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Abstract

Carotid body hyperactivity is increasingly recognised as a major contributor to
neurogenic hypertension, particularly in cardiovascular-respiratory related diseases
including chronic obstructive pulmonary disease (COPD). In COPD, chronic hypoxia
persistently excites the carotid body, driving excessive sympathetic outflow
contributing to hypertension. However, the mechanisms underlying carotid body
hyperactivity remain unclear. CD73, an ecto-nucleotidase, plays a crucial role in setting
basal carotid body activity and hypoxic sensitivity. Whether CD73 contributes to chronic
hypoxia-induced carotid body hyperactivity is unknown. This thesis initially
characterised and validated a chronic hypoxia model in rats using 10 days exposure
to 12% FiO2. Experiments subsequently investigated alterations in the cellular
distribution of CD73 in the carotid body in response to chronic hypoxia and the
functional importance of CD73 in promoting chemoafferent hyperexcitability. Final
experiments examined whether in vivo pharmacological targeting of CD73 produced
beneficial cardiovascular alterations in chronically hypoxic animals. Chronic hypoxia
increased the number of CD73*TH" cells within the carotid body. Pharmacological
inhibition of CD73 abolished chronic hypoxia-induced basal chemoafferent
hyperactivity and normalised heightened hypoxic sensitivity ex vivo. CD73 antagonism
in vivo reduced blood pressure in a carotid body-dependent manner while preserving
cardiovascular-respiratory reflexes during hypoxia. This research suggests that CD73
is an important modulator of carotid body hyperactivity in chronic hypoxia. The work
highlights a potential new strategy for reducing carotid body hyperactivity and blood
pressure without impairing hypoxia responsiveness. These findings should promote
the development of carotid body/CD73-targeted treatments for chronic hypoxia-related

conditions such as COPD.
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CHAPTER 1



1. Introduction

1.1 Overview of carotid body physiology

1.1.1 Anatomy of the carotid body

The carotid body is an important, ovoid organ located in the neck at the bifurcation of
the left and right common carotid arteries. In most mammals, it is a single compact
structure, measuring approximately 13 mg in humans and 60 ug in rats (Heath et al.,
1970; McDonald, 1981). Its long axis measures 2-3 mm in humans and 0.40-0.70 mm

in rats (Heath et al., 1970; Hess, 1975; McDonald & Blewett, 1981).

The carotid body has an extensive vascular network primarily supplied by branches of
the internal carotid artery (ICA), external carotid artery (ECA) and occipital artery (OA).
Blood distribution occurs through fenestrated capillaries (8-28 uym in diameter) and
non-fenestrated capillaries (6-12 ym) (McDonald, 1983; McDonald & Larue, 1983).
Some of these vessels are surrounded by pericytes, which play a role in regulating
blood flow, though their precise function in the carotid body remains unclear. Despite
its small size, the carotid body receives an exceptionally high blood flow, estimated at
1-2 L min-.100g", which is about 10 times greater than the brain’s relative blood flow

(Barnett et al., 1988; Daly et al., 1954).

The carotid body is richly innervated by both afferent and efferent nerves. Efferent
fibres primarily arise from the superior cervical ganglion (SCG), and sympathetic
noradrenergic fibres supply the vascular bed. Afferent neurons project from the carotid

sinus nerve (CSN), a branch of the glossopharyngeal nerve (IX!" cranial nerve), with

1



their cell bodies located in the petrosal ganglion. When stimulated, these afferent fibres
relay signals to the nucleus tractus solitarius (NTS) in the brainstem (Finley & Katz,

1992; Panneton & Loewy, 1980).

The carotid body contains oxygen-sensitive type | cells, which cluster in groups of 2—
12 cells (Kumar & Prabhakar, 2012). These cells act as the primary chemosensory
transducers, containing dense-core vesicles that facilitate neurotransmitter release to
excite afferent terminals. Surrounding them are glia-like type Il cells, which are sparser,
with a ratio of approximately 1 type Il cell for every 4 type | cells. Within a cluster, there
are also immature type | cells known as neuroblasts which contribute to carotid body
adaptation (Platero-Luengo et al., 2014). The strategic location of the carotid body,
combined with its dense vascularisation, intricate neuronal connections and
specialised cell composition, enables it to efficiently monitor and respond to changes

in blood chemistry, particularly in stressful conditions (Nurse, 2014).

1.1.2 Chemotransduction and reflex responses

The detection of chemosensory signals by type | cells triggers a well-defined
transduction cascade, ultimately increasing action potential generation in the CSN.
This signal is transmitted to the brainstem, where it elicits protective cardio-respiratory
reflexes. While hypoxia has traditionally been studied as the primary carotid body
stimulant, it is now recognised that the carotid body functions as a polymodal receptor,
capable of responding to various stressors, including hypercapnia, acidic pH,
inflammation, hypoglycaemia and temperature changes (Kumar & Bin-Jaliah, 2007).

This thesis will focus primarily on carotid body responses to hypoxia and hypercapnia.



Although the molecular mechanisms underlying stimulus detection remain debated,

the subsequent transduction cascade is widely accepted.

Cellular depolarisation in type | cells is primarily attributed to the inhibition of outward
K* currents. Several K* channels have been implicated in this process, including TWIK-
related acid-sensitive (TASK), TWIK-related (TREK), large-conductance calcium-
activated (BKca/maxi-K) and voltage-gated (Kv) channels (Buckler et al., 2000; Kim et
al.,, 2009; Wyatt & Peers, 1995). The resulting membrane depolarisation opens
voltage-sensitive L-type Ca?* channels, leading to a proportional rise in intracellular
calcium levels with increasing hypoxic intensity (Buckler & Vaughanjones, 1994; Urena

et al., 1994).

This rise in intracellular calcium triggers the release of various neurotransmitters and
neuromodulators that regulate the excitation or inhibition of post-synaptic CSN
afferents, through ionotropic or metabotropic receptor activation. Some of these
neurotransmitters include dopamine, serotonin, endothelin-1, acetylcholine (ACh),
adenosine triphosphate (ATP) and adenosine (Nurse, 2010). The presence of
corresponding receptors on type | cells suggests a potential autocrine feedback
mechanism for modulating chemosensory responses. ATP is well-established as an
excitatory neurotransmitter in the carotid body, and more recently, adenosine, a
breakdown product of ATP, has gained attention as a key regulator of carotid body
activity (Conde et al., 2017; Holmes et al., 2018b). These topics will be discussed

further in Section 1.2.

CSN excitation leads to increased action potential transmission to the brainstem,

triggering protective cardiovascular and respiratory reflexes. These include enhanced
3



phrenic nerve activity, increasing ventilation, and heightened sympathetic output,
causing vasoconstriction and adrenaline release from the adrenal medulla (Kumar,
2009). While the carotid body’s primary response to hypoxia induces bradycardia, the
increased respiratory drive leads to overall vagal inhibition and tachycardia (Zera et
al., 2019). These reflexes work collectively to elevate arterial oxygen levels and
enhance blood flow to vital organs. A summary of the carotid body chemotransduction

cascade and reflex responses to hypoxia is provided in Figure 1.1.
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Figure 1.1 Carotid body chemotransduction and reflex responses

This illustration depicts a summary of the general carotid body chemotransduction cascade
and reflex responses in response to a fall in arterial oxygen (P20-). The top left inset shows
an anatomical image of the carotid body, highlighting the carotid sinus nerve (CSN) and
glossopharyngeal nerve (IX" cranial nerve; CN). Upon sensing a decrease in P,O>, highly
oxygen-sensitive type | cells initiate a signalling cascade, including K* channel closure,
depolarisation and elevations in intracellular calcium [Ca?*] through voltage-gated (VG) L-
type channels. This triggers neurotransmitter/neuromodulator (NT/NM) release into the
synapse, inducing postsynaptic depolarisation. Action potentials travel through the carotid
sinus nerve, whose afferents arise in the petrosal ganglion and ultimately reach the nucleus
tractus solitarius (NTS) in the brainstem. Activation of NTS neurons stimulates phrenic nerve
activity thus increasing ventilation. NTS neurones also elevate sympathetic nerve activity,
leading to increased adrenaline release from the adrenal gland, increased heart rate and
contractility and vasoconstriction. Figure created using BioRender.com



1.1.3 Carotid body oxygen sensing

Extensive evidence suggests that hypoxia attenuates K* currents, but whether this
results from a direct effect of oxygen on K* channels or an intracellular O2 signalling
cascade remains debateable. The mitochondrial hypothesis of carotid body O2-sensing
is one of the most well established theories. In mammalian mitochondria, O2 serves as
the terminal electron acceptor in the CuB/haem a3 binuclear centre of cytochrome ¢
oxidase (Complex IV), driving electron transport and ATP production (Holmes et al.,
2018a). Many mitochondrial inhibitors mimic hypoxic responses, such as reduced
TASK-like currents (Turner & Buckler, 2013; Wyatt & Buckler, 2004), intracellular
calcium increases (Buckler, 2012), neurotransmitter release (Obeso et al., 1989) and
chemoafferent excitation in whole carotid body preparations (Donnelly et al., 2014;

Holmes et al., 2016).

Despite this, the precise mechanism linking mitochondrial inhibition to type | cell
depolarisation remains under investigation. Reduced oxidative phosphorylation likely
decreases intracellular ATP, increasing the AMP-to-ATP ratio. This may activate AMP-
activated protein kinase (AMPK), which phosphorylates and inhibits K* channels,
modulating depolarisation and chemotransduction (Evans et al., 2009; Wyatt et al.,
2007). However, some studies challenge AMPK’s role in TASK-like current attenuation
and calcium elevation during hypoxia (Kim et al., 2014). Furthermore, it has been
reported that carotid bodies isolated from mice with double a1/ a2 subunit deletion of
AMPK retain hypoxic sensitivity, further questioning the importance of AMPK as a
signal transducer in this context (Mahmoud et al., 2016). Most ATP is complexed with
Mg?* as MgATP (Gout et al., 2014). While direct intracellular ATP or MgATP

measurements have been inconsistent, using a Mg?*-sensitive fluorescent probe, data



showed increased free Mg?* in hypoxic rat type | cells, suggesting ATP depletion (Varas
et al.,, 2007). MgATP may indirectly activate TASK/TREK-1 K* channels, though the
mechanism remains unclear, especially given that these channels do not possess the
ability to bind MgATP (Enyeart et al., 2002; Varas et al., 2007; Williams & Buckler,
2004). However, keeping ATP constant in type | cells did not prevent K* current
inhibition during hypoxia. Furthermore, recent experiments quantifying ATP levels
indicate that they remain unchanged during hypoxia, suggesting that K* current
inhibition occurs through a mechanism independent of MgATP (Lopez-Barneo et al.,

2016; Lopez-Barneo et al., 1988; Torres-Lopez et al., 2025).

Mitochondrial metabolism also generates reactive oxygen species (ROS), primarily at
Complexes | and Il (Murphy, 2009). Acute hypoxia elevates ROS in the mitochondrial
intermembrane space. Deleting Ndufs2, a gene encoding a Complex | protein,
prevents hypoxia-induced ROS increase and abolishes the hypoxic ventilatory
response in mice (Fernandez-Aguera et al., 2015). Hypoxia is proposed to enhance
succinate metabolism at Complex Il, leading to electron leakage into Complex | via
reverse electron transport (RET). However, Complex Il inhibition with dimethyl
malonate only partially suppresses the catecholamine and chemoafferent response to
hypoxia (Arias-Mayenco et al., 2018; Swiderska et al., 2021). ROS can also be
generated through Complex lll. In mice with a genetic deletion of Complex III,
intermembrane ROS levels are reduced during hypoxia. Type | cells isolated from
these mice exhibit a complete loss of calcium influx and neurosecretory responses to
hypoxia, along with a severely diminished in vivo response (Cabello-Rivera et al.,
2022). While ROS likely modulates K* channels, their precise molecular effects remain
unclear (Wyatt & Buckler, 2004). The accumulation of reduced metabolites shifts the

redox balance toward a more reduced state, which has been proposed to activate the
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redox-sensitive protein PIN1. This in turn may activate NADPH oxidase, a membrane-
bound protein that also generates ROS. Inhibiting PIN1 partially blocks hypoxia-
induced depolarisation (Bernardini et al., 2020). While these findings implicate
Complex I-lll and NADPH oxidase in hypoxic sensing, feeding electrons into
cytochrome ¢ can bypass Complex | inhibition, suggesting Complex IV plays a more

pivotal role in hypoxic chemotransduction (Wyatt & Buckler, 2004).

Other molecules may compete with oxygen binding at Complex IV. Carbon monoxide
(CO), generated by the O2-dependent enzyme haem-oxygenase-2 (HO-2), inhibits
carotid body activity in normoxia by activating BKca channels (Peng et al., 2010;
Riesco-Fagundo et al., 2001; Williams et al., 2004). In hypoxia, reduced HO-2 activity
decreases CO-dependent K* channel activation. However, HO-2 knockout mice retain
hypoxic sensitivity, questioning CO’s role in oxygen sensing. CO may instead regulate
another gasotransmitter, hydrogen sulphide (Hz2S), which increases in HO-2-null mice.
Type | cells express cystathionine-y-lyase (CSE), an H2S-producing enzyme negatively
regulated by CO via Protein Kinase G-dependent phosphorylation. Hypoxia lifts CSE
inhibition, increasing H2S and promoting chemoexcitation by modulating ion channels

and mitochondria (Prabhakar & Semenza, 2015).

Recent research suggests Hz2S excitation may be independent of mitochondria and
background K* channels, involving the G protein-coupled olfactory receptor 78
(OIfr78). Transcriptome analysis identified OIfr78 as highly expressed in type | cells,
though its role in oxygen sensing is debated (Chang et al., 2015; Zhou et al., 2016).
Lactate, an OIfr78 agonist, can stimulate carotid body activity, but physiological lactate
levels in hypoxia may not be sufficient for this effect (Chang et al., 2015; Peng et al.,
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2020; Torres-Torrelo et al., 2021). Contradictory Olfr78-knockout mouse studies leave
lactate’s role unresolved (Chang et al., 2015; Torres-Torrelo et al., 2018). However,
OIfr78 mutants exhibit impaired ventilatory responses to mild but not severe hypoxia
(Peng et al., 2020). Recent findings show that H2S post-translationally modifies OIfr78
via persulphidation, activating adenylyl cyclase 3 (AC3), increasing cAMP, and
triggering cyclic nucleotide-gated (CNG) channels to induce calcium influx and
chemoreflex activation (Peng et al., 2025; Prabhakar et al., 2023). The role of cAMP in
mediating chemoafferent activity in normoxia and hypoxia will be explored in this

thesis.

More research is needed to reconcile these mechanisms, which may all interact and
play a part in oxygen sensing. However, it is evident that carotid body mitochondria are
highly oxygen-sensitive, with electron transport impairment occurring at higher oxygen
tensions than in other tissues (Buckler & Turner, 2013; Duchen & Biscoe, 1992a,
1992b). This low oxygen affinity is partly due to high mRNA levels of Cox4i2 and Cox8b,
which encode cytochrome c oxidase subunits along with other Complex IV-related
proteins such as HIGD1C which is almost exclusively expressed in the carotid body
(Gao et al., 2017; Timon-Gomez et al., 2022; Zhou et al., 2016). Many of these atypical
mitochondrial subunits have been associated with the relatively high expression of
hypoxia inducible factor (HIF)-2a (Bishop & Ratcliffe, 2020; Moreno-Dominguez et al.,
2020). Additionally, the selective loss of Oz sensitivity while preserving COz2 sensitivity
highlights distinct sensing mechanisms for these stimuli. Figure 1.2 shows a summary

of the proposed signalling mechanisms caused by hypoxia.



1.1.4 Carotid body carbon dioxide sensing

The reflex response to increased arterial CO2 (hypercapnia) triggers a significant rise
in ventilation. While this response is primarily driven by chemosensitive neurons in the
brainstem’s medullary regions, studies indicate that 20-50% of the ventilatory response
to hypercapnia is mediated by the carotid body (Heeringa et al., 1979; Rodman et al.,
2001; Thomas et al., 1999). Further experiments show that tonic carotid body activity
is essential for central chemoreceptor sensitivity to hypercapnia, as silencing carotid
body output with hyperoxic-hypocapnic solutions greatly reduces the ventilatory
response in extracorporeal perfused dogs (Blain et al., 2009). The carotid body not
only enhances central chemoreceptor sensitivity to hypercapnia but also accelerates
the response, with studies showing an ~11-second delay when central chemoreceptors

are stimulated alone (Smith et al., 2006).

Hypercapnia initiates a chemotransduction cascade similar to hypoxia, involving type
| cell depolarisation, increased intracellular calcium and neurotransmitter release
(Kumar & Prabhakar, 2012). The prevailing theory is that extracellular COz2 diffuses into
type | cells, where carbonic anhydrase catalyses its conversion into carbonic acid
(H2CO3), which then dissociates into bicarbonate (HCO3’) and hydrogen ions (H*)
(Iturriaga et al., 1991). Carbonic anhydrase isoforms I, Il and Ill have been localised in
the rat carotid body (Yamamoto et al., 2003). The resulting intracellular acidification
inhibits outward currents from TASK-like, BKca and acid-sensing ion channels (ASIC),
leading to depolarisation (Buckler et al., 2000; Peers, 1990; Tan et al., 2007). While
TASK-1 knockout mice exhibit a blunted hypercapnic chemoafferent and ventilatory
response ex vivo and in vivo respectively, a later study on TASK-1-null mice found no

significant changes in background K* currents or catecholamine secretion. However,
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dual TASK-1/3 knockout mice exhibited reduced resting K* current and decreased
sensitivity to hypercapnia, despite unaltered catecholamine secretion (Ortega-Saenz
et al., 2010). Further research is needed to clarify the role of TASK-1, TASK-3 and

TASK-1/3 heterodimers in hypercapnic sensing.

Other ion channels, such as ASICs, may also contribute to hypercapnic sensing
(Caraftino & Montalbetti, 2020). ASIC1 and ASIC3 are expressed in type | cells and
ASIC3-knockout mice show a reduced Ca?* response to hypercapnia while maintaining
normal responses to hypoxia, suggesting distinct acid and O2 sensing pathways (Lu et
al., 2013; Tan et al., 2007). However, mice with homozygous deletions of ASIC1,
ASIC2, or ASIC3 show no significant differences in ventilatory responses to
hypercapnia compared to wild-type controls (Detweiler et al., 2018). Figure 1.2 shows

a summary of the proposed signalling mechanisms caused by hypercapnia.

Hypercapnic chemotransduction may also occur independently of acidification. Studies
indicate that isohydric hypercapnia (high CO2 at constant pH) induces Ca?* influx,
neurotransmitter release and increased chemoafferent activity (Rigual et al., 1991;
Summers et al., 2002; Zhang & Nurse, 2004). This Ca?* rise is cAMP and Protein
Kinase A (PKA)-dependent (Summers et al., 2002). Soluble adenylyl cyclase (sAC), a
key enzyme activated by bicarbonate (HCOs"), has been proposed to contribute to
hypercapnic sensitivity (Nunes et al.,, 2009). However, functional studies found no
changes in cAMP, PKA activity or chemoafferent discharge in isohydric hypercapnia,
challenging previous findings (Nunes et al., 2013). In contrast, acid hypercapnia does
increase cAMP, suggesting it may modulate ion channel function in response to COz,
though the underlying mechanism remains unclear (Perezgarcia et al., 1990).
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Additionally, type | cell depolarisation and Ca?* influx lead to neurotransmitter release
including ATP and adenosine. ATP-derived adenosine enhances chemoafferent
activity and can stimulate transmembrane adenylyl cyclase (tmAC) in an autocrine
manner, increasing cAMP (Monteiro et al., 1996). The interplay between adenosine,

cAMP and sensitivity to hypoxia and hypercapnia will be explored in this thesis.
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Figure 1.2 Proposed signalling pathways in carotid body type | cells during hypoxia
and hypercapnia

Schematic illustration depicting the intracellular signalling mechanisms of O, and CO-
sensing in carotid body type | cells. Reduced PO leads to mitochondrial inhibition,
influencing multiple signalling molecules and processes including decreased MgATP,
elevated reactive oxygen species (ROS), increased AMP:ATP ratio which activates AMPK
and altered cellular redox status. These changes inhibit various K* channels, including
TASK-like, TREK and BKca, causing cellular depolarisation. In parallel, decreased oxygen
availability downregulates heme oxygenase-2 (HO-2), reducing carbon monoxide (CO)
production and subsequently lifting inhibition on cystathionine y-lyase (CSE), which
produces hydrogen sulphide (H2S). H>S can activate the olfactory receptor (OIfr78) via
persulfidation at Cys?, stimulating transmembrane adenylyl cyclase-3 (tmAC-3),
increasing cyclic AMP (cAMP) and causing depolarisation via cyclic nucleotide-gated
(CNG) channels. Elevated PCO. contributes to cellular acidification through carbonic
anhydrase (CA)-mediated production of protons (H), and through increased lactate
production from glycogen metabolism thought to occur during severe hypoxia. Acidification
inhibits K* channels and activates acid-sensitive ion channels (ASICs), leading to additional
depolarisation. Collectively, these pathways drive neurotransmitter release and
chemoafferent excitation. Figure created using BioRender.com.
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1.2 Purinergic signalling in the carotid body

1.2.1 The role of ATP

ATP is primarily known as a cellular energy source, but over the past 60 years, it has
also been recognised as a key neurotransmitter involved in cell-cell signalling
(Burnstock, 1972). In the carotid body, ATP functions as an excitatory neurotransmitter,
playing a crucial role in chemosensory signalling (Zhang et al., 2000). Histochemical
studies have shown that ATP is abundantly stored in secretory granules within type |
cells and released during hypoxia following depolarisation and calcium influx (Bock,
1980; Conde & Monteiro, 2004; Prasad et al., 2001). Infusion of ATP leads to a dose-
dependent increase in ventilation, an effect that is partly blocked by antagonising P2
ATP receptors with suramin (Reyes et al., 2007). This is consistent with in vivo findings
where ATP increases chemoafferent activity (McQueen & Ribeiro, 1983). Similarly, in
ex vivo carotid body preparations, stable ATP analogues enhance chemoafferent

activity, indicating a strong post-synaptic role for ATP (Rong et al., 2003).

Pharmacological data suggesting the presence of P2 receptors were confirmed by
immunohistochemical studies, which identified P2X2 and P2Xs receptors on synaptic
terminals closely associated with type | cells (Zhang et al., 2000). These receptors form
functional P2X2/3 heterodimers (Prasad et al., 2001). In an in vitro co-culture model of
type | cells and petrosal neurons, blocking P2 receptors partially reduced the hypoxia-
induced firing frequency of petrosal neurons (Zhang et al., 2000). Further supporting
this role, P2X2 and P2X23 knockout mice exhibit a diminished hypoxic ventilatory
response, and show significantly blunted chemoafferent discharge during hypoxia ex
vivo (Rong et al., 2003). Additionally, ATP release from rat carotid bodies increases

proportionally with hypoxic intensity, with ATP blockade effects being more pronounced
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under severe hypoxia (Conde et al., 2012b). ATP may also be released by the glia-like
type Il cells which are intimately associated with the type | cells. Immunofluorescence
staining has confirmed the expression of P2Y2 receptors on rat carotid body type |l
cells. Its activation by ATP generates Ca?* from intracellular stores and subsequent
ATP release through pannexin-1 channels (Piskuric & Nurse, 2013; Xu et al., 2003;

Zhang et al., 2012).

Collectively, these findings highlight ATP as a critical mediator of carotid body
responses to hypoxia, becoming more important as the stimulus intensity increases.
However, its role in maintaining basal chemoafferent activity remains debated. Some
studies show that blocking P2 receptors with suramin reduces basal chemoafferent
discharge, while others find no such effect (Conde et al., 2012b; Zhang et al., 2000).
Indeed, it appears that P2X2 and P2X2s3 knockout mice retain a normal basal
chemoafferent discharge frequency despite responses to hypoxia being severely
diminished (Rong et al., 2003). Moreover, ATP’s influence appears stronger at severe
hypoxic levels, raising questions about which neuromodulator governs basal and mild
hypoxic responses. Notably, ATP is continually released from carotid bodies under
normoxia, with an estimated 4 pmol per carotid body. However, extracellular adenosine
concentrations are approximately five times higher than ATP, suggesting rapid ATP
breakdown in the synaptic cleft, meaning adenosine may mediate many of ATP’s

excitatory effects (Conde et al., 2009; Conde et al., 2012b).

1.2.2 The role of CD73 and adenosine in normoxia

Unlike typical neurotransmitters, adenosine is not stored in secretory vesicles but is

instead generated through the breakdown of nucleotides, primarily ATP. ATP is
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metabolised by a series of ecto-nucleotidases, which belong to four major families:
ecto-nucleoside triphosphate diphosphohydrolase (NTPDase/CD39), ecto-nucleotide
pyrophosphatase/phosphodiesterase (NPP), alkaline phosphatases, and ecto-5'-
nucleotidase (ES'Nt/CD73). NTPDases play a key role by hydrolysing ATP to ADP and
ADP to AMP (Knowles, 2011). In the rat carotid body, NTPDase1-3 mRNA is
expressed, and NTPDase2/3 proteins are localised to nerve processes, type | cells,

and some glia-like type Il cells (Salman et al., 2017).

CD73 is the rate-limiting enzyme in ATP degradation, converting AMP into adenosine,
and is found on type | and type Il cell membranes (Bianchi & Spychala, 2003; Salman
et al., 2017; Zimmermann et al., 2007). Adenosine can also be formed through the
hydrolysis of S-adenosylhomocysteine (Broch & Ueland, 1980). Once produced,
adenosine is either released via equilibrative nucleoside transporters (ENTs) or formed
extracellularly from ATP breakdown. It is subsequently degraded by adenosine kinase

and adenosine deaminase (Conde et al., 2009).

Early studies demonstrated that intra-carotid adenosine administration in
anaesthetised cats increased chemoafferent discharge frequency and intensity in a
dose-dependent manner (McQueen & Ribeiro, 1981), a finding later supported by in
vitro experiments (Runold et al., 1990; Vandier et al., 1999). In rats, both exogenous
adenosine administration and endogenous accumulation acutely increased minute
ventilation, tidal volume and respiratory frequency. This effect was reduced following
CSN resection or Az receptor blockade (Monteiro & Ribeiro, 1987; Ribeiro & Monteiro,
1991). These findings suggest that adenosine is endogenously produced in the carotid
body and plays a regulatory role in chemoafferent activity under normoxic conditions.
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Adenosine’s excitatory effect on respiration has also been demonstrated in humans.
Intra-aortic adenosine administration increased ventilation, with a stronger response
observed when adenosine was infused closer to the carotid circulation, suggesting a
carotid body-mediated mechanism (Watt et al., 1987). Further supporting evidence
comes from studies using dipyridamole (an adenosine re-uptake inhibitor), which
increased ventilation, heart rate, systolic blood pressure and muscle sympathetic nerve
activity in healthy individuals. In a more recent study, intra-carotid adenosine injections
in human patients led to a dose-dependent increase in ventilation and blood pressure,
effects that were significantly blunted by carotid body ablation (Tubek et al., 2016).
These results confirm the key role of adenosine in modulating ventilatory and

cardiovascular responses via the carotid body.

Understanding the mechanisms that lead to adenosine-induced carotid body excitation
may help further our understanding of how carotid body function may be altered in
disease. Carotid body hyperactivity is associated with various pathological states
which lead to an elevated basal carotid body output. Whether adenosine could be

mediating these changes is currently unknown.

It is becoming increasingly evident that adenosine sets the basal carotid body
discharge as opposed to ATP. Inhibition of adenosine receptors using 8-SPT or
caffeine, attenuates basal chemoafferent activity ex vivo (Holmes et al., 2018b) and
catecholamine secretion in vitro respectively (Conde et al., 2006). By selectively
inhibiting membrane bound CD73 using a,p-methylene ADP (AOPCP), the amount of
adenosine recovered from normoxic carotid bodies was reduced. This reduction did
not occur in the presence of an ENT blocker, strongly suggesting that adenosine
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formation in normoxia is driven by extracellular catabolism of ATP (Conde & Monteiro,
2004). Indeed, inhibition of CD73 in the intact whole carotid body-nerve preparation,
severely abolishes chemoafferent discharge, an effect not seen with ENT inhibition,
thus indicating CD73 as a vital enzyme in generating adenosine and establishing
normoxic carotid body activity (Holmes et al., 2018b). Figure 1.3 summarises

adenosine formation and actions in the carotid body.
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Figure 1.3 The central importance of CD73 in ATP breakdown and adenosine
signalling

Diagram illustrating the mechanisms of purinergic signalling and neurotransmission in the
carotid body. (1) In normoxia, type | cells continuously release ATP, which is metabolised
extracellularly by ecto-nucleotidases such as CD39 (NTPDase) into ADP and AMP, with
AMP further converted into adenosine by CD73 (ecto-5-nucleotidase). Adenosine is
degraded by adenosine deaminase (ADA) into inosine or by adenosine kinase (AK) into
AMP. (2) Alternatively, adenosine can be generated intracellularly via hydrolysis of S-
adenosyl-homocysteine by S-adenosyl-homocysteine hydrolase (SAHase) and transported
into the synapse via equilibrative nucleoside transporters (ENT), increasing synaptic
adenosine levels. Under hypoxia, elevated intracellular Ca?* enhances ATP release, which
activates P2Y, receptors on type Il cells, triggering further ATP release through Pannexin-
1 (Panx-1) channels. ATP excites chemoafferents via ionotropic P2Xs receptors or is
further degraded by CD39 and CD73, contributing to the adenosine pool. Adenosine binds
post-synaptically to Aoa metabotropic receptors, activating transmembrane adenylyl cyclase
(tmAC) to generate cAMP, which increases excitability. Pre-synaptically, adenosine also
binds to Aza and Azs receptors on type | cells, where increased cAMP activates Protein
Kinase A (PKA) and exchange proteins activated by cAMP (EPAC), modulating ion channel
activity to reduce hyperpolarization and increase excitability, thereby promoting ATP release
and adenosine formation in a positive feedback loop. (3) cAMP is broken down by
phosphodiesterases (PDE) into AMP, which can be further metabolised into adenosine. lon
channel abbreviations: cyclic nucleotide-gated (CNG), TWIK-related acid-sensitive K*
(TASK), TWIK-related K* (TREK), large conductance calcium-activated K* (BKca), voltage-
gated (VG), and hyperpolarization-activated cyclic nucleotide-gated (HCN4). Figure created
using Biorender.com.
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1.2.3 The role of CD73 and adenosine in hypoxia/hypercapnia

Adenosine plays a well-documented role in the carotid body's response to hypoxia.
Early studies showed that in vivo administration of 8-SPT, an A2 receptor antagonist,
attenuated the increase in chemoafferent discharge during hypoxia (McQueen &
Ribeiro, 1986). This antagonist also reduced the acute phase of the hypoxic ventilatory
response in rats. In humans, adenosine infusion enhanced the hyperventilatory
response to hypoxia, further supporting its role in peripheral chemoreceptor activation

(Maxwell et al., 1986).

Under mild hypoxia (10% Oz2), extracellular adenosine levels rise significantly by 174%
above normoxic levels. However, at more severe hypoxia (5% and 2% Oz2), ATP levels
continue to increase, while adenosine levels remain unchanged. This suggests that
CD73 may have reached its maximal activity and saturation point (Conde et al., 2012b).
The origin of adenosine in hypoxia remains debated. Measurements in whole carotid
body tissue showed that blocking ENTs along with CD73 inhibition (using AOPCP)
reduced adenosine levels by an additional 45% compared to CD73 inhibition alone,
suggesting that some adenosine is produced intracellularly and exported (Conde et al.,
2012b). However, another study found that while ENT blockade had no effect on the
chemoafferent response to hypoxia, CD73 inhibition alone significantly blunted the
response, implying that extracellular ATP breakdown is the primary source of

adenosine (Holmes et al., 2018b).

Further analysis showed that while AOPCP did not alter the peak hypoxic discharge at
a single severe hypoxia level, it modified the response to graded hypoxia. In whole

carotid body preparations, reducing the superfusate POz typically results in an
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exponential increase in chemoafferent discharge. AOPCP caused a leftward shift in
the oxygen-response curve, meaning a lower POz (more severe hypoxia) was required
to trigger exponential discharge (Holmes et al., 2018b). This suggests that CD73
influences the sensitivity of the hypoxic response, though the precise mechanism

remains unclear.

CD73 and adenosine also play a role in carotid body hypercapnic chemotransduction.
During hypercapnia, extracellular adenosine levels increase by approximately 50%
above normocapnic levels (Sacramento et al., 2018). In isolated rat type | cells,
hypercapnia induces calcium influx, which can be blocked by the A2 receptor
antagonist MRS-1754, indicating a role for Azs receptor activation (Livermore & Nurse,
2013). In whole carotid body preparations, hypercapnia-induced chemoafferent
discharge is reduced by 34% with A2a receptor inhibition and by up to 59% with
combined A2a and Azs blockade (Sacramento et al., 2018). This aligns with findings
showing that blocking CD73, adenosine receptors and tmAC, but not sSAC, reduces the
chemoafferent response to hypercapnia by 50% or more (Holmes et al., 2015). These
results suggest that the excitatory action of CD73 and adenosine in both hypercapnia

and hypoxia are mediated by the second messenger cAMP through activation of tmAC.

1.2.4 The importance of CAMP as a key second messenger in the carotid body

Adenosine activates four G protein-coupled receptors: A1, A2a, A2s, and As. These
receptors regulate adenylyl cyclase (AC) activity, influencing intracellular cAMP levels.
A1 and As receptors are Gi-coupled and inhibit cAMP production, while A2a and Azs
receptors are Gs-coupled and increase cAMP (Sheth et al., 2014). However, growing

evidence suggests that adenosine receptors can also activate other G proteins, such
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as Gq, indicating a more complex signalling network (Conde et al., 2017; Nunes et al.,
2014). In the carotid body, A2a and Azs receptors are expressed on type | cells, with
A2a also present on post-synaptic afferent terminals (Figure 1.3). In contrast, A1 and A3
receptor mRNA is not found in the carotid body but A1 mRNA is abundantly expressed
in the petrosal ganglion (Conde et al., 2006; Gauda et al., 2000; Kobayashi et al.,

2000a; Livermore & Nurse, 2013).

Adenosine can excite carotid body activity both pre- and post-synaptically by activating
tmAC, which converts intracellular ATP into cAMP. Multiple tmAC isoforms are
expressed in the rat carotid body, with tmAC-1 and tmAC-4 showing the highest levels,
tmAC- 2, tmAC-3, tmAC-6 and tmAC-9 showing moderate expression, while tmAC-5,
tmAC-7 and tmAC-8 are absent (Nunes et al., 2013). Assuming mRNA levels correlate
with protein expression, this suggests a high rate of cAMP production in the carotid
body. Adenosine and Az receptor agonists have been shown to increase cAMP levels
in the rat carotid body, similar to increases observed in hypoxia (Conde et al., 2008;
Monteiro et al., 1996; Perezgarcia et al., 1990). However, the precise mechanism

linking adenosine, cAMP and carotid body excitability remains under investigation.

Early studies showed that stable cAMP analogues reduce the amplitude of 4-
aminopyridine (4-AP)-sensitive K* currents in dissociated rabbit type | cells (Lopez-
Lopez et al., 1993). Later, adenosine was also found to decrease 4-AP-sensitive K*
currents in isolated rat type | cells, although whether this effect is cAMP-dependent
remains unclear (Vandier et al., 1999). Adenosine also inhibits TASK-1 channels,
leading to depolarisation and calcium influx via a mechanism dependent on PKA,
which is activated by cAMP (Xu et al., 2006). In contrast, some studies have found that
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inhibiting PKA has no effect on catecholamine release induced by hypoxia, suggesting
that cAMP may act independently of PKA. One alternative target of cCAMP is exchange
protein activated by cAMP (EPAC) which when activated can counteract AC inhibition
and potentiate Ca?* signalling. Notably, blocking EPAC reduced hypoxia-
neurosecretion by up to 50% (Rocher et al., 2009; Thompson & Wyatt, 2011).
Additionally, cAMP may activate CNG channels, further promoting calcium entry (Peng
et al., 2023; Peng et al., 2025). Adenosine therefore can modulate all aspects of the
hypoxic chemotransduction cascade including type | cell depolarisation, calcium influx,
neurosecretion and chemoafferent discharge. A summary of proposed downstream

targets of adenosine signalling is shown in Figure 1.3.

