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Abstract
Previous studies have demonstrated that the integrity of carotid bodies is essential for
the development and maintenance of hypertension via exacerbated sympathetic drive. Carotid
bodies of spontaneously hypertensive (SH) rats exhibit both hypertonicity and hyperreflexia
(i.e., hyper-excitability), which is not fully understood. Our aim was to test whether carotid
body hyper-excitability is mediated by its sympathetic innervation.
Chemoreflex was activated (NaCN 50-100 µL, 0.04%) in Wistar and SH rats in situ
before and after: 1) electrical stimulation (ES; 30 Hz, 2 ms, 10 V) of the superior cervical
ganglion (SCG), which innervates the carotid body; 2) unilateral resection of the SCG (SCGx);
and 3) carotid body injections of α1-adrenoreceptors agonist (phenylephrine, 50 µL, 1 mM) in
Wistar and antagonist (tamsulosin, 50 µL, 1 mM) in SH rats. Blind whole-cell patch-clamp
recordings of chemoreceptive petrosal ganglion (PG) Neurones and in vivo radio-telemetric
recordings were also carried out to evaluate the effect of SCGx on carotid body excitability of
SH rats.
ES of the SCG enhanced carotid body-evoked sympathoexcitation by 40-50% (P<0.05)
with no difference between rat strains. This effect was prevented by tamsulosin injected via the
internal carotid artery and mimicked by phenylephrine; the latter enhanced the chemoreflex
sympathoexcitation by 33% (P<0.05). Unilateral SCGx attenuated the carotid body-evoked
sympathoexcitation in SH rats (62%; P<0.01) but was without effect in Wistar rats; it also
abolished the ongoing firing of chemoreceptive PG neurones of SH rats, which became
hyperpolarised. In conscious SHR, the chemoreflex was attenuated, and systolic blood pressure
fell by 16 ± 4.85 mmHg. Immunohistochemistry showed positive expression of α1A- and α1Badrenoreceptors on both glomus cells and blood vessels within the carotid body.
The sympathetic innervation of the carotid body is tonically activated and sensitises the
carotid body of SH rats but not Wistar rats. Furthermore, sensitisation of carotid body-evoked
sympathoexcitation appears to be mediated by α1-adrenoreceptors located either on the
vasculature and/or glomus cells. Our data support the SCG as a novel target for controlling
blood pressure in hypertension
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Chapter 1
General Introduction
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1.1. The cardiovascular system
The cardiovascular system can be divided into blood, vessels, heart, and its associated
control. These are the functional components that combined with the respiratory system aim to
provide organs with adequate blood flow and oxygen, as well as removal of products of
metabolism such as carbon dioxide. Each vascular bed can regulate its own blood flow in
accordance with its metabolic demand for oxygen and nutrients (Johnson, 1997). The control
of the cardiovascular and respiratory systems are so tightly integrated that, for some authors,
they belong to a single system: the cardiorespiratory system (Hussey, 1995; Spyer & Loewy,
1990).

1.2. Blood pressure and resistance
Blood pressure (BP) is the force exerted by the blood on walls of vessels (Magder,
2014). In physics, pressure is defined as an applied perpendicular force distributed over a
surface (per unit area). The total energy associated with the blood flowing through the systemic
circulation is transformed into different types of energy following the law of conservation of
energy. The combination of three types of energy and their respective forces will contribute to
the measured vascular pressure: (i) the kinetic energy, which comes from the work done by the
heart to pump the blood; this is associated with blood velocity and produces two types of
pressures - the dynamic pressure and a frictional force, which is tangential (i.e. parallel) to the
surface of the endothelium and also known as shear stress; (ii) the pressure energy, which
produces a perpendicular force (i.e., side or static pressure) on the wall of the vessel to stretch
it and be transformed into elastic strain energy (i.e., elastic force); the latter is intrinsically
related to the vessel elastance (or compliance) and is very important for the elastic recoil of
arteries, thus generating enough pressure to push the blood forward during diastole, and (iii)
the gravitational potential energy, which is a positional energy, and it is not deemed a large
factor upon arterial pressure in the supine position; however, it has a substantial effect when
the body is upright, thereby producing a positive effect on the blood flowing from the heart
towards lower limbs and a negative effect or an opposing force on the blood flowing into the
brain. Hence, the gravitational force will have a big effect on venous return and consequently
cardiac output (Fernandes et al., 2018; Johnson, 1997; Magder, 2018).
The classical mathematical expression of BP is represented in Equation 1 below whilst
mean blood pressure (MBP) is shown in Equation 2. Since cardiac output is the product of
stroke volume and heart rate (HR) and stroke volume depends on cardiac filling (i.e. preload)
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and contractility following Starling’s law, this means that changes in any of these variables will
consequently have an effect on BP (Ibrahim & Manohar, 2017; Johnson, 1997).
𝐵𝑙𝑜𝑜𝑑 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 = 𝐶𝑎𝑟𝑑𝑖𝑎𝑐 𝑜𝑢𝑡𝑝𝑢𝑡 𝑥 𝑇𝑃𝑅
Equation 1: Where “TPR” means total peripheral resistance.

𝑀𝑒𝑎𝑛 𝑏𝑙𝑜𝑜𝑑 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 = 𝐷𝐵𝑃 +

1
(𝑆𝐵𝑃 − 𝐷𝐵𝑃)
3

Equation 2: Where “DBP” means diastolic blood pressure and “SBP” systolic blood pressure.

TPR has a powerful effect on BP. Following Poiseuille's equation (Equation 3),
resistance is influenced by the radius of the vessel, blood viscosity, and length of the vessel
(Johnson, 1997). Since vascular resistance is inversely proportional to the radius of the tube
raised to the fourth power, this means that any modest changes in the vessels’ diameter (i.e.,
vasoconstriction or vasodilatation) will cause big changes in TPR and, hence, in BP.

𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 =

𝜂𝐿
𝑟4

Equation 3: Where “η” is blood viscosity, “L” is the length of the vessel, and “r” is the radius of the vessel. Worth
mentioning is that η and L are normally taken as constants.

Of note and particular relevance to this thesis, is that cardiac contractility, HR and
vascular resistance are under the control of the autonomic nervous system. Indeed, this system
plays an important role in body homeostasis but dysautonomia contributes to cardiovascular
disease such as hypertension (see section 1.3) (Guyenet, 2006a; Vasquez et al., 1997).
The first measurement of blood pressure was published by Stephen Hales in 1733 in
his Statical Essays Volume II (Hales, 1733). Hales inserted a wind pipe/trachea (from geese)
into the common carotid artery, termed by him as crural artery, of a horse. Hales described the
horse as being tied down and alive on the ground. After untying the ligature on the artery, he
explained that: “The blood rose in the tube eight feet three inches perpendicular above the level
of the left ventricle of the heart; it rushed up about half way in an instant, and afterwards
gradually at each pulse twelve, eight, six, four, two, and sometimes one inch: when it was at
its full height, it would rise and fall at and after each pulse two, three, our four inches, and
have there for a time the same vibrations up and down at and after each pulse, as it had, when
it was at its full height; to which it would rise again, after forty or fifty pulses” (Hales, 1733,
p.1-2). An illustration of Hales experiment can be seen at “Fig. 2” of Booth (1977)’s review.
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In terms of a technical achievement, these measurements were truly a tour-de-force. Since
Hales’ experiment, the clinical importance of measuring and understanding BP skyrocketed
throughout the centuries. As discussed below, BP is the most important single risk factor for
many cardiovascular diseases. I hope the readers of this thesis will welcome the importance of
the topic and our enthusiasm about the data presented herein.

1.2.1 Regulation of blood pressure and blood flow
It is important to understand that blood flow not BP, is most important to the tissues.
The systemic circulation is a closed system that operates under relatively high pressure
necessary to drive blood flow through the organs (Magder, 2018). Blood flows from a region
of higher pressure (i.e., mean aortic pressure) to a region of lower pressure (i.e., right atrial
pressure also known as central venous pressure) (Johnson, 1997). If a specific tissue or organ
increases its metabolic demand thus requiring more blood flow, then the latter can be adjusted
through regulation of regional arterial resistance i.e., vasodilatation (Magder, 2018); this is
caused by metabolic end products such as low oxygen, hypercapnia, increased potassium, ATP
or adenosine (Magder, 2018).
The determinants of BP (cardiac output or blood flow and resistance; see Equation 1)
are mirrored by Ohm’s law (Equation 4), where BP, cardiac output and TPR are equivalent to
“V” “I”, and “R”, respectively.

𝐼=

V
R

Equation 4: Where “I” is current, “V” is voltage or the electric potential difference, and “R” is resistance.

