McQueen et al.
1998). In other studies in the isolated cat and rabbit
petrosal ganglion, ATP caused a dose-dependent increase
in sinus nerve discharge consistent with the presence
of purinoceptors on chemoafferent neurones (Alcayaga
et al. 2000; Soto et al. 2010). However, the advent of a
functional co-culture model of rat CB type I cell clusters
and petrosal neurones led to the demonstration that ATP
was a key excitatory neurotransmitter during sensory
transmission (Zhang et al. 2000; Nurse, 2010). In this
model, the general P2 receptor blocker, suramin, partially
inhibited both hypoxia- and hypercapnia-induced post-
synaptic responses recorded in petrosal neurones, and
both P2X2 and P2X3 purinergic subunits were immuno-
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localized to petrosal afferent terminals in the rat CB in
situ (Prasad et al. 2001). Compelling evidence for a role
of ATP and P2X receptors in CB chemosensory trans-
mission was obtained following the use of a transgenic
mouse model deficient in the P2X2 subunit (Rong et al.
2003). These mutant mice showed a marked attenuation of
both the hypoxic ventilatory response and hypoxia-evoked
afferent sinus nerve discharge. While the role of the P2X2
subunit was critical in this study, mice lacking the P2X3
subunit showed normal hypoxic ventilatory responses
(Rong et al. 2003). However, more recent studies utilizing
single fibre recordings have suggested a major role for
P2X3-containing receptors in the sensory discharge in the
rat CB (Niane efal. 2011). In general, the non-selective P2
blockers, i.e. suramin and PPADS, have been successfully
used to inhibit hypoxia-evoked sinus nerve discharge in
several species including rat, mouse and cat (Zhang et al.
2000; Rong ef al. 2003; Iturriaga & Alcayaga, 2004; He
et al. 2006; Zapata, 2007; Niane et al. 2011). Taken together
these findings, along with the detection of hypoxia-evoked
ATP release from whole CBs (Buttigieg & Nurse, 2004),
support a major role for ATP and P2X2/3 receptors in CB
sensory transmission. However, there is strong evidence
that other excitatory co-transmitters (e.g. ACh, adenosine)
are also involved (Zapata, 2007; Nurse, 2010; Conde et al.
2012).

Possible contribution of pannexin-1 channels in
glia-like type Il cells to chemotransmission via
ATP-induced ATP release

The role of glia-like type II cells in CB function
remained elusive for many years. These spindle-shaped
cells ensheath type I cells and their close membrane
appositions were once thought to include gap junctions
(Kondo, 2002). A potential physiological role for type II
cells in CB function was suggested by the observation
that ATP induced a rise in intracellular Ca’* in isolated
rat type II cells via activation of G-protein-coupled P2Y2
receptors (Xu et al. 2003; Tse et al. 2012). Recent studies
from our laboratory have suggested that activation of P2Y2
receptors by ATP or UTP on type II cells can lead to
further release of ATP via opening of gap junction-like
pannexin-1 channels, which were immunolocalized to
type II cells (Zhang et al. 2012). These channels are now
known to act as conduits for ATP release from a variety
of cell types including glial cells (MacVicar & Thompson,
2010) and red blood cells (Locovei et al. 2006). In type II
cells, both ATP and UTP activated a depolarizing inward
current that was reversibly inhibited by low concentrations
(5 uM) of carbenoxolone, a pannexin-1 channel blocker
(Zhang et al. 2012). Moreover, selective activation of P2Y2
receptors on type II cells led in several cases to ATP
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release via pannexin-1 channels, detected using nearby
petrosal neurones as biosensors (Zhang et al. 2012). These
data suggest a novel role for type II cells in amplifying
the ATP signal via the mechanism of ATP-induced ATP
release.

Role of ATP in mediating efferent chemoreceptor
inhibition via nitric oxide (NO)

An efferent inhibitory innervation of the CB, first
described in the early 1970s, is now known to use NO as the
mediator (reviewed in Campanucci & Nurse, 2007). This
efferent innervation constitutes the fourth component of
the proposed “quadripartite synapse”, which also contains
the type I cells, type II cells, and afferent nerve terminals
(Figure 2). Recent evidence suggests that ATP may also be
involved in the activation of this NO signalling pathway,