Given the important role of CD73 in establishing basal chemoafferent activity and in
regulating sensitivity to hypoxic and hypercapnic stimuli, increased CD73 expression
and/or function may play a significant, yet unrecognised role in contributing to carotid
body hyperactivity in pathology. Carotid body hyperactivity is increasingly recognised
as a driver of cardiovascular dysfunction, promoting increased sympathetic tone to the
vasculature and heart in conditions such as obstructive sleep apnoea, chronic heart
failure and chronic obstructive pulmonary disease (COPD) (lturriaga et al., 2021).
Chronic hypoxia (CH) is a hallmark of COPD and is associated with increased
sympathetic reflex activation secondary to carotid body plasticity (Kent et al., 2011;
Stickland et al., 2016). This thesis will develop and validate an animal model of CH and
carotid body hyperactivity, implemented by exposing Wistar rats to 12% inspired
oxygen (FiOz2) for 10 days. Experiments will then use this CH model to determine the
importance of CD73 in promoting carotid body hyperactivity and evaluate if targeting

CD73 can acutely modify cardiovascular and respiratory function.
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1.3 The importance of CH in health and disease

1.3.1 COPD, CH and cardiovascular disease

COPD is a collective term for a group of respiratory diseases characterised by airflow
obstruction, persistent cough, mucus hypersecretion, dyspnoea (breathlessness) and
exercise intolerance. Airflow obstruction is progressive and is not fully reversible with
bronchodilators, separating it from other obstructive respiratory diseases like asthma
(Mannino & Buist, 2007). The two primary subtypes of COPD are emphysema and
chronic bronchitis, which often coexist. Emphysema is defined by the destruction of
lung tissue, leading to permanent enlargement of alveolar spaces and reduced gas
exchange efficiency. Chronic bronchitis is characterised by inflammation of the
airways, resulting in persistent cough and mucus hypersecretion. Over time, chronic

bronchitis can progress to emphysema (Decramer et al., 2008).

COPD is a major global health burden and is currently the fourth leading cause of death
worldwide, following ischemic heart disease, COVID-19 and stroke. According to the
World Health Organisation (WHO), in 2021 alone, COPD caused 3.5 million deaths,
accounting for approximately 5% of global deaths (WHO, 2025). Although COPD
primarily affects the lungs, it has significant systemic consequences. The condition is
heavily linked to cardiovascular complications including hypertension, arrhythmias and
heart disease, with emerging evidence suggesting that cardiovascular disease is a
major cause of death in COPD patients, second only to respiratory failure (Agusti &
Soriano, 2008; Morgan et al., 2018; Rabe et al., 2018). Given the growing recognition
of these complications, further research is needed to understand the mechanisms
linking COPD and cardiovascular dysfunction, with the goal of developing treatments

to improve patient outcomes.
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The WHO places tobacco smoking as the greatest risk factor for COPD, accounting
for approximately 70% of cases in high-income countries (WHO, 2025). Long-term
exposure to harmful chemicals in cigarette smoke triggers a persistent inflammatory
response in the lungs, leading to the recruitment of immune cells that release
proteases and toxins, causing irreversible tissue damage (Barnes et al., 2003). In
developing countries, air pollution and occupational harmful inhalants are significant

risk factors due to the continued use of fossil fuels (Antuni & Barnes, 2016).

Genetics also play a critical role, with alpha-1 antitrypsin deficiency (caused by
mutations in the SERPINA1 gene) being the most well-documented genetic
predisposition. This deficiency disrupts the balance of proteases in the lungs, leading
to excessive tissue breakdown and increased susceptibility to emphysema
(Ingebrigtsen et al., 2010). While single nucleotide polymorphisms in various other
genes have been linked to COPD, none have been specifically associated with CD73
(Wain et al., 2017). In recent years, women have shown a higher susceptibility to
COPD, although the reasons remain unclear. Possible explanations include similar
smoking habits to men, the loss of oestrogen’s protective effects post-menopause and
sex differences in immune responses to tobacco smoke (Antuni & Barnes, 2016; Han
et al., 2007). SNPs in CD73 do occur, however, they have primarily been associated
with epilepsy and schizophrenia (Peng et al., 2024; Shi et al., 2023). Additionally,
respiratory infections, both bacterial and viral, can not only contribute to COPD
development but also trigger acute exacerbations, worsening symptoms and disease

progression (Antuni & Barnes, 2016).
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Despite its significant impact, one of the most overlooked aspects of COPD is the effect
of CH on carotid body function. In moderate to severe COPD, prolonged exposure to
low arterial oxygen levels induces a state of CH, forcing the body to adapt in an attempt
to maintain oxygen homeostasis (Kent et al., 2011). While systemic adaptations, such
as increased oxygen-carrying capacity help to compensate for hypoxia (Marshall,
2015), adaptations in the carotid body play an important role in respiratory and
cardiovascular regulation. In response to CH, the carotid body undergoes profound
changes, including sustained hyperactivity and heightened sensitivity to hypoxia. This
increased excitability leads to excessive ventilatory drive, but more importantly, it also
stimulates the sympathetic nervous system, which can significantly elevate blood
pressure and contribute to cardiovascular morbidity (lturriaga et al., 2021; Lopez-

Barneo et al., 2016).

The role of the carotid body in COPD-related cardiovascular dysfunction remains a
severely under-researched area, despite mounting evidence that its persistent
activation may be a key driver of vascular dysfunction and heart disease in COPD
patients (Phillips et al., 2018; Stickland et al., 2016). The link between CH, carotid body
overactivity and excessive sympathetic output presents a critical yet underexplored
mechanism contributing to the systemic complications of COPD. Given that
cardiovascular disease is one of the leading causes of death in COPD, investigating
how carotid body dysfunction influences autonomic and vascular regulation could offer
novel therapeutic targets to mitigate the long-term consequences of the disease and

improve survival.
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1.3.2 Haematological and cardiovascular adaptations to CH

Our understanding of physiological adaptations to CH has largely been shaped by
studies on high-altitude exposure, where reduced barometric pressure leads to a lower
PO2 and decreased blood oxygen levels (Peacock, 1998). The initial response to high
altitude involves immediate activation of the carotid body, which increases ventilation
and triggers other reflex mechanisms, helping to compensate for reduced oxygen

availability (Figure 1.1).

Over time, cardiovascular adaptations also take place. In the early days of CH, local
vasodilation in skeletal muscle and other tissues is enhanced, augmenting blood flow
and oxygen delivery, primarily through the actions of adenosine, nitric oxide and
prostaglandins (Marshall & Davies, 1999; Ray et al., 2002; Thomas & Marshall, 1997).
However, after approximately seven days, the sensitivity to these vasodilators begins
to decline (Walsh & Marshall, 2006). This is thought to be due to an increase in red
blood cell (RBC) production and haemoglobin levels, which raise blood oxygen content
and restore oxygen delivery to tissues (Marshall & Davies, 1999; Walsh & Marshall,
2006). Angiogenesis also contributes to improving oxygen supply and reducing
vascular resistance, counteracting the waning vasodilation (Krock et al., 2011; Smith

& Marshall, 1999; Thomas & Marshall, 1997; Walsh & Marshall, 2006).

In contrast to the systemic circulation, hypoxia induces vasoconstriction in the
pulmonary circulation, which helps redirect blood flow to better oxygenated regions of
the lung, maintaining ventilation-perfusion matching (Sommer et al., 2016). However,
prolonged pulmonary vasoconstriction can lead to pulmonary hypertension and

pulmonary oedema, often followed by right ventricular hypertrophy (RVH) and cardiac
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remodelling (Nathan et al., 2019). Pulmonary hypertension is a major complication in
COPD patients and significantly worsens disease progression (Kent et al., 2011; Loring
et al., 2009). CH also triggers metabolic adaptations at the cellular level, including a
shift toward glycolysis, reduced fatty acid oxidation and increased lactate production

(O'Brien et al., 2020; Semenza et al., 1994).

At the molecular level, these adaptations are primarily regulated by the HIF
transcriptional pathway, which controls the expression of hundreds of genes involved
in oxygen homeostasis (Bishop & Ratcliffe, 2014; Bishop & Ratcliffe, 2025; Ortiz-
Barahona et al., 2010). HIF is a heterotrimeric transcription factor composed of a
constitutively expressed HIF-3 subunit and an oxygen-regulated HIF-a subunit. Under
normal oxygen conditions, oxygen-sensitive prolyl hydroxylase domain (PHD)
enzymes hydroxylate two proline residues on HIF-a, allowing the von Hippel-Lindau
(VHL) ubiquitin ligase complex to target it for proteasomal degradation (Semenza,
2012). Additionally, factor-inhibiting HIF (FIH) hydroxylates an asparagine residue in
the transactivation domain of HIF-a, preventing the recruitment of transcriptional co-
factors required for gene activation (Lando et al., 2002). Under hypoxic conditions,
PHD and FIH enzymes become inactive, allowing HIF-a to escape degradation,
dimerise with HIF-B and initiate transcription of hypoxia-responsive genes. HIF-1a is
expressed in all multicellular organisms, while the HIF-2a isoform is vertebrate-specific
and exhibits more cell-type selectivity (Bishop & Ratcliffe, 2014; Bishop & Ratcliffe,

2025; Semenza, 2012).

Some well-known examples of HIF-dependent transcription include the upregulation of
erythropoietin (EPO), which stimulates RBC, haemoglobin synthesis and elevation of
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vascular endothelial growth factor (VEGF) promotes angiogenesis (Bishop & Ratcliffe,
2015; Kaissling & Le Hir, 2008; Krock et al., 2011; Semenza & Wang, 1992). Evidence
suggests that many of these adaptations are species dependent, in addition to the
intensity and duration of the hypoxic stimulus (Arias-Reyes et al., 2021; Pamenter &
Powell, 2016). Therefore, initial experiments in this thesis characterised the
haematological and cardiac adaptations in a model of CH in Wistar rats exposed to an
FiO2 of 12% for 10 days. Once validated, this CH model was then used to evaluate the
importance of CD73 in promoting carotid body hyperactivity and cardio-respiratory
pathology. In the kidney, CD73 has been used to identify EPO-producing renal
interstitial fibroblasts (Bachmann et al., 1993; Maxwell et al., 1993). Studies have
shown that anaemia (mimics systemic hypoxia) increases the number of CD73-positive
interstitial cells, alongside elevated EPO production (Pan et al., 2011). This supports
the rationale for investigating whether the distribution of CD73-expressing cells is also

altered in CH carotid bodies, as explored in Chapter 4.

1.3.3 Carotid body adaptations to CH: a potential role of CD73

During prolonged exposure to hypoxia, ventilatory acclimatisation to hypoxia (VAH)
occurs, characterised by a progressive increase in baseline ventilation and, in some
cases, an enhanced hypoxic ventilatory response (HVR). The carotid body plays a key
role in this adaptation, as evidenced by carotid body denervation studies across
various species where VAH fails to occur (Barnard et al., 1987; Bouverot et al., 1973;
Forster et al., 1981). Similarly, humans who have undergone carotid surgery exhibit
poor adaptation to high altitudes (Roeggla et al., 1995). While CH generally augments
HVR, prolonged exposure can blunt this response, as seen in native high-altitude

populations (Lahiri et al., 1976; Pamenter & Powell, 2016). Consequently, CH
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enhances carotid body sensitivity, leading to a higher chemoafferent output at any
given oxygen level. However, the specific mechanisms underlying carotid body

plasticity and VAH remain under investigation.

Carotid body type | cells express low levels of HIF-1a under normoxic conditions,
whereas HIF-2a mRNA is present at significantly higher levels and has been shown to
be the driver of carotid body development during embryogenesis (Fielding et al., 2018;
Macias et al., 2018; Zhou et al., 2016). Mice with partial HIF-1a deficiency show a
diminished chemoafferent response to acute hypoxia but retain a normal HVR in vivo.
Interestingly however, these mutant mice fail to develop VAH following CH exposure.
(Kline et al., 2002). However, other studies utilising both inducible and constitutive HIF-
1a inactivation in mice found no effect on HVR after seven days of CH (Hodson et al.,
2016). This led researchers to question the role of HIF-1a in carotid body adaptation
to CH and instead propose that HIF-2a may be responsible. Indeed, both inducible and
constitutive inactivation of HIF-2a significantly blunted the augmented HVR in CH
(Hodson et al., 2016). Interestingly, despite this, HIF-2a-deficient mice still exhibit a
robust response to acute hypoxia prior to CH exposure. While pharmacological
inhibition of HIF-2a with PT2385 does mildly blunt the HVR in air-reared wild type mice,
suggesting a possible role, future studies are warranted (Cheng et al., 2020). At the
cellular level, genetic inactivation HIF-2a in carotid body type | cells show a severe
attenuation in catecholamine release, calcium influx and ROS production. Similar
effects are observed in Cox4i2 knockout models, indicating that HIF-2a regulates this
unique mitochondrial subunit, which is key to the oxygen sensitivity and hypoxic
responses of the carotid body (Moreno-Dominguez et al., 2020). Furthermore, the
functional significance of HIF-2a on carotid body adaptation to CH was confirmed

through experiments specifically inactivating HIF-2a in tyrosine hydroxylase-positive
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(TH") cell populations, which include carotid body type | cells (Fielding et al., 2018).
Inducible inactivation of HIF-2a in these TH™ cells markedly blunted the enhanced HVR
following CH which was later supported by similar findings with pharmacological
targeting of HIF-2a using PT2385 (Cheng et al., 2020; Fielding et al., 2018). While
these findings establish a functional role for HIF-2a in vivo, the precise mechanisms

underlying carotid body plasticity and its contribution to adaptation remain unknown.

Carotid body hypertrophy has been proposed as a major factor contributing to
increased carotid body hyperactivity and sensitivity to hypoxia, likely due to an
expansion of oxygen-sensitive type | cells and increased vascular and extravascular
volume (Clarke et al., 2000; Fielding et al., 2018; Lopez-Barneo et al., 2016). However,
the origin of new type | cells in response to CH remains a subject of debate. One
hypothesis suggests that a population of quiescent, glia-like type Il cells functions as
adult stem cells under normoxic conditions. In hypoxic environments, these cells
differentiate into Nestin* progenitors, which then mature into type | cells (Pardal et al.,
2007). However, in vitro experiments culturing these progenitors, also referred to as
neuroblasts or neurospheres, showed no proliferative response to hypoxia even at
oxygen levels as low as 1% Oz2. This raises the question of what specific stimulus drives
type Il cell differentiation into new type | cells. Structural evidence from electron
microscopy studies reveals that type | and type Il cells form close synaptic interactions,
with a gap of less than 50nm (Leonard & Nurse, 2022; Platero-Luengo et al., 2014).
Notably, a high proportion of secretory vesicles in type | cells are oriented toward these
synapses, suggesting a paracrine signalling mechanism. Type | cells are believed to
release mediators such as endothelin-1, which stimulate type Il stem cells to

differentiate. This differentiation process occurs gradually over days to weeks of
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sustained hypoxia (Chen et al., 2002; Chen et al., 2007; Paciga et al., 1999; Platero-

Luengo et al., 2014).

An alternative hypothesis proposes that type | cell expansion results from self-renewal
of pre-existing type | cells. Lineage-tracing studies indicate that newly dividing TH* cells
originate from an existing TH* population, with their proliferation highly dependent on
HIF-2a (Fielding et al., 2018). Sobrino and colleagues identified a subpopulation of
mitotic TH* cells, termed immature neuroblasts which express low levels of TH
alongside the HNK-1 marker. These cells may contribute to fast neurogenesis rapidly
expanding the type | cell population within 24-48 hours of hypoxia without altering
overall carotid body size. This mechanism allows for a swift adaptive response to low
oxygen levels (Sobrino et al., 2018). The potential changes in carotid body morphology,
including alterations in volume, type | cell density and vascularity, will be investigated

in the CH model used in this thesis.

While type | cell hyperplasia and carotid body hypertrophy may explain enhanced
carotid body hyperactivity, they are unlikely to be the sole contributors. Evidence
suggests that even when carotid body hypertrophy is prevented using an endothelin-1
antagonist in CH, basal chemoafferent activity and hypoxia sensitivity ex vivo remain
significantly elevated compared to controls (Chen et al., 2007). This indicates that other
cellular mechanisms contribute to carotid body hyperexcitability, independent of

growth-related changes.
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One potential mechanism involves altered ion channel expression and activity, which
could reduce hyperpolarization and make type | cells more excitable (Pulgar-
Sepulveda et al., 2018). Indeed, studies show a reduction in K* current density and an
increase in Na* current proportion in CH type | cells (Hempleman, 1995). Functional
carotid body hyperactivity has been linked to upregulation of the Nav1.1 subunit of
voltage-gated Na* channels (Caceres et al., 2007). Additionally, TASK-like currents
show enhanced inhibition after CH (Ortiz et al., 2009). Isolated CH rat type | cells
display a 1.5-fold increase in intracellular calcium levels when measured in response
to a single level of acute hypoxia compared to normoxic controls, potentially due to
increased voltage-gated calcium current density (Hempleman, 1996; Livermore &
Nurse, 2013). However, as yet, it is unclear if chemoafferent hypoxic sensitivity is
augmented in CH carotid bodies when measured over a physiological POz range.
cAMP has been directly implicated in modulating Na* density and calcium signalling,
as normoxic incubation with stable cAMP analogues mimics the adaptions seen in
response to CH, strongly suggesting its role in mediating carotid body hyperactivity

(Stea et al., 1995).

Given the importance of purinergic signalling in carotid body physiology and the key
role of adenosine in cAMP generation, it is plausible that tonic enhancement of
adenosine production via CD73 contributes to carotid body hyperactivity. Indeed,
increased calcium influx in response to hypoxia can be inhibited by A2s receptor
antagonists (Livermore & Nurse, 2013). Chronic administration of caffeine, a non-
selective A2 receptor antagonist, significantly blunts the heightened chemoafferent
discharge in CH rats ex vivo. Enhanced adenosine production may result from HIF-
dependent upregulation of CD73. In intestinal epithelial cells, HIF-1a inhibition

completely prevents the hypoxia-induced increase in CD73 expression (Synnestvedt
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etal., 2002). Furthermore, chronic anaemia Similarly, in PC12 cells (a model for carotid
body type | cells) CD73 protein expression increases after CH (Kobayashi et al.,
2000b). HIF also regulates A2 receptor expression, with HIF-1a playing a dominant role
in A2s transcription (Kong et al., 2006), while HIF-2a strongly regulates A2a (Brown et

al., 2011).

In the carotid body, CH has been shown to upregulate NTPDase-3 and CD73 mRNA
expression while downregulating NTPDase-1 and NTPDase-2 (Salman et al., 2017).
Additional analysis revealed a reduction in ENT-1 and ENT-2 expression, strongly
suggesting that increased adenosine production is driven by extracellular CD73 and
other ecto-enzymes (Salman & Nurse, 2018). However, these findings do not clarify
whether CD73 plays a functional role in CH or whether its enzymatic activity is
enhanced. To address this, carotid body activity will be measured directly using an
intact superfused whole-carotid body preparation, allowing for real-time recording of
chemoafferent discharge in the presence of a CD73 or tmAC inhibitor. This thesis will
be the first to explore whether CD73 is the primary driver of carotid body hyperactivity
and whether targeting this enzyme could serve as a potential therapeutic strategy for

carotid body-related diseases.

1.3.4 The carotid body as a therapeutic target for CH-related diseases

Carotid body hyperactivity is increasingly recognised as a major contributor to
cardiovascular disease and increased mortality (Iturriaga, 2018). Overexcitation of the
carotid body has been linked to conditions such as obstructive sleep apnoea, heart
failure, type 2 diabetes and COPD (Narkiewicz et al., 1998; Phillips et al., 2018; Schultz

et al., 2015). The excessive sensory output from the carotid body heightens
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sympathetic neuronal discharge to the vasculature, heart and other tissues,
contributing to the development of hypertension, pro-arrhythmic events and insulin
resistance (Linz et al., 2016; Paton et al., 2013; Thakkar et al., 2023). Therefore,
understanding the mechanisms responsible for carotid body hyperactivity is crucial in

identifying potential therapeutic targets.

In animal models of these diseases, carotid body removal via carotid sinus nerve
section (CSNX) has been shown to reduce excessive sympathetic outflow, lower blood
pressure, and in hypercaloric type 2 diabetic rats, restore insulin sensitivity (Abdala et
al., 2012; McBryde et al., 2013; Ribeiro et al., 2013; Sacramento et al., 2017). However,
no studies have yet quantified the cardio-respiratory changes in ventilation, blood

pressure and heart rate in response to CSNX in the context of CH.

Preliminary human studies suggest similar benefits in patients with heart failure and
neurogenic hypertension. CSNX has been shown to reduce sympathetic outflow,
improve exercise tolerance and lower blood pressure, but these benefits were
observed in only half of the patients studied (Narkiewicz et al., 2016; Niewinski et al.,
2017). While these findings confirm that excessive carotid body activity contributes to
disease progression, surgical intervention remains controversial. Unilateral CSNX
appears to provide benefits for only up to 12 months, suggesting that the remaining
intact carotid body can compensate over time (Narkiewicz et al., 2016). Bilateral CSNX,
on the other hand, eliminates carotid body sensory activity entirely, which raises
concerns, particularly during sleep when oxygen desaturation episodes occur.
Moreover, in a small population of patients, it has been shown that even 5 years after
bilateral carotid body ablation, the HVR remains almost completely absent, again
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raising major safety concerns about the widespread therapeutic use of this surgical
procedure (Niewinski et al., 2021). The carotid body plays a critical role in promoting
arousal and increasing ventilation in response to hypoxia (Niewinski et al., 2017).
Therefore, preserving some level of carotid body function is essential in the
development of new treatments, which may be best achieved through pharmacological

approaches.

In spontaneously hypertensive rats, P2Xs mRNA is upregulated in chemoafferent
neurons, consistent with expression data from human carotid bodies. P2Xs receptor
antagonists have been shown to reduce both sympathetic activity and blood pressure
in hypertensive rats, but they have no effect in normotensive controls (Pijacka et al.,
2016). This suggests that the carotid body is a viable pharmacological target (Paton et
al., 2013). However, in diseases associated with CH, P2X23 receptor expression
appears to be unaltered, indicating that different pathophysiological mechanisms may

underlie carotid body dysfunction in these conditions (He et al., 2006).

Notably, CD73 mRNA is suggested to be upregulated in CH, pointing towards
enhanced adenosine production and signalling in playing a more significant role in
diseases such as COPD. The final chapter of this thesis will explore the potential of
targeting CD73 in CH animal models to determine whether CD73 inhibition can reverse
carotid body hyperexcitation and, importantly, lower blood pressure. In hypercaloric
models of prediabetes, adenosine receptor antagonism has been shown to normalise
elevated blood pressure and restore insulin sensitivity, highlighting the therapeutic

potential of targeting adenosine signalling (Conde et al., 2012a).
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Identifying a treatment that can reduce resting carotid body hyperactivity while
preserving its hypoxic sensitivity, particularly during sleep, would be highly
advantageous. This thesis will investigate whether inhibiting CD73 achieves this
balance. The findings will provide a foundation for determining whether CD73 or related
adenosine signalling pathways could serve as viable therapeutic targets for carotid

body-driven diseases.

1.4 General project aims and objectives

1. Develop and validate a model of CH by assessing key haematological, carotid

body, cardiovascular and ventilatory adaptations (Chapter 3)

2. Examine changes in the cellular distribution of CD73 within the carotid body in

response to CH using immunohistochemistry (Chapter 4)

3. Determine the functional importance of CD73 and cAMP in promoting carotid
body hyperactivity in response to CH, using ex vivo measurements of carotid

body chemoafferent activity (Chapter 5)

4. Examine if in vivo pharmacological targeting of CD73 in the carotid body is

effective in modifying cardiovascular and respiratory parameters in CH animals

without eliminating its ability to respond to acute hypoxia (Chapter 6)
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CHAPTER 2
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2. Methods

2.1 Animals and ethical approval

Male Wistar rats aged 6-9 weeks weighing 150-300g (Charles River Laboratories &
Envigo, UK) were housed in a 12h-light/12h-dark cycle with unrestricted access to food
and water (LabDiet®). All experiments and procedures were performed in accordance
with the UK Animals (Scientific Procedures) Act 1986 and were approved by the
University of Birmingham Animal Welfare and Ethical Review Body. Project licence
PP9019875 was granted by the Home Office (UK) to carry out this research. A total of

84 rats were used.

2.2 Generation of a CH rat model

To investigate the role of CD73 in mediating carotid body hyperactivity and subsequent
cardiovascular dysfunction under CH, a CH model was established. Rats were housed
in pairs within an environmental chamber (BioSpherix, USA). On the first day, the FiO2
was gradually reduced from 21% to 12% over a 2-hour period. This gradual adjustment
was designed to minimise stress compared to a sudden change in oxygen levels. The

FiO2 was then maintained at 12% for 9-10 days.

Temperature and humidity were continuously monitored (Electronic Temperature
Instruments Ltd, UK), with silica gel used to absorb excess water vapour and soda lime
to remove CO2 and ammonia. Built-in circulating fans ensured constant airflow. Rats
were monitored daily for welfare, including brief removal (10-15 minutes) from the

chamber for routine husbandry tasks such as replacing silica gel and soda lime,
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changing the home cage, bedding and providing physical enrichment through handling.
Control rats (normoxic group) were kept in ambient air for the same duration and

received the same enrichments.

2.3 Surgical removal of carotid body tissue

Carotid body tissue was surgically excised, bilaterally, from rats under inhalation
anaesthesia with 2-5% isoflurane in oxygen at a flow rate of 1.5 L min-'. The correct
depth of anaesthesia was confirmed by the absence of a pedal withdrawal reflex upon
firm pinching of the hind paws. The dissected tissue included the common carotid
artery (CCA), ECA, ICA, glossopharyngeal nerve (GPN) and a branch of the vagus
nerve (VN). The CCAs were occluded using suture and cut above this tie, along the
lateral margin and the final cut was made above the GPN. To preserve carotid body
function and minimise severe hypoxia due to ischemia, the excised tissue was
immediately transferred to an ice-cold bicarbonate-buffered extracellular physiological
salt solution equilibrated with 95% O2 and 5% COz. The solution contained (in mM): 25
NaHCOs, 119 NaCl, 4.5 KCI, 1.2 MgS04.7H20, 1.2 NaH2PO4, 11 D-glucose, and 2.4
CacClz, equilibrated with 95% O2 and 5% CO2. Rats were culled via cervical dislocation,
with death confirmed by exsanguination. Figure 2.1 illustrates a fully dissected carotid

bifurcation ready for extraction.
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Figure 2.1 in vivo dissection and identification of rat carotid bifurcation

In vivo images of a dissected rat carotid bifurcation ready to be excised. (A) image shows
identification of the carotid bifurcation after dissection. (B) image shows key structures to
help guide the correct excision. Common carotid artery (CCA), external carotid artery (ECA),
occipital artery (OA), vagus nerve (VN) and glossopharyngeal nerve (GPN). Surgery was
performed under general anaesthesia in accordance with Home Office License approval
(project licence PP9019875).
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2.4 Extracellular chemoafferent electrophysiological recordings

2.4.1 Fine dissection of the carotid body and carotid sinus nerve

Direct measurements of carotid body activity can be achieved by recording
chemoafferent discharge in an intact whole carotid body-carotid sinus nerve
preparation ex vivo as previously described (Pepper et al., 1995). This technique was
utilised in this thesis to explore the role of CD73 and adenosine mediated signalling on
carotid body hyperactivity in CH. To achieve a good neuronal recording, the carotid
bifurcation must be finely dissected ex vivo to isolate the carotid body and carotid sinus
nerve which is encompassed by an abundance of connective tissue. The subsequent
steps of this procedure can be categorised into 4 main stages as illustrated in Figures

2.2-2.5.

After surgical excision of the carotid bifurcation, the tissue was transferred to a small
dissecting chamber (approx. 0.2mL) and pinned out at the CCA, ECA and the ICA. The
carotid body tissue was continuously superfused with a bicarbonate-buffered
extracellular physiological salt solution (see section 2.3) equilibrated with 95% O2 and
5% COo. Initially, the lateral margins of the ECA and the ICA were trimmed to remove

surrounding glandular, muscular and fatty tissue (Figure 2.2).

The carotid body tissue was turned over to expose the SCG as shown in Figure 2.3 A.
Using fine forceps, the SCG was gently separated from surrounding connective tissue
until a branch extending into the carotid body was visible (Figure 2.3 B). This branch
was carefully cut, allowing the SCG to be removed (Figure 2.3 C). Any remaining

superficial connective tissue and fat was also removed (Figure 2.3 D).
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The tissue was turned back over, and the OA was located and removed (Figure 2.4 A
& B). By dissecting the connective tissue around the GPN, an opening was created,
revealing the CSN and a branch of the VN (Figure 2.4 C). The CSN, which crosses
over the VN before joining the GPN, was carefully teased apart and detached from the
VN. Once free, the VN can be removed. At this point, only the carotid body and CSN,
attached to the GPN remain. For structural stability during further dissection, leaving
some fat and connective tissue lateral to the GPN can be beneficial. This remaining

tissue acts as an anchor, facilitating easier handling and dissection of the CSN.

Connective tissue lateral to the CSN was meticulously teased apart to optimise the
extracellular neuronal recording signal (Figure 2.5 A-C). Further examples of the CSN
dissection are shown in Figure 2.5 D-F. The CSN was sectioned to expose nerve fibres
and axons (Figure 2.5 H-I). The tissue was partially digested by incubation in a
bicarbonate-buffered physiological salt solution containing 0.075mg mL-' Collagenase
Type Il (Sigma-Merk, C6885, UK) and 0.0025mg mL-! Dispase Type | (Sigma-Merk,
D4818, UK), equilibrated with 95% O2 and 5% CO2 at 37°C for approximately 30

minutes.
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Figure 2.2 Pinning of rat carotid bifurcation

(A) an example of a surgically excised rat carotid bifurcation with surrounding glandular,
muscular and fatty tissue still present. Tissue was initially pinned out by the common carotid
artery (CCA). (B) trimmed lateral margin of the external carotid artery (ECA). (C) trimmed
lateral margin of the internal carotid artery (ICA).
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Figure 2.3 Removal of the super cervical ganglion

(A) identification of superior cervical ganglion (SCG) and superficial fat. (B) SCG was teased
free using fine forceps until a branch can be seen going deep into the tissue. (C) removal of
SCG after the branch was cut. (D) remaining fat was removed, and glossopharyngeal nerve
(GPN) becomes visible.
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Figure 2.4 Removal of occipital artery and vagus nerve branch

(A) The occipital artery (OA) is identified as it branches from the external carotid artery
(ECA) and extends toward the internal carotid artery (ICA). (B) The OA was teased free,
retracted and cut at its base. (C) Removal of additional connective tissue and fat exposes
the glossopharyngeal nerve (GPN), branch of the vagus nerve (VN) and carotid sinus nerve
(CSN). The CSN, which is slightly attached to the VN, is carefully teased apart and
separated.
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Figure 2.5 Removal of connective tissue on the carotid sinus nerve

(A) Lateral to the carotid sinus nerve (CSN) is connective tissue (CT) which can be seen as
two brighter bands running along the nerve. (B) example dissection showing CT being
teased from the CSN. (C) example image showing CSN free of CT ready to be sectioned.
(D-F) Example dissections from three rat carotid bodies showing the CSN attached to the
glossopharyngeal nerve (GPN) with the CSN free from CT. (G-l) example dissections at a
higher magnification showing the CSN sectioned, ready for enzymatic digestion.
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2.4.2 Superfusion system and extracellular recordings

After enzymatic incubation, the carotid body was pinned out in a small recording
chamber of approximately 0.1mL and continuously superfused with a bicarbonate-
buffered extracellular physiological salt solution equilibrated with 95% O2 and 5% CO2
to maintain pH at 7.4. The superfusate was heated to 37°C using a water bath and
transferred to the recording chamber using a peristaltic pump through oxygen
impermeable Tygon tubing (ID: 1.59mm, OD: 3.18mm, VWR, UK) at an approximate
flow rate of 10mL min-'. To compensate for heat loss during transfer, the superfusate
was re-heated to 37°C before entering the chamber and constantly monitored using
an in-line thermistor (RS Pro, K type probe, RS components Ltd, UK). The superfusate
was removed from the chamber via another peristaltic pump through Tygon tubing (ID:
2.38mm, OD: 3.97mm, VWR, UK), either for disposal or recirculation into the original
solution. Flow meters were used to accurately deliver the correct mixture of gases to
the superfusate to achieve the required level of PO2 and PCO2. A schematic illustration

of the superfusion set up is shown in Figure 2.6.

Extracellular recordings were made using glass suction electrodes pulled from GC150-
10 capillary glass (Harvard Apparatus, USA). A silver-sliver chloride wire was placed
inside the glass electrode which is connected to a NL100 NeuroLog head stage
(Digitimer, UK). The voltage signal was initially pre-amplified (NeuroLog NL104 AC,
X100, Digitimer, UK), band-pass filtered between 50Hz and 20kHz (NeuroLog NL125,
Digitimer, UK) and amplified again (NeuroLog 105, X50, Digitimer, UK). Overall, the
total amplification was X5000. The output signal was digitised using a CED micro3
1401 analogue-digital converter and displayed on a PC running Spike2 (Cambridge

Electronic Design, Version 7.2). A separate silver chloride wire served as the reference
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electrode and was placed in the recording chamber. Figure 2.7 illustrates the glass

suction electrode connected to the CSN.
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Figure 2.6 Schematic illustration of the carotid body superfusion system

This superfusion experimental setup is designed for recording electrophysiological activity
from an isolated carotid bifurcation. A 50 mL glass cylinder holds the superfusate, which is
bubbled with a gas mixture to achieve the desired levels of O, and CO,, balanced with N..
Simultaneously, the superfusate is heated to 37°C using a circulating water bath. The inflow
is driven by a peristaltic pump and passes through a re-heating system, where the tubing
is looped multiple times to ensure effective heat transfer. Once reheated, the superfusate
enters the recording chamber, where the carotid bifurcation is pinned out and the carotid
sinus nerve (CSN) is exposed. A second peristaltic pump continuously removes the used
superfusate, directing the outflow to waste, ensuring a constant supply of fresh solution in
the recording chamber. A temperature probe and oxygen sensor continuously monitor the
superfusate conditions. A glass suction electrode, positioned by a micromanipulator,
records voltage signals from the CSN, which are amplified, digitised via an analogue-to-
digital (A/D) converter and displayed on a PC running Spike2 software.

50



Suction
electrode  cgN

\\CB

Figure 2.7 Measuring carotid sinus nerve activity ex vivo using a glass suction
electrode enclosing a silver-silver chloride wire

(A) an example image showing a dissected and partially digested carotid bifurcation
containing the carotid body (CB) and the carotid sinus nerve (CSN). Tissue was held in the
recording chamber by pinning the common carotid artery (CCA) and both external and
internal carotid arteries so that the CB and CSN hover directly over the inflow. (B) glass
suction electrode placement onto the sectioned end of the CSN. The glass electrode
encloses a silver-silver chloride wire which detects the changes in voltages.
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2.4.3 Oxygen electrode calibration

The superfusate PO2 was continuously measured throughout experiments using a O2
electrode placed close to the entry of the recording chamber. An O2 meter (OXELP,
World Precision Instruments, UK) was used to measure the Oz electrode signal which
was digitised at 200Hz by the same CED 1401 mentioned in section 2.4.2. The O2
electrode was calibrated using solutions with a known concentration of oxygen (or as
close as possible). Calibration solutions were heated to 37°C and bubbled in tightly
sealed bottles with OmmHg, 400mmHg and 722mmHg PO2. The voltage signal from
the electrode was recorded and plotted against its known PO2 value generating a linear
calibration curve with the equation below, where y is equal to the PO2 (mmHg), x is the
O:2 electrode voltage (volts), mis the gradient of the line and c is equal to the PO2 when

the Oz electrode voltage is zero.

y=mx+c

Using this calibration curve, the PO2 can be calculated for any given voltage. A
superfusate PO2 value within the recording chamber of approximately 300mmHg was
considered to be normoxic as this has been shown to generate basal carotid discharge
of 0.25-1.5 Hz (Holmes et al., 2014), which is consistent with that reported in vivo in

the rat in arterial normoxia (Vidruk et al., 2001).