One might imagine that changes in BP will affect blood flow proportionally and vice
versa; however, the relationship between BP and blood flow is rather complex. There is a range
of pressure over which blood flow does not change with either increases or decreases in BP;
this phenomenon is termed autoregulation of blood flow and it is important to keep both blood
flow and capillary pressure constant (Johnson, 1986). The underlying mechanisms of
autoregulation are not fully understood, but it is argued that myogenic and metabolic
mechanisms are involved (Cole et al., 2011; Hong et al., 2020; P. C. Johnson, 1986; J. Zhang,
2013). It is important to understand that not all vascular beds are autoregulated and the degree
of autoregulation is also variable. Examples of organs with highly autoregulated blood flow
are the cerebrum, heart, and kidney whereas the blood flow of skeletal muscles is poorly
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autoregulated (Johnson, 1986). The autoregulatory BP range is also variable among organs and
species; however, the physiological response is always the same, with the increase in
intravascular pressure inducing vasoconstriction and vice versa thereby keeping blood flow
constant (Johnson, 1986). If the intravascular pressure increases or falls beyond the upper and
lower thresholds respectively, then changes in blood flow will follow that correlate with the
pressure. Accordingly, increase in BP will lead to augmented blood flow and falls in BP will
lead to hypoperfusion (Johnson, 1986).
Vascular myogenic responses are deemed the most important mechanism behind the
autoregulation of blood flow and basal vascular tone (Davis & Hill, 1999). It is argued that
changes in transmural pressure leads to distention of vascular smooth muscle cells and
downstream mechano-transduction will lead to depolarization (i.e., constriction) or
hyperpolarization (i.e., relaxation) (Davis & Hill, 1999; Hong et al., 2020; P. C. Johnson,
1986). The exact mechanism behind the mechano-transduction is still a matter of debate,
although the presence of Piezo1 channels on both endothelium and vascular smooth muscle
cells makes them fascinating candidates (Douguet et al., 2019). Nonetheless, it is known that
voltage-gated Ca2+ channels are pivotal for both vascular myogenic responses and
autoregulation of blood flow, especially L-type Ca2+ channels, although T-type Ca2+ channels
were proposed to be involved as well (Jensen et al., 2017).
To date, it is well established that changes in metabolic demand are capable of evoking
changes in blood flow; therefore, it was proposed that metabolic mechanisms are also involved
with autoregulation of blood flow (Johnson, 1986). At first it was proposed that blood flow and
tissue metabolism are coupled in a way that reducing blood flow would accumulate
vasodilating metabolites and the latter would reduce local vascular resistance and restore flow.
This proposed theory states that normal blood flow would washout these metabolites; however,
this washout theory seems to be a minor factor for autoregulation (Johnson, 1986). More
accepted is the proposed coupling between the levels of tissue partial pressure of oxygen (PO2)
and blood flow autoregulation, especially in organs with high oxygen consumption (e.g.,
cerebrum) (Johnson, 1986). Accordingly, blood flow would be regulated to maintain a constant
tissue PO2 (i.e., if PO2 falls due to metabolic consumption, then vasodilatation would occur to
increase blood flow and oxygen supply). One could imagine that, for tissue PO2 to be reduced,
falls in blood flow would be required. However, changes in precapillary vascular resistance
happen without changes in flow (Johnson, 1986). Furthermore, in non-autoregulated vascular
beds, falls in BP are followed by a reduction in flow whereas in autoregulated beds large falls
in BP happen without changes in flow. This means that massive vasodilatations in precapillary
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vessels would be required to keep this flow constant (Johnson, 1986). To evoke such degree of
reduction in vascular resistance, tissue PO2 would need to be greatly diminished. However,
Johnson argues that " It is not immediately obvious how tissue PO2 could change appreciably
in the absence of a change in blood flow" (Johnson, 1986, p.484). He proposed that there is a
counter current exchange of oxygen from arterial to venous vessels. This exchange would be
greater when pressure is low and both arterioles and venules are dilated and blood velocity is
reduced, thus allowing tissue PO2 to be reduced even when blood flow is normal. According
to Johnson (1986), this mechanism would even allow blood flow to increase as arterial pressure
is reduced by decoupling tissue PO2 from flow.
It is important to realise that the correlation between changes in BP with changes in
systemic blood flow and perfusion pressure are not necessarily linear and this is clinically
relevant. One might expect that increasing the TPR to improve BP would proportionally
increase blood flow and tissue perfusion; in some situations, this might happen. However, in
situations of hypovolemic shock, the use of vasoconstrictor drugs (e.g., phenylephrine) might
cause the TPR to increase indiscriminately, thereby increasing afterload together with a strong
venous vasoconstriction; this ultimately will reduce the venous return and cardiac output at the
same time that BP was increased (Magder, 2014 and 2018). Although BP was raised to
physiological levels, the intensity of perfusion in downstream organs continued to be
compromised. Hence, considering what is happening with blood flow, tissue perfusion, and
redistribution of blood volume throughout the different vascular compartments is pivotal for
clinical interventions. Therefore, although BP and blood flow have a relationship, this is rather
more complex and do not necessarily correlate linearly due to multiple factors.
Overall, the body regulates BP precisely. Magder (2018) described two reasons why
BP is so tightly regulated at 120 mmHg / 80 mmHg: “First, by keeping arterial pressure
relatively constant, regional flows can change by altering regional arterial resistances
according to regional needs for flow, without a change in aortic pressure. This works much
like opening taps in your house, which allows a common pressure head to allow water to flow
into the sink, bathtub, or toilet. […] [Second], because mean aortic pressure changes little with
changes in regional flows or cardiac output, the load on the heart is relatively constant. This
is important because the heart tolerates pressure loads much less well than volume loads (i.e.,
volume ejected) so that by having a relatively constant pressure, the load on the heart is
relatively constant” (Magder, 2018, p. 7). Many mechanisms are involved with regulation of
BP such as neuro, humoral, circadian, and flow-mediated process (Douma & Gumz, 2018;
Guyenet, 2006b; Hall et al., 1986; G. Kumar et al., 2020; Roman, 1988; S. Wang et al., 2016).
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The latter is particularly interesting since increases in blood flow and its velocity (i.e., shear
stress) will activate endothelial Piezo1 channels and promote the release of adenosine
triphosphate (ATP) and this will, in an autocrine manner, bind to purinergic P2Y2 receptors to
mediate the release of nitric oxide (NO), thus evoking vasodilatation (Douguet et al., 2019; S.
Wang et al., 2016). However, the major regulatory control mechanism of BP is via the
autonomic nervous system with afferent inputs from baroreceptors (Salman, 2016; Spyer,
1994; Thomas, 2011). Given the importance of the topic, now we are going to review two of
the main neuroreflexes involved with regulation of the cardiorespiratory system.