Type Il cell

Glossopharyngeal
neurone terminal

Figure 2. Model of the CB ‘quadripartite synapse’
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thereby contributing to a negative feedback regulation of
its own release. The sources of NO are mainly axonal fibres
derived from groups of neuronal nitric oxidesynthase
(nNOS) -positive autonomic neurones embedded mainly
in the glossopharyngeal (GPN) nerve (Campanucci et al.
2003). These GPN neurones and their processes express
purinergic receptors containing P2X2, P2X3, P2X4 and
P2X7 subunits, and their activation by ATP leads to
increased excitability and a rise in intracellular calcium
(Campanucci et al. 2006, 2012; Campanucci & Nurse,
2007). In a co-culture model of GPN neurones and CB
type I clusters, stimulation of neuronal P2X receptors
led to type I cell hyperpolarization that was prevented
by NO scavengers (Campanucci et al. 2006). These data
are consistent with a model whereby ATP released from
type I cells during chemoexcitation could additionally
excite GPN efferent fibres, leading to a rise in intracellular
Ca’* concentration, [Ca?*];, activation of nNOS via

Petrosal
neurone
terminal

I e Task @ ATP
@ Adenosine
m Panx-1

Release of ATP from type | cells during hypoxia excites sensory terminals; note role of type Il cells in amplifying
the ATP signal via P2Y2 receptors and the opening of pannexin-1 channels. Negative feedback pathways include
inhibitory action of NO released from efferent nerves and ATP-mediated paracrine inhibition of type | cells. Note
that the roles of other well-described CB neurotransmitters and neuromodulators, including ACh, dopamine and
adenosine, as well as their respective signalling pathways (see Shirahata et al. 2007; Iturriaga et al. 2009; Nurse,
2010; Conde et al. 2012; Nurse & Piskuric, 2012), have been omitted here for clarity.
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Ca**—calmodulin and local synthesis/release of NO near
the chemoreceptor complex. The resulting NO-mediated
hyperpolarization of type I cells could in turn limit or
modulate the amount of ATP they release for a given
chemosensory stimulus.

ATP as a negative feedback autocrine regulator of
carotid body type I cell function via P2Y1 receptors

ATP may also regulate type I cell function via a negative
feedback mechanism involving G-protein-coupled P2Y1
receptors (Xu et al. 2005). In the latter study, ATP (100 M)
strongly inhibited the hypoxia-induced elevation in
[Ca’*]; in type I cells. The mechanism(s) involved
closure of an unidentified resting conductance(s),
causing membrane hyperpolarization that antagonized
the hypoxia-induced depolarizing receptor potential (Xu
et al. 2005). This negative feedback pathway provides an
alternative route by which ATP can regulate its own levels
at the synapse, and therefore the degree of afferent nerve
excitation during chemotransduction (Xu et al. 2005;
Tse et al. 2012). However, this effect is counteracted by
the positive feedback action of adenosine, a breakdown
product of ATP. On the presynaptic side, adenosine may
enhance membrane depolarization and intracellular Ca®*
responses in type I cells via autocrine—paracrine activation
of A2a receptors (Xu et al. 2006; Fitzgerald et al. 2009;

Type i cell £

Hypoxia

Red blood cell

Figure 3. Model of the AB ‘quadripartite complex’
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Nurse & Piskuric, 2012; Tse et al. 2012). On the post-
synaptic side, adenosine may also augment sinus nerve
discharge via A2a receptors on afferent nerve terminals
(Conde et al. 2012).

ATP as a putative excitatory neurotransmitter at
aortic body type I cells

At the vagus-recurrent laryngeal nerve bifurcation,
tyrosine hydroxylase (TH)-immunopositive AB type I
cells are contacted by P2X2- and P2X3-immunopositive
nerve terminals (Piskuric et al. 2011). These terminals
probably derive from P2X2- and P2X3-expressing nodose
ganglion neurones (Burnstock, 2009; Song et al. 2012),
since this sensory ganglion is thought to be the major
source of AB afferent innervation (Hansen, 1981; Kummer
& Neuhuber, 1989). Interestingly, ~25% of local neurones
are also P2X2- and/or P2X3-immunoreactive and at least
some of them appear to innervate type I cells (Piskuric et al.
2011). Subsets of these local neurones were recently found
to be excited by exogenous ATP acting via P2X2/3 receptors
(authors’ unpublished observations). As AB local neuro-
nes respond to several chemostimuli (e.g. hypoxia) via
increases in cytosolic Ca*" (Piskuric & Nurse, 2012), it is
possible that at least some of them are sensory, analogous
to CB petrosal chemoafferent neurones.

” Local neurone
terminal

This hypothetical model is based on the AB at the left vagus-recurrent laryngeal nerve bifurcation. Note the
presence of P2X-expressing local neurones and nerve terminals apposed to type | cells, as well as the proposed

role of red blood cells as AB ‘O, content’ sensors.
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Does ATP release from red blood cells via pannexin-1
channels contribute to the ability of the aortic body
to sense O, content?