2.4.4 Measuring hypoxic response curves to determine carotid body O2 sensitivity

To investigate changes in carotid body hypoxic sensitivity in response to CH and
pharmacological agents, Oz response curves were generated whereby the single fibre
chemoafferent discharge was plotted against the gradually decreasing superfusate
PO: at a fixed PCO2 of 40mmHg. The data were fitted to an exponential decay curve

with offset, described below where y is equal to the chemoafferent discharge in Hz, a
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is the discharge at which the POz2 tends to infinity, b is the theoretical discharge when
the POz is OmmHg, c is the exponential rate constant and x is equal to the superfusate

POz2 in mmHg.
y=a+be ™™

Gradually reducing the superfusate PO2 was controlled using flow meters with high
precision valves (Cole Palmer Instruments, UK) connected to oxygen, nitrogen and
carbon dioxide cylinders. The mixture of gases could be altered to achieve a desired
PO:2 by balancing with nitrogen at a fixed PCO2 of 40mmHg (total output pressure was
constant at 760 mmHg). Flow meter calibration data was provided by the
manufacturers. As the PO2 decreases, chemoafferent discharge begins to increase
exponentially after a certain PO2 threshold (usually around 90-130mmHg). To produce
multiple consistent hypoxic response curves and minimise preparation run-down, the
hypoxic superfusate was rapidly switched to a hyperoxic solution when the
chemoafferent discharge reached approximately 10Hz, which is well before a
maximum response is achieved. Ensuring reproducible hypoxic responses is critical to
be able to reliably compare carotid body hypoxic sensitivity between the N and CH

groups in addition to pharmacological agents.

Additionally, the corresponding POz for any given discharge frequency was calculated
using the inverse of the exponential decay function where x represents the PO:2
(mmHg), y is the single fibre discharge frequency (Hz) and a, b and ¢ are constants

determined as above.

In(y—a)/b
T c
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To quantify a right-left shift in the hypoxic response curve, the POz at a discharge
frequency of 5Hz was used. This frequency was chosen because it falls within the
exponential region of the hypoxic response curve, ensuring it is sufficiently sensitive to

POz changes without reaching a level where discharge might begin to diminish.

2.4.5 Spike sorting and waveform analysis

To discriminate action potentials arising from a single chemoafferent fibre, offline
analysis using Spike2 (Version 9) was needed. Initially, a threshold was set to detect
any electrical activity above this level whilst at the same time removing background
noise and low firing action potentials. Upon threshold triggering, voltage signals are
extracted into discrete 0.8-1.0ms duration wavemarks. The Spike2 software allows for
the creation of templates, into which these wavemarks can be categorised depending
on their shape, amplitude and frequency to further discriminate electrical activity from
a single fibre. The wavemarks from a single template were counted and binned into 10
second time intervals, allowing for the calculation of frequency. Figure 2.8 shows an

example of two distinguishable spikes from the same fibre.
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Figure 2.8 Spike sorting in a multi-fibre preparation

(A) raw multi-fibre recording of carotid body chemoafferent activity. (B) A voltage threshold
was applied to reduce noise and detect both large and small amplitude spikes. Automated
spike templating was used to classify spikes based on amplitude, frequency and duration,
resulting in two distinct spike templates. (C) Overlaid spike waveforms from B, illustrating
the two identified spike types. Spike detection, sorting and analysis were performed using
Spike2 Version 9.
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2.4.6 Data analysis

Frequency data was grouped into 10-second intervals. For basal discharge
measurements, the average frequency over a 120-second period was used.
Pharmacological agents and hypercapnia were administered for 5 minutes, with the
mean of the final 60 seconds used for analysis, once a steady-state discharge had
been achieved. For hypoxia experiments, initial raw O2 response curves were fitted to
derive equation constants, as described in Section 2.4.4. These constants were used
to calculate the discharge at defined PO:2 values, allowing for direct comparisons

between N and CH or control and pharmacological agent.

All data are presented as the mean, with error bars indicating the standard error of the
mean (SEM). Individual data points represent the discharge from a single fibre.
Statistical differences were assessed using Student’s t-test or two-way ANOVA with
Bonferroni post-hoc analysis where appropriate. Analyses were performed using

GraphPad Prism (Version 10), with significance set at p<0.05.

2.5 Measuring heart weight and haematocrit

Rat hearts were surgically extracted following confirmation of death after carotid
bifurcation removal. This was performed by the author of this thesis. Hearts were
further dissected to isolate the left and right ventricles and the septum with excess fluid
dabbed on paper towel before being weighed. This was performed by Mr James
Saleeb-Mousa and Dr Andrew Holmes. To identify whether CH had induced typical
right ventricular hypertrophy, Fulton’s index was used which is the mass of the right

ventricle divided by the left ventricle plus septum.
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To determine haematocrit and haemoglobin levels, an arterial blood sample was taken
at the end of in vivo experiments described in Chapter 6. Blood was drawn into
heparinised capillary tubes and placed immediately on ice. Blood samples were
analysed using a haematology analyser (Pentra ES 60, Japan) and parameters

automatically calculated.

2.6 Immunohistochemistry

2.6.1 Tissue preparation and cryosectioning

To evaluate the density and location of CD73 and how this is altered in CH,
immunohistochemistry was performed on frozen whole carotid body sections. The
carotid bifurcation was surgically removed as described in 2.3 and was immediately
immersed in freshly made 4% paraformaldehyde (PFA) in PBS (pH 7.2) for 4hr at room
temperature. The tissue was rinsed 3 times in PBS and then placed into the dissecting
chamber used previously and superfused with ice-cold PBS. The tissue was cleaned
by removing any muscle, fat and nerves but leaving the SCG intact. The SCG can be
used as a positive control for the TH stain and enables better integrity of the tissue
when sectioning. The OA was dissected free and cut near the level of the carotid body.
This will serve as a guide to know when the carotid body has been reached. After
dissecting, the carotid body tissue was placed into a 30% sucrose-PBS solution
overnight at 4°C. The tissue was dabbed on paper towel to wipe away any excess
sucrose which will aid in the embedding in OCT. The tissue was placed into a cryomold
containing OCT and frozen using crushed dry ice and then stored at -80°C until further

use.
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Frozen carotid body tissue was sectioned at 10pum using a cryostat (Bright Instruments,
UK) set to -18°C and adhered onto charged microscope slides (Epredia Superfrost™
Plus, Fisher Scientific, UK). The sample was checked using a light microscope to
ensure the carotid body was present and its structural integrity intact demonstrated by
Figure 2.9. This shows a non-dissected carotid bifurcation but as described above, this
process was optimised by dissecting the tissue before freezing which enabled more
consistent cryosectioning and easier identification of the carotid body. Slides were
placed on a hot plate at 37°C for 2 hours to ensure slides were fully dry before storing

them in tightly sealed boxes at -80°C.
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Figure 2.9 Visualisation of the carotid body in cryosections

Light microscope image of cryosectioned whole carotid body (CB) tissue. The CB can be
identified as an oval shape in close proximity to the occipital artery (OA) and the internal
carotid artery (ICA). Other key structures include the external carotid artery (ECA) and the
superior cervical ganglion (SCG). The SCG normally surrounds the ICA and protrudes into
the CB. The lower image shows an enlarged view of the dotted boxed region above.
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2.6.2 Indirect immunofluorescence staining

Frozen tissue slides were thawed at room temperature for 20 minutes and rehydrated
in PBS. To unmask epitopes potentially cross-linked during PFA fixation, heat-mediated
antigen retrieval was performed. Slides were immersed in citrate buffer (10mM citric
acid in diH20 adjusted to pH 6.0 using NaOH solution and 0.05% Tween20) and
incubated overnight in a 60°C water bath. The following day, slides were removed from

the water bath and allowed to cool to room temperature while still in the citrate buffer.

After cooling, slides were washed twice with PBS. Tissue sections were permeabilised
with 0.3% Triton-X for 15 minutes and blocked with 1% BSA in 0.1% PBS-Tween20
(PBS-T) for 30 minutes at room temperature. A hydrophobic barrier was drawn around
the sections using a PAP pen (ImmEdge®, VectorLabs, UK) to minimise the volume of
antibody needed. Primary antibodies targeting CD73, TH, PCAM-1 (CD31), and
neurofilament-light chain (NF) were diluted in 0.1% BSAin 0.1% PBS-T and applied to
the sections within the hydrophobic barrier. Slides were placed in a humidified chamber
and incubated overnight at 4°C. The next day, slides were washed three times with
0.1% PBS-T and incubated with fluorescently conjugated secondary antibodies for 1
hour at room temperature in the dark. Following incubation, slides were washed three
times with 0.1% PBS-T and given a final rinse in PBS. Pre-immune serum, obtained
from the host animal prior to immunisation with the CD73 antigen, was used as a
negative control. Additional negative controls included sections processed without the
primary antibody, using only secondary antibodies. A summary of antibodies used is

shown in Table 1.
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One drop (~15pL) of Vibrance® anti-fade hard-set mounting medium containing DAPI
(Vector Laboratories, H-1800, UK) was applied to the sections. A 13mm round
coverslip (#1.5 thickness, hydrolytic class 1 glass, VWR, UK) was placed carefully to
avoid air bubbles. Slides were allowed to cure in the dark for 2 hours at room
temperature (exposed to air) and imaged using a confocal microscope within 48 hours.
The combinations of antibodies and their concentration used for each specific protocol

are summarised in Figure 2.10.

. Catalogue

Antibody Manufacturer g
number

Rabbit polyclonal anti-CD73 Ectonucleotidases.com, Canada rNu-9L
Mouse monoclonal anti-TH Cell Signalling Technology, UK 45648S
Goat polyclonal anti-CD31 Bio-techne, UK AF3628
. . : NBP1-
Chicken polyclonal anti-NF-L Bio-techne, UK 05219
Donkey anti-rabbit Alexa Fluor 488 ThermoFisher, UK A21206
Donkey anti-mouse Alexa Fluor 594 ThermoFisher, UK A21203
Donkey antl-gopall'::lexa Fluor 647 i alEe e (UG A32849
Donkey anti-chicken Alexa Fluor 647 ThermoFisher, UK A78952

Table 2.1 List of antibodies

Primary and secondary antibodies used in this thesis with the manufacturer and catalogue
numbers.
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Rehydrate sections in PBS for 15 mins
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1% BSA in 0.1% PBS-T 30 minutes RT

J
/
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Incubate in humidified chamber at 4°C overnight
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ckn NF 1:2000, 3-4 sections

ms-TH 1:500, rab-CD73 1:100
3-4 sections

Negative control: Pre immune
ms-TH 1:500, rab-pre immune 1:100
1 section

Neqative control: Pre immune
ms-TH 1:500, rab-pre immune 1:100

Negative control: Pre immune
ms-TH 1:500, rab-pre immune 1:100
1 section 1 section
Negative control: secondary only
antibody buffer
1 section

Negative control: secondary only
antibody buffer
1 section

Negative control: secondary only
antibody buffer
1 section

5 min 0.1%|PBS-T wash X3 5 min 0.1%|PBS-T wash X3
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antibodies
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5min 0.1% PBS-T wash X3 5min 0.1% PBS-T wash X3 5min 0.1% PBS-T wash X3
5 min PBS wash X1 ’ 5 min PBS wash X1 5 min PBS wash X1
\ leave to cure for minimum of 2 @
. hours in the dark exposed to air
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with DAPI and glass coverslip Image N and CH sections using

confocal microscope within 48 hours

Figure 2.10 Immunohistochemistry protocols

This flow diagram illustrates the immunostaining protocol for carotid body cryosections. Each
carotid body provided enough sections for all three protocols, which were performed on three
carotid bodies from separate normoxic (N) and chronically hypoxic (CH) rats. Protocol A
included an antigen retrieval step, with sections incubated in citrate buffer at 60°C overnight
to enhance the CD73" signal in tyrosine hydroxylase (TH)-expressing type | cells. Protocol
B was optimised for detecting a more sensitive CD73" signal that did not require antigen
retrieval. To investigate the origin of this signal, the vascular endothelial marker PECAM-1
(CD31) was used alongside TH and CD73. Protocol C incorporated neurofilament-light chain
(NF) to determine whether the CD73" signal also had a neuronal origin. Sections were
permeabilised with 0.3% Triton X-100, blocked with 1% BSA in 0.1% PBS-Tween 20 (PBS-
T), and incubated overnight at 4°C with primary antibodies at the dilutions indicated in the
flow diagram. Negative controls included pre-immune serum and secondary antibody-only
conditions. Following multiple washes in 0.1% PBS-T, fluorophore-conjugated secondary
antibodies were applied at dilutions indicated in the flow diagram for 1 hour at room
temperature in the dark. Sections were mounted using a DAPI-containing antifade medium
and cured for at least 2 hours before imaging. Confocal microscopy was performed within 48
hours, capturing images of N and CH sections for all three protocols. Antibody species
abbreviations: ms=mouse, rab=rabbit, ckn=chicken.
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2.6.3 Confocal microscopy

Stained sections were imaged using different confocal microscopes. Optimisation
images, including those for antibody dilutions and antigen retrieval, were captured
using an Olympus Fluoview FV1000 microscope (40X magnification, 0.80 NA, water
objective). For comparing N and CH carotid bodies, images from rat 1 were acquired
using a Zeiss LSM 880 microscope (40X magnification, 1.2 NA, water objective).
However, due to technical issues with this microscope, images from the carotid bodies
of rats 2 and 3 were taken using a Leica Stellaris 8 microscope (40X magnification, 1.4
NA, oil objective). Both the Zeiss and Leica microscopes utilised a tile scanning
function, which allowed for capturing large areas of the section at high resolution. This
involved imaging multiple adjacent regions and stitching them together to create a
comprehensive view. This approach was particularly useful for imaging larger carotid
bodies that could not fit within a single frame during regular acquisition. All microscopes
employed sequential scanning, where each fluorescent channel was acquired
separately using its respective excitation laser, preventing fluorophore spill-over

between channels.

2.5.4 Machine learning for post-acquisition removal of RBC autofluorescence

Carotid body tissue was immersion-fixed rather than perfusion-fixed, which resulted in
residual RBCs within the tissue. RBCs exhibit strong autofluorescence (AF) due to
porphyrins in haemoglobin (Whittington & Wray, 2017). This AF signal was confirmed
to originate from RBCs based on their localisation within vascular structures marked
by the endothelial marker CD31 and their bi-concave shape (Chapter 4). The high pixel

intensity of RBC AF made regular thresholding unsuitable for removal.
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To address this, a machine learning approach was employed using the Python-based
software, ilastik (Berg et al., 2019). The software uses user-provided annotations and
selected pixel features, such as smoothed pixel intensity, colour gradients, shape and
texture to classify pixels. Gaussian smoothing with varying sigma values can be
applied to control the level of detail captured, with larger sigma values gathering more
contextual data but losing finer details. For training, immunofluorescence images were
manually annotated to label RBC pixels. This process was repeated across
approximately four images to train the model. Once trained, the software predicted

pixel classifications and batch-processed subsequent images.

The output was a segmented image with RBC pixels clearly distinguished. This
segmented image was imported into Fiji (Fiji Is Just Image J, Version 2.14) where RBC-
specific pixels were isolated and converted into a binary mask. The binary mask was
subtracted from the original raw image, effectively removing RBC AF. The mask could
also be subtracted from other channels in the same image, ensuring accurate
quantitative analysis of all proteins of interest. A step-by-step workflow for using ilastik

to remove RBC AF is provided in Chapter 4.

2.6.5 Estimating carotid body volume and calculating area

All images were analysed using Fiji. The rat carotid body has an ellipsoid three-

dimensional structure and its volume was estimated using the ellipsoid formula:

V—4 b
= g mabc

Here, a, b and ¢ are the semi-axes of the ellipsoid along the x,y and z directions
respectively, representing the distances from the ellipsoid's centre to its surface. To

determine the semi-axes, an elliptical shape was fitted around the carotid body in
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cross-sectional images to measure the area. This region of interest (ROI) was used for
all further quantitative analyses. Semi-axes a and b were derived from the major and
minor axes of the ellipse (illustrated in Figure 2.11), while ¢ was calculated as half the
total thickness of the carotid body, corresponding to half the total number of sections
multiplied by the section thickness (10um). The semi-axes from the largest section
were used in the calculation which most accurately represents the full extent of the

ellipsoid shape.

65



_ major axis (pm)
Bl 2

_ minor axis (pm)
a 2

Figure 2.11 Determination of the major and minor axis for carotid body volume
estimation

A region of interest (ROI) was drawn around the carotid body and fitted to an ellipse to
determine its boarder. From this fitted ellipse, the major and minor axes can be measured
in micrometres (um) using Fiji. The semi-axes are half of these values and can be used in
the standard formula for calculating the volume of an ellipsoid. This image serves as an
example of how to determine the semi axis a and b for volume estimation of the carotid
body. DAPI stain was used to label nuclei.
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2.6.6 Cell counts and positive signal area

The number of TH* cells per carotid body was estimated by multiplying the TH* cell
density (per section volume) by the estimated carotid body volume calculated above.
TH* and CD73" cells were identified by overlaying DAPI staining and manually
counting nucleated cells surrounded by positive TH or CD73 signals. Fiji’s cell counting
tool was used to label and number each counted cell, minimising double counting. Total
cell counts were determined by thresholding the DAPI channel, applying a watershed
filter and using the ‘Analyse Particles’ function. The proportion of TH* or CD73" cells
was calculated as the ratio of these counts to the total cell count in the carotid body.
The total area of positively stained signal was measured by applying a threshold,
removing noise (excluding outliers smaller than 2 pixels) and using the ‘Analyse
Particles’ function. Threshold values were automatically determined by the software.
However, in cases of high background where automatic thresholding was unreliable,
threshold values were manually set based on the approximate pixel intensity observed

in the pre-immune serum condition (negative control).

2.5.7 Co-localisation analysis

To quantify co-localisation between two proteins, Manders’ coefficients (M1 and M2)
were calculated using the JaCoP plugin in Fiji. M1 represents the fraction of channel 1
overlapping with channel 2, while M2 represents the fraction of channel 2 overlapping
with channel 1. These coefficients provide a measure of the proportion of one protein

overlapping or co-localising with another in the same image (Dunn et al., 2011).
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2.6.8 Data and statistical analysis

Each individual point represents single animal data, calculated as the mean of multiple
sections (3-8) per rat. Error bars indicate SEM. Statistical analysis was established

(p<0.05) using an unpaired Student’s t-test performed in GraphPad Prism (Version 10).

2.7 Whole-body plethysmography

2.7.1 Experimental set up and principle

The plethysmography data was acquired by a trained member of the research group,
Mr Dhaifallah Alotaibi, and analysed by the author of this thesis. Whole-body
plethysmography was used to measure respiratory variables at rest and in response

to varying severities of hypoxia and hypercapnia in awake and unrestrained rats.

This technique is based on the principle that, during inspiration, the animal inhales air
at chamber temperature, which is then warmed and humidified to alveolar temperature
in the lungs. This warming increases the volume of the air in the lungs, increasing the
overall volume of gas within the chamber thereby causing a rise in chamber pressure.
During expiration, the exhaled air cools back to chamber temperature, reducing its

volume and decreasing the chamber pressure (Stephenson & Gucciardi, 2002).

The barometric pressure and humidity of the chamber are monitored using a reference
chamber. A differential pressure transducer connects the subject chamber and the
reference chamber, detecting pressure differences and outputting these as analogue

voltage signals. These voltage signals are amplified (usbAMP, EMKA Technologies),
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digitised at 1000Hz by an A/D converter and viewed on a PC running iox2 (Version

2.10.8).

2.7.2 Chamber calibration and gas adjustments

To calculate rat tidal volumes, the equipment must be calibrated before each
experiment. A known volume of air (20 mL) was injected into the subject chamber
through a side port, creating a pressure difference and an associated voltage change.
The pressure gradient, and voltage generated by this known volume are recorded as
the high calibration value. The voltage from a completely sealed chamber provides the
low calibration value. Airflow was calculated as a function of the calibrated volume
(derived from pressure change) over time. These calibration points enable the
conversion of chamber pressure changes induced by rat ventilation into tidal volumes.
All other respiratory parameters such as respiratory frequency and minute ventilation

can then subsequently be calculated.

The iox2 software allows adjustment of gas flow into the chamber to create different
environments, such as normoxia/normocapnia, hypoxia or hypercapnia. Gas flow is
set using mass flow controllers and measured using a gas analyser (ADInstruments,
UK). Gas mixtures were delivered using BOC cylinders of O2, N2 and CO2 with a
constant flow rate of approximately 2 L min-' regulated by the Vent 4-C1 pump (EMKA
Technologies). This pump also removes excess air, preventing the buildup of CO2 and
humidity, which are absorbed by silica gel. Bedding from the animals’ home cage was

also placed in the chamber to keep stress levels to a minimum.
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2.7.3 Experimental protocols

Protocol A aimed to investigate ventilatory differences between N (n=6) and CH (n=6)
rats breathing air (chamber set to FiO2 21%) and in response to moderate hypoxia
(FiO2 10%) and hypercapnia (FiCO2 6%). After reaching a steady baseline in air, the
inflow gas mixture was then switched to mild hypoxia for 10 minutes and retuned back
to 21%. The FiO2 within the chamber took approximately 5 minutes to decrease down
from 21% to 10%, therefore the animal was only exposed to an FiO2 of 10% for the
final 5 minutes. After a 10 minute recovery and a steady baseline again, the inflow gas
was switched to hypercapnia for 10 minutes. Similarly, it took approximately 5 minutes
for the FiCOz2 to reach 6% and so the animal was only exposed to an FiCO2 of 6% for
the final 5 minutes, before once again returning to normocapnia. A summary of Protocol

A'is shown in Figure 2.12.

Initial results showed that with Protocol A, CH rats breathing air had a severely
depressed response to moderate hypoxia (FiO2 10%). It has been questioned as to
whether normal room air is relatively hyperoxic for these animals and so should be
kept on 12% FiOz2 as their ‘normoxic’ baseline. Considering this, Protocol B was utilised
to investigate changes in baseline ventilation in N rats (n=4) breathing air and CH rats
(n=12) breathing FiO2 of 12%. Furthermore, the poor response to moderate hypoxia
led to a stronger hypoxic stimulus being given (FiO28%). A summary of Protocol B is

shown in Figure 2.12.
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Figure 2.12 Whole body plethysmography protocols

Experimental protocol used for measuring ventilation in awake and unrestrained
normoxic (N) and chronically hypoxic (CH) rats. Initially, Protocol A was applied to both
N (n=6) and CH (n=6) rats, where a settlement period (21% FO2) was followed by
baseline ventilation also at 21% FiO. (shaded grey). A moderate hypoxic stimulus (10%
FiO2; shaded blue) was administered for 10 minutes before returning to 21% FiO,,
followed by a 10 minute exposure to hypercapnia (6% FiCO,; shaded orange) and
subsequent recovery to 21% FiO2. In Protocol B, N (n=4) and CH (n=12) rats were
maintained at different normoxic gas levels, with CH rats settling at 12% FiO» (shaded
pale blue) and N rats at 21% FiO2; these oxygen levels served as each group’s normoxic
baseline. A more severe hypoxic stimulus (8% FiO2; shaded dark blue) was then given to
both groups before recovery into their respective normoxia. In both protocols, bedding
from the animals’ home cage was placed in the plethysmography chamber to induce
familiarity and reduce stress. * denotes a minimum of 20 minutes of settlement. It took
approximately 5 minutes for the plethysmography chamber to equilibrate at the desired
gas concentration. All animals were weighed prior to the experiments to normalise tidal
volumes per weight, and all animals returned to their home cage after the final recovery
in normoxia.

71



2.7.4 Data extraction and analysis

Raw data was acquired using iox2 (Version 2.10.8). Post-acquisition, raw data was
converted to a European Data Format and was subsequently analysed using LabChart
(ADInstruments, Version 8). An average of the last 10-seconds of every minute was
used to plot the respiratory time courses. As ventilation reached a steady state during
the last three minutes of the hypoxic and hypercapnic exposure, the last three minutes
of breathing was taken as an average and used for analysis. Tidal volumes were
normalised to rat weight, thus minute ventilation was expressed as mL min-! g-'. Data
is shown as the mean + SEM with individual data points representing a single rat.
Statistical significance was established using unpaired Student’s t-test. Analysis was

performed using GraphPad Prism (version 10) and significance was set at p<0.05.

2.8 In vivo cardiorespiratory measurements

To investigate the cardio-respiratory effects of CD73 inhibition and/or CSNX animals
were anaesthetised for non-recovery experiments. This involved cannulating the
femoral blood vessels, dissecting the carotid bifurcation (as described in section 2.3)
and cannulating the trachea. Femoral cannulations were performed by Dr Andrew
Coney and carotid body and tracheal cannulations were conducted by the author of

this thesis.

2.8.1 Anaesthetic induction and maintenance

Firstly, rats were induced with 5% isoflurane in O2 at a flow rate of 1.5L min-' and after
loss of their righting reflex were placed on the surgical table heated to 37°C and

subsequent anaesthetic was delivered using a nose mask. The level of anaesthesia
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was maintained between 2-4% and monitored by an absent pedal withdrawal reflex in
addition to the depth and frequency of breathing. Due to the physiological and practical
limitations of using isoflurane to measure cardiorespiratory reflexes to hypoxia
(Karanovic et al., 2010), Alfaxalone (Alfaxan®, Vetoquinol Ltd, UK) was used as an
intravenous anaesthetic throughout the rest of the experiment. This anaesthetic has
commonly been used within the research group and others and better preserves
cardio-respiratory reflex responses under prolonged experiments (Guo et al., 2024
Marshall & Davies, 1999; Muir et al., 2008; Ray et al., 2002; Skinner & Marshall, 1996;
Thompson et al., 2016; Walsh & Marshall, 2006; Warne et al., 2015). The right femoral
vein was cannulated (ID 0.5mm, OD 1.5mm, silicone tubing) and connected to an
infusion pump. Once the cannula was secured using 4-0 non-absorbable suture, the
gaseous isoflurane was turned off and the animal was able to blow off some residual
isoflurane before switching to Alfaxalone. This ensures minimal mixing between
anaesthetics which could be detrimental to the animal. Initially, small boluses of
approximately 0.05mL were applied until the correct dept of anaesthesia was achieved.
Afterwards, the intravenous infusion of anaesthesia was maintained at 17-20 mg kg
h' and 0.1mL boluses were given as necessary. A schematic illustration of the

experimental set up is shown in Figure 2.13.

2.8.2 Measuring arterial blood pressure

To measure arterial blood pressure (ABP), the right femoral artery was cannulated
(0.58mm ID, 0.96mm OD, polythene tubing) and connected to a pressure transducer
(ADInstruments, UK). This transducer was connected to a PowerLab (ADIntruments,
UK) which converts the voltage signal generated from the pressure transducer to a

digital signal at 1000Hz. To determine ABP in mmHg, a 2-point calibration was
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performed using a mercury sphygmomanometer. The voltage at OmmHg (open to
atmosphere) was used as the zero and the voltage at 200mmHg was used as the top
calibration point. Therefore, for any given voltage, ABP in mmHg can be determined.

Heart rate was derived from the ABP trace.

2.8.3 Pharmacological preparation

To investigate the effects of CD73 inhibition, a well-established pharmacological agent,
AOPCP was used. This drug is known to reduce adenosine concentrations in ex vivo
carotid body preparations and has been shown to prevent vasodilation caused by ATP
infusion, indicating a lack of adenosine formation (Conde & Monteiro, 2004; Conde et
al., 2012b; Skinner & Marshall, 1996) . First, the left femoral vein was cannulated and
filled with heparinised saline in a 1mL syringe. At the time of AOPCP injection, the
saline syringe was swapped for a syringe containing the required dose of AOPCP.
Three doses of AOPCP were given throughout the experiment including 160ug kg™,
320ug kg™ and 1120ug kg™!'. AOPCP was injected as a bolus at a volume dose of 1mL
kg™'. This ensured the volume remained constant at each dose, reducing any effect of
volume loading. Once all cannulas were in place, the carotid bifurcation was dissected
(but not excised) as previously described in section 2.3. This surgery was preparation

for CSNX as part of the experimental protocol.

2.8.4 Measuring ventilation

The trachea was cannulated with a custom-made T piece. The side part was connected
to a spirometer which allows pressure differences related to volume changes to be
measured, and airflow calculated. Connected to the top part of the tracheal cannula

was additional tubing connected to a gas analyser for sampling of end-tidal O2 and
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CO2. Coming off the spirometer was another inlet port which allowed for tubing
connected to gas cylinders to be attached. This allowed for the alteration of respiratory
gases as required throughout the experiment. A schematic diagram of the experimental

set up is shown in Figure 2.13.

75



end-tidal gases

§/\ tra‘?ﬁeal

cannula _
{

spirometer

LabChart

Special mix 12% or 8% O,
balanced N,

carotid
bifurcation & CSN

<« Heated surgical table

R.femoral L. femoral ‘—4:8:—0 Dose 3

artery & vein vein
~a===u{—() Dose 2
— e —) Dose 1

Blood pressure

Bridge AMP transducer
| S
3 1-2mL/hr H
_--

i.v. anaesthetic

rectal temperature reading

Figure 2.13 In vivo experimental setup for measuring cardiovascular and respiratory
parameters in an anesthetised rat

This schematic illustrates the experimental setup for in vivo recordings of arterial blood
pressure and ventilation in an anesthetised rat. Animals were induced with isoflurane
(inhalation) and maintained on Alfaxan via intravenous infusion in the right femoral vein. The
right femoral artery was cannulated and connected to a blood pressure transducer, which
was linked to a bridge amplifier and PowerLab system for data acquisition. The carotid
bifurcation and carotid sinus nerve (CSN) were exposed for subsequent experiments. The
trachea was intubated with a tracheal cannula, with a side port connected to a spirometer to
measure ventilation. A secondary port extracted end-tidal gases (O, and CO;) for
quantification using a gas analyser. Pre-mixed O cylinders were used to induce hypoxia
(8% O.), while 12% O2 was used as the baseline for chronically hypoxic rats. Normoxic rats
breathed ambient air as their baseline. The left femoral vein was cannulated for the
administration of pharmacological agents. Rectal temperature was continuously monitored,
and a heated surgical table maintained body temperature at approximately 37°C. All data
were recorded using PowerlLab hardware and visualized with LabChart software (version 8).
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4.8.5 Experimental protocols

For N animals, baseline measurements were made in air and hypoxic responses were
made in 8% FiO2 for 2 minutes (special mix BOC cylinder balanced nitrogen). For CH
animals, baseline measurements were conducted in 12% FiO2 and hypoxic responses
measured in 8% FiO2. During the CH experiments, air was also given for 2 minutes.
The first set of experiments (n=6 rats in each group) aimed to look at the effect of
CSNX on cardio-respiratory responses to baseline ventilation and in response to

hypoxia. A summary of this experimental protocol is shown in Figure 2.14 A.

The second group of experiments aimed to investigate the pharmacological inhibition
of CD73 on cardio-respiratory responses to baseline ventilation and in response to
hypoxia (N: n=8, CH: n=7). After injecting the required bolus dose, the syringe was
swapped back to the heparinised saline and the dead space volume was flushed
ensuring the total volume of AOPCP desired had entered the circulation. Hypoxia was
given 5 minutes after the bolus injection of AOPCP. After a brief recovery back to
normoxia, this was repeated for two increasingly higher doses. In a subset of animals,
to determine any carotid body specific effects of systemic CD73 inhibition, AOPCP was
given in addition to CSNX at the end of the pharmacology protocol (N: n=4, CH: n=6).

A summary of these experimental protocols is shown in Figure 2.14 B.
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Figure 2.14 In vivo cardiorespiratory protocols under terminal anaesthesia

This figure illustrates the experimental protocol used to measure ventilation, heart rate and
blood pressure in terminally anaesthetised normoxic (N) and chronically hypoxic (CH) rats
in Chapter 6. Protocol A assessed the effect of carotid sinus nerve section (CSNX) on
cardiorespiratory parameters in response to air (21% FiO2; shaded grey) or hypoxia (8%
FiO2; pale blue), with normoxic baselines recorded in air for N rats and in 12% FiO»for CH
rats. Each stimulus was administered for 2 minutes, and the carotid bifurcation was
dissected before the experiment, with CSNX performed after the final recovery from
hypoxia. After allowing baseline parameters to stabilise, acute stimuli were re-administered
(N: n=6, CH: n=6 rats). Protocol B investigated the effects of pharmacological inhibition of
CD73 using AOPCP, with baselines recorded under the same normoxic conditions in
Protocol A followed by a 2 minute hypoxic stimulus (8% FiO2). After recovery and baseline
re-established, an AOPCP bolus (160ug kg™'; 1 mL kg') was administered via the left
femoral vein, followed by a 5 minute period before re-introducing hypoxia. This process was
repeated with two increasing doses of AOPCP, as indicated in the figure (N: n=8, CH: n=7
rats). After the final dose and recovery, CSNX was performed on a subset of these rats, and
the highest dose (1120ug kg') was administered again, followed by repeated stimuli to
determine the carotid-specific effects of AOPCP (N: n=4, CH: n=6 rats). At the end of the
experiment, blood was collected from the right femoral artery into heparinised capillary
tubes for blood analysis, and animals were euthanised via cervical dislocation, with death
confirmed by exsanguination.
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2.8.6 Data extraction and analysis

Data was acquired and analysed using LabChart (ADInstruments, UK). A 10 second
average was plotted every 10 seconds for time courses. Due to the biphasic hypoxic
response which peaks and then either plateaus or begins to decline, comparisons
between N and CH were analysed at different time periods during hypoxia. These
included a 20 second average from the rising phase (time point 30 & 40 seconds) and
the end of hypoxia (time point 110 & 120 seconds). Data is expressed as the mean
with error bars representing SEM and individual data points show each rat. Statistical
differences were established using Student’s t-test and two-way ANOVA with
Bonferroni post-hoc analysis. Analyses were performed in GraphPad Prism (Version

10) and significance taken at p<0.05.
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CHAPTER 3
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3. Developing and validating a rat model of chronic hypoxia and

carotid body hyperactivity

3.1 Introduction and aims

CH is a feature of both physiological and pathophysiological conditions such as
sojourns at high altitude and COPD respectively (Kent et al., 2011; Peacock, 1998).
There are well defined physiological carotid body, cardiovascular and respiratory
adaptations which occur to primarily normalise oxygen delivery despite the lowering of
arterial oxygen partial pressure (PaO2)(Aaron & Powell, 1993; Hansen & Sander, 2003;
Smith & Marshall, 1999; Walsh & Marshall, 2006). Numerous different animal models
of CH have been reported, achieved by a sustained reduction in the FiO2 and/or
barometric pressure, and applied at varying stimulus intensities and durations (Aaron
& Powell, 1993; Clarke et al., 2000; Conde et al., 2012c; Fielding et al., 2018; Hodson
et al., 2016; Pardal et al., 2007; Salman et al., 2017; Sobrino et al., 2018; Thomas &
Marshall, 1997; Walsh & Marshall, 2006). The main aim of this current chapter was to
establish and validate an animal model of CH with characteristic carotid body,
cardiovascular and respiratory adaptations that could then be used throughout the rest

of the thesis to probe the importance of CD73.

One key adaptation is an increase in red blood cell production and haemoglobin which
is mediated by EPO released by the kidney (Haase, 2010). It is well established that
the control of EPO and many other transcription factors are controlled by HIF (Bishop
& Ratcliffe, 2015; Semenza & Wang, 1992). Significant increases in haematocrit and
haemoglobin concentration occur in a time-dependent manner, though this timing

varies between species and even within strains of the same species (Arias-Reyes et
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al., 2021; Walsh & Marshall, 2006). Increases in haematocrit and, consequently
haemoglobin concentration, raise the blood's O, content. In the initial days of CH, local
vasodilatory responses enhance blood flow to tissues to improve oxygen delivery. This
effect is primarily mediated by adenosine-driven nitric oxide production. After
approximately seven days of CH, this vasodilatory response subsides as the increased
haemoglobin concentration sufficiently boosts O, content, normalising oxygen delivery
(Marshall & Davies, 1999; Thomas & Marshall, 1997; Walsh & Marshall, 2006). This
chapter aimed to validate that Wistar rats exposed to 12% FiO2 for 10 days was

sufficient to significantly increase the haematocrit, haemoglobin and O2 content.

A further adaptation to CH is pulmonary vasoconstriction which is thought to help
redistribute blood to better oxygenated regions of the lung and improve ventilation-
perfusion matching (Sommer et al., 2016). However, CH leads to persistent
vasoconstriction and subsequent pulmonary hypertension in conjunction with RVH
(Nathan et al., 2019; Smith et al., 2020). Although the specific mechanisms that
mediate pulmonary remodelling were not investigated in this chapter, RVH was

measured to further validate the CH model.