1.2.2. Neuroreflexes of cardiorespiratory system
The aim of this system is to keep adequate blood flow and match oxygen supply with
metabolic demand of tissues. Two of the main neuroreflexes involved with this regulation are
the arterial baro- and peripheral chemo- reflexes. The baroreflex is activated via stretchsensitive mechanoreceptors (i.e., Piezo2 channels), known as baroreceptors, responding to
changes in pressure applied to the wall of specialised regions of the arterial circulation
including the carotid sinus on the internal carotid artery (ICA) and aortic arch (Douguet et al.,
2019; Kougias et al., 2010; Zeng et al., 2018). This vasculature is specialised as it has high
amounts of elastin (increased vascular compliance) and mechanosensory afferent ending
embedded in their muscular walls (Douguet et al., 2019; Kougias et al., 2010). The chemoreflex
is a set of cardiorespiratory motor responses evoked by peripheral chemoreceptors (e.g., carotid
body) that detect low arterial partial pressure of oxygen (PaO2), low blood pH, high arterial
partial pressure of carbon dioxide (PaCO2) as well as low blood flow; the carotid bodies are
located at the bifurcation of the common carotid arteries (CCA). These receptors modulate the
sympathetic and parasympathetic nervous system to the heart and the sympathetic nervous
system to arterioles and venules, thereby controlling BP. A comprehensive review on carotid
body physiology is presented in section 1.4.
Baro- and chemo- receptors send most, but not all, of their afferent projections to the
nucleus tractus solitarii (NTS) (Finley & Katz, 1992), which is a major visceral sensory
integrating centre, located in the dorsomedial medulla. The carotid sinus baroreceptors send
afferent information to the NTS via the carotid sinus (CSN) and glossopharyngeal nerves
(GPN), whereas the aortic arch baroreceptors project via the aortic nerve, which is a branch of
the vagus nerve. NTS neurones project to the nucleus ambiguus (Amb) and the dorsal vagal
motor nucleus (DVMN), where cell bodies of preganglionic parasympathetic neurones are
located and motor axons are innervating multiple organs including the heart, lungs, and
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gastrointestinal tract. Baroreceptor activation of the parasympathetic nervous system produces
bradycardia, reduced heart contractility and increased conduction time (i.e. chrono, iono- and
dromo- tropic influences) most likely mediated via distinct clusters of post-ganglionic cardiac
vagal motoneurones on the heart (Sampaio et al., 2003). Baroreceptor afferent information is
also relayed from the NTS to the caudal ventrolateral medulla (CVLM), which sends
inhibitory (GABAergic) input to the rostral ventrolateral medulla (RVLM). The RVLM
contains C1 neurones, a major group of pre-sympathetic neurones (Guyenet et al., 2013), that
send excitatory projections to preganglionic sympathetic neurones located in the
intermediolateral nucleus (IML) of the spinal cord. Hence, baroreflex activation will decrease
cardiac and vasomotor sympathetic drive via increased CVLM inhibitory input to the RVLM.
Furthermore, parasympathetic drive will be raised leading to fall of the HR. This combined
effect lowers blood pressure due to a decrease of peripheral vascular resistance and cardiac
output, respectively (Figure 1) (Guyenet, 2006; Salman, 2016; Spyer, 1990; Thomas, 2011;
Vasquez et al., 1997).
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Figure 1: Central pathways following baroreceptors activation. After an increase in blood pressure, aortic and
carotid baroreceptors send afferent inputs to the nucleus tractus solitarii (NTS) via sensory neurones whose soma
are in the nodose and petrosal ganglia, respectively. At the level of the NTS, the information is relayed to other
brainstem cardiorespiratory nuclei. First, NTS neurones send an excitatory input to preganglionic parasympathetic
neurones located at the nucleus ambiguus (Amb), thence activating postganglionic parasympathetic neurones in
the parasympathetic ganglion at the level of the right atria of the heart; parasympathetic activation evokes a strong
bradycardia. Second, NTS neurones send excitatory inputs to neurones at the levels of the caudal ventrolateral
medulla (CVLM), which, on the other hand, send an inhibitory input to C1 premotor sympathetic neurones whose
soma in the rostral ventrolateral medulla (RVLM). RVLM neurones are tonically active and send excitatory
connections to preganglionic sympathetic neurones located in the intermediolateral nucleus (IML) of the spinal
cord (e.g., T1-T3) driving vasomotor and cardiac sympathetic tone via postganglionic sympathetic neurones from
the sympathetic ‘chain’ (ganglia). With inhibition of the RVLM by the CVLM, there is an attenuation of the
excitatory input produced by the RVLM to the IML (reduced thickness of the green line). Consequently, this
reduction will reduce the peripheral sympathetic outflow, thus producing a baroreflex-mediated sympathoinhibiton triggering bradycardia and vaso- and veno- dilatation. Combined these motor effector responses will
lower blood pressure via reduction of both cardiac output and total peripheral vascular resistance. Abbreviations:
Amb: nucleus ambiguus, CB: carotid body; CCA: common carotid artery; CVLM: caudal ventrolateral medulla,
ECA: external carotid artery; HR: heart rate; ICA: internal carotid artery, IML: intermediolateral nucleus, NTS:
nucleus tractus solitarii, RVLM: rostral ventrolateral medulla, tSNA: thoracic sympathetic trunk activity. Data
from: (Ciriello, 1992; Salman, 2016; Spyer, 1990; Thomas, 2011; Vasquez et al., 1997; Wehrwein & Joyner,
2013).
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Likewise, after being triggered, the chemoreflex modulates autonomic outflow via a
brainstem neuronal network. In contrast to baroreceptors, activation of the chemoreflex leads
to coactivation of the sympathetic and parasympathetic outflows simultaneously. This occurs
because chemoreflex evokes activation of distinct projections in the brainstem.
Chemoreceptors afferent input to the NTS activates an excitatory pathway that impinges on
RVLM neurones; they also activate NTS neurones projecting to the ventral respiratory column
resulting in increased ventilation (for review see Spyer & Gourine, 2009). Some of these
respiratory neurones are also known to project to the RVLM and to the cardiac projecting
parasympathetic pre-ganglionic neurones in the nucleus ambiguus, wherein they will trigger
enhanced respiratory modulation of sympathetic and parasympathetic nerve activity,
respectively (Figure 2) (Barros et al., 2002; Machado, 2006; Moraes, Machado, & Paton, 2014;
Spyer, 1990; Spyer & Gourine, 2009; Zera et al 2019). Clinically, dysregulation of any
mechanism involved with control of BP and blood flow will be associated with pathogenesis
of the cardiovascular system such as hypertension.
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Figure 2: Main central pathways mediating the carotid body (CB) chemoreflex. Stimulants include a decrease in
arterial partial pressure of oxygen (PaO2), an increase in arterial partial pressure of carbon dioxide (PaCO 2), or
either a fall in blood pH or reduced blood flow (i.e resulting from reduced cardiac output or vasoconstriction
within the carotid body). The CB sends afferent inputs to the nucleus tractus solitarii (NTS) via sensory neurones
whose soma in the Petrosal ganglion. Chemoreflex afferent information is relayed to other brainstem
cardiorespiratory nuclei include (i) excitatory input to preganglionic parasympathetic neurones located in the
nucleus ambiguus (Amb), which activate postganglionic parasympathetic neurones in the parasympathetic
ganglion at the level of the right atria of the heart causing bradycardia; (ii) excitatory inputs to C1 premotor
sympathetic neurones whose soma are in the rostral ventrolateral medulla (RVLM), which send excitatory inputs
to preganglionic sympathetic neurones located in the intermediolateral nucleus (IML) of the spinal cord. The
latter will increase vasomotor and cardiac sympathetic outflow via postganglionic sympathetic neurones whose
soma are in the sympathetic chain at all thoracic and some lumbar segments. In the schematic, it is depicted an
example of one sympathetic ganglion that receives input from preganglionic sympathetic neurones from thoracic
T1-T3 segments. Of note is that the chronotropic effects of increased cardiac sympathetic outflow will be, in some
instances, overcome by the increased cardiac parasympathetic outflow; therefore, the primarily chemoreflexmediated effect on heart rate (HR) will be a bradycardia. (iii), an excitatory input to neurones in the retrotrapezoid
nucleus/parafacial respiratory group (RTN/pFRG), and these will stimulate inspiratory rhythmogenic neurones
from the pre-Bötzinger complex (preBötC). The latter will activate respiratory neurones at the rostral ventral
respiratory group (rVRG), providing excitation to phrenic motoneurones (Phrenic MNs) at the level of the spinal
cord C3-C5. Chemoreceptors stimulation will evoke increased ventilation – of note, the respiratory pathway is
depicted via a line with reduced thickness for better contrast. These motor responses will restore blood gas content
and increase perfusion pressure. Abbreviations: Amb: nucleus ambiguus, CB: carotid body, CCA: common
carotid artery; CVLM: caudal ventrolateral medulla, ECA: external carotid artery, HR: heart rate, ICA: internal
carotid artery, IML: intermediolateral nucleus, NTS: nucleus tractus solitarii, PaCO 2: arterial partial pressure of
carbon dioxide, PaO2: arterial partial pressure of oxygen, Phrenic MNs: phrenic motoneurones PNA: phrenic nerve
activity, preBötC: pre-Bötzinger complex, RTN/pFRG: retrotrapezoid nucleus/parafacial respiratory group,
RVLM: rostral ventrolateral medulla, rVRG: rostral ventral respiratory group, tSNA: thoracic sympathetic trunk
activity. Data from: (Finley & Katz, 1992; Guyenet, 2006b; Salman, 2016; K. M. Spyer, 1990; K Michael Spyer
& Gourine, 2009; Thomas, 2011; Vasquez et al., 1997).
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1.3. Hypertension
Hypertension is a major global problem that affects more than 1 billion people
worldwide (Mills et al., 2020). High BP is the single most important risk factor for
cardiovascular death globally due to cardiovascular diseases such as haemorrhagic and
ischemic stroke, ischemic heart disease, heart failure and renal failure (Forouzanfar et al., 2017;
Murray et al., 2020). Cardiovascular diseases are the main killer in New Zealand and place a
significant burden on the country’s health care system and economy with hundreds of millions
of dollars spent every year on hospitalisation, which accounts for more than 12% of all health
expenditure (Blakely et al., 2019; Ministry of Health, 2019; National Health Committee, 2013).
In 2016, nearly 622,000 adult New Zealanders (i.e., 16% of population) were diagnosed with
this disease (Ministry of Health, 2016, p.25). Thus, unveiling the underlying mechanisms for
development and maintenance of hypertension, as well as finding new and more efficient
therapeutic approaches to control it remains pivotal, both to reduce suffering for patients and
their families as well as economically.
Most international guidelines define human hypertension as a SBP ≥ 140 mmHg and
DBP ≥ 90 mmHg; however, this classification is not universal (DynaMed & Ipswich (MA):,
n.d.). In 2017, the American College of Cardiology/ American Heart Association (ACC/AHA)
released new guidelines suggesting that patients with SBP ≥ 130 mmHg and/or DBP ≥ 80
mmHg should now be considered hypertensive (Whelton et al., 2018). The new ACC/AHA
guideline describes three categories of high blood pressure: (1) pre-hypertensive: SBP between
120 - 129 mmHg and DBP ≤ 80 mmHg, (2) stage I hypertension: if SBP130-139 mmHg or
DBP 80-89 mmHg, and (3) stage II hypertension: if SBP ≥140 mmHg or DBP ≥ 90 mmHg
(Whelton et al., 2018). Differently, the European Society of cardiology/European Society of
Hypertension (ESC/ESH) advocates for seven diagnostic categories (Table 1) (Williams,
2018).
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Table 1: Classification of blood pressure and definition of hypertension

Category

Systolic (mmHg)

Diastolic (mmHg)

Optimal

<120

and

<80

Normal

120-129

and/or

80-84

High normal

130-139

and/or

85-89

Grade 1 hypertension

140-159

and/or

90-99

Grade 2 hypertension

160-179

and/or

100-109

Grade 3 hypertension

≥ 180

and/or

≥ 110

Isolated systolic hypertension

≥140

and

<90

Table was constructed according to 2018 ESC/ESH.