From the time ABs were first considered ‘O,-content’
sensors, a role for red blood cells (RBCs) was implicated
(Lahiri et al. 1981). Because of their low blood flow, ABs
were thought to depend on O, carried by haemoglobin
(HD) to satisty their energy demands (Lahiri ef al. 1981).
In view of the emerging role of the RBCs as O, sensors, and
the evidence that hypoxia evokes ATP release from RBCs
(Ellsworth et al. 1995), it may well be that these cells play
a direct role in AB chemosensing. Interestingly, the trigger
for ATP release from RBCs is a decrease in O, content as
sensed by a change in Hb conformation upon desaturation
(Ellsworth et al. 2009). Furthermore, the same channels
that appear to mediate ATP-induced ATP release from CB
type II cells, i.e. pannexin-1 channels (Zhang et al. 2012),
have been recently shown to mediate hypoxia-evoked ATP
release from RBCs (Sridharan et al. 2010). Thus, the RBC,
acting as a ‘mobile O,-content sensor’ may initiate a
systemic reflex in response to local tissue hypoxia, via ATP
release. Given the high permeability of AB blood vessels
(McDonald & Blewett, 1981), it is possible that this ATP
could extravasate into the interstitial fluid and activate
P2X2/3 receptors on local neurones or nerve terminals
apposed to type I cells (Fig. 3). This effect of hypoxia on
RBCs would facilitate that on AB type I cells, rendering
the RBC equivalent to an ‘ATP amplifier’ at the AB chemo-
sensory synapse.

Closing remarks

Compelling evidence has been obtained over the last
~12 years supporting a major role for ATP in signal
processing in the CB. Though speculative, this review has
examined more recent circumstantial evidence for ATP as
an important signal in the AB as well. In the case of the
CB, we propose an expanded role for ATP given the recent
demonstration that glial-like type II cells could amplify the
ATP signal via the mechanism of ATP-induced ATP release
(Zhang et al. 2012). These new developments suggest that
the CB contains the elements of a ‘quadripartite synapse’
(Fig. 2). In this model, the initial vesicular release of ATP
from type I cells during chemotransduction could lead
to paracrine activation of P2Y2 receptors on contiguous
type II cells; the resulting opening of pannexin-1 channels
could provide an auxiliary pathway for non-vesicular ATP
release from type II cells. The total extracellular ATP
pool, in combination with the pre- and post-synaptic
actions of its breakdown product adenosine, appears to
provide the major excitatory drive to the CB afferent
nerve terminals (Nurse, 2010; Conde et al. 2012; Tse et al.
2012).

J Physiol 591.2

Besides the presence of nucleotidases that degrade
ATP, a number of autocrine—paracrine, negative feed-
back pathways may help control ATP levels and therefore
regulate afferent firing. These include: (i) ATP-mediated
hyperpolarization of type I cells via G-protein-coupled
P2Y1 receptors (Xu et al. 2005; Tse et al. 2012); (ii)
ATP-mediated excitation of autonomic efferent terminals
via P2X receptors, leading to synthesis/release of NO,
which in turn causes type I cell hyperpolarization
(Campanucci et al. 2006, 2012; Campanucci & Nurse,
2007); and (iii) closure of pannexin-1 channels in type
II cells by high extracellular ATP concentrations (Dubyak,
2009).

In the case of the AB, it appears that the basic chemo-
sensing mechanisms at the level of the type I cells may not
be fundamentally different from those in the CB. Though
further electrophysiological studies are required to validate
this point, their intracellular Ca*" responses to changes in
Po, (and Pco,/pH) appear similar (Fig. 1; see also Piskuric
& Nurse, 2012). If true, how does the AB sense blood O,
contentin contrast to the CB which senses P, ? To facilitate
future investigations, we propose a ‘quadripartite model’
where AB type I cells, type II cells, local ‘sensory’ neuro-
nes and/or afferent nerve endings, and RBCs are the major
components (Fig. 3). The model relies on previous work
demonstrating that hypoxaemia stimulates ATP release
from RBCs via pannexin-1 channels (Ellsworth et al. 2009;
Sridharan et al. 2010). This RBC-derived ATP is proposed
to extravasate via fenestrated capillaries and contribute
to excitation of sensory afferent terminals and/or local
neurones. The model provides a plausible mechanism by
which ABs can sense blood O, content, and the pathway
is facilitated by the relatively low blood flow to the organ.
By contrast, the large blood flow to the CB would render
the contribution of any RBC-derived ATP negligible. Tests
of these models and their predictions remain a formidable
challenge for future investigations into the contrasting
physiology of the CB and AB.
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