The ability to rapidly increase ventilation during the ascent to high altitude is mediated
by the carotid bodies and is essential for overcoming deleterious physiological effects.
During prolonged periods of hypoxia, VAH occurs and is a key respiratory adaptation
defined by an increase in baseline ventilation and in some cases an augmented HVR
which is found in both humans and animals (Powell et al., 2000a). This adaptation is
associated with morphological changes in the carotid body, including type | cell
hypertrophy and hyperplasia, along with vascular expansion and an increase in overall
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carotid body size (Clarke et al., 2000; Fielding et al., 2018; Platero-Luengo et al., 2014).
The origin of these newly formed type | cells is still debated. Some studies suggest
they arise from an adult stem cell niche originating from glial-like type Il cells (Pardal
et al., 2007; Platero-Luengo et al., 2014) while others propose that they derive from
the type | cells themselves (Fielding et al., 2018). Type | cells also undergo
neurochemical adaptations that increase carotid body oxygen sensitivity, a change
thought to contribute to VAH (Kumar & Prabhakar, 2012; Pulgar-Sepulveda et al.,
2018). The mechanisms underlying these adaptations are still being investigated, with
likely involvement of changes in neurotransmission, including ATP and adenosine, as
explored in later chapters. This chapter aimed to validate that Wistar rats exposed to
12% FiO2 for 10 days effectively produced carotid body type | cell expansion and

exaggerated chemoafferent activity.

It has been suggested that both the intensity and duration of the hypoxic stimulus,
along with the species and even the strain of the animal, play crucial roles in the
development of VAH (Arias-Reyes et al., 2021; Pamenter & Powell, 2016; Powell et
al., 1998). This chapter characterised the carotid body, respiratory and cardiac
adaptations in male Wistar rats exposed to normobaric 12% FiO2 for 10 days. There
has been ongoing debate over what should be considered 'normoxic' for a rat adapted
to CH, and this was further evaluated in light of the data presented in this chapter.
These findings were used to establish a foundation and provide a rationale for the
protocols in later chapters, aiding in the interpretation of subsequent data investigating

the importance of carotid body CD73 signalling in response to CH exposure.
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Aims of this chapter were as follows:

1. Develop and validate an animal model of CH induced by exposure of male

Wistar rats to an FiO2 of 12% for 10 days

2. Characterise the effects of CH on rat cardiovascular parameters including

haematocrit, haemoglobin concentration and right ventricular hypertrophy

3. Investigate whether this model of CH caused carotid body hypertrophy and type

| cell expansion

4. Determine whether this model of CH altered carotid body chemosensory output

5. Characterise the effects of CH on baseline ventilation and the HVR
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3.2 Results

3.2.1 The rat model of CH caused a significant reduction in growth rate, an increase

in haematocrit, a rise in haemoglobin concentration and right ventricular hypertrophy

To characterise the rat CH animal model (12% FiOz2 for 10 days), typical physiological
adaptations to CH were measured in Wistar rats. CH rats had reduced body mass and
exhibited a reduction in growth rate over the 10 days compared to N (Table 1). CH rats
demonstrated a robust increase in haematocrit concomitant with an approximate 20%
increase in haemoglobin concentration. Consistent with the hypoxia-induced
pulmonary vasoconstriction and subsequent right ventricular remodelling, CH rats
developed significant RVH, with a 1.4 fold increase in right ventricular mass. Although,
left ventricle mass was slightly lower in CH rats, it was similar to that of N rats when

normalised to body mass (Table 1).
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N CH p value

Animal mass at terminal exp (g) 21221) . 22(20*—; o <0.001
Growth rate (g day™) 4-6(1’—; )0-4 2.3(3¢9§).2 <0.0001
Haematocrit (%) 4?4*—; 1 55( 113())-6 <0.0001
Haemoglobin (g/dL) 15-?4’—; 03 19.(01 2)0.2 <0.0001

i 152 +6 141+ 6 0.227

Ventricular septum (mg) 21) 16)

Left ventricle (mg) 36(72;—’)11 32(51 2)14 <0.05

Left ventricle/body mass 1 '5(221'1 ?'04 1 .42(1165).07 0.315
Right ventricle (mg) 11(623 11) 5 16{‘% 5)11 <0.0001
Right ventricle/body weight 0-47( z ?-01 0-71(116?-04 <0.0001
Right ventricle/left ventricle+septum 0'22(21'1 ?'01 0-3?116?-03 <0.0001

Table 3.1 Haematological and cardiac characteristics of normoxic and chronically
hypoxic rats

Haematological and cardiac adaptations of chronically hypoxic rats (CH, 12% FiO. for 10
days) compared to normoxic (N) rats reared in air. Haematocrit and haemoglobin levels
were measured using an automated blood analyser. The absolute masses of the cardiac
ventricles were determined and further normalised relative to body weight and the left
ventricle plus septum (Fulton’s index). Data are presented as mean + SEM, with the animal
numbers shown in brackets. Statistical significance between N and CH groups was
assessed using an unpaired Student’s t-test, with p-values included in the rightmost column.
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3.2.2 The model of CH tended to increase TH" cell density without changing carotid

body size and vascularity

To determine whether 10 days exposure to an FiO2 of 12% induced morphological
changes in the carotid body, carotid bifurcations were excised and frozen as outlined
in the methods in Chapter 2. The carotid bodies were cryosectioned, and 8-10 sections
per sample were analysed to quantify the density of TH* cells for a single animal. Final
observations were presented as per animal data. Example TH-stained sections from
N and CH carotid bodies from 3 rats are shown in Figure 3.1 A. Estimations of carotid
body volume suggested that 2 out of 3 CH animals had larger carotid bodies compared
to N controls, and this was accompanied by an estimated increase in the total number
of TH* cells (Figure 3.1 B & C). However, although one CH rat had a carotid body
similar in size to that of an N rat, all CH rats showed a consistent trend toward a denser
TH* cell population (Figure 3.1 D, p = 0.08). This trend was further supported by an
increase in the area of TH* signal normalised to carotid body section area (p = 0.06)

(Figure 3.1 E-G).

Carotid body growth has been reported to involve vascular expansion (Clarke et al.,
2000; Fielding et al., 2018). To evaluate whether vascular growth occurred in this CH
model, the endothelial marker CD31 was used. Figure 3.2 shows that there were no
significant differences between N and CH rats in either the absolute area of CD31
signal or CD31 density within the carotid body. Thus, it appears that this model of CH

did not induce significant angiogenesis, despite the rise in TH-cell density.

87



0y

”E 0.04- 2 8000- . ~ 3x10%
E e £
o » + E
0.03- N £ 6000 s
s 3 F 2 2x10%-
g tr g
& 0.02- T 4000 g >
o ° EG
b 2 = 2 1x105
£ 0.01- S 2000 g8
£ b o
- [x]
£ 0.00 w9 0
_ 1.5%105- 4.0x104- 0.25-
— o _
s E 3.0x10% . 5 0-20
$ 1.0x105 i m
g = © 0.15-
@ £ 2.0%104- =
S 'a S, 0.10-
& 0.5x10° o \ . 3
g F 1061001 e T 0.05
; [
0 0 0.00

N CH CH
Figure 3.1 Tyrosine hydroxylase expression in the carotid body of normoxic and
chronically hypoxic rats

(A) Immunofluorescence images of carotid body (CB) sections from 3 normoxic (N) and 3
chronically hypoxic (CH) rats, stained with DAPI (blue) to label nuclei and tyrosine
hydroxylase (TH, magenta) to indicate type | cells. (B-G) Quantification of various
morphological and cellular characteristics, comparing N and CH CBs. Measurements were
averaged from 8-10 sections throughout each carotid body in a single rat. Data are shown
as mean + SEM, with individual data point representing an individual rat (n=3). Statistical
significance was assessed using an unpaired Student’s t-test.
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Figure 3.2 Effect of chronic hypoxia on carotid body vascularisation

(A) Immunofluorescence images of carotid body (CB) sections from 3 normoxic (N) and 3
chronically hypoxic (CH) rats, stained with DAPI (blue) to label nuclei and CD31 (yellow) to
identify vascular endothelial cells. (B-D) Quantification of CB area, total CD31* signal and
the relative CD31* signal per CB area in N and CH CBs. Measurements were averaged
from 3-4 sections throughout each carotid body in a single animal. Data are presented as
mean * SEM, with individual data points representing a single rat (n=3). Statistical
significance was assessed using an unpaired Student’s t-test.
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3.2.3 CH induced carotid body basal hyperactivity and an augmented hypoxic and
hypercapnic sensitivity

To characterise whether CH has modified carotid body sensory output, CSN activity
was measured ex vivo. Figure 3.3 A shows representative raw traces of baseline CSN
activity in an N and CH carotid body. 10 days of CH caused a 2-3 fold increase in basal
activity and an augmented response to graded hypoxia (Figure 3.3 B-C). The hypoxic
response curve in CH caused a rightward PO2 shift of approximately 44mmHg at a
discharge of 5Hz. In addition to investigating hypoxic sensitivity, hypercapnic sensitivity
was also measured. Increasing the superfusate PCO2 from 40mmHg to 80mmHg
significantly elevated discharge in both N and CH by a magnitude that overall

demonstrated an increased carotid body COz2 sensitivity (Figure 3.3 D & E).
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Figure 3.3 The effect of chronic hypoxia on carotid body chemoafferent activity

(A) Representative raw recordings of basal chemoafferent activity from a normoxic (N-left)
and chronically hypoxic (CH-right) rat carotid body. Raw discharge (upper) and frequency
(lower) shows number of action potentials binned into 10 second intervals. (B) comparison
of baseline frequency in normoxia. (C) comparison of response to graded hypoxia. (D)
comparison of hypercapnic response. (E) comparison of CO; sensitivity. Data expressed
as mean * SEM with individual data points representing a single fibre. For N, n=12-15 from
8 rats and for CH, n=14-19 fibres 8 rats. Statistical significance was assessed using an
unpaired Student’s t-test in A & E, **p<0.01, ****p<0.0001. A two-way repeated measures
ANOVA was performed in B & D with overall p values displayed. Bonferroni post-hoc
analysis used to compare within groups, ***p<0.001 compared to N.
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3.2.4 CH animals exhibited an increase in normoxic minute ventilation but did not

have an exaggerated ventilatory response to hypoxia

To determine whether respiratory reflexes differ between N and CH rats, whole-body
plethysmography was used to measure ventilation at rest and in response to an FiO2
of 10% (moderate hypoxia) and an FiCO2z of 6% CO, (hypercapnia). For both N and
CH rats, baseline ventilation was initially measured in air. Figure 3.4 A presents the
time course of minute ventilation during air breathing, in response to moderate hypoxia
and following recovery in air before a hypercapnic stimulus was administered. CH rats
showed a trend toward an elevated baseline ventilation in air (p = 0.07) but exhibited
a reduced ventilatory response to moderate hypoxia compared to N controls (Figure
3.4 B-D). In contrast, CH rats displayed a significantly enhanced response to

hypercapnia, peaking at 144% above baseline compared to N rats (Figure 3.4 E-G).

Given the observed decrease in the HVR in CH rats, questions arose about whether it
was appropriate to use air as a measure of baseline ‘normoxic’ breathing before
administering a hypoxic stimulus, especially since CH animals had spent the previous
10 days adapting to a lower FiO2. Therefore, the next set of experiments aimed to
measure baseline ‘normoxic’ ventilation in air for N animals but in 12% FiO2 for CH
animals. Additionally, as indicated by the haematological data in Table 1, CH rats have
an increased oxygen-carrying capacity. This raised the possibility that an FiO2 of 10%
represented a mild hypoxic stimulus for these animals and might not induce substantial
cardiovascular-respiratory reflex activation. Consequently, a stronger hypoxic stimulus

of 8% FiO2 was used in this subsequent set of experiments.
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Figure 3.5 A shows the ventilatory response over time with this revised protocol. CH
rats displayed a significantly elevated ‘normoxic’ baseline ventilation. Furthermore, CH
rats exhibited a more sustained and greater hypoxic response when challenged with
an FiO2 of 8%, without signs of hypoxic ventilatory depression (Figure 3.5 A). In
contrast, N rats showed an initial peak in the hypoxic response at minute 5, which
diminished by half after 10 minutes but remained above baseline. Although the
absolute minute ventilation was significantly increased in CH animals in both normoxia

and hypoxia, the HVR was not significantly different between groups (Figure 3.5 B-D).
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Figure 3.4 Ventilatory responses to moderate hypoxia and hypercapnia in normoxic
and chronically hypoxic rats

(A) Time course of minute ventilation in normoxic (N-black) and chronically hypoxic (CH-
blue) rats exposed to a moderate hypoxic stimulus (FiO2=10%; shaded pale blue) followed
by hypercapnic stimulus (FiCO2=6%; shaded orange). Bar graphs summarising minute
ventilation in air (B), moderate hypoxia (C) and change in minute ventilation (D). Bar graphs
summarising the minute ventilation in normocapnia (E), hypercapnia (F) and the change in
minute ventilation (G). Data in Ais plotted as the last 10 seconds of every minute. Summary
data in B-G is plotted as a mean of the last 3 minutes from A. Error bars show SEM with
data points representing an individual rat. n= 6 rats for both N and CH. Unpaired Student’s
t-test performed in B-D, *p<0.05 and **p<0.01.
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Figure 3.5 Ventilatory responses to a stronger hypoxic stimulus in normoxic and
chronically hypoxic rats

(A) Time course of minute ventilation in normoxic (N-black) and chronically hypoxic (CH-
blue) rats in response to a stronger hypoxic stimulus (FiO>=8%; shaded pale blue). Normoxia
was defined as breathing FiO2= 21% for N and 12% for CH. Bar graphs summarising the
normoxic minute ventilation (B), response to hypoxia (C) and change in ventilation (D). Data
in A is plotted as the mean of the last 10 seconds of every minute. Summary data in B-D is
plotted as a mean of the last 3 minutes from A. Error bars show SEM with data points
representing an individual rat. For N, n=4 rats and for CH, n=12 rats. Unpaired Student’s t-
test performed in B-D, *p<0.05 and **p<0.01.
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3.3 Discussion

3.3.1 Summary of key chapter findings:

CH rats breathing an FiO2 of 12% for 10 days had an increased haematocrit,

haemoglobin concentration and right ventricular hypertrophy

e CH tended to increase TH* cell density in the carotid body

e CH caused carotid body chemoafferent hyperactivity in normoxia

e CH increased carotid body chemoafferent hypoxic sensitivity

e CH rats had a significantly higher minute ventilation in normoxia which was

sustained during hypoxia, without modifying the overall HVR

e CH rats have an augmented hypercapnic ventilatory response

e The magnitude of the carotid body, cardiovascular and respiratory adaptations
caused by CH were viewed as being sufficient to proceed with this model

throughout the rest of the thesis

3.3.2 Haematological and cardiac adaptations to CH

This chapter aimed to characterise the haematological and cardiac adaptations in
Wistar rats exposed to an FiO, of 12% for 10 days. The rats exhibited a typical
response to CH, marked by significant increases in haematocrit and haemoglobin
levels, consistent with findings from other rodent models (Arias-Reyes et al., 2021;

Hodson et al., 2016; Marshall & Davies, 1999; Walsh & Marshall, 2006).
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The regulation of red blood cell production during CH is well established to be mediated
by EPO, a hormone primarily produced by peritubular fibroblasts in the kidney. Under
hypoxic conditions, the inhibition of PHD enzymes stabilises HIF-2a, which then
promotes EPO transcription. EPO enters the bloodstream and stimulates
erythropoiesis in the bone marrow, leading to increased haemoglobin synthesis
(Gruber et al., 2007; Haase, 2010). To determine whether the increase in haematocrit
observed in this CH model was driven by EPO-induced erythropoiesis rather than by
a reduction in plasma volume, direct measurement of EPO levels would be informative.
Additionally, assessing reticulocyte counts (immature red blood cells) would provide

further evidence of active erythropoiesis in this model.

RVH is also a common consequence of CH. In this study, rats exposed to 12% FiO,
for 10 days had approximately 1.4 times greater right ventricular mass than normoxic
controls, along with a significantly higher Fulton’s Index (right ventricular mass relative
to the left ventricle and septum). These findings align with previous rodent studies
demonstrating CH-induced RVH (Ball et al., 2014; Horscroft et al., 2015; Horscroft et

al., 2019; Smith et al., 2020).

RVH is primarily attributed to increased right ventricular afterload due to pulmonary
hypertension. Acute pulmonary vasoconstriction in response to hypoxia helps maintain
ventilation-perfusion matching by redirecting blood to better-oxygenated lung regions.
However, prolonged hypoxia leads to persistent pulmonary vasoconstriction (Nathan
et al., 2019). Interestinglyy, RVH may also develop independently of pulmonary
hypertension. For instance, the selective deletion of HIF-1a in pulmonary artery smooth
muscle reduces pulmonary hypertension in CH but does not prevent RVH, suggesting
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a direct effect of hypoxia on the heart (Ball et al., 2014). In a later study, cardiac-
targeted deletion of HIF-1a paradoxically exacerbates RVH in CH, implying a
protective role in moderating ventricular remodelling (Smith et al., 2020). The additional
inactivation of cardiac HIF-2a mitigates this effect, indicating a potential role for HIF-

2a in regulating RVH, though further research is needed.

3.3.3 CH causes carotid body sensory hyperactivity in line with patterns of increased

type | cell density

This chapter aimed to investigate whether 10 days of CH leads to changes in carotid
body morphology and altered chemoafferent activity. As shown in Figure 3.1, there
were no statistically significant differences in overall carotid body size, both in volume
and sectional area, compared to N carotid bodies. However, there was a trend
suggesting a higher density of TH* cells. This finding contrasts with existing literature
from several studies which indicate that while the absolute number of TH* cells
increases, it does so in proportion to carotid body size, resulting in no observed
changes in type | cell density (Bishop et al., 2013; Fielding et al., 2018; Hodson et al.,

2016; Pardal et al., 2007; Platero-Luengo et al., 2014).

Several factors may account for these discrepancies, including differences in the
animal species used. Results presented in this thesis, utilised rats, whereas studies
previously mentioned used mice. The exact reason for these species differences is
unknown. Another factor could be the intensity and the duration of the hypoxic stimulus,
which is known to affect the ventilatory adaptations, and so whether changes in carotid
body morphology also occur is plausible (Pamenter & Powell, 2016; Powell et al.,

1998). Rats in this thesis were subjected to an FiO2 of 12% for 10 days whereas
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previous studies in mice went as low as 10% for 7-21 days (Fielding et al., 2018;
Platero-Luengo et al., 2014). It is possible that a stronger hypoxic stimulus is needed
to drive a greater expansion of the vasculature, which contributes significantly to
carotid body growth and could, in turn, normalise TH* cell density. A study using a
model of CH based on 12% FiOz2 in rats reported a 64% increase in overall carotid body
volume concomitant with an expansion of blood vessels larger than 12-microns in
diameter (Clarke et al., 2000). However, the rats in this study were exposed to CH for
32 days, significantly longer than the 10-day exposure used in this thesis. This
suggests that while 12% FiO2 is sufficient to trigger angiogenic changes, a prolonged

stimulus is required.

The absolute number of TH* cells estimated in this thesis is slightly lower than other
estimates for the rat carotid body (Kumar & Prabhakar, 2012). One possible
explanation for this discrepancy could be differences in section thickness and imaging
parameters. In this study, sections were cut at a thickness of 10-microns and imaged
in a single focal plane, which may have caused some cells to be missed or out of focus
within the full 10-micron depth. A potential solution to capture the full cell count more
accurately would be to acquire images using a z-stack, taking images at 1-micron
intervals. This approach would provide a more complete representation of cells
throughout the 10-micron section. However, because these images were obtained
using a tile-scanning function to capture the entire carotid body at high magnification,
adding a z-stack would have been more time-consuming and increased the risk of

photobleaching due to prolonged exposure to excitation lasers.
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Regardless of this discrepancy in the TH* density, what remained consistent with all
studies including the data presented in this chapter, is that the overall number of TH*
cells in the carotid body expanded. The origin of new type | cells remains a subject of
debate. Initially, it was hypothesised that glia-like type Il cells serve as an adult stem
cell niche, differentiating into Nestin®™ progenitors and eventually maturing into type |
cells under hypoxic conditions (Pardal et al., 2007). However, these progenitors do not
exhibit a proliferative response to hypoxia in vitro, leading researchers to question
whether an alternative stimulus that is absent in an in vitro setting might be required
for proliferation. Later, endothelin-1 was proposed as a key paracrine mediator
released by type | cells to promote progenitor differentiation (Platero-Luengo et al.,
2014). However, studies using advanced lineage tracing techniques revealed that
newly formed type | cells actually originate from a pre-existing population of TH* cells.
Specifically, the inactivation of HIF-2a in type | cells, but not in type Il cells, significantly
impairs this proliferative process (Fielding et al., 2018). Supporting this idea, Sobrino
and colleagues identified a subpopulation of mitotic TH* cells (neuroblasts) which
express low levels of TH and the marker HNK-1. These cells may drive rapid increases
in the type | cell population within 24-48 hours of hypoxia without altering carotid body
size (Sobrino et al., 2018). The findings presented in this chapter align with Sobrino
and colleagues, as they also demonstrate an increase in type | cell numbers without

changes in overall carotid body size.

While an increase in the TH* cell population may contribute to carotid body
hyperactivity in CH, as suggested by data in Figure 3.1 and 3.3, other mechanisms are
also likely involved. Preventing carotid body hypertrophy in CH with an endothelin-1
receptor antagonist reduces the elevated basal and hypoxic discharge but does not

fully restore activity to control levels (Chen et al., 2007). This suggests that specific
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cellular adaptations may enhance type | cell excitability. Proposed mechanisms include
enhanced inhibition of TASK-like currents, reductions in K* current density and
increases in background Na* current density and expression, which could make the
resting membrane potential of type | cells more positive, increasing excitability
(Caceres et al., 2007; Hempleman, 1995; Ortiz et al., 2009) . Additionally, calcium influx
and subsequent neurotransmitter release are known to be augmented in CH
(Hempleman, 1996; Livermore & Nurse, 2013; Stea et al., 1995). Whether increased
CD73 activity also contributes to CH-induced elevation in basal and hypoxic sensitivity

will be explored in the following chapters.

3.3.4 Carotid body vs central adaptations to CH

Although CH rats exhibited heightened carotid body hypoxic sensitivity ex vivo, they
did not show an enhanced HVR in vivo. This is somewhat unexpected, as previous
studies in both animals and humans have reported increased ventilatory sensitivity to
acute hypoxia following CH (Aaron & Powell, 1993; Bishop et al., 2013; Fielding et al.,
2018; Hodson et al., 2016; Powell et al., 2000a). One possible explanation is
hyperventilation-induced alkalosis which is common during hypoxia. While arterial CO2
(PaCO2) was not directly measured in these experiments, end-tidal CO2 was assessed
in anesthetised animals in Chapter 6. As shown in Figure 3.5, CH rats hyperventilate
even in normoxia and exhibit hypocapnic end-tidal CO2 readings (Chapter 6).
Furthermore, end-tidal COz2 levels were even lower at the end of acute hypoxia, with
this effect being more pronounced in CH animals (Chapter 6). This hypocapnia may
reduce the activity of central chemosensory neurons, thereby dampening the central

respiratory drive and blunting the HVR (Aaron & Powell, 1993).
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Studies have shown that when PaCOz2 is held constant during hypoxia (isocapnic
hypoxia), the HVR in CH animals is significantly augmented compared to normoxic
controls (Aaron & Powell, 1993; Powell et al., 2000b). However, the precise level at
which PaCO:2 should be maintained during acute hypoxia remains debated, making
direct comparisons between studies difficult. Nonetheless, the most accurate way to
assess whether CH increases hypoxic sensitivity is by directly measuring carotid body
activity at well-defined POz levels. Indeed, this chapter utilised an intact whole-carotid
body preparation, allowing for direct recordings of chemoafferent discharge, which
showed that at any given POz, CH rats exhibit greater activity than normoxic controls

(Figure 3.3). Thus, this model of CH does effectively induce carotid body hyperactivity.

Beyond peripheral changes, central adaptations in the brain may also contribute to
enhanced ventilatory responses to hypoxia in CH. Studies in anesthetised rats
exposed to 7 days of CH found significantly greater phrenic nerve activity and minute
ventilation for a fixed level of CSN stimulation, suggesting plasticity in brainstem-
chemoafferent signal processing (Dwinell & Powell, 1999). This increased brainstem
sensitivity may result from remodelling of synaptic connections between

chemoafferents, the NTS and other nuclei responsible for respiratory modulation.

Some of these changes involve altered glutamatergic transmission in the NTS.
Blocking glutamate receptors in CH rats caused greater reductions in the HVR
compared to normoxic rats, suggesting enhanced glutamate signalling. This may be
due to increased phosphorylation of glutamate receptor subunits, specifically in the
NTS of CH rats (Pamenter et al., 2014). Additionally, GABAergic inhibition appears to
be reduced, as CH decreases the sensitivity of GABAAa receptors in neurons isolated
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from the caudal NTS (Tolstykh et al., 2004). These neural adaptations are likely
mediated by HIF stabilisation in distinct brain regions. Supporting this, a recent study
showed that inducible inactivation of HIF-1a in glutamatergic neurons of the NTS

significantly reduces the HVR compared to control mice (Moya et al., 2020).

Interestingly, CH rats also exhibited a stronger response to hypercapnia. This may be
partially explained by increased carotid body CO2 sensitivity, as observed in this
chapter (Figure 3.3 D). However, it is important to note that hypercapnic responses in
vivo were measured while CH rats were breathing air, which may not represent their
true "normoxic/normocapnic" baseline. If CH rats were hyperoxic during these
measurements, this could have silenced carotid body activity (see next section). The
fact that hypercapnic responses remained elevated despite this potential suppression
suggests that central CO2 sensitivity may have been enhanced. These findings indicate
a complex interplay between peripheral and central mechanisms in modulating
respiratory output in CH rats. To obtain more precise insights, future experiments
should repeat hypercapnic response measurements with CH rats breathing 12% FiO2
as their baseline condition. Given the greater than additive interaction of hypoxia and
hypercapnia on ventilation, one might expect this ventilatory response to be even

greater under these conditions (Kumar & Prabhakar, 2012).

3.3.5 Should 12% FiO2 be considered normoxic for a CH rat?

This chapter demonstrates that rats exposed to 12% FiOz2 for 10 days exhibit significant
increases in haematocrit and haemoglobin concentration compared to N controls.
These adaptations likely help restore oxygen delivery to tissues through enhanced
carotid body chemoreflex activation, local vasodilation and increased oxygen-carrying

capacity. Previous studies have shown that rats exposed to 12% FiO2 for 1-4 weeks
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achieve normalised O2 content (CaO2) and oxygen delivery to skeletal muscle
(Marshall & Davies, 1999). However, it remains uncertain whether the CH model used
here achieves the same Ca0O2 as air-exposed N rats, as arterial oxygen (PaOz2) and

saturation (Sa0O2) were not directly measured.

To estimate Ca02, reference can be made to similar experiments on the same rat strain
under the same anaesthetic conditions. For instance, a study using a comparable 7-
day CH model reported a PaO2 of approximately 41 mmHg in CH rats and 89 mmHg
in N rats (Walsh & Marshall, 2006). Using the human oxyhaemoglobin dissociation
curve, these PaO2 values correspond to estimated SaO: levels of 98% for N rats and
75% for CH rats. Applying the haemoglobin (Hb) concentration data from Table 1, CaO2

can be estimated using the equation:
C,0, = (Hb x S,0, x 1.34) + (P,0, x 0.003)

Estimates suggest O2 content values of 20.5 mL O2/dL in N rats and 19.2 mL O2/dL in
CH rats, indicating that this CH model maintains near-normal O2 content and adapts
effectively (Marshall & Davies, 1999; Montero & Lundby, 2019; Walsh & Marshall,
2006). As shown in Figure 3.5 B, CH rats exhibit increased resting ventilation.
Additional in vivo data under anaesthesia, presented in Chapter 6, show lower end-
tidal COz2 levels, indicative of hyperventilation. This finding aligns with previous studies
showing reduced PaCO2 and a slight increase in pH in CH rats (Walsh & Marshall,
2006). Due to the Bohr effect, this mild alkalosis shifts the oxyhaemoglobin dissociation
curve to the left, enhancing haemoglobin’s affinity for oxygen and potentially bringing
O2content closer to that of N rats. These estimates are approximate, and future studies
should directly measure PaO2, SaO2, and pH to more accurately determine O2 content

in CH rats exposed to 12% FiO2for 10 days.

104



Maintaining CH rats at 12% FiO2 throughout experiments ensures physiological
stability and consistency, as they are well adapted to this oxygen level. Chapter 6
reveals that CH rats have higher blood pressure when breathing air compared to N
rats, confirming that air exposure is hyperoxic for them, leading to vasoconstriction.
Additionally, CSNX, which removes carotid body sensory discharge, causes a drop in
ventilation in N rats but does not further decrease ventilation in CH rats breathing air.
This further supports the idea that these animals experience hyperoxia in room air, with
carotid body activity already suppressed under these conditions. Consequently, for the
in vivo experiments in Chapter 6, baseline cardiovascular and respiratory
measurements in CH rats were taken at 12% FiO2 to reflect their true normoxic

condition.

A 9-10 day exposure to 12% FiO2was chosen because previous evidence suggests
that chemoafferent discharge peaks at 9 days and does not increase further up to 16
days (Chen et al., 2002). This timeframe allows for a focused investigation of CD73’s
role in promoting carotid body hyperactivity, without additional systemic or central
adaptations beyond 10 days when carotid body activity remains stable. A 12% FiO2
level was selected over more severe oxygen tensions (e.g., 10% FiO2 which is
commonly used) due to its clinical relevance to COPD. Patients with COPD typically
have PaO2 values between 50-75 mmHg at rest, with severe disease defined as
Pa02<60 mmHg (Delclaux et al., 1994; Haidl et al., 2004; Sliwinski et al., 1994; Stoller
et al., 2010). While PaO2 was not directly measured in these CH rats, previous studies
using the same rat strain and anaesthetic conditions suggest values of 40-50 mmHg
(Marshall & Davies, 1999; Walsh & Marshall, 2006). It is important to note that these
values come from anesthetised animals, where reduced ventilation from anaesthesia

tends to lower PaO2, meaning that 12% FiO2 resembles more severe hypoxemia in
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COPD patients. A reduction to 10% FiO2 would likely cause an even greater drop in
PaO2 making it less clinically relevant to COPD. Although this thesis does not
specifically investigate COPD models, CH is a key component of the disease. Using
12% FiO2 allows for a closer approximation of the CH phenotype seen in COPD,
enabling the study of CH-induced carotid body hyperactivity mechanisms in a relevant
physiological context. The data from this chapter also show that this duration and
intensity of hypoxia is sufficient to induce significant carotid body hyperactivity and can
therefore be used to evaluate the importance of CD73 in driving this process in the

subsequent chapters.

3.4 Conclusions

Rats exposed to an FiO2 of 12% exhibited appropriate haematological and cardiac
adaptations. Resting minute ventilation was elevated when breathing air and when
breathing 12% FiO2 as their normoxic baseline compared to N controls, indicating VAH
and an appropriate in vivo adaptation in this CH model. Direct measurements of carotid
body activity confirmed significant hyperactivity compared to N controls, along with a
heightened hypoxic sensitivity. Morphological analysis showed a trend toward an
increased TH™ type | cell population, which may contribute to both tonic hyperactivity
and oxygen hypersensitivity. However, it remains unknown whether these newly
formed type | cells also express CD73, and the functional role of CD73 in mediating
CH-induced hyperactivity has yet to be determined. The findings in this chapter validate

this CH model as a suitable system for investigating this in the following chapters.
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CHAPTER 4
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4. Chronic hypoxia and its impact on CD73 localisation within the

carotid body

4.1 Introduction and aims

Purinergic signalling via ATP and adenosine plays a critical role in various tissues
throughout the body. The balance between these two purines determines the signalling
outcome and is regulated by a set of enzymatic proteins that hydrolyse tri-, di-, and
mono-phosphates. ATP catabolism occurs in a two-step reaction, first breaking down
into ADP and AMP via the NTPDase family. AMP is further hydrolysed into adenosine
by the rate-limiting enzyme ecto-5-nucleotidase (CD73)(Alcedo et al., 2021). Figure

1.3 shows a summary of the breakdown cascade.

CD73 is most abundantly expressed in human smooth muscle, where rare mutations
in the CD73 gene (NT5E) cause arterial calcification in humans (Minor et al., 2019;
Uhlen et al., 2015). Interestingly, NT5E knockout mice do not display this phenotype,
as studies suggest a lack of CD73 expression in vascular smooth muscle of arteries of
mice and rats and instead show higher expression in endothelial cells (Fausther et al.,
2012; Ohta et al., 2013). These CD73 knockout mice are fertile and grow normally but
show vascular leakage in multiple organs even under resting conditions. When
exposed to severe hypoxia, this leakage is significantly worsened, especially in the
lungs as evidenced by perivascular interstitial oedema and increased infiltration of
inflammatory mediators (Thompson et al., 2004). Furthermore, mice display impaired
protection via ischemic pre-conditioning as demonstrated by larger myocardial infarcts
(Eckle et al., 2007) and renal injury (Grenz et al., 2007). The injection of soluble CD73

could restore cardiac and renal protection by ischemic pre-conditioning.
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This effect on the renal system is not surprising given that the kidney is a site of high
CD73 expression and where it exhibits one of the highest-level enzymatic activities in
the body, in addition to the colon and the brain (Colgan et al., 2006). CD73 has been
instrumental in identifying EPO-producing interstitial kidney fibroblasts (Bachmann et
al., 1993; Kaissling & Le Hir, 2008). The reproductive organs, lungs, heart and brain
also express relatively high levels of CD73, but its expression in sensory peripheral

organs like the carotid body remains relatively underexplored.

Under normal conditions, CD73 mRNA is detectable in the whole carotid body and
peripheral ganglia, such as the SCG and petrosal ganglion, both of which innervate
the carotid body (Salman et al., 2017). Notably, CD73 mRNA expression in the carotid
body is 5-8 times higher than in the SCG and nearly double that of the brain, indicating
its potential significance in carotid body purinergic signalling. However, these findings
do not identify which cell types express CD73. In contrast, a single-cell RNA
sequencing study of mouse type | cells (n = 8) detected no mRNA for CD73,
NTPDases, or the A2s receptor. Instead, ENT mRNA was present, along with very high
levels of A2a receptor transcripts (Zhou et al., 2016). It is therefore puzzling that
adenosine-producing enzymes appear absent despite the presence of adenosine
receptors and transporters. These discrepancies may arise from differences in species
(mouse vs rat), developmental stage (5-day-old mice vs. juvenile rats) or the presence

of these transcripts in other cell types.

Further supporting CD73 expression in adult rats, Sacramento and colleagues
observed CD73* signals in immunofluorescently stained carotid body sections with
morphology consistent with type | cells but did not co-stain with a type | cell marker
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such as TH (Sacramento et al., 2019). In rat dissociated carotid body cultures, CD73
has been co-localised with TH* type | cells and glial-like type Il cells (Salman et al.,
2017). However, co-localisation studies in intact carotid body sections, preserving

complete morphology, have not yet been performed.

Although CD73 mRNA in the carotid body has been shown to increase approximately
two-fold under CH, it remains unclear whether this translates to higher protein levels
and/or changes in the relative cellular distribution. Studies in PC12 cells (a model for
type | cells) have shown an increase in CD73 protein after 48 hours of hypoxia
(Kobayashi et al., 2000b). However, spatial changes in CD73 expression throughout
the carotid body following CH have not been investigated. This chapter aims to use
immunofluorescence to label CD73 protein in frozen carotid body sections. Due to
technical limitations, intensity comparisons between N and CH samples were not
feasible, leaving expression levels undetermined. Nevertheless, analysing the area of
CD73" signal relative to carotid body size may provide insights into CD73 density and

any spatial changes in protein distribution.

Aims of this chapter were as follows:

1. Optimise an CD73 antibody and staining protocols in PFA-fixed frozen carotid

body sections

2. Utilise a machine learning approach to identify and remove red blood cell
autofluorescence
3. Determine quantitative changes in type | cell CD73" signal in N and CH rat

carotid bodies
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4. Determine quantitative changes in a more sensitive CD73" signal in N and CH

rat carotid bodies

5. Examine the identity of the more sensitive CD73" signal by co-staining with

CD31 (vascular marker) and neurofilament-light chain (nerve process marker)

4.2 Results

4.2.1 Determining the optimal CD73 antibody concentration and staining conditions

To identify the location of CD73 in the carotid body, the CD73 antibody was titrated to
determine the optimal concentration. This antibody has been previously validated on
dissociated rat carotid body cultures (Salman et al., 2017) using titration guidelines
from the manufacturer (Fausther et al., 2012). Figure 4.1 shows representative
immunofluorescent images of serially sectioned carotid bodies from control rats co-

stained with CD73 and TH to identify type | cells.