Hypertension can be classified according to its origin. Primary hypertension is the most
prevalent form of hypertension (~ 95%; Yamout & Bakris, 2017) and although idiopathic,
many predisposition factors have been attributed to its development and progression. For
instance, mental stress, genetics, high salt intake, excessive alcohol consumption, obesity, and
insulin resistance (Ibrahim & Manohar, 2017; Kotchen, 2015; Ohishi, 2018; Sutters, 2017;
Yamout & Bakris, 2017). On the other hand, Secondary hypertension is associated with an
existing disease, which leads to high BP. Usually, this is suspected when early-onset
hypertension and resistance to pharmacological interventions occur. Renovascular
hypertension through atherosclerosis is the most common cause of secondary hypertension.
Other diseases that might have a causative effect are Cushing’s disease, primary aldosteronism,
and pheochromocytoma (Ibrahim & Manohar, 2017; Kotchen, 2015).

1.3.1. Anti-hypertensive therapy
Associated with life-style changes (e.g., improving diet, regular exercise, and reducing
smoking) many drugs are available for anti-hypertensive therapy. However, there is no
consensus as to which drug should be first-in-line (Sutters, 2017). Drug choice should be
dependent on ethnicity, sex, age, and other co-morbidities of the patient (Kotchen, 2015;
Sutters, 2017; Yamout & Bakris, 2017), but this is rarely considered. Most guidelines advocate
for the commecement of pharmacological therapy in patients with stage I hypertension. Thus,
the new guidance from the ACC/AHA push thousands of new patients, formerly classified as
pre-hypertensives and medicine-free, towards pharmacological treatment. In addition,
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adherence to anti-hypertensive treatment is a problem faced by physicians. It is estimated that
only 40% of patients take their medication properly and these patients are often incorrectly
diagnosed with resistant hypertension (Sutters, 2017). This poor adherence is due to drug
induced side-effects for an otherwise asymptomatic condition.
According to Segura & Ruilope (2017), resistant hypertension is defined as
uncontrolled high BP (>140/90 mmHg) despite the use of three classes of antihypertensive
drugs, with one being a diuretic. Furthermore, patients are considered refractory when they
take five or more different classes of drugs, including chlorthalidone - which is a thiazide
diuretic drug - and a mineralocorticoid receptor antagonist. The authors stated that only a few
patients are truly resistant (10-15%) whereas most of them actually have white-coat
hypertension or secondary hypertension. However, given that less than half of the patients
adhere to their medicines (Sutters, 2017); this, together with the 10-15% of truly resistant
patients, comprises a huge number of people with poorly managed BP. One might argue that
the current pharmacological strategy is unsatisfactory and therefore new approaches should be
pursued. Indeed, it has been around 14 years since a new anti-hypertensive drug was
introduced. The last first-in-class anti-hypertensive drug developed was the renin inhibitor
aliskiren, 14 years ago, whilst azilsartan is the most recently approved drug in 2011.
A better understanding of the pathophysiology of hypertension would allow researchers
to propose new potential interventions against this nasty disease and to address a major unmet
clinical need. It is well established that the major determinants for primary hypertension are an
overactivity of the: sympathetic nervous system, renin-angiotensin system as well as modified
calcium and sodium intracellular concentrations; these factors associated with high alcohol
consumption, poor nutrition (e.g. increased salt consumption), smoking, menopause in women,
and age tend to increase the risk for developing hypertension (Brahmbhatt et al., 2019; Esler et
al., 2010; Ibrahim & Manohar, 2017; Kotchen, 2015; Rosano et al., 2007; Sutters, 2017;
Yamout & Bakris, 2017).
As previously mentioned, hypertension is the biggest risk factor for cardiovascular
disease including coronary artery disease (CHD) and stroke. In untreated patients it also leads
to target-organ damage, such as left ventricular hypertrophy, renal damage, and heart failure
(Ibrahim & Manohar, 2017; Yamout & Bakris, 2017). Besides, “Lowering systolic blood
pressure by 10–12 mmHg and diastolic blood pressure by 5–6 mmHg confers relative risk
reductions of 35–40% for stroke and 12–16% for CHD within 5 years of the initiation of
treatment. Risk of heart failure is reduced by >50%. Hypertension control is the single most
effective intervention for slowing the rate of progression of hypertension-related kidney
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disease” (Kotchen, 2015). Conversely, some studies have suggested that hypertensive patients
maintain an increased risk of cardiovascular disease and stroke, regardless of whether or not
they are treated and show good control of their BP (Brown et al., 2013; Lawlor et al., 2011;
Wilhelmsen et al., 2005). This means that we do not fully comprehend the underlying
mechanisms of hypertension or that our treatment armoury is incomplete. Perhaps an
overactive sympathetic nervous system might account for this continued risk since current
treatments fail to reduce sympathetic activity even if BP is controlled (Wenzel et al., 2000).
One example of this lack of control can be seen during exercise.
During exercise, hemodynamic changes take place for increasing skeletal muscle blood
flow (Hellsten & Nyberg, 2016). This includes an increase in sympathetic tone, HR and BP.
Named as the exercise pressor reflex (Smith et al., 2006), this response is exaggerated in
hypertension (animal: Liang et al., 2016; Mizuno et al., 2015 and humans: Delaney et al., 2010;
Mizuno et al., 2016). Chant et al. (2018) reported that treated-controlled hypertensive patients
had similar exaggerated rises in SBP compared to untreated and treated-uncontrolled patients
during exercise. Therefore, dynamic BP is not controlled by conventional antihypertensive
medications. This suggests that anti-hypertensives drugs do not control reflex increases in
sympathetic activity regulating arterial BP. It is noteworthy that antihypertensive drugs might
have different sympathomodulatory effects, with some increasing cardiovascular sympathetic
outflow due to baroreflex unloading (for review see Grassi, 2016). Examples of drugs that
strongly increase the peripheral sympathetic outflow are α1-adrenoreceptors antagonists,
potassium channels openers (e.g., hidralazin), diuretics, nitrates agents, and some calcium
channels blockers; these are contrasted with angiotensin converting enzyme (ACE)-inhibitors,
angiotensin receptor type-1 (AT-1) antagonists, and central sympatholic agents (e.g.,
moxonidine) which promote reductions in sympathetic activity (Wenzel et al., 2000). This may
explain the persistent cardiovascular risk in patients that are medicated with controlled BP.

1.3.2. Neurogenic hypertension and afferent signalling
When the sympathetic nervous system is a significant or dominant driving force for
patient’s high BP it is defind as neurogenic hypertension (Mann, 2018). In India, a study
demonstrated that 60% of the patients with primary hypertension have sympathetic overactivity
(Padmanabhan et al., 2014). However, two questions remain to be answered: (1) what is the
reason for augmented sympathetic activity? (2) is this centrally or peripherally generated?
Seeking to answer these questions, multiple possible factors have been proposed to raise
sympathetic activity, e.g. angiotensin II (AngII), psychological effects, salt intake, high fat diet,
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sedentarism, and genetics; however, the mechanisms are not fully understood (Lambert et al.,
2019; Lim et al., 2017; Mann, 2000; Mueller, 2010; Savica et al., 2010; Saxena, 1992;
Simmonds et al., 2014; Timmermann et al., 1998). Lately, a new theory proposes that visceral
afferent (sensory) systems reflexively drive sympathetic activity due to a mismatch between
blood-flow supply and oxygen demand in organs, especially since most are oxygen-sensitive
such as the carotid body and kidney (Koeners et al., 2016). The integration of peripheral
sensory signalling with autonomic motor outflow is made via cardiorespiratory neuroreflexes
(Dampney, 2016; Guyenet, 2006b; Kara et al., 2003; Thomas, 2011). There are two aspects to
dysfunctional sensory or afferent signalling: (i) hyperreflexia or enhanced sensitivity by which
a given stimulus causes an exaggerated reflex response, and (ii) tonicity, a scenario where
afferents generate high levels of activity, which is termed aberrant; they may normally be
quiescence or have low levels of discharge in health.
According to the afferent activation theory of hypertension, in a situation where the
demand of oxygen for a specific organ is greater than delivery, then hypoxic-hypoperfusion
occurs. In this condition, increasing perfusion pressure through a rise in sympathetic activity
would increase arterial pressure and blood flow thereby restoring tissue oxygenation to the
organ. In a healthy individual, once oxygen demand matches delivery, hemodynamic
homeostasis is restored. However, in a pathological state, in which hypoxic-hypoperfusion
persists, homeostasis is not achieved and aberrant afferent signalling is generated by the
hypoperfusion triggering a chronic elevation of sympathetic drive that increases vascular
resistance thereby reducing blood flow and further lowering tissue oxygenation; this would
create a vicious loop of positive afferent feedback further driving sympathetic activity (Koeners
et al., 2016).
To support this idea, there is evidence demonstrating the importance of aberrant afferent
signalling as a mechanism for generating hypertension. Although controversial, clinical
approaches using renal denervation, which removes both afferent and efferent fibers, reduced
both sympathetic activity and BP in patients with resistant hypertension (Esler et al., 2010;
Hering et al., 2013; Krum et al., 2009; Patel, Hayward, & Di Mario, 2014; Schlaich, Esler,
Fink, Osborn, & Euler, 2014). In rats, selective loss of renal afferents lowered BP in the
deoxycorticosterone acetate (DOCA)-salt hypertension model (Banek et al., 2016, 2018; Foss
et al., 2015; Janssen et al., 1987; Stocker et al., 2017). Moreover, activation of mechano and
metaboreceptors within skeletal muscle triggers an exaggerated pressor response that is
sympathetically mediated in SH rats (Leal et al., 2008; Mizuno et al., 2011; Murphy et al.,
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2011) and hypertensive humans (Delaney et al., 2010; Jere H. Mitchell, 2017). However, there
is no consensus on whether muscle afferents become hypertonic.

1.4. The carotid body
Because my thesis is centred on the carotid body, I will provide greater detail of its
structure, stimulants, and function. The carotid body is the main peripheral chemosensitive
organ. It is located at the bifurcation of the CCA amid dense connective tissue known as the
ligament of Mayer, and it is the most vascularized organ in the body (Clarke et al., 1993; SarratTorres et al., 2006). Within the carotid body there are at least two cell types: type I (glomus
cells or chemoreceptors) and type II sustentacular cells (supporting, glial-like cells). Glomus
cells (8-20 µm diameter) have an oval or polygonal shape with a spherical or ovoid nucleus
and a well-developed Golgi apparatus, which is a hallmark of these cells, and two type of
vesicles: clear smooth and coated vesicles with the latter having electron-dense material
indicating the presence of catecholamines (Daly, 1997, p.35). Glomus cells are arranged in
lobular clusters (~3-5 cells per cluster) resembling a bunch of grapes whilst being enveloped,
although not completely, by type-II cells (~10 µm diameter) in a ratio of ~5:1, respectively
(Daly, 1997, p.35; Constancio Gonzalez et al., 1994). Type-II cells are distinguished from
glomus cells by the absence of both cytoplasmic organelles and dense-core vesicles (Daly,
1997, p.35). Type-II cells are more than just a supporting cell, but also participate in the process
of chemoreception (Nurse et al., 2018; Zhang et al., 2012). The parenchymal arrangement of
the carotid body is commonly described as lobules of glomus cells located adjacent to a
capillary to form a basic functional unit (Daly, 1997, p.33).
Based on the diameter of dense-core vesicles, electron microscopic studies have
identified two distinct subpopulations of glomus cells (A and B). Type A glomus cells = 116 ±
20 nm and Type B = 90 ± 11 nm (McDonald & Mitchell, 1975). Type A glomus cells contain
more vesicles than type B glomus cells and type A glomus cells are the only cells that receive
either afferent or efferent innervation from the autonomic nervous system, which will be further
discussed in section 1.6. Type B express preferentially dopamine beta-hydroxylase (DBH)
suggesting synthesis of norepinephrine (NE), and uniquely express nicotinic receptors (Chen
& Yates, 1984; McDonald & Mitchell, 1975; Zera et al., 2019). The main neurotransmitters
released by glomus cells are adenosine, dopamine, and ATP; other neurotransmitters also
released are serotonin (5-HT), gamma-aminobutyric acid (GABA), NE, and acetylcholine
(ACh) (Constancio Gonzalez et al., 1994; Nurse & Piskuric, 2013), but what aspects of the
reflex responses they activate is unknown.
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When stimulated, glomus cells release a range of neurotransmitters (see above) that
depolarise the juxtaposed afferent chemosensitive endings that course in the CSN, a branch of
the GPN, whose cell bodies are located in the petrosal ganglion (PG; Porzionato et al., 2018).
McDonald & Mitchell (1975) expanded this concept by arguing that reciprocal synapses
between the afferent nerve endings and glomus cells “may complete an inhibitory feedback
loop through which the glomus cells adjust the sensitivity of the chemoreceptive nerves”
(McDonald & Mitchell, 1975, p.179). In addition to afferent neurones, inhibitory efferent
neurones course through the CSN and are believed to be of parasympathetic origin (See section
1.6.2.; Campanucci & Nurse, 2007; Neil & O’Regan, 1971b)
As previously mentioned, numerous stimuli act on carotid body (e.g., reduced PaO2,
increased PaCO2, and reduced blood pH) (Zera et al., 2019). Here, I will consider hypoxia and
the cardiovascular/respiratory reflex, which is commonly known as the chemoreflex (see
section 1.2.2.). There are four types of hypoxic stimuli that can excite the peripheral
chemoreceptors: hypoxic hypoxia, anaemic hypoxia, stagnant hypoxia, and histotoxic hypoxia
(Daly, 1997, p.68-80). Hypoxic hypoxia is the most common type of stimulus and occurs when
PaO2 is reduced. Anaemic hypoxia occurs when the blood haematocrit is reduced or when the
presence of carboxyhaemoglobin increases; anaemic hypoxia seems to be a less important
stimulus on carotid body chemoreceptors than aortic chemoreceptors (Daly, 1997, p.70).
Stagnant hypoxia occurs when blood pressure is reduced, or sympathetic vasoconstriction
reduces carotid body blood flow. Lastly, histotoxic hypoxia is the type of hypoxia engendered
by toxic agents such as cyanide (Daly, 1997, p.68-80).
Interestingly, although the carotid body has been studied since 1926 by De Castro, the
mechanism by which hypoxia leads to glomus cells depolarisation is not fully understood and
still a matter of debate. Hereafter, we are going to use the term hypoxia as a reference to
hypoxic hypoxia and we are going to portray some of the most up to date mechanisms and
proposed theories for glomus cells sensory transduction. The electrophysiological changes on
glomus cells induced by hypoxia that leads to depolarisation are well describe (see González
et al., 1992 for review). Hypoxia reversibly inhibits an outward background potassium current
producing depolarisation due to accumulation of potassium ions intracellularly. This
depolarisation activates L-Type voltage-gated Ca2+ channel whilst simultaneously activating
sodium channels. The latter will further depolarise the cell membrane and provide a faster
recruitment of calcium channels, thus potentiating the inward calcium current for the release
of neurotransmitters (González et al., 1992; López-Barneo et al., 2016; López-López et al.,
1989). To date, the question remains: how are O2-sensitive-K+ channels activated?
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The glomus cells express many K+ channels including the Twik-related acid-sensitive
K+ channels (TASK channels), voltage-gated K+ channels, and BKca,, being the heterodimer of
TASK1/TASK3 deemed the most important for the background K+-current (Buckler, 2015). It
was proposed previously that these potassium channels would be oxygen-sensitive, thus
leading to the ‘membrane hypothesis’ of oxygen sensing in the carotid body; however, to date,
the most compelling theories are the ‘integrated membrane-mitochondrial’ hypotheses (see for
review Rakoczy & Wyatt, 2018). The common ground between these hypotheses is that the
mitochondria work as the oxygen sensor, releasing messengers to trigger potassium channel
closure in the glomus cell membrane.
Among these hypotheses, the mitochondrial complex I signalling hypothesis seems to
be favoured. This hypothesis has been advanced by the group of José López-Barneo (MorenoDomínguez et al., 2020; Ortega-Sáenz & López-Barneo, 2020) and according to the authors,
the mitochondrial complex IV (i.e., cytochrome C oxidase) works as the oxygen sensor whilst
complex I, and possibly III, work as effectors. Atypical tissue-specific mitochondrial subunits
(e.g., COX4I2), which are transcribed by the hypoxia-inducible factor-2 alpha (HIF 2α), confer
to cytochrome C oxidase with enhanced sensitivity to decreases in O2. During hypoxia, a
backlog of electrons along the mitochondrial electron transport chain occurs leading to a
reduction of enzymatic activity of the mitochondrial complex I and III, thereby promoting
accumulation of NADH and reactive oxygen species (ROS). These molecules travel towards
the membrane of the glomus cells to inhibit the O2-sensitive-K+ channels and evoke
depolarisations (Moreno-Domínguez et al., 2020).
Another competing theory comes from the research group of Prabhakar (see Prabhakhar
& Joyner, 2014). They advocate for a critical balance between the gaseous messengers carbon
monoxide (CO) and hydrogen sulphide (H2S) to be responsible for O2 sensing. According to
this theory, glomus cells express heme oxygenase-2 (HO-2) that catalyses the synthesis of CO,
which, on the other hand, inhibits the enzyme cystathionine-γ-lyase (CSE). CSE mediates the
production of H2S, which is proposed to inhibit O2-sensitive-K+ channels. Therefore, since the
production of CO is regulated by the levels of O2 (i.e., a substrate of the enzymatic reaction
with HO-2), during hypoxia, the levels of CO would drop, thus causing an increase in H2S,
which would then act on O2-sensitive-K+ channels to depolarise the glomus cells as described
above (Prabhakar et al., 2018; Prabhakar & Peers, 2014). One problem with this theory lies on
the question of whether the heme group, which is a substrate for HO-2, is produced by glomus
cells? The reason for that is because glomus cells keep their oxygen sensory capability in blood
free media. If glomus cells do not produce themselves the heme group, then this mechanism
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seems intrinsically flawed and limited. The third theory, which is not new, but was advanced
by the groups of Madison & Krasnow and Lin Gao & José López-Barneo, proposes that
hypoxia increases the production and release of lactate – a product of anaerobic metabolism –
within the carotid body, and lactate will depolarise the chemoreceptors. The former group
advocates that lactate activates glomus cells via the olfactory receptor Olfr78; this receptor was
shown to be expressed by these cells and mediate the ventilatory response of mice when
challenged with hypoxic gas (Chang et al., 2015). However, this theory has already been
confronted by others (Spiller et al., 2020; Torres-Torrelo et al., 2021). The group of José LópezBarneo demonstrated how lactate promotes glomus cell depolarisation; however, they
concluded that O2-sensing and lactate underpin chemoreceptors depolarisation via different
mechanisms, although they share compartmentalized signals (i.e., increase in NADH and ROS)
(Torres-Torrelo et al., 2021). The final theory was presented to the scientific community by the
group of Christopher N. Wyatt, this year (i.e., 2021), during the XXI International Society of
Arterial Chemoreceptors virtual Kickoff meeting held in Lisbon; they proposed that hypoxiainduced a fall in temperature of the mitochondrial subplasmalemmal microdomains that caused
an inhibition of the electron transport chain,resulting in closure of O2-sensitive-K+ channels,
thus facilitating glomus cell depolarization (R. J. Rakoczy et al., 2021); note that this has not
beenpeer reviewed and awaits validation.
In many research laboratories, carotid body chemoreceptors are stimulated via injection
of inorganic salts of sodium cyanide (NaCN) or potassium cyanide (KCN). This is an easily
titratable way of evoking responses from this group of cells. The classical proposition is that
the anion CN- causes histotoxic hypoxia, also known as cellular hypoxia, by diminishing
cellular respiration since it binds to cytochrome C oxidase, therefore, inhibiting mitochondrial
oxidative phosphorylation (Daly, 1997, p.80). However, as pointed out by González et al.
(1992), care must be taken when advocating that cyanide excites glomus cells via blockade of
mitochondrial respiratory chain since cyanide is known to inhibit other enzymes throughout
the body. In fact, cyanide can bind to haemoglobin via heme to form cyanhaemoglobin, which
blocks O2 binding and impairs oxygen carriage by erythrocytes (Dasgupta & Wahed, 2014).
Since HO-2 produces CO through the breakdown of heme in the presence of O2 (Prabhakar &
Peers, 2014), one could imagine that CN-heme complex may stop the production of CO by
HO-2, thereby causing downstream depolarisation of glomus cells as described above.
It is not clear how stagnant hypoxia stimulates carotid body chemoreceptors. The
obvious explanation is that a reduction in blood flow will deliver less oxygen thus reducing
carotid body PO2. Another explanation may be related to the flow-mediated control of vascular
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resistance. As previously mentioned (section 1.2.1), changes in blood flow and its velocity will
activate, via shear stress, endothelial Piezo1 channels and evoke ATP release. This ATP might
bind to P2Y2 receptors of type-II cells to open pannexin1 channels and amplify the release of
ATP on carotid body parenchyma (Nurse et al., 2018). Therefore, it is entirely possible that
changes in carotid body blood flow via shear stress also play a role in carotid body excitability;
this mechanism would be especially important for the autonomic nervous control of carotid
body excitability via vascular effect (see section 1.7.3). It is conceivable to imagine that this
mechanism would be only significant over a specific range of perfusion pressures when
changes in carotid body PO2 are not profound. After that, we can envision that changes in PO2
would take over. It is also important to contemplate that carotid body blood flow is
autoregulated (McCloskey & Torrance, 1971).
When activated by hypoxia, the chemoreflex evokes tachypnoea, tachycardia/
bradycardia, and sympathoexcitation followed by a pressor response (Figure 2; Bouckaert &
Heymans, 1933; Kara et al., 2003; Zera et al., 2019). A range of other responses have been
reported such as endocrine, hematologic, renal, and metabolic (Zera et al., 2019). The increase
in ventilation during hypoxia attempts to increase blood-gas exchange in the lungs. This will
result in greater oxygenation of blood and augment CO2 loss (Daly, 1997).