At high concentrations, the CD73 antibody produced strong staining localised to type |
cells but also showed significant background staining (Figure 4.1 A). A two-fold serial
dilution reduced background staining but also weakened the CD73 signal in type | cell
clusters. By a dilution of 1:400, staining in type | cells was no longer detectable.
However, at this concentration strong positive signals remained in regions outside type
| cells. These titration experiments were replicated in multiple carotid body samples,
showing consistent patterns. At an even lower concentration of 1:1000 (data shown in

Figure 4.7) a positive CD73 signal outside the type | cells was still detectable.
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A 1:100 dilution was chosen as it consistently retained CD73 staining in type | cells
while minimising background. However, as shown in Figure 4.1 A, the CD73 signal in
type | cell clusters appeared less distinct compared to the TH staining. Formaldehyde-
based fixatives are known to create protein cross-links that can mask target epitopes,
potentially reducing antibody binding (Scalia et al., 2017). To address this, an antigen
retrieval step was introduced, as recommended by the manufacturer. Several protocols
were tested including heat-mediated retrieval using citrate buffer (pH 6.0) or TRIS
buffer (pH 9.0) at 95°C for 20 minutes and enzyme-mediated retrieval with trypsin. Of
these, citrate buffer showed the greatest improvement in CD73 signal, but sections

were often damaged by high temperatures.

The protocol was refined by incubating sections in citrate buffer at 60°C overnight
instead of boiling. Figure 4.2 B shows enhanced CD73 staining using this revised
antigen retrieval protocol, with magnified regions demonstrating overlap with TH* type
| cells (Figure 4.2 C). This method consistently improved the type | cell CD73 signal
without compromising tissue integrity and was validated in three separate carotid body
samples at a concentration of 1:100 (see Appendix Figure S.1). A CD73* signal was
also detected at 1:1000 following antigen retrieval, although the signal was much
weaker than 1:100 (Appendix Figure S.2). Therefore, the CD73 antibody was used at
a concentration of 1:100 with antigen retrieval moving forward. A pre-immune serum
control, collected from the host animal prior to immunisation with the CD73 antigen,
was used as a negative control at the same concentration as the CD73 antibody
(1:100). While it showed some inherent background signal, the intensity was

substantially lower compared to the signal observed with the CD73 antibody.
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Figure 4.1 CD73 antibody optimisation: concentration

(A) Representative immunofluorescence images of serial carotid body sections from control
rats showing different dilutions of the CD73 antibody to optimise signal to noise. Each panel
in the top row represents a distinct antibody dilution to determine optimal signal intensity and
specificity for CD73 staining (green). (B) Tyrosine hydroxylase (TH, magenta) serves as a
marker for type | cells, providing a structural reference across sections and was kept at a
constant concentration of 1:500.
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Figure 4.2 CD73 antibody optimisation: antigen retrieval

Representative immunofluorescence images of carotid body sections stained with pre-
immune serum (1:100) or CD73 antibody (1:100) before (A), or after (B) antigen retrieval.
Tyrosine hydroxylase (TH, 1:500) was used to identify type | cells. (C) enlarged view of the
area within the dotted outline in B, showing CD73, TH and merged images with antigen
retrieval at higher magnification.

114



4.2.2 Validation of antibodies and removal of red blood cell autofluorescence

To validate the specificity of the CD73 and TH antibodies, the SCG was used as a
positive control. This peripheral sympathetic ganglion is known for its abundant TH
expression due to its role in catecholamine synthesis. CD73 expression in the SCG
has also been previously reported (Salman et al., 2017). Figure 4.3 A demonstrates
positive staining for both CD73 (1:100) and TH (1:500) in the SCG following antigen
retrieval. To confirm the specificity of the secondary antibodies, carotid body sections
were incubated without primary antibodies and stained with only secondary antibodies
(AF488; 1:1000, AF594; 1:250 and AF647; 1:1000). These sections showed no positive
staining, indicating minimal background signal from the secondary antibodies (Figure

4.3 B).

Despite optimisation, a signal remained at various wavelengths, which upon closer
inspection, resembled RBCs due to their characteristic biconcave disk shape (Figure
4.3 B). RBCs are known to be highly autofluorescent due to porphyrins within
haemoglobin, common in highly vascular tissues that have not been perfused fixed.
This autofluorescent signal was confirmed to originate from RBCs based on their
localisation within vascular structures marked by the endothelial marker CD31 (Figure

4.4).

RBC AF poses a challenge because it generates false-positive signals that cannot be
easily removed by simple thresholding, particularly if the intensity of RBC AF is similar
to that of the true positive signal. Therefore, it was essential to remove RBC AF before
quantifying the stained images. To address this, a machine learning approach was

implemented using the Python-based software, ilastik (Berg et al., 2019).
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Figure 4.4 A shows the process of manually labelling objects as CD31*, RBC* or
background based on pixel features such as intensity, texture and shape. This labelling
was performed on a small set of images (approximately 4) to train the software. Once
trained, the software applied the classification model to batch process subsequent
images. The output was a segmented image that differentiated background, CD31
signal and RBCs (Figure 4.4 B). In images where CD31 was not stained, another
protein of interest was used to train another classification model (overall 3 classification

models were trained).

This segmented image was imported into Fiji/lmaged, where the RBC-specific pixels
were isolated and converted into a binary mask. This mask was subtracted from the
original raw image, effectively removing RBC AF (Figure 4.4 C & D). The final
processed image displays CD31* staining with RBC AF removed (Figure 4.4 E). The
RBC binary mask can also be subtracted from other channels within the same image

ensuring accurate quantitative analysis across all proteins of interest.
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Figure 4.3 Validation of CD73 and tyrosine hydroxylase immunostaining

(A) Representative immunofluorescence images of the superior cervical ganglion (SCG)
stained for CD73 (1:100), tyrosine hydroxylase (TH,1:500) and a merged image showing
overlap. SCG was used as a positive control due to its previously detected expression of
CD73 and TH. Insets (dotted boxes) display higher magnification of the indicated regions.
(B) Immunofluorescence images showing carotid body sections stained with multiple
secondary antibodies (anti-rabbit AF488;1:1000, anti-mouse AF594;1:250, anti-goat
AF647;1:1000) in the absence of primary antibodies. AF488, AF594 and AF647 channels
show minimal background staining, confirming antibody specificity but do show
autofluorescent red blood cells (RBCs). Insets (dotted boxes) provide a closer view of the
boxed regions, with RBCs indicated by arrows in the AF488 image as a reference.
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Figure 4.4 Machine learning approach for detection and removal of red blood cell
autofluorescence in carotid body sections

(A) a raw immunofluorescence image of a carotid body section showing CD31* staining
and RBC AF. Using the software ilastik, different signals can be classified based on their
pixel properties and can be labelled accordingly, background (blue), CD31 (yellow) and
RBCs (red). Training was performed on 4 different sections and the software could
accurately predict what pixels belong to what label. (B) shows a segmented image after
pixels have been classified into their labels, which is exported into Fiji. (C) segmented
image in Fiji that shows CD31" pixels (grey scale pixel value=1) and RBC pixels (grey scale
pixel value=2). A threshold can be applied with a grey scale min/max of 2 to only display
RBCs. Applying this threshold creates a binary mask (bottom row, centre) which can be
subtracted from the original raw image (D). (E) final image containing CD31* signal, free
from RBC AF, ready for analysis. Insets (dotted boxes) provide a closer view of the boxed
regions.
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4.2.3 CH tended to increase the proportion of CD73*TH* cells in the carotid body

To determine whether the total CD73* signal is altered in CH carotid bodies, sections
first underwent antigen retrieval to unmask the CD73 epitope on type | cells before
immunostaining. This was performed on 3-4 carotid body sections per animal for N
(n=3) and CH (n=3). Figure 4.5 A shows example immunofluorescence images of N
and CH carotid bodies. Primary antibody concentrations for CD73 and TH were 1:100
and 1:500 respectively. Secondary antibodies were used at concentrations of 1:1000
(anti-rabbit AF488) for CD73 and 1:250 (anti-mouse AF594) for TH. Consistent with
findings in Chapter 3, there were no differences in carotid body section area (Figure
4.5 B). Neither the absolute CD73" area nor the CD73* density were affected by CH

(Figure 4.5 C & D).

To further characterise the effects of CH, the number of TH* type | cells and CD73"
cells were counted in 3-4 sections per carotid body, and their overlap was quantified to
assess co-localisation. Sections were co-stained with TH (to identify type | cells) and
DAPI (to label nuclei), as shown in Figure 4.6 A. In agreement with Chapter 3,
preliminary data showed that the proportion of total cells that were TH* tended to
increase in CH (p = 0.09). In contrast, the proportion of CD73" cells was unaffected by

CH (Figure 4.6 B).

In both N and CH, almost all TH* cells also expressed CD73 as evidenced by greater
than 90% of the total TH signal overlapping with a CD73* signal (Figure 4.6 A, B&D).
In N, the proportion of CD73" cells exceeded that of TH* cells by approximately 10%,
suggestive of populations of both CD73*TH*" and CD73*TH- cells (Figure 4.6 A& C). A

considerable number of these CD73*TH- cells were located adjacent to the CD73*TH"*
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cells within the same cluster and had a similar round morphology (Figure 4.6 A).
Following CH, as the TH* cell number expanded but the CD73" stayed the same, the
percentage of CD73*TH" cells increased (Figure 4.6 A). This was quantified by
analysis of CD73 signal overlap with TH showing that approximately 40% of CD73
colocalised with TH in N carotid bodies, which increased to approximately 70% in CH

(p =0.06, Figure 4.6 E).
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Figure 4.5 Expression of CD73 in carotid bodies from normoxic and chronically
hypoxic rats

(A) Immunofluorescence images of carotid body (CB) sections from 3 normoxic (N) and 3
chronically hypoxic (CH) rats stained for CD73 (1:100 with antigen retrieval) to examine
CD73" immunoreactivity. Bar graphs display (B) CB area, (C) area that is CD73" and (D)
normalised CD73 expression to CB area. Data represents mean + SEM with individual data
points showing an average of 3-4 carotid body sections from an individual rat. n=3 rats for
both N and CH. Statistical significance was assessed using an unpaired Student’s t-test.
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Figure 4.6 Effect of chronic hypoxia on CD73 co-localisation with TH* type | cells

(A) Immunofluorescence images of carotid body sections showing a cluster of type | cells
from a N (normoxic, upper) and chronically hypoxic (CH, lower) rat. Panels show DAPI to
identify nuclei, tyrosine hydroxylase (TH, type | cell marker), CD73 and a merged image
showing spatial overlap. (B) number of TH* cells as a proportion of the total number of cells.
(C) number of CD73" cells as a proportion of the total number of cells. (D) overlap of TH*
signal with CD73* signal (%, M1). (E) overlap of CD73" signal with TH* signal (%, M2).
Overlap was quantified using Mander’s co-efficient M1 and M2. Data shows mean + SEM
with individual data points showing an average of 3-4 sections from an individual rat. n=3
rats. Statistical significance was assessed using an unpaired Student’s t-test.
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4.2.4 A proportion of the CD73" signal appears to be co-localised with the

vasculature but not neuronal processes, and is unaffected by CH

Even after CH, there was still a significant proportion of the total CD73" signal (around
30%), the identity of which was unaccounted for. As demonstrated in the titration
experiments (Figure 4.1), a proportion of the CD73* signal persisted at higher antibody
dilutions (even up to 1:1000) without antigen retrieval. This more sensitive CD73"
signal was found outside of TH* type | cell clusters and displayed process-like
structures or circular shapes, some of which surrounded RBCs, suggesting a potential
vascular origin. This led to the hypothesis that some of the CD73* expression in the

carotid body might be associated with vascular endothelial cells.

Subsequent experiments therefore quantified the amount of this more sensitive CD73*
signal in N and CH carotid bodies that was co-localised with CD31, a vasculature
endothelial marker. Additionally, since the process-like structures resembled nerve
fibres, some co-localisation of CD73 with neurofilament-light chain (NF), a marker for
nerve processes, was also examined. Antibody optimisation for CD31 and NF is shown

in Figure S.3 (Appendix).

To isolate this more sensitive CD73" signal, carotid body sections were stained with a
more diluted CD73 antibody (1:1000) and without antigen retrieval. Figure 4.7 A shows
representative images of this more sensitive CD73* signal in N and CH carotid bodies.
Quantification from 6-8 sections per carotid body across 3 rats revealed no differences
in the magnitude of this more sensitive CD73" signal between N and CH (Figure 4.7

B-D).
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To investigate the origin of this more sensitive CD73* signal, sections were co-stained
with CD73, CD31 (a vascular marker) and TH. Figure 4.8 A shows the spatial
distribution of these markers. Consistent with Chapter 3, CH did not induce
angiogenesis, as there were no changes in the abundance of CD31" signal (Figure 4.7
B & C; repeated data from Figure 3.1). Approximately 20% of the total CD31* signal
co-localised with CD73, a proportion that was unchanged by CH (Figure 4.7 D).
Furthermore, in both N and CH approximately 25-40% of this more sensitive CD73
signal co-localised with CD31 (Figure 4.7 E). Magnified regions of interest revealed
that some CD73" signal directly overlapped with CD31, whilst other parts of the signal

appeared to surround, or envelop, the blood vessels.

Therefore, it was estimated that at least 60% of the more sensitive CD73" signal was
independent of vascular endothelial cells. Given the process-like structure of some
signals, it was hypothesised that some CD73 could be located in nerve fibres. Figure
4.9 A shows the spatial distribution of the more sensitive CD73 signal along with TH
and neurofilament (NF, a nerve fibre marker). Quantification of NF* signal from 3-4
sections per carotid body across 3 rats showed no differences in absolute or relative
NF abundance between N and CH (Figure 4.9 B & C). Additionally, overlap between
NF and CD73 was less than 5%, indicating almost no spatial co-localisation (Figure

4.9D &E).
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Figure 4.7 Effect of chronic hypoxia on the more sensitive CD73* signal

(A) Immunofluorescence images of carotid body (CB) sections from 3 normoxic (N) and 3
chronically hypoxic (CH) rats stained for CD73 (1:1000) to examine the more sensitive
CD73" signal. Bar graphs display (B) CB area, (C) area that is CD73" and (D) normalised
CD73" signal to CB area. Data represents mean + SEM with individual data points showing
an average of 3-4 CB sections from an individual rat. n= 3 rats. Statistical significance was
assessed using an unpaired Student’s t-test.
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Figure 4.8 Co-localisation of the more sensitive CD73" signal with vascular marker
CD31 in normoxic and chronically hypoxic rat carotid bodies

(A) Example immunofluorescence images of carotid body (CB) sections showing spatial
distribution of type | cells (TH; 1:500, magenta), CD73 (1:1000, green) and vascular marker
(CD31; 1:500, cyan hot) in N (left) and CH (right) rats. Insets (dotted boxes) provide a closer
view of the boxed regions. (B) area of CD31* signal. (C) CD31* signal relative to CB area.
(D) overlap of CD31" signal with the more sensitive CD73* signal (%, M1). (E) overlap of
the more sensitive CD73" signal with CD31" signal (%, M2). Overlap was quantified using
Mander’s co-efficient M1 and M2. Data shows mean + SEM with individual data points
showing an average of 3-4 CB sections from an individual rat. n= 3 rats. Statistical
significance was assessed using an unpaired Student’s t-test.
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Figure 4.9 Co-localisation of the more sensitive CD73" signal with nerve marker
neurofilament in normoxic and chronically hypoxic rat carotid bodies
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(A) Example immunofluorescence images of carotid body (CB) sections showing spatial
distribution of type | cells (TH; 1:1500, magenta), CD73 (1:1000, green) and nerve marker
(NF; 1:2000, blue) in normoxic (N-left) and chronically hypoxic (CH-right) rats. Insets (dotted
boxes) provide a closer view of the boxed regions. (B) area of NF* signal. (C) NF* signal
relative to CB area. (D) overlap of NF* signal with the more sensitive CD73" signal (%, M1).
(E) overlap of the more sensitive CD73" signal with NF* signal (%, M2). Overlap was
quantified using Mander’s co-efficient M1 and M2. Data shows mean + SEM with individual
data points showing an average of 3-4 CB sections from an individual rat. n= 3 rats.
Statistical significance was assessed using an unpaired Student’s t-test.
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4.3 Discussion

4.3.1 Summary of key chapter findings:

The CD73* signal in the type | cell clusters was enhanced after performing

antigen retrieval

A more sensitive CD73" signal was present at a high antibody dilution without

antigen retrieval which appeared outside of the type | cell clusters

Almost all TH* cells in a cluster also expressed CD73 in both N and CH

In a single cluster there were considerable numbers of both CD73*TH* and

CD73*TH- cells

CH did not modify the overall abundance of CD73" signal in the carotid body

CH increased the proportion of CD73*TH™ cells and reduced the proportion of

CD73*/TH- cells in the carotid body, due to TH* cell expansion within clusters

CH did not alter the abundance of the more sensitive CD73* signal in the carotid

body

The more sensitive CD73" signal in the carotid body is partly localised to the

CD31* vasculature but not nerve processes

CH did not modify the distribution of CD73* on the vasculature or nerves

4 .3.2 Justification for antibodies used

This chapter aimed to optimise and validate a previously used CD73 antibody for PFA-

fixed and frozen carotid body sections. While this antibody has been extensively
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validated in liver sections, CD73 knockout cells (Fausther et al., 2012) and reduced
carotid body preparations (Salman et al., 2017), its performance had not been
characterised in whole carotid body frozen sections. Following the manufacturer’s
instructions, the antibody was titrated from 1:50 to 1:1000. At higher concentrations,
staining showed a broad pattern on clusters but also exhibited significant background.
Diluting the antibody reduced background staining but also diminished the signal
potentially associated with type | cells. Notably, even at the highest dilution (1:1000), a
strong CD73" signal persisted, suggesting high CD73 expression in another cell type
compared to type | cells. CD31 and NF antibodies were also optimised to determine

optimum signal-to-noise which is demonstrated in Figure S.3 (Appendix).

A limitation of formaldehyde-based fixatives, such as PFA, is their tendency to create
protein cross-links that mask epitopes, making them unrecognisable to antibodies
under standard conditions (Scalia et al., 2017). Antigen retrieval can reverse these
effects by breaking cross-links and restoring epitope accessibility (D'Amico et al.,
2009). Various antigen retrieval methods were tested to enhance the CD73 signal in
type | cells. Incubating sections in citrate buffer (pH 6.0) at 60°C overnight produced
the most consistent improvement in CD73 signal across three carotid bodies. This
method also slightly enhanced TH staining, with no adverse effects on its signal.
Further optimisation combining antibody titration with antigen retrieval may have
revealed type | cell-specific signal at lower antibody concentrations and could be tested
in future experiments to further enhance signal to noise. Supplementary Figure S.2

demonstrates a weaker CD73" at a dilution of 1:1000 (Appendix).
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4.3.3 CH increases the proportion of CD73*TH" cells in the carotid body glomeruli

This chapter shows a trend toward an increased proportion of TH* cells following CH,
consistent with Chapter 3, which also demonstrated an increase in estimated TH+ cell
number and signal density. However, the proportion of CD73" cells remained
unchanged after CH. This was unexpected since CD73 is localised to type | cells, and
similar patterns might have been anticipated. Preliminary data also show that while
almost all TH* signals overlap with CD73" signals, only a subset of CD73" signals
overlap with TH (CD73*TH?*). Thus, in a single cluster there is a population of CD73*
cells that do not express TH (CD73*TH"), as can be observed in Figure 4.6. Following
CH, there was a shift toward greater overlap between CD73 and TH, indicating an
increase in CD73*TH™" cells and a reduction in CD73*TH- cells in a single cluster.
Exploring the identity of these CD73*TH" cells which subsequently express TH

following CH warrants further investigation.

The expansion of TH* type I cells in the carotid body in response to CH remains widely
contested. As discussed in Chapter 3, one hypothesis proposes an adult stem cell
niche composed of quiescent type Il cells during normoxia. Under hypoxia, these cells
differentiate into Nestin* progenitors and eventually mature type | cells (Pardal et al.,
2007). Type | cells are thought to release paracrine mediators, such as endothelin-1,
that stimulate type Il stem cells to differentiate (Paciga et al., 1999; Platero-Luengo et
al., 2014). This process is relatively slow and occurs over prolonged hypoxia exposures
lasting days to weeks. Another hypothesis suggests that type | cell expansion arises
from the type | cells themselves. Lineage-tracing experiments have shown that newly
dividing TH* cells originate from a pre-existing TH* population which is heavily HIF-2a
dependent (Fielding et al., 2018). Similarly, Sobrino and colleagues proposed a
subpopulation of mitotic TH* cells, termed immature neuroblasts, which express low
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levels of TH and the marker HNK-1 and upon 24-48 hours exposure to hypoxia leads
to a rapid increase in the mature type | cell population without carotid body hypertrophy

(Sobrino et al., 2018).

A plausible explanation for the observed increase in CD73*TH" cell density in the
current project could be that some cells weakly expressing TH within a cluster in
normoxia were below the detection threshold of the staining protocol. After CH,
upregulation of TH may have made these cells detectable, which now overlap with the
already expressed CD73. This would be more in line with a population of immature
type | cells that inherently express CD73 but have very low or undetectable levels of
TH, that subsequently gain maturity in response to CH. TH is a HIF target gene and so
it is not surprising that TH levels would increase in CH (Millhorn et al., 1997; Schnell et
al., 2003). There may be a time dependence or hypoxic stimulus dependence (or likely
both) that then lead to hypertrophic changes which would then normalise the TH* cell
density. Alternatively, some of the increase in CD73*TH™" population could derive from
type Il cells. It has been previously reported that cultured type Il cells do express CD73
protein (Salman et al., 2017). To quantify the extent of total CD73" signal attributable
to type Il cells before and after CH, future experiments could use a marker such as
glial fibrillary acidic protein (GFAP) in immunohistochemical studies. Type Il cells play
an active role in carotid body physiology, in addition to their stem cell properties, they
release ATP in a paracrine manner during hypoxia (Figure 1.3)(Xu et al., 2003). Given
the balance between ATP and adenosine in the extracellular space, the presence of
CD73 on type Il cells would not be surprising. Moreover, it remains unclear whether
other enzymes involved in ATP catabolism, such as the NTPDase family, are also

expressed in these cells.
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Aslightincrease in total cell number was also observed that in 2 out of 3 carotid bodies,
proportional to the CD73" population, suggesting that some mitotic activity may also
contribute. To further explore these findings, markers of cellular proliferation could be
applied. For example, bromodeoxyuridine (BrdU) could be added to the rats' drinking
water, allowing incorporation into replicating DNA (Fielding et al., 2018; Hodson et al.,
2016; Sobrino et al., 2018). Subsequent detection with a fluorescently labelled anti-
BrdU antibody, combined with TH and CD73 staining could identify the specific cell
populations undergoing proliferation. The expansion of TH* type | cells is likely
contributing to the elevated chemoafferent discharge. Since these ‘new’ cells also
express CD73, it is plausible to hypothesise that carotid body activity in CH may be
more sensitive to CD73 inhibition. The functional role of CD73 in CH will be

investigated in the next chapter.

4.3.4 The impact of CH on a more sensitive CD73* signal

The presence of a more sensitive CD73* signal outside of the type | cell clusters could
be detected at a much lower primary antibody concentration and this is estimated to
account for around 30% of the total CD73 signal in the carotid body. Approximately 30-
40% of this more sensitive CD73* signal was co-localised with the vasculature marker
CD31 but no co-localisation was observed with neuronal marker, NF. This leaves

approximately 60% of this more sensitive CD73* signal that remains unidentified.

An intriguing observation was that many of these highly sensitive non-type | CD73*
signals did not perfectly overlap with the vascular endothelium but instead appeared
to encapsulate it, suggesting the possible involvement of pericytes. Pericytes are
mesenchymal-like cells that wrap around endothelial cells, particularly in capillaries

and post-capillary venules (Attwell et al., 2016; Brown et al., 2019). A subset of
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pericytes are known to express CD73, which is commonly used as a phenotypic marker
to help distinguish from other cell types (Park et al., 2016; Vanlandewijck et al., 2018).
These contractile cells are well-studied in the brain, where they regulate cerebral blood
flow (Hall et al., 2014), maintain blood-brain barrier integrity (Armulik et al., 2010), and
contribute to angiogenesis (Gerhardt & Betsholtz, 2003). Pericytes can also
differentiate into neuronal, vascular or glial-like cell types suggestive of pluripotency
(Brown et al., 2019). Given the carotid body’s extremely high blood flow relative to its
size and its rich nerve innervation, pericytes may contribute to neurovascular coupling,
similar to their role in the brain (Attwell et al., 2010). However, this relationship may be
more complex, as evidence suggests transcriptional differences between brain-derived
pericytes and those in peripheral tissues (Vanlandewijck et al., 2018). The data
presented here show that only approximately 20% of endothelial cells overlapped with
CD73, suggesting that not all blood vessels are enveloped by CD73" pericytes. It is
unknown whether there are subpopulations of pericytes that lack CD73 expression.
Additionally, the pericyte-to-endothelial cell ratio varies across tissues, with the brain
and retina having the highest ratio (1:1) and the lung having a lower ratio (1:10)
(Gokginar-Yagci et al., 2015). The exact ratio in the carotid body remains unknown,
and a comprehensive characterisation and identification of pericytes in the carotid body

are needed to address this question.

To confirm whether the remaining CD73" signal originates from pericytes, markers
such as PDGF-B or NG2 could be co-stained with CD73. Immunostaining on liver
sections using this same antibody showed some co-localisation with the intermediate
filament protein, vimentin, commonly found in pericytes (Fausther et al., 2012).
However, given the close association between pericytes and endothelial cells, it can

be challenging to determine whether the CD73* signal originates from endothelial cells
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or pericytes. Super-resolution microscopy techniques, such as structured illumination
microscopy (SIM), which achieves a resolution of ~100 nm in the xy-plane, could help

resolve this spatial distinction and clarify the cellular source of the CD73* signal.

How CD73" pericytes influence carotid body chemosensitivity or adaptations to CH
remains unclear but presents a novel area of carotid body research. The intimate
association between pericytes and endothelial cells suggests a potential role in
paracrine signalling, and it is plausible that pericytes contribute to the vascular
expansion typically observed during CH. However, type | cells are also known to play
a critical paracrine role in vascular development. For example, TH-specific inactivation
of PHD2 and HIF-2a has been shown to abolish carotid body vasculature during
development and in response to CH (Fielding et al., 2018). Notably, no vascular
expansion was observed in the CH model described in this thesis, leaving the

mechanisms behind this unresolved.

4.4 Conclusions

In a single cluster in the carotid body, there are populations of both CD73*TH* and
CD73*TH- cells. In this model of CH, preliminary data suggest that the TH* cell
population tends to expand, while the CD73* population remains unchanged leading
to an overall elevation in the proportion of CD73*TH* cells. However, this does not
necessarily imply that CD73 expression at the single-cell level is unaffected.
Furthermore, these immunohistochemical findings, although informative, provide no
insight into the functional role of CD73 in promoting carotid body hyperactivity in CH.
It is possible that, even if CD73 density remains unchanged, its enzymatic activity is
elevated in CH carotid bodies, leading to increased adenosine production that excites

the carotid body. The next chapter investigates these functional changes by measuring
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carotid body chemoafferent activity ex vivo in the presence of AOPCP, a well-defined

CD73 inhibitor.
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CHAPTER 5
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5. The functional role of CD73 and adenylyl cyclase in promoting

chronic hypoxia-induced carotid body hyperactivity ex vivo

5.1 Chapter introduction and aims

Carotid body hyperactivity is increasingly recognised as a key factor in the
development of neurogenic hypertension in many cardiorespiratory-related diseases
such as obstructive sleep apnoea, chronic heart failure and COPD (lturriaga et al.,
2021). CH is a common feature of the latter two conditions, which leads to carotid body
overactivation and subsequent enhanced chemoafferent discharge to the brainstem,
driving increased sympathetic outflow to the vasculature. The regulation of
chemoafferent output involves various neurotransmitters and neuromodulators,

including acetylcholine, dopamine, adrenaline, ATP and adenosine (Nurse, 2010).

Adenosine is primarily formed in the synaptic cleft following the extracellular
breakdown of ATP which is tonically secreted by the type | cells in normoxia and
additionally from type Il cells during hypoxia through pannexin-1 channels (Conde et
al., 2012b; Conde et al., 2006; Xu et al., 2003; Zhang et al., 2012). ATP catabolism is
initiated via the NTPDase family into ADP and AMP. Membrane-bound CD73

hydrolyses this AMP into adenosine which is the rate limiting enzyme in this reaction.

Adenosine stimulates chemoafferent activity by directly activating metabotropic Aza
receptors on post-synaptic sensory fibres or indirectly via a pre-synaptic action on type
| cells through A2a and Azs receptor stimulation (Conde et al., 2006; Livermore & Nurse,

2013; Xu et al., 2006). Both actions induce adenylyl cyclase activity thus generating
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cAMP and activation of downstream effectors such and PKA and EPAC (Rocher et al.,
2009; Xu et al.,, 2006). These effectors have the ability to modulate various ion
channels that increase cell excitability (Nunes et al., 2014; Pulgar-Sepulveda et al.,

2018). See Figure 1.3 for a summary of adenosine receptor signalling.

Increasing evidence points towards adenosine in setting the basal carotid body
discharge as opposed to ATP. Inhibition of adenosine receptors using 8-SPT or caffeine
greatly attenuates basal chemoafferent activity ex vivo (Holmes et al., 2018b) and
catecholamine secretion in vitro respectively (Conde et al., 2006). Similar decreases
were observed following CD73 inhibition, indicating that it is extracellularly derived
adenosine that is responsible for establishing baseline activity (Holmes et al., 2018b).
As demonstrated in Chapter 3, carotid body chemoafferent discharge measured ex
vivo is elevated 2-3 fold in CH. However, whether CD73 activity is responsible for the
augmented basal chemoafferent discharge observed in CH has not been explored.
Furthermore, in previous studies, concentrations of AOPCP used were relatively high
(100-200uM) and although this has been shown to effectively reduce the amount of
adenosine formation, it may give rise to non-specific effects (Conde et al., 2012b).
Therefore, initial experiments aimed to characterise the potency of AOPCP which is a
commonly used pharmacological agent to inhibit CD73, in both N and CH carotid
bodies. Concentration-response experiments were performed in normoxia. This will
provide the rationale for the use of specific concentrations in subsequent experiments

exploring CD73 function in hypoxia.

Synaptic adenosine concentrations increase almost 2-fold under mild hypoxia and has
been suggested to play a pivotal role in establishing carotid body hypoxic sensitivity

138



(Conde & Monteiro, 2004; Conde et al., 2012b). This is supported by findings that
inhibition of adenosine receptors and CD73 decreased the PO:2 threshold required to
initiate a hypoxic response as characterised by a typical leftward shift in the O2
response curve (Holmes et al., 2018b). Furthermore, CD73 inhibition does not affect
the peak hypoxic discharge which fits in with other reports demonstrating that
adenosine plays a bigger role in milder hypoxic levels compared to more severe
hypoxic intensities (Conde et al., 2012b). Ex vivo data from Chapter 3 showed that
chemoafferent hypoxic responses are elevated in CH characterised by a rightward shift
in the O2 response curve, however the mechanisms behind this are still unknown. It is
possible that part of this rise in discharge is due to an augmented sensitivity to
adenosine, although this remains debateable. Furthermore, the importance of CD73 in
determining hypoxic sensitivity of carotid bodies following adaptation to CH has not yet
been studied. Whether augmented hypoxic chemoafferent responses in CH can be
reversed by targeting of CD73 was therefore investigated in this chapter. SQ22536 is
an inhibitor of tmAC and was used to probe the mechanistic importance of cAMP in
setting the chemoafferent frequency in CH carotid bodies, in both normoxia and

hypoxia.

CD73, adenosine and cAMP have all been shown as important effectors in mediating
the carotid body’s response to hypercapnia (Holmes et al., 2015; Sacramento et al.,
2018). As shown in Chapter 3, there was a slight trend for an elevated CO2 sensitivity
in CH carotid bodies. Whether this may also be due to increased CD73 activity and
downstream elevations in cAMP was investigated using AOPCP (CD73 inhibitor) and
SQ22536 (tmAC inhibitor) in normocapnia (PCO2=40mmHg) and in response to

hypercapnia (PCO2=80mmHg).

139



Aims of this chapter were as follows:

—

. Investigate whether carotid body sensitivity to adenosine is heightened in CH

Determine the potency of AOPCP (CD73 inhibition) and SQ22536 (tmAC
inhibition) ex vivo in N and CH carotid bodies, by performing concentration-

response experiments in normoxia

Investigate whether CD73 or tmAC inhibition could reverse CH-induced carotid

body hyperactivity in normoxia and hypersensitivity to hypoxia

Examine whether CD73 or tmAC contributes to elevated hypercapnic sensitivity

in CH carotid bodies
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5.2 Results

5.2.1 Carotid body sensitivity to exogenous adenosine is unaffected by CH

Initial experiments aimed to determine whether exogenously applied adenosine would
amplify the carotid body chemoafferent response to a greater degree in the CH group
compared to N. 100uM of adenosine was applied for 5 minutes, with firing frequencies
averaged over the final 60 seconds. Figure 5.1 A shows representative raw traces of
the experimental protocol for both groups. Consistent with data in Chapter 3, the
baseline carotid body discharge was significantly elevated in CH (Figure 5.1 A & B).
The application of 100uM adenosine increased firing frequency in both groups, with
CH showing a higher absolute discharge in the presence of adenosine (Figure 5.1 B).
The difference observed was attributed to the elevated basal discharge in CH, as both
groups exhibited a similar absolute increase in response to adenosine. This indicates
that CH did not alter the sensitivity to adenosine (Figure 5.1 C). However, the relative
increase (percentage change from basal) in response to adenosine was significantly
blunted in CH, suggesting a potential decrease in adenosine sensitivity (N: 215+30%

vs CH: 83+21%, p<0.01 unpaired Student’s t-test).
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Figure 5.1 Sensitivity to exogenous adenosine is unchanged in chronic hypoxia

(A) representative raw recordings of chemoafferent activity from a normoxic (N-left) and
chronically hypoxic (CH-right) carotid body + 100uM adenosine. Raw discharge (upper) and
frequency histograms (lower) shows number of action potentials binned into 10 second
intervals. Inset shows overdrawn action potentials for single fibre discrimination. (B)
comparison of mean basal frequency and in response to 100uM adenosine in N and CH
groups. (C) the difference between basal frequency and the frequency in the presence of
adenosine used to determine adenosine sensitivity. Data expressed as mean + SEM with
individual data points representing a single fibre. For N, n=7 fibres from 6 rats and for CH,
n=6 fibres from 6 rats. Statistical significance was assessed using a two-way repeated
measures ANOVA in B with overall p values shown. Bonferroni post-hoc analysis used for
multiple comparisons, **p<0.01, ***p<0.001 compared to N group. An unpaired Student’s t-
test was performed in C
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5.2.2 AOPCP abolished carotid body discharge in both N and CH in a concentration-

dependent manner

To determine the relative potency of AOPCP in N and CH carotid bodies ex vivo,
concentration response experiments were performed ranging from 10nM to 330uM.
This range covers concentrations close to its stated 1C50 from the manufacturer and
previously used concentrations in the same ex vivo carotid body preparation (Conde
et al,, 2012b; Holmes et al.,, 2018b). Generating concentration-response curves
allowed for the estimation of IC50 for AOPCP in both groups. Figure 5.2 A shows a
representative raw trace of the experimental protocol. AOPCP decreased
chemoafferent activity to almost zero in a concentration dependent manner in almost
all fibres recorded from (Figure 5.2 B & C). Despite the elevated basal discharge in
CH, high concentrations of AOPCP still managed to almost completely abolish
chemoafferent frequency (Figure 5.2 D & E). As such, the absolute reduction in
frequency caused by AOPCP was greater in CH (Figure 5.2 F). To compare potency
and IC50 of AOPCP, the percentage reduction in basal frequency was calculated. This
data shows a rightward shift in the concentration response curve in CH, and a five-fold
increase in the IC50 in CH. IC50s for N and CH were 1.4uM (95% CI, 0.97uM to 1.9uM)
and 7.8uM (95% ClI, 4.9uM to 12.4uM) respectively. The same maximum reduction (as
a percentage of basal) was achieved in both groups (>90% decrease in basal
frequency), but this occurred at a higher concentration in CH compared with N,

indicative of reduced potency (Figure 5.2 G).