1.4.1. Carotid body hyperexcitability and peripheral sympathetic outflow
As per section 1.3.1., some studies have demonstrated that an abnormal function of the
carotid body is associated with an increase in peripheral sympathetic outflow in cardiovascular
disease including hypertension (Abdala et al., 2012; Paton et al., 2013; Tan et al., 2010). The
work of Professor Andrzej Trzebski in Warsaw, Poland, during early 1980’s was pioneering in
demonstrating the relationship of carotid body hyperactivity with hypertension (Tafil &
Trzebski, 1984; A. Trzebski et al., 1982; Andrzej Trzebski, 1992). Fukuda et al. (1987) were
the first to systematically compare the peripheral chemoreceptors response between
normotensive and a neurogenic animal model of hypertension - the spontaneously hypertensive
(SH) rat; in in vivo anaesthetised animals, the authors recorded CSN mass afferent discharge
while using a custom made ‘barostat’ to remove any baroreceptor influence from recordings,
then the authors either stimulated or depressed carotid body activity by changing the percentage
of O2 and/or CO2 in the breathing gas mixture given to rats. As a result, they observed that the
chemoreceptor response to the hypoxic stimulus were quantitatively larger in SH rats than
normotensive rats. Recently, whole cell patch-clamp recordings were performed on
chemoreceptive PG neurones to assess their excitability. These experiments were performed
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inSH rats and data compared with normotensive Wistar rats. In SH rats, the authors described
the presence of both hypertonicity and hyperreflexia relative to Wistar rats, which was
abolished with administration of a purinergic P2X3 antagonist supporting ATP as the
endogenous ligand (Pijacka et al., 2016). Furthermore, when this drug was given in vivo to
conscious adult SH rats, a fall in BP was seen, which was associated with a reduction in carotid
body hyperreflexia. This is in line with other studies demonstrating that resecting either the
carotid body or the CSN produce a significant fall in BP in both SH rats (McBryde et al., 2013)
and humans (Narkiewicz et al., 2016). The relevance of these findings is that the carotid body
has become a target of interest for ameliorating hypertension.
In contrast with the idea that peripheral sympathetic overactivity is initiated from
aberrant afferent signalling rather than a centrally generated component, other groups have
addressed the causal relationship between excessive respiratory modulation of the sympathetic
nervous system with the development of hypertension (Menuet et al., 2017, 2020; Moraes et
al., 2014, 2015; Saha et al., 2019; Simms et al., 2009). We believe that both mechanisms (i.e.,
peripheral and central) participate and are inter-related due to carotid body hyperexcitability.
Czyzyk-Krzeska & Trzebski, (1990) described the respiratory modulation of sympathetic
discharge in the cervical sympathetic trunk (CST) and renal nerves of normotensive WistarKyoto and SH rats; the authors also studied their pattern of discharge during peripheral
chemoreceptors stimulation before and after CSN resection. The study reports that both points
of minimal and maximal sympathetic activity in SH rats appeared earlier during the respiratory
cycle when compared to normotensive rats. These results were reproduced by Simms et al.
(2009). However, during normoxia and normocapnia, the respiratory modulation of
sympathetic discharge was similar to intact CSN in SH rats. Thus, the authors concluded that
any changes in sympathetic outflow were centrally-mediated in SH rats. In addition, both
Machado et al. (2017) and Simms et al. (2009) reported that amplified respiratory-sympathetic
coupling is involved with generation of hypertension in SH rats. In pre-hypertensive SH rats,
augmented respiratory-sympathetic coupling is, at least in part, created by an elevated
excitability of specific types of respiratory neurones in the Bötzinger complex (BötC) called
post-inspiratory (post-I) neurones that projects towards the RVLM whereby they send
excitatory synaptic drive to preganglionic sympathetic neurones in the IML (Moraes et al.,
2014). Interestingly, in disagreement with the work of Czyzyk-Krzeska & Trzebski, (1990) this
amplified coupling was lost when carotid body denervation was performed (Moraes et al.,
2015). This prompts the question: what causes the elevation in excitability of these respiratory
neurones? Moraes and colleagues (2014) described that blocking the Large-conductance Ca2+30

activated K+ channels (BKca) of post-I neurones enhanced their intrinsic excitability and
respiratory-sympathetic modulation in normotensive rats, but it was ineffective in SH rats thus
showing a loss of BKca activity in this rat strain. Later, Moraes et al. (2015) also demonstrated
that afferent inputs from the carotid body are capable of changing the expression of BKca in
these same neurones. Therefore, the carotid body appears to trigger plasticity within the
respiratory neuronal network (e.g., post-I neurones), which leads to an enhanced respiratory
modulation of sympathetic outflow and hence hypertension. Interestingly, BKca is one of the
potassium channels also responsible for depolarizing glomus cells in the carotid body (Kumar,
2007).
Nevertheless, targeting the carotid body by either denervation, unilateral resection or
pharmacologically both prevent the development and reduce the established hypertension
accompanied by an attenuation of peripheral sympathetic activity in SH rats and humans (Ana
P. Abdala et al., 2012; Fudim et al., 2015; McBryde et al., 2013; Narkiewicz et al., 2016;
Pijacka et al., 2016). Narkiewicz et al. (2016) performed the first-in-humans proof-of-principle
study to test the feasibility of unilateral resection of the carotid body in patients with resistant
hypertension (maximally medicated on at least five anti-hypertensive agents). They found that
about 60% of the patients presented a fall in BP as well as an attenuation of their muscle
sympathetic nerve activity, demonstrating that carotid body hyperexcitability is driving
hypertension in humans, at least in a subcohort of patients. Additionally, carotid body resection
also improved autonomic balance in patients with heart failure (Niewinski et al., 2017);
however, safety concerns were raised after 3 deaths were reported, specifically regarding the
control of ventilation in patients with sleep apnoea. In brief, targeting carotid body
hyperexcitability is a promising approach for controlling BP at least in a subset of patients. In
fact, this approach was demonstrated to be efficient in patients with resistant hypertension,
which is very encouraging and substantiates the point made earlier (section 1.3.1) about
minimal efficacy of current anti-hypertensives drugs for reducing sympathetic activity.
However, safer methods of targeting the carotid body now need to be pursued. Therefore,
disclosing the underlying mechanism/s of carotid body hyperexcitability would open new
avenues of therapeutic interventions that could be a real breakthrough for modern medicine.

1.4.2. What causes carotid body hyperexcitability?
This question forms the hub of my thesis. It is conceivable that carotid body
hyperexcitability is produced, at least in part, via a reduction of its blood flow, which causes
localized ischemia or stagnant hypoxia. This mechanism was proposed by Ding et al. (2011)
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to be responsible for carotid body hypersensitivity in rats with heart failure. According to the
authors, the reduced cardiac ejection fraction reduced the cardiac output, therefore, the blood
flow to the carotid body was lower than healthy controls. In hypertension, one possible
mechanism could be through sympathetically mediated vasoconstriction of arterioles within
the carotid body. The main sympathetic innervation of the carotid body originates from the
superior cervical ganglion (SCG; Brognara et al., 2021). The SCG may provide the sole source
of sympathetic innervation to the carotid body (Daly, 1997 p.37). In dogs, Winder et al. (1938)
were the first to demonstrate that carotid body chemoreceptors can be excited through localized
ischemia; this was generated by isolation and ligations of the CCA and external carotid artery
(ECA) to reduce blood flow supplying the carotid body. Using electrical stimulation of the
SCG, other authors have demonstrated that activation of sympathetic fibres to the carotid body
increase chemoreceptor afferent discharge, which was associated with a fall in carotid body
total blood flow (Figure 3; Daly et al., 1954; Eyzaguirre & Lewin, 1961; Floyd & Neil, 1952;
Mitchell’ & Mccloskey2, 1974). Similar observations were made by stimulating the
preganglionic CST or the ganglioglomerular nerves (GGN; Eyzaguirre & Lewin, 1961;
O’Regan, 1976). Thus, it is pertinent to review what is known about the vasculature and the
autonomic innervation of the carotid body.

Figure 3: The superior cervical ganglion (SCG) causes vasoconstriction of the carotid body (CB) blood vessels.
It is proposed that postganglionic sympathetic neurones will release norepinephrine (NE) from varicosities that
innervate CB’s blood vessels (e.g., arterioles). After binding to α1-adrenoreceptors (α1R), NE will induce
vasoconstriction and reduce CB blood flow. Abbreviations: CCA: common carotid artery, ECA: external carotid
artery, ICA: internal carotid artery.
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1.5. Vasculature of the carotid body
1.5.1. Carotid body arterial blood supply
Chungcharoen et al. (1952) have described the carotid body blood supply in cats, dogs,
and rabbits. In cats, they reported that the blood supply originated from two branches of the
ECA: the occipito-ascending pharyngeal trunk and the occipital artery. These arteries also
supply both the superior cervical and nodose ganglia. In dogs, three or four arteries supplied
the carotid body; these originated from either the occipital or from ascending pharyngeal
arteries. According to the authors, the dog was the species that presented the greatest variability
in the origin/s of its blood supply. Two small arteries supply the rabbit’s carotid body: the first
originating from the ECA, and the second one originating either from the ICA or the
bifurcation. Chungcharoen et al. (1952) described two muscular branches originating from the
carotid bifurcation running towards the carotid body; they reported that the rabbit was the only
species that occasionally had an arterial supply from the ICA.
In humans, the blood supply usually originates from the common carotid artery
bifurcation. However, the source might vary depending on ethnicity (Muthoka, 2010).
Muthoka (2010) observed that the CCA bifurcation was indeed the main source of blood
supply in British individuals (88%) with the ICA & ECA and ascending pharyngeal arteries
feeding the carotid body in 5% and 2% of cases, respectively (Heath, 1989). On the other hand,
in a Kenyan population, Muthoka (2010) described a much lower rate of blood supply
originating from the CCA bifurcation (51.4%). Differences in the contribution of the ICA and
ECA were also found between British and Kenyan cohorts (10.2 vs 5 and vs 5%, respectively).
Surprisingly, the largest difference observed was for the ascending pharyngeal artery, which
was the second most common source of blood supply in the Kenyan population (21% vs 2%
for British population).
Using a corrosion-cast approach, McDonald & Larue (1983) described the carotid body
blood supply from a single artery, i.e. the carotid body artery (CBA), in rats. This arose from
the dorsolateral aspect of the ECA between the CCA bifurcation and the occipital artery (OCA)
(Figure 4). Other origins described included the dorsolateral aspect of the proximal portion of
the OCA and the ECA at a distal point to the OCA. These observations were corroborated by
Unur & Aycan (1999) who reported that the CBA, also called the glomic artery, originates
from the ECA near the bifurcation in 97.5% of rats, whereas it originates from the OCA in the
remainder. The authors outlined that the CBA display its first order branch at the caudal pole
of the carotid body and a second order branch within the carotid body itself. Not all branches
of the CBA entered the carotid body as they also supplied adjacent structures such as the SCG,
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nodose ganglion, and nerves (McDonald & Larue, 1983). At the point the CBA reached the
carotid body, a sphincter-like intimal cushion “composed of irregularly-shaped,
circumferential smooth muscle cells enveloped by basal laminae, elastic laminae, collagenous
fibers and other components of the extracellular matrix” (McDonald & Larue, 1983, p.121)
was present; this acts as a sphincter and can reduce the diameter of the artery by as much as
60% (McDonald & Larue, 1983,). Unur & Aycan (1999) expanded this concept advocating
that the volume of blood passing through the carotid body is controlled by this intimal cushion
in rats, mice, and dogs, whereas in humans and cats, which do not have an intimal cushion, the
blood flow would be controlled by changing the arterial and arteriole wall constrictor tone. The
blood temperature and humoral substances are pointed out as possible controllers of the
sphincter-like intimal cushions of the CBA; this is owing to the fact they have a low density of
both sympathetic and parasympathetic innervation (McDonald, 1983a). Conversely, the
cushions on terminal arterioles and precapillary sphincters are more densely innervated
(McDonald, 1983a).

Figure 4: Bifurcation of the left common carotid artery filled with Fast Green FCF dye. A cannula was inserted
into the common carotid artery with the internal, external and occipital arteries ligated. After applying the dye, it
was seen to course toward the carotid body through the carotid body artery (CBA). Left panel depicts unfolded
occipital artery (OCA) whereas right panel shows OCA folded around the external carotid artery (ECA) for better
visualisation of the CBA. Abbreviations: CCA: Common Carotid Artery and ICA: Internal Carotid Artery. Felippe
(unpublished observations).

1.5.2. Carotid body venous drainage
In cats, branches that connect to the internal jugular and the transverse posterior
pharyngeal veins formed the venous drainage. In dogs, carotid body drainage occurs by a
plexus of small veins that arise from the carotid body and converge to form larger veins; these
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merged with the internal jugular vein. Small veins are often connected with the posterior
pharyngeal and the laryngeal veins thus draining through the external jugular vein as well.
Rat carotid body venous drainage is quite extensive compared to its arterial supply
(McDonald & Larue, 1983). A plexus of venules and veins are located on the surface of the
organ, especially, at the rostral and caudal pole exterior to the glomus tissue. The veins of the
carotid body usually join others from the SCG and nodose ganglion and course towards the
pharyngeal and internal jugular veins. Yet, on the rostral end, the pharyngeal vein is connected
to the pharyngeal plexus by anastomoses to form tributaries of the external jugular vein via the
posterior facial vein, whereas, caudally, the pharyngeal vein is a tributary of the internal jugular
vein.

1.5.3. Carotid body micro-vascularisation and blood flow
Remarkably, the vascular compartment of the rat carotid body was reported to represent
97.5% of its total volume (Clarke et al., 1993). Carotid bodies have complex microvascularisation. The terminal arterioles that supply the parenchymal tissue arise from third- or
fourth-order branches of the CBA. These arterioles give rise to two types of capillaries: type-I
have a large luminal diameter (14-20 µm in diameter) and are more closely associated with the
glomus tissue; type-II (about 7 µm of diameter) comprise a relatively slenderer capillary that
does not penetrate the clusters of glomus cells, thus providing an alternate route for the blood
to flow through the carotid body and bypass the chemosensitive tissue. A third vessel type is
the arteriovenous anastomosis (AVAN), which connects the terminal arterioles with small
venules and allows blood flow to bypass both types of capillaries (Figure 5). A precapillary
sphincter is present at the arteriole-capillary junction of both capillaries types and is responsible
for blood flow control (McDonald & Larue, 1983).
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Figure 5: Carotid body micro-vascularisation and venous drainage. Note that the carotid body microvascularisation is organised in a parallel system, which creates distinct routes for blood to flow through thus
creating shunts within the carotid body meaning that not all blood goes to all parts of the organ. Abbreviations:
AVAN: arteriovenous anastomosis, CB: carotid body, CBA: carotid body artery, CCA: common carotid artery,
ECA: external carotid artery, G: glomus cell and ICA: internal carotid artery. Schematic based on the work of
McDonald & Larue, (1983).