Whether the effects observed here are simply due to a higher basal discharge in CH
are unknown. Therefore, the next set of experiments aimed to investigate the effect of

AOPCP in hypoxia where firing frequency is elevated. These experiments were
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performed using fixed concentrations to be able to compare between groups. Using
the N concentration response curve (as a percentage reduction) an approximate IC90
value was derived. This concentration was 15uM which achieves around 90%
reduction of the maximal inhibitory effect. This value was chosen as it lies near the top
of the curve but before it has plateaued. A second much higher concentration of 100uM
was also tested, a concentration, that provides near maximal inhibition in both N and

CH (Holmes et al., 2018b).
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Figure 5.2 Pharmacological inhibition of CD73 with AOPCP abolished basal
chemoafferent activity in a concentration-dependent manner in both normoxic and
chronically hypoxic rat carotid bodies

(A) representative raw recordings of chemoafferent activity showing concentration-
frequency response with AOPCP from a normoxic (N-left) and chronically hypoxic (CH-right)
rat carotid body. Raw discharge (upper) and frequency (lower) shows number of action
potentials binned into 10 second intervals. Inset shows overdrawn action potentials for
single fibre discrimination. (B) individual AOPCP concentration-frequency response curve
replicates for N. (C) mean of B. (D) individual AOPCP concentration-frequency response
curve replicates for CH. (E) mean of D. (F) AOPCP concentration response curves for N
and CH expressed as absolute reduction in basal frequency. (G) AOPCP concentration
response curves for N and CH expressed as a percentage reduction from basal frequency.
For C, E, F and G data presented as mean = SEM. Individual data points represent a single
fibre. For N, n=6 fibres from 5 rats and for CH, n=7 fibres from 5 rats.
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5.2.3 CD73 inhibition with AOPCP alleviates the exaggerated hypoxic response in

CH carotid bodies

This set of experiments aimed to investigate the contribution of CD73 in mediating the
augmented hypoxic sensitivity of CH carotid bodies observed in Chapter 3. A steady
basal discharge was established at a PO2 of 300mmHg before being gradually lowered
to approximately 40mmHg. To prevent tissue damage, the superfusate was quickly
switched to a hyperoxic solution (95% Oz, 5% CO:2) before a maximum frequency had
been achieved. Frequency was plotted at various POz values, generating O2-response
curves fitted to an exponential decay with offset function. After returning to a normoxic
solution and a steady baseline re-established, the hypoxic responses were repeated
in the presence of 15uM and/or 100pM AOPCP. These pharmacological agents were
given for approximately 5 minutes during normoxia and throughout the duration of

graded hypoxia.

Figure 5.3 A shows an example recording of the experimental protocol taken from a
CH carotid body. CH chemoafferent responses were augmented and right shifted
compared to N (Figure 5.3 B & C). The addition of 15uM AOPCP to CH carotid bodies
decreased, but did not abolish, chemoafferent responses to hypoxia (Figure 5.3 B).
15uM AOPCP induced a significant leftward shift in the CH PO2 response curve
quantified by a reduction in the superfusate PO2 required to elicit a firing frequency of
5Hz (Figure 5.3 C). These effects were magnified in the presence of a higher
concentration of AOPCP (100uM), such that the hypoxic response curve for a CH
carotid body in the presence of 100uM was almost indistinguishable from that of an N

carotid body (Figure 5.3 C & E).
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To determine whether the inhibitory action of AOPCP is greater in CH vs N during
graded hypoxia, the reduction in frequency caused by AOPCP was plotted over the full
range of POzs (Figure 5.4 A & B). The reduction in frequency caused by 15uM AOPCP
was unchanged in CH compared to N (Figure 5.4 A). However, 100pM AOPCP
produced a greater reduction in chemoafferent frequency in CH carotid bodies
compared to N throughout hypoxia (Figure 5.4 B). To compare the effect of AOPCP on
hypoxic sensitivity, the size of the drug-induced leftward POz shifts were compared
between N and CH. Although there was a trend for a greater leftward PO2 shift in CH
at both concentrations of AOPCP, neither reached statistical significance (Figure 5.4
C) p=0.24 & Figure 5.4 D p=0.09). This indicates that AOPCP reduces chemoafferent
hypoxic sensitivity to the same extent in both N and CH. The larger reduction in
absolute frequency seen in CH emerges in normoxia and is sustained throughout

hypoxia, rather than being amplified.
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Figure 5.3 Pharmacological inhibition of CD73 normalised chronic hypoxia induced
carotid body O; hypersensitivity ex vivo

(A) Raw recording of carotid body chemoafferent response to graded hypoxia from a
chronically hypoxic (CH) rat in the presence and absence of varying concentrations of
AOPCP (CD73 inhibitor). Raw discharge (upper) and frequency (lower) shows number of
action potentials binned into 10 second intervals. Inset shows overdrawn action potentials
for single fibre discrimination. (B) mean Oz response curves comparing normoxic (N) carotid
bodies with CH £ 15uM AOPCP or (C) 100uM AOPCP. (D) PO- required to elicit a discharge
frequency of 5Hz with 15uM AOPCP or (E) 100uM AOPCP. Data expressed as mean *
SEM with individual data points representing a single fibre. For N, n=4-8 fibres from 8 rats
and for CH, n=7-10 fibres from 9 rats. Statistical significance was assessed using a two-
way repeated measures ANOVA for B & C with overall p values shown on the graph. A one-
way ANOVA with Dunnett’s post-hoc analysis was performed on D & E, *p<0.05 compared
to N.
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Figure 5.4 Sensitivity to AOPCP during graded hypoxia

Comparison of the reduction in frequency caused by (A) 15uM AOPCP and (B) 100uM
AOPCP during graded hypoxia between normoxic (N) and chronically hypoxic (CH) rat
carotid bodies from Figure 5.3 data. Comparison of the leftward PO, shift produced by (C)
15uM AOPCP and (D) 100uM AOPCP between N and CH. Data is presented as mean +
SEM with individual data points representing a single fibre recording. For N, n=4-8 fibres
from 8 rats and for CH, n=7-10 fibres from 9 rats. Statistical significance was assessed
using a two-way repeated measures ANOVA in A & B with overall p values displayed. An
unpaired Student’s t-test was performed on C & D.
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5.2.4 CD73 inhibition using AOPCP abolished CO2 sensitivity at a high concentration

in N but was only partially blunted in CH

It is well establihsed that the carotid body acts as a polymodal receptor, being able to
respond to a multitude of stimuli. Although hypoxia is considered the primary stimulus,
the carotid body also responds to hypercapnia, albeit more modestly. Previous data
has shown that CD73 inhibition using the same drug used throughout this thesis
(AOPCP) completely abolished the response to hypercapnia at a concentration of
100uM in control carotid bodies (Holmes et al., 2015). However, it is unknown whether
the slightly enhanced CO: sensitivtiy in CH (Chapter 3) is being driven by
extracellularly derived adenosine and whether the same inhibitory effects of AOPCP
can be achieved by using a lower concentration. To investigate this, carotid body
chemoafferent activity was measured in normocapnia (PCO2=40mmHg) until a steady
baseline was reached and then the superfusate was switched to hypercapnia (PCO2 =
80mmHg). This was repeated in the presence of AOPCP (CD73 inhibitor) at 15uM and

100uM.

Example chemoafferent responses to hypercapnia in the presence and absence of
15uM AOPCP for both N and CH are shown in Figure 5.5 A. In N, 15uM AOPCP
sginificantly decreased the absolute frequency in both normocapnia and hypercapnia
(Figure 5.5 B). However, the magnitude of the hypercapnic response was unaffected,
signifying no change in CO2 sensitivity (Figure 5.5 D, p=0.16). Similarly in CH, there
were significant reductions in the absolute frequency during both normocapnia and
hypercapnia in the presence of 15uM AOPCP but no alteration in CO2 sensitivity
(Figure 5.5 C & E). Unpaired analysis comparing CO:2 sensitivities to 15uM AOPCP in

N and CH revealed no difference (unpaired student’s t-test, p=0.17).
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Example responses to hypercapnia, with and without 100pM AOPCP, for N and CH
are presented in Figure 5.6 A. As N basal discharge in normocapnia was essentially
abolished at 15uM, 100uM had no additional effect and remained near 0 Hz, but unlike
15uM AOPCP, 100uM severely attenuated the hypercapnic response (Figure 5.5 B).
Calculated CO2 sensitivity was severely depleted to approximately 80% of control
(Figure 5.5 D). In CH, increasing the AOPCP concentration to 100uM diminished
normocapnic discharge to almost 0 Hz, and attenuated the frequency measured in
hypercapnia (Figure 5.5 C). This was accompanied by a strong trend for a blunted CO2
sensitivity (Figure 5.5 E, p=0.05). Similar to hypoxia, the magnitude of the reduction in
CO2 sensitivity produced by AOPCP in a CH carotid body reversed its hypersensitivity
back to levels consistent with that of an N carotid body. CO2 sensitivities in AHz/mmHg
CO2 were N: 0.025+0.006, CH: 0.039+0.009 (p=0.29 vs N) and CH+100uM AOPCP:

0.018+0.2 (p=0.73 vs N, unpaired one-way ANOVA, Dunnett’s post hoc).
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Figure 5.5 15uM AOPCP does not alter carotid body CO; sensitivity from normoxic or
chronically hypoxic rats

(A) characteristic raw recordings showing chemoafferent response to hypercapnia +15uM
AOPCP in normoxic (N-left) and chronically hypoxic (CH-right) rat carotid bodies. Mean
frequencies recorded in normocapnia (PCO2= 40mmHg) and hypercapnia (PCO.=
80mmHg) in control and in the presence of 15uM AOPCP in (B) N and (C) CH. CO-
sensitivity £15uM AOPCP in (D) N and (E) CH. CO; sensitivities were calculated as the
frequency difference between normocapnia and hypercapnia in control and AOPCP groups
per mmHg change in PCO,. Data is presented as mean £ SEM with individual data points
representing a single fibre. For N, n=6 fibres from 6 rats and for CH, n=8 fibres from 8 rats.
Statistical significance was assessed using a two-way repeated measures ANOVAInB & C
with overall p values displayed. Bonferroni post-hoc analysis used for multiple comparisons.
****p<0.0001 compared to control group. Paired Student’s t-test performed on D & E.
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Figure 5.6 100uM AOPCP blunts carotid body CO. sensitivity to a larger extent in
normoxic than chronically hypoxic rats

(A) characteristic raw recordings showing chemoafferent response to hypercapnia +100uM
AOPCP in normoxic (N-left) and chronically hypoxic (CH-right) rat carotid bodies. Mean
frequencies recorded in normocapnia (PCO2= 40mmHg) and hypercapnia (PCO.=
80mmHg) in control and in the presence of 100uM AOPCP in (B) N and (C) CH. CO.
sensitivity £100uM AOPCP in (D) N and (E) CH. CO. sensitivities were calculated as the
frequency difference between normocapnia and hypercapnia in control and AOPCP groups
per mmHg change in PCO,. Data is presented as mean + SEM with individual data
representing a single fibre. For N, n=4 fibres from 4 rats and for CH, n=4 fibres from 4 rats.
Statistical significance was assessed using a two-way repeated measures ANOVAiInB & C
with overall p values displayed. Bonferroni post-hoc analysis used for multiple comparisons.
*p<0.05, **p<0.01 compared to control group. Paired Student’s t-test performed on D & E.
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5.2.5 tmAC inhibition with SQ22536 decreased basal chemoafferent activity in a

concentration-dependent manner in both N and CH

Data up until now has specifically looked at the effect of targeting CD73 in the carotid
body and whether pharmacological antagonism of CD73 with AOPCP can reverse CH-
induced hyperactivity. The next set of experiments aimed to determine the role of
second messenger signalling molecules downstream of CD73. CD73 increases
adenosine production in the carotid body and via stimulation of A2a and Azs receptors,
tmAC is activated thus elevating cAMP. If all the effects of CD73 inhibition seen with
AOPCP are due to a depletion in cAMP, then it could be hypothesised that the reversal
of CH-induced hyperactivity should be replicated via pharmacological inhibition of

tmAC.

Previous reports have shown that inhibition of tmAC using the same compound used
in this thesis (SQ22536) caused a 60-70% reduction in basal single fibre frequency
and attenuates the hypoxic response in control carotid bodies (Holmes et al., 2015;
Rocher et al., 2009). However, various IC50s have been reported for this compound
and so whether the lack of full inhibition is due to not reaching a high enough
concentration to achieve full saturation is not known. Therefore, concentration
response experiments were initially performed to characterise the potency of SQ22536
in N and CH carotid bodies. Concentrations given ranged from 100nM to 500uM and
raw recordings are shown in Figure 5.7 A. In all fibres tested, in both N and CH,
SQ22536 reduced, but did not abolish, basal discharge with a measurable effect being
observed between 1uM and 10uM and maximal effect at around 300uM (Figure 5.7 B-

E).
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The absolute reduction in frequency was greater in CH (Figure 5.7 F). Due to the
variation in basal activity between N and CH, raw data was normalised by calculating
the reduction in basal frequency, expressed as a percentage. This data shows a
rightward shift in the concentration response curve and subsequently a higher IC50 in
CH (Figure 5.7 G). IC50s for N and CH were 22.1uM (95% CI; 11uM to 41uM) and

46.4uM (95% CI; 21uM to 97uM) respectively.
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Figure 5.7 Transmembrane adenylyl cyclase inhibition with SQ22536 markedly
decreased basal chemoafferent activity in a concentration-dependent manner in
both normoxic and chronically hypoxic rat carotid bodies

(A) representative raw recordings of chemoafferent activity showing concentration-
frequency response with SQ22536 from a normoxic (N-left) and chronically hypoxic (CH-
right) rat carotid body. Raw discharge (upper) and frequency (lower) shows number of
action potentials binned into 10 second intervals. Inset shows overdrawn action potentials
for single fibre discrimination. (B) individual SQ22536 concentration-frequency response
curve replicates for N. (C) mean of B. (D) individual SQ22536 concentration-frequency
response curve replicates for CH. (E) mean of D. (F) SQ22536 concentration response
curves comparing N and CH expressed as a reduction in absolute frequency. (G) SQ22536
concentration response curves comparing N and CH, expressed as a percentage reduction
in basal frequency. For C, E, F and G data presented as mean + SEM. Individual data points
represent a single fibre. For N, n=6 fibres from 6 rats and for CH, n=3 fibres from 3 rats.

156



5.2.6 tmAC inhibition with SQ22536 normalises the exaggerated hypoxic sensitivity in

CH carotid bodies

This section aimed to investigate the role of CAMP generated from tmAC in mediating
the hypersensitivity to graded hypoxia observed in CH. Frequency was plotted at
various POz2 values, generating hypoxic-response curves fitted to an exponential decay
with offset function. A steady baseline was established, and the superfusate PO2 was
reduced from 300mmHg to approximately 40mmHg before being rapidly switched to a
hyperoxic solution to immediately silence the carotid body to prevent tissue damage.
After a steady normoxic baseline was re-established, the hypoxic responses were
repeated in the presence of 171uM SQ22536. This concentration gives rise to
approximately 90% of the maximum inhibitory effect observed in N. SQ22536 was
applied for approximately 5 minutes during normoxia and throughout the duration of

graded hypoxia.

Figure 5.8 A shows an example CH recording of the experimental protocol with its
respective O2-response curves shown in Figure 5.8 B. The addition of 171uM SQ22536
to a CH carotid body decreased the frequency recorded throughout hypoxia (Figure
5.8 A-C). SQ22536 also caused a significant leftward shift in the CH Oz response curve
(Figure 5.8 D). This led to the observation that the hypoxic response curve of a CH
carotid body in the presence of SQ22536 was very similar to that of an N carotid body,
i.e. SQ22536 decreased the exaggerated hypoxic sensitivity of a CH carotid body back
to pre-adapted levels. Interestingly, the magnitude of inhibition caused by SQ22536 on
hypoxic chemoafferent frequency and Oz sensitivity was consistent between N and CH

(Figure 5.8 D & F).
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Figure 5.8 Transmembrane adenylyl cyclase inhibition normalised chronic hypoxia
induced carotid body O; hypersensitivity ex vivo

(A) raw recording of chemoafferent response to graded hypoxia from a chronically hypoxic
(CH) rat carotid body +SQ22536. Raw discharge (upper) and frequency (lower) shows
number of action potentials binned into 10 second intervals. Inset shows overdrawn action
potentials for single fibre discrimination. (B) shows individual O2 response curves derived
from the raw trace in A, including SQ22536 in addition to the pre and post control. (C) mean
Oz response curves comparing normoxic (N) carotid bodies with CH + 171uM SQ22536.
(D) comparison of the reduction in frequency caused by SQ22536 between N and CH. (E)
PO. required to elicit a discharge frequency of 5Hz. (F) comparison of the leftward PO shift
produced by SQ22536 at 5Hz between N and CH. Data expressed as mean + SEM with
individual data points representing a single fibre. For N, n=7 fibres from 6 rats and for CH,
n=9 fibres from 8 rats. Statistical significance was assessed using a two-way repeated
measures ANOVA in C & D with overall p values displayed. One-way ANOVA with Dunnett’s
post-hoc analysis performed on E, *p<0.05 vs N. Unpaired Student’s t-test performed on F.
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5.2.7 Transmembrane adenylyl cyclase antagonism with SQ22536 mildly blunted the

response to hypercapnia in normoxic and chronically hypoxic carotid bodies

To determine whether cAMP plays a role in the response to hypercapnia and
establishing carotid body CO:2 sensitivity in N and CH, the next set of experiments
recorded carotid body discharge frequency in normocapnia (PCO2= 40mmHg) and
hypercapnia (PCO2= 80mmHg) in the presence and absence of a tmAC inhibitor,

SQ22536 (Figure 5.9 A).

The addition of 171uyM SQ22536 signifcantly reduced the absolute frequency in
normocapnia and hypercapnia in both N and CH (Figure 5.9 B & C). Furthermore, the
magnitude of the hypercapnic response (CO2 sensitivity) in the presence SQ22536
was significantly blunted in both groups (Figure 5.9 D & E). However, in contrast with
hypoxia, the magnitude of the reduction in COz2 sensitivity produced by SQ22536 in a
CH carotid body, did not fully reverse it back to levels consistent with N. CO:2
sensitivities in AHz/mmHg PCO2 were N: 0.019+0.003, CH: 0.037+0.004 (p=0.017 vs
N) and CH+SQ22536: 0.031+0.005 (p=0.11 vs N, unpaired one-way ANOVA, Dunnett’s

post hoc).
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Figure 5.9 Pharmacological inhibition of transmembrane adenylyl cyclase blunted
but did not fully normalise chronic hypoxia induced CO: hypersensitivity

(A) characteristic raw recordings showing chemoafferent response to hypercapnia +171uM
SQ22536 in normoxic (N-left) and chronically hypoxic (CH-right) rat carotid bodies. Mean
frequencies recorded in normocapnia (PCO.= 40mmHg) and hypercapnia (PCO.=
80mmHg) in control and in the presence of 171uM SQ22536 in (B) N and (C) CH. CO;
sensitivity +SQ22536 in (D) N and (E) CH. CO: sensitivities were calculated as the
frequency difference between normocapnia and hypercapnia in control and SQ22536
groups per mmHg change in PCO,. Data is presented as mean + SEM with individual data
points representing a single fibre. For N, n=6 fibres from 4 rats and for CH, n=6 fibres from
5 rats. Statistical significance was assessed using a two-way repeated measures ANOVA
in B & C with overall p values displayed. Bonferroni post-hoc analysis used for multiple
comparisons. **p<0.01, ***p<0.001, ****p<0.0001 compared to control group. Paired
Student’s t-test performed on D and E, *p<0.05, **p<0.01.
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5.3 Discussion

5.3.1 Summary of key chapter findings:

Absolute sensitivity to exogenous adenosine was similar between groups but its

relative sensitivity (% change) was blunted in CH carotid bodies

e Despite there being an elevated basal discharge in CH carotid bodies, CD73
inhibition with AOPCP was still able to diminish this by more than 90%, albeit at

a slightly higher concentration compared with N

e tmAC inhibition with SQ22536 inhibited basal discharge by approximately 50-

60% in both N and CH

e The augmented chemoafferent response to graded hypoxia in CH could be

alleviated by antagonism of both CD73 and tmAC

e Hypercapnic sensitivity was heightened in CH and could be fully reversed to
that consistent with N by inhibition of CD73 using a high concentration of

AOPCP. It could only be partially reversed by inhibition of tmAC
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5.3.2 Arole for CD73 and cAMP in promoting CH-induced carotid body basal

hyperactivity

Data presented in this chapter show that rats exposed to an FiO2 of 12% for 10 days
develop a 2-3 fold increase in basal chemoafferent activity when measured ex vivo.
This is consistent with other recordings of carotid sinus nerve activity showing elevated
basal chemoafferent discharge following CH (Chen et al., 2002; Chen et al., 2007;
Conde et al., 2012c). Among the many neurotransmitters and neuromodulators that
mediate carotid body activity, adenosine has been proposed as being predominately
responsible for establishing basal activity (Conde et al., 2012b; Conde et al., 2006;
Holmes et al., 2018b). A key source of synaptic adenosine in the carotid body is via
metabolism of AMP by CD73. However, whether CD73 and/or tmAC were causative of
this elevated basal activity was unknown. These findings herein, show for the first time,
that CD73 inhibition severely depresses basal activity in the CH carotid body,
suggesting that increased CD73 activity is almost solely responsible for the augmented
basal chemoafferent activity in CH animals. Only a proportion of this can be attributed
to a concurrent increase in tmAC activity since SQ22536 could only partially mimic the

chemoafferent depletion seen with AOPCP.

Pharmacology data showed that despite the elevated discharge in CH, CD73
antagonism with AOPCP can almost abolish basal activity in a concentration
dependent manner but a higher concentration is needed to suppress discharge to
near-zero. A right shift in the IC50, suggests that the relative sensitivity to AOPCP is
blunted in CH. This finding could be potentially explained by the fact that CD73 mRNA
expression is upregulated in the carotid bodies of rats exposed to chronic hypobaric

hypoxia (Salman et al., 2017). Assuming that this increased transcription translates to
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increased CD73 protein expression, which has been shown to occur in PC12 cells
(Kobayashi et al., 2000b), then a higher concentration of drug would be needed to
achieve a similar saturation and subsequent proportional effect. The interpretation of
this cannot be used alone, as the absolute reduction in discharge is greater in CH,
suggesting that its maximal efficacy remains uncompromised. Although no changes in
the absolute nor relative density of CD73 immunostaining were observed in this model,
it was observed that, in response to CH, the newly emerging TH* cells also co-
expressed CD73 (Chapter 4). Therefore, the overall population of CD73*TH* cells
increased after CH (Chapter 4). It is logical to suggest that the expansion of TH* type
| cells is a major contributor to the elevation in basal chemoafferent activity, and the
functional activity of these ‘new’ TH* type | cells is highly sensitive to CD73 signalling.
That said, precise quantification of CD73 protein and activity between N and CH carotid

bodies is still warranted.

Additionally, it is important to consider that whilst adenosine generation is vital, its
functional relevance is determined by activation metabotropic A2 receptors and
subsequent elevations in cAMP. Therefore, the action of adenosine and adenosine
related signalling may be altered by CH. Investigations of the latter showed tmAC
inhibition caused a dose-dependent reduction in carotid body discharge, with CH
exhibiting a greater maximal reduction but reduced sensitivity (higher IC50) compared
to N, similar to the results observed with CD73 inhibition. It must be noted that tmAC
antagonism with SQ22536 could not completely abolish basal chemoafferent activity
in both groups which could suggest incomplete saturation of the enzyme. Given that 6
isoforms are expressed in the carotid body, it is reasonable to suggest that
pharmacological inhibition with SQ25536 may not have targeted all tmAC isoforms

(Nunes et al.,, 2014). Perhaps future experiments could aim to use other
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pharmacological inhibitors of tmAC that display broader selectivity or maybe a cocktail
of antagonists to fully inhibit the complete set of enzymes. Alternatively, some of the

effects of CD73 inhibition may be independent of a decrease in cAMP.

An alternative hypothesis leading into this chapter was that the rise in basal discharge
in CH may simply be due to an increased sensitivity to adenosine rather than any
alteration in CD73 activity and adenosine production. To address this the effect of
exogenously applied adenosine on chemoafferent activity was examined in N and CH
carotid bodies. Adenosine was added to the superfusate at a concentration known to
increase chemoafferent activity (Vandier et al., 1999). Consistent with these findings,
data in this chapter implies that adenosine can augment discharge to a greater
absolute level compared to that of N, but its sensitivity with respect to an absolute
change in discharge frequency is unaltered. Taking the elevated basal discharge in CH
into account, proportionally compared to N, sensitivity to adenosine is in fact blunted
(% change from basal). This somewhat paradoxical finding is in agreement with a
previous study investigating CH on isolated rat carotid body type | cells. Increasing
concentrations of exogenous adenosine led to a significantly greater catecholamine
release in CH, at each concentration, and achieving approximately 6.5 fold increase in
maximal secretion. However, the adenosine-response secretion curve was right shifted
compared to N with an increase in the EC50 for adenosine, suggesting that in these
CH type | cells, sensitivity to adenosine is also blunted, despite greater absolute
catecholamine secretion rates compared to N (Livermore & Nurse, 2013). It is also
worth noting that whilst dopamine secretion is commonly used as measure of type |
cell function, it is an inhibitory neurotransmitter and doesn’t necessarily reflect what will
happen to sensory nerve activity. This is the first time that a comparison of adenosine

action of chemoafferent activity has been made between N and CH. The data indicates
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that exaggerated basal chemoafferent activity in CH cannot be due to enhanced

adenosine sensitivity.

Detectable amounts of ATP and adenosine can be recovered in normoxia from whole
N carotid body tissue, with higher amounts of adenosine being noted (Conde et al.,
2012b). In other models of CH, type | cells undergo hypertrophy and increase the size
and density of neurotransmitter-containing dense core vesicles (Fielding et al., 2018;
Hodson et al., 2016). Electron microscopy experiments showed the ultrastructure of
these dense core vesicles to be appear lighter and eccentrically distributed, suggestive
of augmented vesicular neurosecretion (Fielding et al., 2018). It is therefore plausible
to hypothesise that in addition to potential changes in CD73 and Az receptor
expression, tonic vesicular secretion of ATP during normoxia is also elevated, thus
contributing to enhanced ATP breakdown and the overall pool of adenosine. Clearly,
measuring adenosine and ATP concentrations from CH carotid bodies would provide

valuable information.

It is likely that these adaptations observed in CH are mediated by the HIF (Livermore
& Nurse, 2013; Pulgar-Sepulveda et al., 2018). TH-specific inactivation of HIF2-a
completely prevents these ultrastructural changes to dense core vesicle appearance
(Fielding et al., 2018). Likewise, both CD73 and A2 receptor genes have HIF binding
sites, and have been shown to increase their expressional profile in other cell types
(Brown et al., 2011; Kobayashi et al., 2000a; Kong et al., 2006; Synnestvedt et al.,
2002). Although not explored in this thesis, it is vital to consider the cellular/molecular
targets of cAMP through adenosine A2z receptor activation. Adenosine increases cAMP
in the rat carotid body (Conde et al., 2008; Monteiro et al., 1996) and both adenosine
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and cAMP have been shown to decrease the amplitude of the 4-AP-sensitive K*
channel (Lopez-Lopez et al., 1993; Vandier et al., 1999). Adenosine also causes a rise
in intracellular calcium driven by tmAC-dependent increases in cAMP (Xu et al., 2006).
A classical target of cAMP is PKA, and in the same study, PKA was shown to inhibit
TASK-1 channels, resulting in depolarisation and opening of voltage-gated calcium
channels. Enhanced inhibition of TASK-like currents has been shown to occur in CH,
but whether this is directly attributed to elevated adenosine signalling and PKA activity
has not been examined (Ortiz et al., 2009). CH has also been shown to increase
expression of the voltage-gated Na* channel, Nav1.1 (Caceres et al., 2007) and
voltage-gated Ca?* channel density in adult rat carotid bodies (Hempleman, 1996).
Interestingly, evidence has directly implicated cAMP in altering the Na* channel density
and long-duration Ca?* components, as normoxic incubation with stable cAMP
analogues mimics these changes in electrical excitability and Ca?* influx observed in

sister cultures exposed to CH (Stea et al., 1995).

CH and elevated adenosine therefore can effect membrane depolarisation, Ca?* influx
and catecholamine release, all of which could be driving heightened basal carotid body
activity, ultimately through persistently elevated cAMP which has been noted in other
in vitro CH carotid body models (Nurse et al., 1993). In addition, these downstream
targets are involved in the hypoxic chemotransduction cascade and so enhancement
of these mechanisms could be responsible for the increased O2 sensitivity observed in

CH carotid bodies.
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5.3.3 The impact of adenosine and cAMP in mediating CH-induced carotid body O:2

hypersensitivity

In this model of CH, the chemoafferent response to graded hypoxia was exaggerated,
demonstrated by a right shift in the O2-response curve and further quantified by a
higher PO2 threshold to initiate the hypoxic response. This augmented hypoxic
response is consistent with other recordings of carotid sinus nerve activity, albeit using
steady state level of hypoxia instead of graded hypoxia (Chen et al., 2007; Conde et
al., 2012c). Interestingly in this study, authors gave an endothelin receptor antagonist
during CH induction and found that it was able to prevent any carotid body growth and
proliferation of type | cells but could not fully attenuate the exaggerated hypoxic
response. This suggests that CH induced carotid body hyperactivity may not solely due
to an increase in the TH* type | cells, and that there are cell specific adaptations that
sensitise the type | cells to hypoxia. This could be potentially driven by heightened

CD73 signalling.

Data in this chapter showed that inhibition of CD73 and tmAC, could normalise the
augmented hypoxic response in CH by causing a left shift in the O2 response curve,
suggesting that extracellular adenosine and cAMP are driving alterations in O2
sensitivity. There was a trend for a greater leftward POz shift with AOPCP in CH
indicating a potentially enhanced effect of CD73 in setting the hypoxic sensitivity in this
CH model. Results further indicate that the greatest effect of CD73 inhibition occurred
at normoxic and mildly hypoxic levels which corroborates evidence that A2 receptor
antagonism had a greatest inhibitory effect at mild hypoxic intensities (Conde et al.,
2012b). These results therefore suggest that CD73 and cAMP are important in setting

the PO2 threshold needed to initiate a hypoxic response in both N and CH carotid
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bodies. This mechanism can be targeted pharmacologically in CH carotid bodies to
reduce hypoxic sensitivity back to ‘normal’ non-adapted levels without completely
abolishing it. This could be important therapeutically when aiming to reduce carotid

body hyperactivity without eliminating it.

The importance of CD73 in setting the hypoxic threshold must somehow link to the
currently unknown molecular sensor of oxygen and/or to multiple elements of the
chemotransduction cascade. For example, measured changes in intracellular calcium
are approximately 1.5 times greater in isolated CH rat type | cells in response to acute
hypoxia, rising to a concentration that can be mimicked by exogenous adenosine. Both
effects were mediated by A2 receptor activation (Livermore & Nurse, 2013). Further
studies investigating these mechanisms in the carotid body are needed. Given that
hypoxia and adenosine can increase intracellular cAMP, and that both stimuli impact
membrane excitability, calcium influx and catecholamine secretion potentially through
direct actions of cAMP or PKA activity, then this mechanism could be altered in CH and

makes future experiments investigating this plausible.

Whilst these mechanistic studies provide valuable information, they have primarily
focussed on the pre-synaptic action of adenosine, yet little has been explored on the
post-synaptic sensory chemoafferents. Recent experiments utilising a co-culture
model of rat carotid body type | cells and sensory neurones showed that both
adenosine and hypoxia increased the hyperpolarisation-activated current (In) through
activation of the HCN4-containing cation channel. It was reported that this effect was

mediated through an A2a and cAMP-specific mechanism (Zhang et al., 2018). Whether
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these channels are sensitised in CH through expressional changes and increased

activity is subject to further investigation.

5.3.4 Is the CH-induced elevation in hypercapnic sensitivity dependent on adenosine

and cAMP?

CD73 and adenosine are suggested to mediate around 50-80% of the carotid body
response to hypercapnia, however whether enhanced adenosine generation and
signalling is responsible for the elevation in carotid body CO:2 sensitivity in CH is
unknown (Holmes et al., 2015; Sacramento et al., 2018). Indeed, this data
demonstrates that the response to hypercapnia was exaggerated in CH carotid bodies.
This is consistent with previous reports showing an approximate 5-fold increase in
hypercapnia-induced catecholamine secretion rate in isolated type | cells previously
exposed to sustained hypoxia (Livermore & Nurse, 2013). Pharmacological targeting
of CD73 showed that hypercapnic sensitivity was blunted with a high concentration of
AOPCP in both N and CH. Thus, CD73 is also important in setting the hypercapnic
sensitivity of the carotid body in both N and CH. The data implies that targeting CD73
in the CH carotid body can be used to reverse hypercapnic sensitivity back to normal
pre-adapted levels, without completely eliminating it. Interestingly, as this effect was
only seen at high dose of AOPCP, it appears that almost complete blockade of CD73

is needed to impact on hypercapnic sensitivity.

An interesting hypothesis could be that only a relatively small amount of CD73 activity
is required to establish the hypercapnic sensitivity in the carotid body. In contrast, basal
activity and hypoxic sensitivity require larger amounts of sustained CD73 activity and

are both therefore more sensitive to lower concentrations of AOPCP and relatively
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lower levels of CD73 in inhibition. An even higher concentration of AOPCP may be
expected to produce greater overall inhibition of CD73, preventing the enzyme from
fully engaging in the hypercapnic response. Performing experiments with even higher
concentrations of these or other CD73 antagonists during hypercapnia may reveal
whether the response can be fully inhibited in CH or whether the residual CO:2
sensitivity demonstrates an adaptation that is adenosine independent. Radioligand
binding assays could also help to determine the saturation of CD73 and tmAC at

concentrations used in this study

Prevention of cAMP build up through tmAC inhibition with SQ22536 also attenuated
the hypercapnic response but this was much milder compared to CD73 inhibition. The
exact reasons for a milder effect with SQ22536 are unknown but could be due to the
incomplete saturation of tmAC as describe previously with multiple isoforms of the
enzyme present in the carotid body. Alternatively, the exaggerated actions of CD73

inhibition may be cAMP independent.

Overall, these findings strongly suggest that in CH carotid bodies, CD73 is responsible
for not only setting the basal activity but also the sensitivity to other stimuli including
hypoxia and hypercapnia. Pharmacological targeting of CD73 or tmAC in a CH carotid
body could be used to alleviate basal carotid body hyperactivity and stimulus
hypersensitivity, without completely abolishing its ability to respond to hypoxia and

hypercapnia.
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5.4 Conclusions

CD73 inhibition has profound effects on carotid body activity in normoxia, hypoxia and
hypercapnia being able to greatly attenuate CH-induced hyperactivity. This identifies
CD73 as a potential pharmacological target to dampen excess carotid body activity
caused by CH, whilst at the same time not completely eliminating it. CH is a key feature
of COPD, and patients display major cardiovascular complications like hypertension,
which evidence has suggested is driven by heightened carotid body activity into the
brainstem, causing persistent sympathetic outflow to the vasculature. In view of this,
in vivo pharmacological antagonism of CD73 aiming to dampen carotid body
hypersensitivity and reduce blood pressure in CH rats was investigated in the next

chapter.
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CHAPTER 6
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6. The functional role of carotid body CD73 in mediating cardio-
respiratory responses to normoxia and hypoxia following chronic

hypoxia

6.1 Introduction and aims

Autonomic imbalance is commonly seen in COPD, a condition marked by respiratory
dysfunction and cardiovascular co-morbidities (Kent et al., 2011; Rabe et al., 2018).
Cardiovascular disease is the leading cause of hospitalisations and death in COPD
patients (Rabe et al., 2018; WHO, 2025). Growing evidence suggests that persistent
elevated sympathetic outflow to the heart and vasculature plays a major role in driving
hypertension (Narkiewicz et al., 1998; Phillips et al.,, 2018; Schultz et al., 2015;
Stickland et al., 2016). Carotid body hyperactivity has been proposed as a key factor
contributing to this abnormal sympathetic outflow, and as shown in Chapter 5, CH
exacerbates carotid body hyperactivity (Del Rio et al., 2016; lturriaga et al., 2021;
Schultz et al., 2015). Consequently, reducing abnormal carotid body activity is being
explored as a potential treatment to alleviate cardiovascular dysfunction in CH-related

conditions such as COPD.

Promising preliminary data in other diseases with carotid body hyperactivity, including
heart failure and neurogenic hypertension, showed that CSNX could reduce
sympathetic outflow, improve exercise tolerance (Niewinski et al., 2017) and lower
blood pressure in half of the patients studied (Niewinski et al., 2017). However, safety
concerns about severe oxygen desaturation during sleep and upon exposure to mild
hypoxia highlight the importance of retaining some carotid body function (Niewinski et

al., 2017; Niewinski et al., 2021). This has led to the idea that pharmacologically
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targeting the carotid body could offer a safer alternative to surgery, through fine-tuning
its activity without complete loss of sensory function. Understanding the mechanisms
that drive heightened carotid body activity is essential for identifying pharmacological

targets that can dampen this excess sympathetic outflow to the brain.

In the previous chapter, data suggested that CD73 could be a promising target.
Antagonising its enzymatic activity with AOPCP was shown to completely abolish
carotid body hyperactivity and normalise carotid body oxygen sensitivity (without
abolishing it), presenting a novel strategy to reduce basal activity without

compromising the ability to respond to stressors like hypoxia.

Previous studies have shown that AOPCP can mildly blunt the hypoxic ventilatory
response and associated tachycardia (Holmes et al.,, 2018). However, it remains
unclear whether AOPCP can reduce the elevated basal ventilation in CH by a selective
action on the carotid body. Furthermore, it is unknown if AOPCP modifies
cardiovascular parameters in CH animals including arterial blood pressure and heart
rate, and if this is exaggerated when compared to N, due to augmented input from the
carotid body. This chapter aimed to explore these questions to improve our

understanding of AOPCP’s specific targets in vivo.

Aims of this chapter were as follows:

1. Investigate the importance of the carotid body in mediating minute ventilation,

mMABP and heart rate during normoxia and hypoxia in N and CH animals
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2. Assess the impact of pharmacological inhibition of CD73 with AOPCP on minute

ventilation, mMABP and heart rate in N and CH animals

3. Determine if any of the observed effects of AOPCP in N and CH animals are

carotid body dependent

6.2 Results

6.2.1 Determination of the ‘normoxic’ FiO2 for CH adapted animals

To determine the contribution of the carotid body to minute ventilation, blood pressure
and heart rate, input from the carotid body needs to be established in normoxic
conditions and then silenced or greatly reduced. In humans this is achieved non-
invasively by inhaling a hyperoxic gas mixture (FiO2 = 95-100%) (Gibbons et al., 2022;
Stickland et al., 2016). Although this does decrease ventilation, indirectly suggesting
carotid body activity is diminished, there are concerns with the local effects of
hyperoxia around the body, particularly on the vasculature and the brain which may
confound some of the results. In animal models, direct removal of carotid body sensory

output can be achieved via CSNX under anaesthetic.

Initially, rats were anaesthetised with isoflurane and the right femoral vein was
cannulated to perfuse an intravenous anaesthetic (Alfaxalone). This anaesthetic helps
better preserve cardiorespiratory reflexes which are heavily depressed by isoflurane
(Ambros et al., 2008; Holmes et al., 2018b; Karanovic et al., 2010; Muir et al., 2008;
Thomas & Marshall, 1994; Walsh & Marshall, 2006). Also, to measure ventilation, the
trachea must be cannulated and connected to a spirometer, therefore the use of an

inhalation anaesthetic was not possible with the equipment available. Once the animal
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had maintained an appropriate depth of anaesthesia, the right femoral artery was
cannulated and connected to a pressure transducer to record arterial blood pressure.
The carotid bifurcation was dissected bilaterally as described in Chapter 2, in
preparation for CSNX later in the protocol. Once all surgical procedures were
complete, a 15-20-minute adjustment period allowed cardio-respiratory measurements
to stabilise before recording any responses. This initial data set aimed to determine
the effect of CSNX on ventilation, blood pressure and heart rate in N and CH rats
breathing room air (FiO2 of 21%). This was done to assess whether for CH rats

breathing room air is actually ‘hyperoxic’ to the animal.

When breathing room air, minute ventilation was comparable between both groups
although tended to be lower in CH animals. However, CSNX caused a significant
reduction in minute ventilation in N rats as expected but produced no decrease in
minute ventilation in CH rats (Figure 6.1 A & B). In N rats, CNSX also caused a
significant drop in blood pressure (Figure 6.1 C). Interestingly, during room air
breathing blood pressure was significantly elevated in CH compared to N and CSNX
failed to cause any reduction (Figure 6.1 D). Heart rate was comparable between
groups and did not change in either group after CSNX (Figure 6.1 E & F). The baseline
hypertensive state, along with CSNX producing no effect on ventilation and blood
pressure, strongly implies that room air breathing induces significant hyperoxia in CH
animals, thereby almost completely silencing the carotid body. This is perhaps
unsurprising given that CH animals have already adapted to FiO2 of 12% for 9-10 days,
have a significantly increased haematocrit (Table 3.1 in Chapter 3) and an elevated Oz
capacity. In view of this, subsequent baseline (control) comparisons were made

between N rats breathing room air (FiO2 of 21%) and CH rats breathing an FiO2 of 12%,
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as previously described (Marshall & Davies, 1999; Thomas & Marshall, 1997; Walsh &

Marshall, 2006).
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Figure 6.1 Effect of carotid sinus nerve section on cardio-respiratory measurements
in normoxic and chronically hypoxic rats breathing room air

(A) minute ventilation before and after carotid sinus nerve section (CSNX) in normoxic (N,
black) and chronically hypoxic (CH, blue) rats breathing room air (FiO2 of 21%). (B) mean
arterial blood pressure (ABP) before and after CSNX in N and CH rats breathing room air.
(C) heart rate before and after CSNX in N and CH rats breathing room air. Data is
presented as mean +SEM with individual data showing an individual rat. n=6 rats for both
groups. Connecting lines showing before and after CSNX in each rat. Statistical
significance was assessed using a paired Student’s t-test, in both groups. **p<0.01,
****n<0.0001.
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6.2.2 The carotid body was essential for eliciting a protective cardio-respiratory

response to severe hypoxia

In many species, the ventilatory response to hypoxia is biphasic. Ventilation tends to
peak and then slowly decline before reaching a steady state (Pamenter & Powell,
2016). This makes analysis challenging when comparing differences between two
groups. To overcome this, time courses were plotted to visualise the dynamics of the
hypoxic response (Figure 6.2 A-D). Data was plotted as a sequential 10-second
average. A steady baseline was established for 2 minutes before switching to a hypoxic
gas mixture (FiO2 = 8%) for 2 minutes followed by recovery in normoxia (Figure 6.2).
The peak minute ventilation varied between rats and so to keep analysis consistent
between experimental animals, fixed time points throughout the hypoxic exposure
were chosen. This included the rising phase (average of time points 30 & 40 seconds)
and the end of hypoxia (average of time points 110 & 120 seconds) where ventilation
started to plateau. These same time points were also used to assess mABP (Figure

6.2 C) and heart rate (Figure 6.3D).

Minute ventilation during normoxia was significantly greater in CH but hypoxic
responses differed between groups. N rats had a trend for greater HVR after 30-40
seconds of hypoxia compared to CH (p=0.052) but declined by the end of the
exposure. Although CH rats did not show an augmented HVR compared to N, they did
not show a ventilatory decline. As such minute ventilation remained higher in CH
animals throughout hypoxia (Figure 6.2 & 6.3). Both N and CH displayed a reduced
end-tidal CO2 reading upon exposure to hypoxia, N (Control: 3.97+0.2%,

Hx:2.87+0.2%, p=0.0006 paired t-test) and CH (Control: 2.62+0.1%, Hx:2.22+0.1%,
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p=0.001 paired t-test). The degree of hyperventilation was significantly greater in N

than CH (N: -A1.10+0.1% vs CH: -A0.40£0.1%, p=0.0002 unpaired t-test).

mABP tended to be lower during normoxia in CH rats (N: 121t5mmHg vs CH:
88+12mmHg, p=0.15) and a smaller change in mABP occurred at both 30-40 seconds
of hypoxia (p=0.064) and the end of hypoxia. The absolute mABP, however were
comparable between groups at either time point (Figure 6.3 C & D). Heart rate
remained constant between groups and during normoxia and hypoxia (Figure 6.3 E &

F).

After a steady baseline was established, CSNX was performed to remove any carotid
body output, and the hypoxic stimulus was repeated. A striking finding was that N rats
could not respond appropriately to the hypoxic stimulus after CSNX, and as such, had
a period of prolonged apnoea approximately 30-50 seconds into the hypoxic exposure
which caused the ventilation, mABP and heart rate to plummet. As soon as this
occurred, the gas mixture was immediately switched back to normoxia. Although CH
rats did not respond to hypoxia after CSNX, they were able to maintain a steady
ventilation, blood pressure and heart rate, throughout the 2-minute exposure (Figure
6.2 E-G). Due to incompletion of the full hypoxic response in N rats after CSNX,
comparisons could not be made to CH. Therefore, the effect of CSNX was examined

specifically on normoxic breathing throughout the rest of the analysis.
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6.2.3 CSNX caused a greater reduction in ventilation in CH, a comparable decrease

in mABP and no change in heart rate during normoxia

CSNX caused a significant decrease in normoxic ventilation in both groups. A
significantly greater reduction in minute ventilation occurred in CH animals compared
to N (Figure 6.4 A-C). CSNX increased end-tidal CO2 in both groups: N (Control:
3.97+£0.2%, CSNX: 4.25+0.2%, p=0.04 paired t-test) and CH (Control: 2.75+0.1%,
CSNX: 3.26+0.2%, p=0.003 paired t-test). Although there was a trend for a greater
increase in end-tidal CO2 in CH rats, this was not significant between groups (N: -

A0.28+0.1% vs CH: -A0.51£0.1%, p=0.14 unpaired t-test).

CSNX caused mABP to fall by approximately 24+7mmHg in N rats (Figure 6.4 A & F).
Despite a lower resting mABP, in 5 out of 6 CH rats, CSNX caused a drop in blood
pressure (Figure 6.4 E, p=0.05). This reduction was the same magnitude as measured
in N rats (Figure 6.4 F). Heart rate remained unchanged after CSNX in N rats and
although no overall statistical differences were observed in CH rats, 4 out of 6 rats had
a reduced heart rate post CSNX, however the change in heart rate in response to

hypoxia was not statistically significant between N and CH (Figure 6.4 G-I).
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Figure 6.2 Time courses of cardio-respiratory responses to hypoxia before and after
carotid sinus nerve section in normoxic and chronically hypoxic rats

(A) 5 second raw traces from normoxic (N, black) and chronically hypoxic (CH, blue) rats
showing airflow (upper), mean arterial blood pressure (MABP, middle) and heart rate (lower)
during control and hypoxia (Hx = FiO2 8%; shaded light blue) before and after CSNX (red
line). (B-D) Time courses showing effect of hypoxia on (B) minute ventilation, (C) mABP
and (D) heart rate in N and CH animals. (E-G) Time courses were repeated after CSNX
showing the effect of removing carotid body output under control conditions and during
hypoxic responses for (E) minute ventilation, (F) mABP and (G) heart rate. For B-E data
presented as mean + SEM with data points representing a single rat. n=6 rats for both
groups.
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Figure 6.3 Comparison of baseline cardio-respiratory parameters and hypoxia-
induced responses between normoxic and chronically hypoxic rats

(A) minute ventilation during normoxia (control) and specific time points during hypoxia (Hx
= FiO2 8%) in normoxic (N) and chronically hypoxic (CH) rats. (B) hypoxic ventilatory
response (HVR) at each hypoxic phase compared to control. (C) mean arterial blood
pressure (mMABP) during normoxia and specific time points during Hx. (D) change in mABP
at each hypoxic phase compared to control. (E) heart rate during normoxia and specific
time points during Hx. (F) change in heart rate at each hypoxic phase compared to control.
Data presented as mean + SEM with each point representing an individual rat. n=6 rats for
both groups. Statistical significance was assessed using a two-way repeated measures
ANOVA with overall p values shown. Bonferroni post-hoc analysis to compare differences
within groups. *p<0.05, **p<0.01 and ***p<0.001 compared to N.
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Figure 6.4 Comparison of the effect of carotid sinus nerve section on baseline
ventilation, blood pressure and heart rate in normoxic and chronically hypoxic rats

The effect of CSNX on ventilation in normoxic (N, black) rats (A), chronically hypoxic (CH,
blue) rats (B) and the change in ventilation from baseline (control) in (C). The effect of
CSNX on mean arterial blood pressure (mABP) in N (D), CH (E) and the change from
control values (F). The effect of CSNX on heart rate in N (G), CH (H) and the change from
control values (I). Data presented as mean + SEM with each point representing an individual
rat and connecting line showing before and after CSNX. n=6 rats for both groups. Statistical
significance was assessed using a paired Student’s t-test in A, B, D, E, H & F and an
unpaired Student’s t-test in C, F & I. *p<0.05, **p<0.01, ***p<0.001 & ****p<0.0001.
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6.2.4 Intravenous injection of AOPCP produced a dose-dependent reduction in

resting minute ventilation, mABP and heart rate in CH animals

Results described above demonstrate a role for enhanced carotid body activity in
driving the augmented ventilation measured in CH rats. The carotid body also was
shown to contribute to tonic maintenance of mABP. The previous chapter showed that
ex vivo CSN activity could be abolished with CD73 inhibition using AOPCP. However,
whether CD73 blockade in vivo could blunt the augmented resting ventilation in CH
rats and alter cardiovascular parameters such as mABP and heart rate was examined

in these next set of experiments.

Rats were anaesthetised and prepared for cardio-respiratory measurements as
previously described in section 2.8 and 6.2.1. An additional component of these
experiments was the cannulation of the left femoral vein to inject AOPCP (see Figure
2.13 for schematic summary of experimental set up). Once cardio-respiratory variables
had reached a steady state, 160ug kg™' AOPCP was injected intravenously at a volume
dose of 1mL kg™'. Recordings were left to stabilise for 5 minutes and measurements
made thereafter. This dose and stabilisation period has been previously used (Holmes
et al., 2018b; Skinner & Marshall, 1996). As with the whole carotid body-nerve
preparation, the pharmacology of AOPCP had never been characterised and so a
similar approach was used in these initial in vivo experiments. Baseline (control)
measurements were repeated in the presence of increasing doses of AOPCP including
320ug kg and 1120ug kg™ with variables allowed to return to baseline values before

the next dose (see Figure 2.14 for summary of the protocol).
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At baseline, minute ventilation in N rats was unchanged at any given dose of AOPCP,
however in CH, a significant decrease in minute ventilation occurred at 1120ug kg™
(Table 6.1). AOPCP caused a fall in mABP in both N and CH, which was dose-
dependent, with the greatest reduction occurring at the highest dose of 1120ug kg™’
(Table 6.1). Despite the lower resting mABP in CH, the magnitude of the decrease
caused by AOPCP was similar to N, and as such, AOPCP reduced mABP in CH rats
to a lower absolute value. AOPCP also caused a dose-dependent decrease in heart

rate in N and CH, of similar magnitude (Table 6.1).
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AOPCP Difference AOPCP Difference
Control P (AOPCP- Control P (AOPCP-
(hg Kg') Control) (hg Kg) Control)
0.530 160 0.540 0.010 0.736 160 0.734 -0.002
. +0.02 +0.03 +0.02 +0.03 +0.02 +0.02
Minute
ventilation 0.531 320 0.549 0.018 0.748 320 0.742 -0.006
(mL min*' g) +0.01 +0.02 +0.01 +0.03 +0.03 +0.01
0.525 0.544 0.019 0.765 0.717** -0.048
+0.02 1120 +0.02 +0.01 +0.03 1120 +0.02 +0.01
128 113** -15 85 81 -4
+5 160 +4 +3 +7 160 +5 +7
mABP 130 107 -23 104 79** -25 s
(mmHg) +4 320 +4 +4 +3 320 +4 +6
128 Q5*** -33 #i# 108 B69*** -39 ##
+4 1120 +5 +5 +3 1120 +5 +5
444 444 0 444 437 -7
+11 160 +11 +4 +13 160 +12 +5
Heart rate 435 430 -5 452 432* -19 #
(beats min'1) +9 320 +10 +6 +12 320 +12 +5
429 402** =27 # 454 402** -52 ##
+8 1120 +11 +7 +9 1120 +15 +11

Table 6.1 The effect of pharmacological inhibition of CD73 using incremental doses of
AOPCP on cardio-respiratory measurements in normoxic and chronically hypoxic rats

AOPCP was given as a bolus injection at 3 incremental doses 160, 320 and 1120ug kg™ to
normoxic (N) and chronically hypoxic (CH) rats. AOPCP’s effect on minute ventilation, mean
arterial blood pressure (mMABP) and heart rate were examined. Data is presented as the
mean + SEM. For N, n=8 rats and for CH, n=7 rats. Paired Student’s t-test was used to
compare differences between control and AOPCP in both N and CH. *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001 drug vs control. One-way repeated measures ANOVA with
Dunnett’s post-hoc analysis was used to compare differences between the magnitude of
effect caused by AOPCP (AOPCP-Control) between concentrations in N and CH. # p<0.05,
##p<0.01, ###p<0.001, ####p<0.0001 compared to 160ug kg™
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6.2.5 N and CH animals retain cardio-respiratory responses to severe hypoxia in the

presence of a high dose of AOPCP

As AOPCP only reduced ventilation under baseline conditions at a dose of 1120ug kg
'in CH, and the greatest effect on mABP and heart rate occurred at this same dose,
to investigate if AOPCP affects the cardiorespiratory responses to acute hypoxia, a 2
minute exposure to severe hypoxia (FiO2=8%) was initiated before and after injection
with 1120ug kg' AOPCP. Figure 6.5 shows the cardio-respiratory times courses
demonstrating the hypoxic responses in the presence of AOPCP in both N and CH
rats. Initial observations revealed consistent and robust responses to hypoxia (Figure
6.5 A-C). As demonstrated previously, CH rats had a depressed rather than augmented
HVR and the addition of AOPCP did not blunt this further (Figure 6.6 A). In fact, due to
the slight decrease in normoxic ventilation in CH caused by AOPCP, but the same
robust hypoxic response, the HVR was slightly improved but still depressed with
respect to N rats (Figure 6.6 B). End-tidal CO2 readings showed a greater change in
response to hypoxia in N and this was unaltered in the presence of AOPCP (overall

effect: CH p<0.0001 and AOPCP p=0.22, two-way ANOVA).

A smaller fall in mABP occurred in CH rats compared to N in response to severe
hypoxia and this was not exaggerated by the addition of AOPCP. Although the fall in
blood pressure was reduced in both N and CH, this was attributed to the substantial
fall in baseline mABP caused by AOPCP, as the same minimum blood pressure was
achieved with AOPCP (Figure 6.6 C & D). There was no effect of CH or the hypoxic
phase on heart rate and this remained consistent in the presence of AOPCP (Figure

6.6 E & F). Taken together, these results show that AOPCP does not prevent the ability
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to respond to a single episode of severe hypoxia but does induce important changes

in baseline (normoxic) cardiovascular parameters.

Following this, to examine whether the effect of AOPCP was acting in a carotid body
specific manner, a proportion of animals underwent CSNX after recovery and wash out
of AOPCP. This removed carotid body output that would normally integrate into the
brainstem. AOPCP was administered again and hypoxic stimulus repeated (Figure 6.5
D-F). Consistent with previous experiments, these N rats were also unable to mount
an appropriate hypoxic response after CSNX and so the effect of AOPCP after CSNX

could only be examined during normoxia.
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Figure 6.5 Time courses of baseline cardio-respiratory parameters and responses to
severe hypoxia in the presence or absence of AOPCP before and after carotid sinus

nerve section

Time course showing effect of hypoxia (Hx, FiO2=8%) on (A) minute ventilation, (B) mABP
and (C) heart rate in the presence of 1120ug Kg"' AOPCP i.v. in normoxic (N) and chronically
hypoxic (CH) rats. For N, n=8 and for CH, n=7. In a subset of these animals, time courses
were repeated after CSNX (red line) showing the effect of removing carotid body output on
the hypoxic response on (D) minute ventilation, (E) mABP and (F) heart rate in the presence
of AOPCP. For N, n=4 and for CH, n=6. Data presented as mean + SEM.
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Figure 6.6 AOPCP did not prevent the cardio-respiratory responses to hypoxia in
both normoxic and chronically hypoxic rats

Hypoxic ventilatory response (HVR) before (A) and after (B) AOPCP injection at different
time points during hypoxia (Hx = FiO2 8%)in normoxic (N) and chronically hypoxic (CH) rats.
Hypoxia-induced change in mean arterial blood pressure (mABP) at different time points
during hypoxia before (C) and after (D) AOPCP injection. Hypoxia-induced change in heart
rate at different time points during hypoxia before (E) and after (F) AOPCP injection. Data
presented as mean + SEM with each point representing an individual rat. For N, n=8 rats
and for CH, n=7 rats. Significance was assessed using a two-way repeated measures
ANOVA with overall p values shown. Bonferroni post-hoc analysis was used to compare
differences within groups. *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001 compared to N.
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6.2.6 The effect of AOPCP in the absence of carotid body sensory output

To examine whether the effects of AOPCP are acting via the carotid body, a proportion
of animals underwent CSNX to remove carotid body output. Once variables achieved
a steady-state, 1120ug Kg' AOPCP was administered again, and was exposed to an
acute severe hypoxic stimulus for 2 minutes. Figure 6.5 shows the time-courses for
minute ventilation, mMABP and heart rate in the presence of AOPCP before and after

CSNX.

As shown in Table 6.1, 1120 ug Kg' AOPCP caused a significant decrease in minute
ventilation in CH but not N animals. However, this did not fully reverse ventilation down
to levels consistent with N and remained considerably higher (Figure 6.7 A). After
CSNX, ventilation significantly decreased to a comparable level between N and CH
(Figure 6.7 B). The addition of AOPCP after CSNX, had no further impact on ventilation
suggesting that the decrease in ventilation in CH was carotid body dependent (Figure
6.7 C). CH animals showed excessive hyperventilation compared to N at baseline as
evidenced by a significantly lower end-tidal CO2. This was still apparent after AOPCP
although slightly less marked (Figure 6.8 A). This appears mainly due to AOPCP
reducing end-tidal COz2 in N whilst producing only a very small increase in CH (Figure
6.8 A & C). Following CSNX, end-tidal CO2 remained significantly lower in CH
compared to N, suggesting that a component of the baseline hyperventilation in CH is
independent of the carotid body (Figure 6.8 B). Again, this difference became less
marked after AOPCP due to a trend towards a decrease in end-tidal COz in N but not

CH (Figure 6.8 B & C).
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mABP fell in response to AOPCP in both N and CH and the absolute magnitude of the
fall was comparable between groups (Figure 6.9 A & C). CSNX caused resting mABP
to decrease, with CH still having a significantly lower absolute mABP (Figure 6.9 B).
The addition of AOPCP after CSNX, caused much smaller decrease in mABP in both
N and CH indicating that approximately 50-60% of the fall in mABP observed by
AOPCP is acting in a carotid body specific manner (Figure 6.9 C). AOPCP decreased
heart rate in both groups. Following CSNX, AOPCP still caused a drop in heart rate by
a similar magnitude indicating the changes observed with AOPCP on heart rate are
acting independently of the carotid body (Figure 6.10 A-C). AOPCP produced a larger

decrease in heart rate in CH irrespective of CSNX (Figure 6.10 C).
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Figure 6.7 The effect of pharmacological inhibition of CD73 using AOPCP on minute
ventilation before and after carotid sinus nerve section in normoxic and chronically
hypoxic rats

The effect of 1120ug Kg' AOPCP (CD73 inhibitor) on minute ventilation before (A) and
after (B) CSNX, in normoxic (N) and chronically hypoxic (CH) rats. (C) The change in
minute ventilation caused by AOPCP before and after CSNX, in N and CH rats. Data
presented as mean +SEM with each data point representing an individual rat. Before
CSNX, for N, n=8 rats and for CH, n=7 rats. The number of rats that underwent CSNX
from this group were, for N, n=4 rats and for CH, n=6 rats. Statistical significance was
assessed using a two-way repeated measures ANOVA in A & B with overall p values
shown. An ordinary two-way ANOVA was performed in C, with overall p values shown.
Bonferroni post-hoc analysis was used to compare within groups. **p<0.01, ****p<0.0001
compared to N.
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Figure 6.8 The effect of pharmacological inhibition of CD73 using AOPCP on end-
tidal CO. before and after carotid sinus nerve section in normoxic and chronically
hypoxia rats

The effect of 1120ug Kg' AOPCP on end-tidal CO, before (A) and after (B) CSNX in
normoxic (N) and chronically hypoxic (CH) rats. (C) Changes in end-tidal CO- induced by
AOPCP before and after CSNX, in N and CH rats. Data presented as mean +SEM with
each data point representing an individual rat. End-tidal readings were from N, n=4 rats and
CH, n=6 rats before and after CSNX. Statistical significance was assessed using a two-way
repeated measures ANOVA in A & B with overall p values shown. An ordinary two-way
ANOVA was performed in C, with overall p values shown. Bonferroni post-hoc analysis was
used to compare within groups. **p<0.01, ****p<0.0001 compared to N.
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Figure 6.9 The effect of pharmacological inhibition of CD73 using AOPCP on blood
pressure before and after carotid sinus nerve section in normoxic and chronically
hypoxic rats

The effect of 1120ug Kg™' AOPCP (CD73 inhibitor) on mean arterial blood pressure (mABP)
before (A) and after (B) CSNX, in normoxic (N) and chronically hypoxic (CH) rats. (C) The
change in mABP caused by AOPCP before and after CSNX, in N and CH rats. Data
presented as mean +SEM with each data point representing an individual rat. Before CSNX,
for N, n=8 rats and for CH, n=7 rats. The number of rats that underwent CSNX from this
group were, for N, n=4 rats and for CH, n=6 rats. Statistical significance was assessed
using a two-way repeated measures ANOVA in A & B with overall p values shown. An
ordinary two-way ANOVA was performed in C, with overall p values shown. Bonferroni post-
hoc analysis was used to compare within groups**p<0.01, ***P<0.001 compared to N.
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Figure 6.10 The effect of pharmacological inhibition of CD73 using AOPCP on heart
rate before and after carotid sinus nerve section in normoxic and chronically hypoxic
rats

The effect of 1120ug Kg' AOPCP (CD73 inhibitor) on heart rate before (A) and after (B)
CSNX, in normoxic (N) and chronically hypoxic (CH) rats. (C) The change in heart rate
caused by AOPCP before and after CSNX, in N and CH rats. Data presented as mean
+SEM with each data point representing an individual rat. Before CSNX, for N, n=8 rats and
for CH, n=7 rats. The number of rats that underwent CSNX from this group were, for N, n=4
rats and for CH, n=6 rats. Statistical significance was assessed using a two-way repeated
measures ANOVA in A & B with overall p values shown. An ordinary two-way ANOVA was
performed in C, with overall p values shown. Bonferroni post-hoc analysis was used to
compare within groups.
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6.3 Discussion

6.3.1 Summary of key chapter findings

CH caused an elevation in basal minute ventilation, a lower resting mABP and

did not alter heart rate compared to N

CSNX caused a greater fall in baseline minute ventilation in CH rats suggesting
a stronger contribution of the carotid body to establishing ventilation in CH

animals

CSNX caused a comparable decrease in mABP in both N and CH suggesting
that the carotid body has an important role in blood pressure regulation in N and

CH animals

Heart rate was unaffected by CSNX in N and CH

Pharmacological antagonism of CD73 with AOPCP caused a significant drop in

minute ventilation in CH but not N, an action dependent on the carotid body

AOPCP caused a marked decrease in mABP both N and CH, an effect mainly

due to its inhibition of the carotid body

AOPCP decreased heart rate in a dose-dependent manner in N and CH,

independent of the carotid body

Cardiovascular respiratory responses to acute severe hypoxia were preserved

in the presence of AOPCP in both N and CH
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6.3.2 Cardio-respiratory differences between N and CH

In this CH model under general anaesthesia, CH rats showed a significantly higher
basal minute ventilation, consistent with previous findings in awake, unrestrained rats
in Chapter 3. Their end-tidal CO2 readings were lower, indicating a more pronounced
hyperventilation. This increased resting ventilation, known as VAH, helps maintain
PaO2 despite lower oxygen availability, which is common in other rodent models of CH
(Aaron & Powell, 1993; Thomas & Marshall, 1997; Walsh & Marshall, 2006). In
previous studies, VAH also increases sensitivity to hypoxia leading to an augmented
HVR (Aaron & Powell, 1993; Bishop et al., 2013; Cheng et al., 2020; Hodson et al.,
2016). However, despite CH rats significantly increasing ventilation compared to N at
both baseline and during hypoxia, their HVR was blunted. The exact cause is unclear,
but it may depend on factors like animal strain, hypoxic intensity and hypoxic duration
(Arias-Reyes et al., 2021; Pamenter & Powell, 2016). One possible explanation is the
hypocapnia observed in CH, both at baseline and during hypoxia, where it decreases
further. Studies suggest that an enhanced HVR in CH animals can only be observed if
PaCOz2 is elevated and maintained at a constant level during hypoxia (isocapnic

hypoxia) (Aaron & Powell, 1993).

It is also worth noting here that since baseline measurements in CH were taken in 12%
FiOz2, the decrease to 8% is substantially lower than the decrease from 21% to 8% in
the N animals. Normalising the rise in ventilation to the decrease in PaO2 or SpO2 may
be needed for a more definitive answer (Marshall & Davies, 1999; Walsh & Marshall,
2006). In addition, since the haematocrit and thus Oz capacity is elevated in CH (Table
3.1 in Chapter 3), this is likely to increase O2 delivery to the carotid body during the

acute hypoxic episode in CH relative to N. As such the stimulus intensity may well have
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been lower in the CH animal in this in vivo setting, masking an increase in carotid body
and whole body O:2 reflex sensitivity. Although the carotid body is said to respond to
PaO2 rather than content, the actual stimulus is accepted as the tissue/cellular POs2.
Specific measurements of carotid body tissue PO2 during hypoxia are therefore

needed for clarification.

Despite showing enhanced tonic chemoafferent activity (Chapter 5), which would
usually increase vasoconstrictor reflexes, CH rats had significantly lower mABP
compared to controls. Carotid body activation typically boosts sympathetic drive, and
this is modulated by the brainstem, where complex neuronal interactions influence
sympathetic output through the nucleus tractus solitarius (NTS) and the rostral
ventrolateral medulla (RVLM) (Taylor et al., 1999; Zera et al., 2019). Heart rate did not
differ between N and CH rats, which was surprising given the increased basal
ventilation. Hypoxia-induced hyperventilation usually increases respiratory drive and
inhibits vagal activity, suggesting a complex interaction between autonomic regulation
and the direct effects of hypoxia on the heart, possibly through adenosine on the
sinoatrial node (Marshall, 1998). The combination of a lower mABP and unchanged
heart rate suggests reduced total peripheral resistance. This points to the dominance
of local dilatory effects of hypoxia, likely mediated by adenosine, prostaglandins and
nitric oxide (Ray et al., 2002). This is consistent with other studies showing comparable
resting mABP in rats exposed to a similar duration of CH (Walsh & Marshall, 2006). As
described in Chapter 3, increased O2 content from haematological changes may
reduce sensitivity to local dilators, possibly overcoming sympatholysis after more

prolonged periods of CH.
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Interestingly, 3-4 weeks of 12% FiO2 exposure was required to achieve comparable
resting blood pressures between N and CH rats (Thomas & Marshall, 1997). Despite
this longer hypoxic exposure, CH rats did not develop hypertension, however this does
not necessarily mean sympathetic outflow is not elevated. Indeed, humans exposed to
4 weeks of high altitude and patients with COPD display significant increases in muscle
sympathetic nerve activity (MSNA) (Hansen & Sander, 2003; Heind! et al., 2001).
Future studies could therefore aim to directly measure RVLM electrical activity in vivo
or employ microneurography to measure MSNA. Nevertheless, the fact that even
longer hypoxic exposures do not display a hypertensive phenotype, suggests that the
current model doesn't fully replicate the cardiovascular phenotype of COPD. Future
studies are urgently needed to refine the CH model to better represent the

cardiovascular changes seen in COPD patients.

6.3.3 A role for the carotid body in mediating cardio-respiratory changes caused by

CH

To determine the tonic role of the carotid body in regulating ventilation, blood pressure
and heart rate, carotid body chemoafferent output was removed through CSNX. Under
the conditions of this study, CSNX in N rats caused a decrease in both ventilation and
blood pressure but had no effect on heart rate. The reduction in normoxic ventilation
after CSNX has been previously observed in multiple rat strains (Bin-Jaliah et al., 2004;
Mouradian et al., 2012), supporting the idea that the carotid body plays a crucial role

in normoxic breathing, similar to humans.

A striking finding was that the carotid body is essential for an appropriate hypoxic

response. N rats subjected to hypoxia could not survive beyond 30-50 seconds of
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exposure. This contrasts with other studies where CSNX rats, while not increasing
ventilation during hypoxia, were able to survive the full exposure (Abdala et al., 2012;
Angelova et al., 2015; McBryde et al., 2013; Mouradian et al., 2012). These differences
may arise from methodological variations between these studies and the current one.
In those studies, CSNX was performed, and recovery occurred post-surgery, with
denervation confirmed in awake, unanaesthetised animals days or weeks later. Central
compensatory mechanisms may have played a role in preventing a severe drop in
ventilation during hypoxia. Furthermore, those studies used milder hypoxia (FiO2 =
10%) compared to the more severe hypoxia (FiO2 = 8%) in this chapter. Some also
used sodium cyanide as a hypoxia proxy, which strongly stimulates carotid body
activity (Abdala et al., 2012; McBryde et al., 2013), without causing the depressive
effect of hypoxia on the brain, which may contribute to the observed ventilation failure

in this chapter.

In addition to the lack of peripheral chemoreceptor activation and central depression
during hypoxia in CSNX N rats, it is important to consider that the anaesthetic used in
this study may have caused additional central respiratory depression. Interestingly,
HVRs measured in this study were slightly lower than those observed in awake,
unanaesthetised rats (Chapter 3), in both N and CH. However, basal minute ventilation
was similar to that in their unanaesthetised counterparts, suggesting a complex

interaction of the anaesthetic in the brainstem thus effecting the response to hypoxia.

The role of the carotid body in regulating resting blood pressure is less well established.
Under anaesthesia, CSNX in N rats caused a 20-40 mmHg decrease in blood
pressure. However, studies with the same strain of rats (Wistar) used in this thesis
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found no change in blood pressure 3-4 weeks after CSNX (Abdala et al., 2012). This
might reflect longer-term effects, as minute ventilation has been shown to return to
baseline levels within 10 days after CSNX (Mouradian et al., 2012). Thus, it is plausible
that blood pressure initially drops after CSNX but later returns to normal, possibly

driven by compensatory mechanisms independent of the carotid body.

Earlier studies have shown that CSNX rats do not acclimate well to CH (Olson et al.,
1988), but none had examined the effects of acute CSNX on ventilation, blood pressure
and heart rate in rats exposed to CH until this thesis. The current findings show, for the
first time, that in this CH model, acute CSNX caused a decrease in minute ventilation
and blood pressure, with no effect on heart rate. Notably, the reduction in ventilation
was more pronounced in CH rats than in N rats, suggesting that the elevated baseline
ventilation in CH is driven by the carotid body. This supports the hypothesis that
peripheral chemoreceptors contribute to the physiological adaptation to CH (Powell,
2007). However, the persistence of hyperventilation even after CSNX suggests that
part of the increased respiratory drive is independent of the carotid body and likely

results from central adaptations (Pamenter & Powell, 2016; Wilkinson et al., 2010).

6.3.4 A role for pharmacological antagonism of CD73 in mediating carotid body

induced changes in cardio-respiratory function

Chapter 5 highlighted the importance of CD73 in establishing basal chemoafferent
activity and sensitivity to hypoxia. The second part of this chapter investigated the
potential of targeting CD73 in vivo, using rats exposed an FiO2of 12% for 10 days. Only
the highest dose of AOPCP led to a small but significant reduction in normoxic

ventilation in CH rats, and this effect was dependent on the carotid body. However, the
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reduction in ventilation caused by AOPCP was smaller than that achieved by CSNX
alone. This could be explained by AOPCP not producing full inhibition of the basal
carotid body chemoafferent activity, or alternatively that non-selective actions of

AOPCP may counter the inhibition of carotid body activity.

A noteworthy finding was that AOPCP reduced blood pressure by approximately 30-
50 mmHg in both N and CH rats, with about 50-60% of this effect being carotid body
dependent. Thus, decreasing CD73 activity within the carotid body has a marked effect
on lowering blood pressure in both N and CH animals. The exaggerated fall in arterial
blood pressure compared to ventilation implies that inhibiting CD73 in the carotid body
through AOPCP has a stronger impact on lowering blood pressure than on ventilation.
Alternatively, since AOPCP can cross the blood-brain barrier, its effects peripherally,
including the on the carotid body, could be masked or accentuated by central
mechanisms. For example, adenosine inhibits respiratory centres in the medulla, so
AOPCP’s reduction of adenosine could increase ventilation (Eldridge & Millhorn, 1987;
Herlenius et al., 1997). This has been suggested as a potential reason for the observed
increase in ventilation in a previous study administering AOPCP (Holmes et al., 2018Db).
Indeed, in this chapter, AOPCP decreased the end-tidal PCOz in N but not CH animals,
again pointing towards it causing a slight baseline hyperventilation in N. The absence
of this effect in the CH animals suggests either a stronger inhibitory influence on the
carotid body and the drive to breath (as the data suggests) and/or that carotid body
independent (likely central) actions of AOPCP on breathing are blunted in CH. The
difference in the drug's effects under normoxia is not fully understood, and measuring
AOPCP concentrations in the blood might provide insights into the amount of drug

reaching the carotid body. Potential differences in drug formulations over the years
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might have also impacted its metabolism and efficacy further contributing to differences

between studies.

The blood pressure reduction caused by AOPCP, independent of the carotid body, is
intriguing, but the exact mechanism remains unclear. Since AOPCP crosses the blood-
brain barrier, it's possible that its residual effect on blood pressure is mediated centrally.
Microinjections of adenosine into the RVLM can increase blood pressure, particularly
when injected rostrally, although tonic adenosine does not seem to play a role in
activating the RVLM (Thomas & Spyer, 1996). However, when stimulating areas of the
hypothalamus involved in defence responses, blood pressure increases can be
reduced by inhibiting CD73 in the NTS or blocking adenosine receptors in the RVLM
(Dale et al., 2002; Thomas & Spyer, 1996). Interestingly, N control animals in this study
showed higher resting blood pressure than unanaesthetised rats, suggesting that the
anaesthetic used may have increased tonic activity in the NTS or RVLM. This could
have made anaesthetised rats more sensitive to CD73 inhibition due to increased ATP

release and its breakdown into adenosine.

6.4 Conclusion

The carotid body plays a crucial role in regulating both resting minute ventilation and
blood pressure. Removing carotid body sensory output reverses the CH-induced
increase in resting minute ventilation and lowers blood pressure. This highlights the
carotid body as a potential target for treating CH-related conditions like COPD.
However, the carotid body is also essential for an appropriate response to hypoxia,
suggesting that pharmacologically targeting it could help fine-tune its activity. The data

points to CD73 as a promising candidate for this purpose. Blockade of CD73 in vivo
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using AOPCP reduced blood pressure in CH, mainly through the carotid body, and
caused a small decrease in ventilation, without abolishing the ability to respond to
hypoxia. These exciting findings support the idea that targeting CD73 in the carotid
body to alleviate hyperactivity could be an effective therapeutic approach to decreasing
blood pressure, though more research is needed on hypertensive and COPD animal

models and patients.
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CHAPTER 7
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7. Overall discussion

7.1 Summary of main findings

Chapter 3 characterised a CH model in Wistar rats exposed to an FiOz of 12% for 10
days, validating sufficient carotid body and systemic adaptations to investigate CD73-
mediated hyperactivity. CH rats exhibited increased haematocrit and right ventricular
hypertrophy, reflecting an appropriate physiological response to prolonged hypoxia.
They also developed carotid body-specific adaptations, including elevated basal
chemoafferent discharge and an enhanced hypoxic response ex vivo, but maintained
a comparable HVR in vivo. However, CH rats had higher resting minute ventilation
when breathing both 21% and 12% FiO2. Despite increased carotid body activity in
electrophysiological recordings, no changes were observed in the morphology of the
carotid body including section area, volume or vascularity. A trend toward a greater

number of TH* cells suggested a higher TH* cell density in CH carotid bodies.

Chapter 4 examined the distribution of CD73 protein expression in carotid body
sections from N and CH rats. A novel machine-learning approach to remove RBC AF
was developed and validated. Initial experiments optimised staining conditions to
improve signal to noise ratios. Detection of the CD73" signal in TH* type | cells was
enhanced using heat-mediated antigen retrieval. Most TH* cells co-expressed CD73
(CD73*TH"), while some CD73* cells lacked TH (CD73*TH"). CH increased the
proportion of CD73*TH* cells. CD73 protein expression was also detected in some
blood vessels (CD31%) but not nerve endings (NF*) and this was consistent in both N

and CH carotid bodies.
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Chapter 5 aimed to determine the functional importance of CD73 in driving heightened
basal chemoafferent activity and increased hypoxic sensitivity induced by CH. Using
an intact carotid body-nerve preparation, chemoafferent activity was measured in
normoxia and in response to graded hypoxia in the presence and absence of a
commonly used CD73 inhibitor (AOPCP). AOPCP alleviated basal chemoafferent
hyperactivity in CH and reversed the augmented hypoxic sensitivity, i.e. AOPCP
normalised the POz required to elicit a hypoxic response. A tmAC inhibitor (SQ22536)
produced similar effects, indicating cAMP as a key mediator of CH-induced
chemoafferent hyperactivity. Both agents also decreased carotid body chemoafferent
hypercapnic sensitivity, by a similar degree in N and CH. This presents CD73 and tmAC
as potential therapeutic targets for reversing carotid body hyperactivity in CH. Whether
antagonism of CD73 with AOPCP in vivo could reverse the augmented ventilation and

reduce blood pressure in CH animals was examined in the final results chapter.

Chapter 6 explored the carotid body’s role in mediating cardio-respiratory differences
between N and CH. Ventilation, blood pressure and heart rate were measured in
anesthetised rats before and after CSNX. CSNX reduced ventilation and blood
pressure but had no effect on heart rate. CD73 antagonism with AOPCP lowered blood
pressure and heart rate in both N and CH, but only decreased ventilation in CH. The
impact of AOPCP on lowering blood pressure and ventilation in CH animals was carotid
body dependent. /In vivo hypoxic responses were preserved in the presence of AOPCP,
making it a promising strategy for lowering baseline cardiorespiratory parameters
without abolishing the ability to respond to hypoxia- an important goal in developing
carotid body-targeted treatments for CH-related conditions like COPD. A schematic

illustration of the main findings are shown in Figure 7.1
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7.2 Carotid body plasticity in CH: a role for CD73, adenosine and cAMP

The ability of an organ or system to adapt to prolonged stress is a crucial characteristic
of plasticity. The carotid body functions as a polymodal receptor, responding to
stressors like hypoxia (Kumar & Bin-Jaliah, 2007). During CH, molecular and cellular
changes enhance its basal activity and sensitivity to acute hypoxia, facilitating cardio-
respiratory adaptations that improve arterial oxygen delivery to vital tissues. This thesis
highlights the critical role of CD73 in driving basal carotid body hyperactivity and
increasing its hypoxic sensitivity ex vivo. Notably, inhibiting CD73 ex vivo significantly
reduced baseline chemoafferent activity and normalised Oz sensitivity in CH, strongly

suggesting that CD73 is a key regulator of carotid body hyperactivity.

Many adaptive responses to CH are mediated by the transcription factor HIF. Under
hypoxia, HIF-a subunits evade degradation, dimerize with HIF-13, and activate gene
transcription to enhance hypoxic adaptation (Bishop & Ratcliffe, 2015). One such
adaptation is carotid body hypertrophy, resulting from cellular and vascular expansion.
In this CH model, no gross morphological changes were observed, but an increased
density of TH* cells was detected. This expansion of TH* cells led to a trend toward an
increased pool of CD73*TH* cells (Chapter 4). Functionally, this could contribute to
greater adenosine production via CD73 which, in turn, may promote greater excitability
and render type | cells more sensitive to CD73 inhibition. Evidence suggests that HIF-
2a mediates type | cell expansion via endothelin-1, and vascularisation through VEGF
release from type | cells (Bishop & Ratcliffe, 2025; Chen et al., 2007; Fielding et al.,
2018; Hodson et al., 2016). However, even when carotid body growth and type | cell
proliferation are inhibited, chemoafferent discharge remains elevated in CH, indicating

the involvement of additional mechanisms (Chen et al., 2007).
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Proteins along the adenosine signalling pathway, including CD73 and Az receptors, are
transcriptionally regulated by HIF in carotid body-like cells and other tissues (Brown et
al., 2011; Kobayashi et al., 2000a; Kong et al., 2006; Synnestvedt et al., 2002). While
direct protein level measurements in the carotid body after CH are needed, mRNA data
suggests CD73 upregulation (Salman et al., 2017). A key question remains: how does
CD73 activity and adenosine signalling induce plastic changes that enhance carotid
body excitability? As discussed in Chapter 5, adenosine activates Az receptors either
post-synaptically on afferent terminals or pre-synaptically on oxygen-sensitive type |
cells. The latter suggests a positive-feedback mechanism, where adenosine enhances
type | cell excitability. Interestingly, the data presented in this thesis demonstrates that
chemoafferent response to adenosine per se remains unaffected by CH, despite the
basal activity being highly sensitive to CD73 inhibition. Thus, it is proposed that there
is a higher basal level of adenosine derived from CD73 accounting for the rise in

chemoafferent activity in CH rather than an increase in adenosine sensitivity.

Adenosine receptor stimulation activates tmACs, generating cAMP, which in turn
activates effector proteins like PKA or EPAC (Nunes et al., 2014). These proteins
influence membrane depolarisation, calcium influx and neurotransmitter release,
thereby modulating type | cell excitability and hypoxic responses (Pulgar-Sepulveda et
al., 2018). Recently, it has been reported that cAMP can elevate carotid body hypoxic
sensitivity via activation of CNG ion channels (Peng et al., 2023). A rise in cAMP
leading to more persistent stimulation of these CNG ion channels is proposed to be
causative of carotid body hyperactivity in response to chronic intermittent hypoxia
(Peng et al., 2025). Whether CD73 signalling also converges on these channels (and
is enhanced in CH) needs to be explored further. Interestingly, although tmAC did

reduce chemoafferent activity in the CH carotid body, its actions appear to be less
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marked than that of AOPCP. Thus, it is possible that some signalling related to CD73
is unrelated to cAMP- the identify of which warrants future investigation. A summary of
the key adaptations to this CH model and the link to potential downstream targets of

enhanced CD73 activity and adenosine receptor activation are shown in Figure 7.1.

These cellular and molecular adaptations drive increased carotid body output,
integrating into the brainstem to enhance cardio-respiratory reflexes and compensate
for low oxygen availability. A progressive rise in baseline ventilation, known as VAH, is
crucial for adjusting to high-altitude environments and preventing acute mountain
sickness and pulmonary oedema (Kumar & Prabhakar, 2012). Rodent models show
that carotid body hypertrophy and vascularisation are reversible after eight weeks of
normoxia, demonstrating its plasticity (Kusakabe et al., 2004). Investigating whether
cellular adaptations and chemoafferent activity also revert to pre-CH levels remains an
interesting future direction. Clinically, patients with chronic respiratory diseases like
COPD often experience persistent hypoxemia, sustaining carotid body activation and
increasing sympathetic vasoconstriction, which can worsen hypertension.
Understanding CD73-driven mechanisms of CH-induced hyperactivity may provide

new therapeutic targets, with CD73/tmACs emerging as promising candidates.
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Figure 7.1 Summary of carotid body adaptations to chronic hypoxia highlighting key
findings and potential downstream mechanisms of enhanced adenosine production

Schematic illustrating carotid body adaptations and cellular mechanisms following chronic
hypoxia (CH; 12% FiO. for 10 days). Key physiological adaptations are indicated, with
representative carotid sinus nerve (CSN) activity recordings from normoxic (N, top left) and
CH conditions (top right). The enlarged inset (dashed box) details type | cell signalling
pathways, highlighting hypoxia-inducible factor (HIF) stabilisation and enhanced CD73
activity as central mediators of carotid body hyperactivity. Green arrows indicate positive
regulation (e.g. increased expression), while red arrows indicate negative regulation.
Mechanisms include enhanced tonic and hypoxia-induced ATP release, increased CD39
(NTPDase) expression and elevated CD73 expression/activity shifting to enhanced
adenosine production. This greater pool of adenosine activates Aza/Azs receptors thus
induces an elevation in cAMP which can activate protein kinase A (PKA) and/or exchange
proteins activated by cAMP (EPAC), resulting in downstream modifications of ion channels
through HIF-dependent transcriptional changes, post-translational modifications by PKA or
direct cAMP actions. The key effects of CD73 inhibition with AOPCP are shown in the
bottom right panel. Abbreviations: large-conductance calcium-activated K* channel (BKca),
cyclic nucleotide-gated (CNG), hyperpolarisation-activated cyclic nucleotide-gated (HCN4),
hypoxic ventilatory response (HVR), TWIK-related acid-sensitive K* channel (TASK), TWIK-
related K* channel (TREK) & voltage-gated (VG). Figure created using BioRender.com.
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7.3 CD73 as a novel pharmacological target for the treatment of CH-related

illnesses such as COPD

COPD is a progressive respiratory disorder caused by alveolar damage in the lungs.
In addition to respiratory complications, COPD patients frequently develop
cardiovascular abnormalities, including hypertension and arrhythmias, which are the
leading causes of hospitalisations and mortality in this population (Donaldson et al.,
2010; Morgan et al., 2018; Rabe et al., 2018). As the disease progresses over many
years, declining arterial oxygen levels lead to a state of CH. While CH-induced carotid
body activation helps sustain breathing and increase arterial oxygen (particularly in the
early stages of the disease), persistent activation also elevates sympathetic drive to
the vasculature (and possibly the heart), contributing to hypertension- an important risk

factor for cardiovascular disease progression (lturriaga et al., 2021).

In this CH model, rats exhibit resting hyperventilation, similar to mild-to-moderate
COPD patients (Phillips et al., 2018; Stickland et al., 2016). However, it is important to
note that this model represents only one aspect of COPD. COPD is a multifactorial
disease influenced by systemic inflammation, often triggered by prolonged exposure
to noxious chemicals from smoking and, more recently, poor air quality. Additionally,
many COPD patients have co-morbidities such as obesity, which further exacerbate
metabolic and respiratory dysfunction (Agusti & Soriano, 2008; Mannino & Buist,
2007). More severe COPD cases often exhibit lung hyperinflation and increased
respiratory effort, leading to respiratory muscle fatigue and hypercapnia (Gagnon et
al., 2014; O'Donnell & Laveneziana, 2006). Furthermore, HIF stabilisation in COPD
may not solely be due to hypoxia but could be caused (or exacerbated) by iron

deficiency, which has been shown to be highly prevalent in COPD patients and is
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correlated with more frequent exacerbations and poorer exercise tolerance. Chronic
inflammation in COPD patients has been suggested to drive hepcidin expression that
leads to sequestering of iron (Nickol et al., 2015). Iron is an essential co-factor for PHD
activity, thus a reduction in iron could further inhibit PHDs and cause a greater
concurrent elevation of HIF. Interestingly, in a small pre-clinical human study, a single
bolus injection of ferric carboxymaltose did not improve oxygenation but did improve
exercise tolerance and dyspnoea scores (Santer et al., 2020). Future models should

aim to replicate the full spectrum of COPD severity, from mild to advanced stages.

Oxygen supplementation is a common treatment for COPD patients that display poor
respiratory function, PaO2<60mmHg, SaO lower than 92% and are not majorly
hypercapnic at rest (NICE, 2025). Whilst long-term oxygen therapy has been shown to
improve survival rates in more advanced stages of COPD cohorts (Flenley, 1981; Kvale
et al., 1980) the mechanisms behind this are debated. Acute oxygen administration
has been shown to reduce breathlessness, lower MSNA and decrease arterial
stiffness, suggesting that excessive carotid body activity plays a major role in these
symptoms even in non-hypoxaemic COPD patients (Heindl et al., 2001; Phillips et al.,
2018; Stickland et al., 2016). However, long-term supraphysiological oxygen
administration carries risks, such as blunted ventilatory drive, worsening hypercapnia,

and increased oxidative stress, potentially accelerating disease progression.

Current alternative treatments for carotid body-mediated diseases such as heart failure
include invasive surgery to ablate the carotid body (Niewinski et al., 2013; Niewinski et
al., 2017; Niewinski et al., 2021). However, bilateral removal poses tremendous risks
due to complete loss of HVR. Data from this thesis showed that N rats could not survive
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a 2-minute hypoxic episode after CSNX, and while CH rats endured the exposure, they
failed to mount any ventilatory response. This is particularly concerning given the
severe Oz desaturations that occur during sleep, placing compromised patients at high
risk. Pharmacologically targeting the carotid body offers a potential alternative to
surgery, allowing for the fine-tuning of its activity without complete loss of function. This
thesis highlights that pharmacological inhibition of CD73 can reduce carotid body
hyperactivity and reduce resting blood pressure while preserving robust ventilatory

response to hypoxia, making it a safer treatment option.

Taken together, this thesis demonstrates that inhibiting CD73 with AOPCP in vivo
lowers resting blood pressure, partially via carotid body-specific mechanisms and
without significantly affecting ventilation or hypoxic responses. While further research
in hypertensive and COPD models is needed, these findings establish a foundation for
exploring CD73 and its downstream signalling as potential therapeutic targets for

reducing cardiovascular risk in CH-associated conditions like COPD.

7.4 Limitations

7.4.1 Carotid body isolation and ex vivo carotid sinus nerve recording

Experiments in this thesis predominately utilised an intact whole carotid body
superfused preparation ex vivo. The start of this procedure involves dissecting the
carotid bifurcations in vivo under anaesthetic and clamping the common carotid artery
to halt blood flow whilst the bifurcation is being extracted. This would cause a few
seconds of ischemia thus subjecting the carotid body to severe hypoxia potentially
causing powerful excitation, neurotransmitter depletion and potential tissue damage.

Whilst this is not ideal, it is preferable to removing the carotid bodies after confirmation
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of death, which would expose the carotid bodies to significantly longer ischaemic
periods. Efforts to minimise metabolic deterioration were made by immediately placing
the carotid body tissue in ice-cold buffered physiological salt solution equilibrated with
high oxygen (95% Oz2, 5% COz2) and using the freshly isolated tissue within hours of
isolation. Furthermore, the use of the intact organ preserves important cell-cell
interactions and the functional glomerular architecture. Nevertheless, it is impossible
to rule out that the responses measured ex vivo would not be fully equivalent to the
response measured in vivo. In this thesis, basal carotid body discharge was measured
to be within range of single fibre measurements made in arterial normoxia in the rat,

so confidence in tissue viability exists (Vidruk et al., 2001).

Another limitation is that superfusion results in potential barriers to diffusion of gases
and pharmacological agents to reach the type | cell that the afferent nerve fibre is
innervating. As a result, the actual PO2, PCO2 and drug concentrations at the desired
target may be lower than what is recorded in the superfusate. Depending on how much

connective tissue still surrounds the carotid body may also limit diffusion.

7.4.2 Immunohistochemistry

Immunohistochemistry is a widely used technique that allows the detection of proteins
with preserved tissue morphology. This allows specific localisation of a protein of
interest. Although antibodies are highly specific to their target, they do have the
potential to bind non-specifically depending on the type of antibody and its
concentration. Also, batch to batch variation exists from the manufacturers which may

further impact consistency.
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Typically, monoclonal antibodies result in less non-specific binding due to its ability to
only bind to one epitope as monoclonal antibodies have been cloned from the same
parent cell in vitro. Polyclonal antibodies on the other hand are usually raised in the
whole animal and the serum is pooled which results in antibodies that can bind to
various epitopes. Even though this may result in higher non-specific staining it does
allow for the detection of lowly expressed proteins. In this thesis, a combination of
monoclonal and polyclonal antibodies was used. Appropriate negative controls were
performed to confirm the specificity of the secondary antibody to the primary antibody.
These experiments could have been improved by utilising a positive control to
determine the specificity of the primary antibody. The liver, previously shown to
abundantly express CD73 when using this specific antibody, could serve effectively as
a positive control (Fausther et al., 2012). Additionally, a true negative control would
have further validated antibody specificity. In this thesis, samples incubated with pre-
immune serum (serum collected from the same animal before it had been immunised

with the CD73 antigen) showed negative reactivity.

Furthermore, as described in results Chapter 4, RBCs remained present in the carotid
body which are highly autofluorescent in a range of wavelengths. This makes analysis
difficult as it creates a false positive signal. Although successful efforts were made to
remove RBC AF using a machine learning approach in Chapter 4 (Berg et al., 2019),
to avoid time consuming processing post-acquisition, appropriate tissue processing
should be applied. A simple method would be to perfuse the fixative in vivo therefore
flushing out the blood until the solution runs clear (Nanduri & Prabhakar, 2018).

Nevertheless, this required appropriate Home Office license approval.
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Other methods involve quenching the autofluorescent signal during the staining
protocol using a range of chemicals such Sudan Black or True Black. Although this is
commonly used, issues arise over the harshness of chemicals that can damage
epitope-antibody specificity and despite removing AF in one wavelength it could create
AF in another wavelength (Whittington & Wray, 2017). Given the broad emission
wavelengths of RBC AF, another approach would be to utilise a spare channel during
the acquisition. This channel could then be used to create a binary mask which can
then be subtracted from the rest of the channels. Unfortunately, this was not possible

for this thesis as all channels were used at the maximum capacity of the microscope.

7.4.3 Estimation of carotid body volume

In this thesis, carotid body volume was determined from the assumption that the carotid
body is an ellipsoid and therefore volume was calculated as described in section 2.6.5.
However, the carotid body is likely to be irregular which also depends on the orientation
during cryosectioning and the natural position at the carotid bifurcation varying
between animals. Another method to determine carotid body volume is to utilise
Cavalieri’'s principle which states that the volume of an irregular shape can be
determined by summing the area of each section multiplied by the distance between
them. This approach relies on stereological measurements being made such that the
same slice or ‘time point’ is taken at regular intervals in both the N and CH groups. In
these experiments however, due to the complexity of staining protocols this was not
possible. Instead, to estimate the volume of an ellipsoid the largest cross-sectional
area (which is usually the middle section) is required, and in these experiments, there
was greater confidence that the middle section was obtained, in addition to the total

number of carotid body sections.
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7.4.4 In vivo cardio-respiratory measurements

The in vivo experiments performed in this thesis utilised Alfaxalone as the maintenance
intravenous anaesthetic. It must be acknowledged that some central depression may
have occurred. Of note, the HVRs measured in both groups appear to be slightly
smaller than those measured in awake unanaesthetised animals and so the absolute
effects that occur during hypoxia may not reflect exactly what would occur in a freely
moving animal. However, the basal minute ventilation was comparable between
anaesthetised and unanaesthetised rats. An interesting observation was that CH
tended to need a lower infusion rate of the anaesthetic suggesting they were more
sensitive to its effects. In Chapter 3, using awake unanaesthetised rats, CH rats had a
comparable HVR compared to N despite having an augmented hypoxic chemoafferent
discharge, which suggests that CH may have caused some central adaptations to blunt
an augmented HVR. The anaesthetic used therefore may have accentuated this effect
causing a greater central depression during hypoxia. Nevertheless, to observe an
augmented HVR, maintaining PaCOz2 during hypoxia (isocapnic hypoxia) is vital which
was not performed in these experiments and so the blunted HVR may not solely be

due to the anaesthetic (Aaron & Powell, 1993).

Furthermore, N rats had a high normoxic mean arterial blood pressure compared to
what has been reported using tail cuff or telemetry in awake Wistar rats (Del Rio et al.,
2016; McBryde et al., 2013; Nanduri et al., 2012; Nanduri et al., 2017; Nanduri et al.,
2018; Peng et al., 2025; Peng et al., 2014; Rezende et al., 2022). This indicates the
anaesthetic may have caused an increased sympathetic tone to the heart and
vasculature. In cats and dogs, Alfaxalone was shown to decrease heart rate, cardiac
output and blood pressure (Ambros et al., 2008; Muir et al., 2008), and so the unusually

high blood pressure in rats is currently unexplained, although the values measured are
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comparable to other studies using Alfaxalone based anaesthetics in rats (Marshall,
1998; Marshall & Metcalfe, 1988; Skinner & Marshall, 1996; Thomas & Marshall, 1994;
Walsh & Marshall, 2006). Future experiments could aim to measure blood pressure in

a freely moving and unanaesthetised animals using a telemetry-based approach.

7.5 Future directions

7.5.1 Confirming CD73 as the key mediator in establishing basal and hypoxic

sensitivity

Most studies investigating the role of CD73 and adenosine have relied on
pharmacological approaches. However, despite using similar compounds, some
inconsistencies in results suggest potential non-specific drug effects or differences in
carotid body preparations (e.g., isolated single cells vs. whole tissue), which may
impact drug diffusion and target accessibility. A pharmacological approach was used

here as it has more translational potential.

A more precise method for inhibiting CD73 would be through in vivo genetic knockout
technology. However, global homozygous or heterozygous knockouts can lead to
embryonic lethality, abnormal postnatal development or compensatory mechanisms
that complicate result interpretation. Reported global homozygous CD73 knockout
mice are fertile and grow normally but do display increased vascular permeability at
rest which is exacerbated by hypoxia (Thompson et al., 2004). Furthermore, they
develop greater myocardial infarcts and impaired renal function after ischaemic injury
(Eckle et al., 2007; Grenz et al., 2007). However, other cardio-respiratory phenotypes
such as ventilation, blood pressure and heart rate are unknown. Therefore, carotid
body specific characterisation of these mice would be valuable. A more refined
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approach would be generating a conditional CD73 knockout, where the NT5 gene
(which encodes CD73) is selectively deleted in type | cells, with controlled timing of
deletion. This could be achieved using a Cre-loxP system under a TH promoter, further
regulated by an oestrogen receptor- a strategy previously used in carotid body
research (Arias-Mayenco et al., 2018; Fielding et al., 2018). In this model, NT5 deletion
in TH* type | cells would occur after administering Tamoxifen (an oestrogen receptor

agonist).

Tamoxifen could be administered in the final days of CH exposure, allowing
assessment of chemoafferent activity and cardio-respiratory responses to determine if
the knockout replicates pharmacological CD73 inhibition. Another valuable experiment
would be knocking out CD73 before CH exposure, providing mechanistic insight into
whether CD73 is necessary for carotid body adaptations to CH or if other pathways
contribute to its hyperactivity and enhanced hypoxic sensitivity. Genetic inactivation of
downstream targets like tmACs could also be performed using a similar approach.
Specifically, TH-Cre/Adcy3i (tmAC-3 tamoxifen inducible knockout) have been
reported to have a normal phenotype but show impaired chemoafferent activity and
type | cell calcium influx in response to hypoxia. In addition, the adaptations that occur
in response to chronic intermittent hypoxia are abolished (Peng et al., 2025).
Therefore, whether similar carotid body adaptions to CH are prevented in these

knockout mice could be explored.
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7.5.2 Characterisation of CD73* cell types in the whole carotid body and the impact of

CH

A key finding from Chapter 4 was the identification of a CD73*TH™ cell population in
normoxic carotid bodies, which appeared to gain TH expression (CD73*TH") after CH
exposure. This supports the hypothesis of an immature type | cell niche, where cells
initially express low levels of TH but, in response to hypoxia, rapidly adjust their
expression profile to become mature type | cells. Future experiments could further
characterise this CD73" immature population by staining for markers such as HNK-1,
previously proposed as an indicator of immature type | cells (Sobrino et al., 2018). A
more sensitive approach, such as single-cell RNA sequencing, could also be employed

to analyse the genetic profile of individual type | cells.

In two out of three carotid bodies analysed a slight increase in total cell number was
observed, suggesting that mitotic activity may contribute to cell expansion (Chapter 4).
To investigate this further, proliferation markers could be used. One method involves
administering BrdU through the rats' drinking water, allowing its incorporation into
newly synthesised DNA (Fielding et al., 2018; Hodson et al., 2016; Sobrino et al.,
2018). Fluorescent labelling of BrdU using antibodies, along with TH and CD73
staining, would then help identify proliferating cell populations. Utilising lineage
labelling genetic technology, the specific cell types that are undergoing proliferation to

give rise to new cell populations could be determined.

Another notable finding was the detection of a persistent CD73 signal at low antibody

concentrations. Despite efforts to identify the source of this signal that was partially co-
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localised with the vascular endothelium, the specific cell type remained undetermined.
The signal appeared to surround blood vessels, suggesting a resemblance to
pericytes. To confirm this, staining for pericyte markers such as PDGF-, NG2, or
vimentin that have been previously shown to co-localise with CD73 in liver tissue could
be performed (Fausther et al., 2012). Understanding how CH influences the number
and expression profile of these cells could provide further insights into carotid body
plasticity and hyperactivity, given pericytes' role in regulating blood flow and potential

hypoperfusion-induced local hypoxia.

7.5.3 Investigating the molecular mechanisms of CH induced carotid body

hyperactivity

A crucial step in understanding carotid body hyperactivity and identifying new
therapeutic targets is determining how enhanced CD73 activity and increased synaptic
adenosine levels lead to heightened carotid body excitability. As illustrated in Figure
7.1, multiple downstream targets of CAMP play a role in this process. Previous studies
have shown that adenosine and cAMP reduce the amplitude of 4-AP-sensitive K*
channels (Lopez-Lopez et al., 1993; Vandier et al., 1999). However, a direct link
between CH and 4-AP K* channels has not been established. Additionally,
investigating CNG ion channels may be worthwhile, given their activation by cAMP and
their key role in promoting carotid body hyperactivity in chronic intermittent hypoxia
models (Peng et al., 2025). If CH-induced changes are more sensitive to CD73/tmAC
blockade, it would suggest a role for extracellularly derived adenosine and its

downstream target in driving hyperactivity.
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Other key K* channels, such as TASK-1, are inhibited by PKA activity, and CH has
been shown to enhance TASK-like current inhibition (Ortiz et al., 2009). However,
whether this effect is driven by increased CD73 and PKA activity remains unclear. To
address this, phosphorylation-specific antibodies could be used in Western blot
analyses to assess the phosphorylation status of various K* channels. Additionally,
functional studies using electrophysiological recordings with CD73 or PKA antagonists
could clarify their roles in modulating K* channel activity. Investigating whether CD73
itself undergoes PKA-dependent phosphorylation could provide further insight into a
potential mechanism driving its enhanced enzymatic activity in CH without changes in

expression or relative density.

7.6 Final conclusions

Carotid body hyperactivity is increasingly being recognised as a key mediator in the
development of cardiovascular disease in numerous pathologies such as COPD,
chronic heart failure, obstructive sleep apnoea, essential hypertension, metabolic
syndrome and diabetes. The main focus of this thesis was to investigate how CH leads
to augmented carotid body output. CH is a characteristic hallmark of COPD, and
although a multifactorial disease, looking at CH in isolation allowed to understand the
mechanisms of carotid body hyperactivity more clearly. This thesis had demonstrated
the vital importance of CD73 activity in driving heightened basal carotid body activity
and increased O2 sensitivity in response to CH. Data showed, for the first time, that
antagonism of CD73 severely depressed carotid body basal discharge but did not
abolish its ability to respond to hypoxia ex vivo. Inhibition of CD73 in vivo, reduced
blood pressure in CH rats, but did not alter cardio-respiratory responses to hypoxia-

an ideal asset for carotid body targeted treatment that allows for fine tuning its activity
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without destroying its ability to respond to stressful stimuli. Characterising the
downstream molecular targets of adenosine mediated signalling may offer further
insight into mechanisms of CH-induced hyperactivity, thus revealing a host of
druggable targets. Currently, this thesis has shed light on the fact that CD73 could be

a promising upstream candidate.
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Appendix: Supplementary data

A No antigen retrieval B Antigen retrieval

Figure S.1 CD73 antibody optimisation: antigen retrieval replicates

Replicate immunofluorescence images of carotid body sections stained with CD73
antibody (1:100) before (A), or after (B) antigen retrieval. Tyrosine hydroxylase (TH,
1:500) was used to identify type | cells. Upper and lower panels represent individual
replicates from different rat carotid bodies. Antigen retrieval involved incubating sections
in citrate buffer (pH 6.0) at 60°C overnight prior to commencing the normal staining
protocol.
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Figure S.2 CD73 detection at a dilution of 1:1000 with antigen retrieval

(A) Immunofluorescence images of carotid body (CB) sections stained with (A) CD73
antibody (1:1000) or (B) pre-immune serum (1:1000) both following antigen retrieval.
Tyrosine hydroxylase (TH, 1:500) was used to identify type | cells. Positive detection with
CD73 antibody and absence of signal in pre-immune control. Antigen retrieval consisted of
incubating sections in citrate buffer (pH 6.0) at 60°C overnight prior to commencing normal
staining protocol. Signal present in B is red blood cell autofluorescence. Insets (dotted
boxes) provide a closer view of the boxed regions.
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B 1:2000 1:4000

Figure S.3 Vascular endothelial (CD31) and neurofilament (NF) antibody optimisation

(A) Immunofluorescence images of carotid body (CB) sections stained with a CD31
antibody at dilutions of 1:100 (left) or 1:1500 (right). The 1:100 gives a good signal but does
have background. 1:500 shows improved background staining. The signal is weaker but
still detectable and laser settings can be optimised. (B) CB sections stained with NF at
1:2000 (left) and 1:4000 (right). Both show low background staining and strong positive
staining. The 1:2000 does detect NF in more structures as indicated by the white arrows
compared to the 1:4000. All confocal acquisition settings were kept the same for direct
comparison.
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carotid body activity
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Carotid body (CB) hyperactivity is considered an important driver of cardiovascular
dysfunction in patients with respiratory disorders, with limited treatment options (Kumar
and Prabhakar, 2012). Whilst CB resection has been considered a potential strategy;
pharmacological targeting of CB hyperactivity could offer a safer and more viable
treatment alternative. Adenosine derived from CD73 acting via A2 receptors on CB type
| cells has emerged as a potential mechanistic target. We have shown that
pharmacological inhibition of CD73 via AOPCP at relatively high doses, reduced basal
discharge frequency by approximately 76% which was mimicked by antagonism of A2
receptors using 8-SPT (Holmes et al., 2017) Recently, more potent CD73 inhibitors
including PSB-12379, have become available which could decrease CB activity at
lower therapeutic doses.

Using an immunocytochemical approach we identified and visualised the expression
of CD73 and Aza receptors in PC12 cells. Preliminary data suggests that these two
may be co-localised. Recordings from chemoafferents in vitro, we investigated the
dose dependency of PSB-12379 at low doses (1nM-1uM, n=3) and higher doses (1uM-
100uM, n=2). PSB-12379 had no effect on basal discharge, even at the higher doses.

Our preliminary data suggests that CD73 and A2a may be co-localised in PC12 cells.
However, further experiments are needed to establish this and identify if a similar
finding occurs in CB type | cells. It also suggests that PSB-12379 does not appear to
be more effective than AOPCP at equivalent doses. Our data set does not, presently,
allow us to state that PSB-12379 could be a suitable drug treatment for CB
hyperactivity.
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Carotid body (CB) hyperactivity in patients with chronic obstructive pulmonary disease
(COPD) is associated with autonomic imbalance and cardiovascular disease (Phillips
et al., 2018). A key feature of COPD is chronic hypoxia (CH). Mechanisms of CB
hyperactivity in response to CH are unknown but could be dependent on increased
CD73 activity (an enzyme that generates adenosine) (Holmes et al., 2015; Holmes et
al., 2018b; Salman et al., 2017). Here, we investigated if pharmacological blockade of
CD73 attenuated CH mediated CB hyperactivity.

Chemoafferent activity was measured ex vivo from CBs dissected from adult male
Wistar rats (150-250g) exposed to either 10 days of normoxia (N, n=13 animals) or CH
(FiO2=12%, n=14 animals). Concentration-response experiments with AOPCP (CD73
inhibitor) ranged between 10nM-330pM in normoxia. Activity was measured
continuously as the superfusate PO2 was decreased in the absence or the presence
of either 15uM or 100pM AOPCP. Results are expressed as mean +SEM and
significance (P<0.05) was established by unpaired t-test or one-way ANOVA.

CH increased basal CB discharge (0.55+0.06 Hz vs 1.50+0.17 Hz, P<0.001) and
increased hypoxic sensitivity. The IC50 for AOPCP in N and CH were 1.4+0.3uM and
7.8+4uM respectively. At a concentration of 15uM, AOPCP reduced basal discharge
by 891£2% in N and 53+3% in CH. However, 100pM AOPCP had no additional effect
on basal discharge in N but reduced it in CH to 91£1%. 100uM AOPCP caused a
leftward shift in the hypoxic response curves in N and CH. Sensitivity of the hypoxic
response to AOPCP was enhanced in CH (P<0.01) reversing the exaggerated hypoxic
responses back to those seen in N animals.

This data suggests that CH leads to elevated CB sensory discharge at baseline and
during hypoxia, which can be reversed by ex vivo pharmacological inhibition of CD73.
Whether in vivo CD73 inhibition can dampen augmented autonomic reflexes caused
by CH to prevent cardiovascular disease warrants future investigation.
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