Daly et al. (1954) was the first to measure carotid body total blood flow in anesthetised
cats. They reported 2,000 ml.min-1.100g-1 of tissue, making the carotid body the organ with
highest rate of blood flow. However, later studies using different methodological techniques
concluded that the flow described earlier underestimated the correct carotid body total blood
flow (Daly, 1997, p.41-42). The precise blood flow level may be species dependent. For
instance, in rats, Clarke et al. (1993) reported 104 ml.min-1.100g-1 of local tissue blood flow
(i.e., the blood that flows in the core of the carotid body and is associated with the
chemosensitive tissue). According to Clarke, the local tissue blood flow would represent 3%
of the total blood flow, therefore corresponding to ~ 3,393 mL.min-1.100g-1. In comparison to
carotid body, cerebral blood flow is 103 mL.min-1.100g-1, whereas kidneys and heart are ~ 400
and 660 mL.min-1.100g-1, respectively, in the rat (Hernández, Brennan, & Bowman, 1978;
Tuma et al. 1985).
Autonomic innervation can affect all segments of the vascular bed in the carotid body
(i.e., arterioles, capillaries, precapillary sphincters, intimal cushion, arteriovenous
anastomoses, venules, and small venules) (McDonald, 1983a). Although not known,
differential control at the level of the terminal arterioles versus precapillary sphincters could
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possibly control blood flow through the capillaries and/or arteriovenous anastomoses
(McDonald, 1983a). Consequently, blood flowing into chemosensitive tissue can be controlled
separately from non-chemosensitive tissue within the carotid body. This means that
measurements of the carotid body total blood flow may not be a suitable parameter to correlate
with chemoreceptor sensitivity. In fact, Biscoe and collegues came to the conclusion that
"within the physiological range, there is little or no relation between chemoreceptor discharge
and either the perfusion pressure or total carotid body blood flow" (Biscoe et al., 1970, p.118).
In contrast, reductions in carotid body blood flow can enhance chemoreceptor activity,
including in pathological conditions, e.g., the reduction of blood flow with the development of
heart failure (Brognara et al., 2021; Ding et al., 2011). In fact, O’Regan (1976) has
demonstrated that changing carotid body total blood flow via stimulation of its sympathetic
innervation increased chemo-afferent fibres discharge; though non-vascular effects cannot be
ruled out as glomus cells are innervated by sympathetic nerves (McDonald & Mitchell, 1975;
Verna et al., 1984). Therefore, it is now pertinent to discuss the autonomic innervation of the
carotid body.

1.6. Autonomic innervation of the carotid body
1.6.1. Sympathetic innervation
The carotid body receives efferent sympathetic postganglionic fibres from the SCG via
the GGN (Daly, 1997 p.37). There is controversy on whether sympathetic efferents innervate
the glomus cells. Some authors state that postganglionic sympathetic neurones exclusively
innervate blood vessels (McDonald, 1983a); others reported otherwise (Verna et al., 1984). In
the latter study, the authors described that sympathetic varicosites are close enough to glomus
cells to allow NE to act as a diffusible transmitter (volume transmission); however, in rare
instances, the fibres seemed to end on clusters of glomus cells.
Some perikarya of sympathetic neurones are located outside the SCG: these are either
along the GGN or within the carotid body itself (McDonald & Mitchell, 1975). The SCG
receive inputs from preganglionic neurones ascending via the CST (McDonald & Mitchell,
1975). Additionally, some glomus cells within the carotid body also receive preganglionic
sympathetic innervation from fibres coursing through the CST, which bypass the SCG
(McDonald & Mitchell, 1975). This innervation resembles that of the chromaffin cells in the
adrenal medulla as well as their origin from the neural crest.
In cats, Eyzaguirre & Uchizono (1961) reported that some sympathetic fibres
originating from the SCG course via the carotid sinus nerve (CSN) to innervate the carotid
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body. These authors described three nerves connecting the SCG with the "carotid-body-sinus"
region. One projected towards the carotid sinus region and the other two connected the SCG
with the carotid body. They described a nerve with two branches: one penetrating the
glomerular capsule, whereas the other "coursed towards the glomus, bypassed the organ and
joined the carotid [sinus] nerve" (Eyzaguirre & Uchizono, 1961, p. 270). According to the
authors, the latter could be tracked as a separate entity from the SCG.
In rats, a similar description was conveyed by McDonald (1983b). He described a small
branch of the CSN joining the sympathetic nerve that emerges from the SCG. This branch,
alongside the GGN, comprises the external carotid nerve (ECN). According to McDonald,
(1983b) this nerve “emerged from the lateral aspect of the superior cervical ganglion, wrapped
around the carotid sinus in a dorsal to ventral trajectory, passed just dorsal to the sinus nerve
[where they connected], and then joined the sympathetic nerves on the external carotid artery”
(Fig. 6A) (McDonald, 1983b, p. 354). Furthermore, the author described that baroreceptor
fibres used the connection between the CSN and the sympathetic nerve as a thoroughfare for
reaching the carotid sinus region. This anatomical description does not rule out the idea that
postganglionic sympathetic neurones also reach the rostral pole of the carotid body via the CSN
as described by Eyzaguirre & Uchizono (1961). However, it remains to be elucidated whether
these fibres have distinct function from the ones coursing via the GGN.
In cats, Biscoe & Sampson (1968) reported two extra-cranial postganglionic branches
from the SCG connecting the internal carotid nerve (ICN) with the GPN. From these branches,
postganglionic sympathetic neurones make a loop and return to the carotid body via the CSN
(Figure 6B). The authors recorded from the central end of fibres peeled from the CSN, (i.e.,
severed close to the carotid body), and found rhythmic activity modulated by respiration. The
spontaneous rhythmic activity of these postganglionic sympathetic fibres was abolished when
the extra-cranial postganglionic branches from the ICN were severed. Therefore, in cats,
postganglionic sympathetic fibres from the SCG join the CSN at two locations: the caudal
portion of the CSN and via the GPN (Figure 6B and 7).
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Figure 6: In rats A), two sympathetic nerves emerge centrally from the superior cervical ganglion (SCG): the
ganglioglomerular nerve (GGN) projects directly to the carotid body (CB), whereas the second sympathetic nerve
encircles the carotid sinus and joins the plexus nerve at the external carotid artery. Both nerves comprise the
external carotid nerve. In cats B), the CB receives postganglionic sympathetic fibres from the SCG via two nerves:
the GGN and the carotid sinus nerve (CSN). Postganglionic sympathetic neurones reach the CSN via a branch
that bypasses the CB reaching its caudal portion. Additionally, two extracranial postganglionic branches (ECB)
exist originating from the internal carotid nerve (ICN) that join the glossopharyngeal nerve (GPN), then heading
back to innervate the CB. The orange lines represent baroreceptor fibres innervating the carotid sinus region (CS);
these fibres travel through the CSN, enter the ECN and CB, and from there they project to the CS. Arrows shows
the direction of the postganglionic sympathetic innervation to the CB. Abbreviations: CB: carotid body, CCA:
common carotid artery, CS: carotid sinus region, CSN: carotid sinus nerve, CST: cervical sympathetic trunk;
ECA: external carotid artery; ECB: extracranial postganglionic branches, ECN: external carotid nerve; GPN:
glossopharyngeal nerve, ICA: internal carotid artery, ICN: internal carotid nerve, PPN: pterygopalatine nerve,
SCG: superior cervical ganglion. *display the location where the CSN joins the ECN. Data from: (Biscoe &
Sampson, 1968; Eyzaguirre & Uchizono, 1961; McDonald, 1983b).
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Figure 7: Intra-carotid body connections of sympathetic nerves. Within the carotid body (CB) preganglionic
sympathetic neurones traversing via the ganglioglomerular nerve (GGN), which is a branch of the superior
cervical ganglion (SCG), synapse with both type A glomus cells and ganglionic cells located at the peripheral
surface of the CB; the latter innervates the vasculature. In addition, postganglionic sympathetic neurones located
within the SCG may also project via the carotid sinus nerve (CSN) and the GGN towards the CB to innervate the
vasculature exclusively (arterioles, capillaries and venules). Abbreviations: A: type A glomus cell, AVAN:
arteriovenous anastomosis, B: Type B glomus cell, CB: carotid body, CBA: carotid body artery, CSN: carotid
sinus nerve, GGN: ganglioglomerular nerve, GPN: glossopharyngeal nerve, SCG: superior cervical ganglion,
Type II: Type II glia-like cells. Data from: (Biscoe & Sampson, 1968; McDonald, 1983a; McDonald & Mitchell,
1975).

1.6.2. Parasympathetic innervation
Efferent parasympathetic innervation of the carotid body occurs via the CSN and a
branch of the vagus nerve (Brognara et al., 2021). The parasympathetic preganglionic neurones
synapse with autonomic ganglion cells either just outside or inside the carotid body. Some
authors refer to this as the carotid ganglion (Ichikawa, 2002). It is also believed that they
innervate blood vessels exclusively (Daly, 1997, p.37; see McDonald, 1983b; McDonald &
Mitchell, 1975 for review). However, other authors do not accept this assumption and
suggested they could also innervate glomus cells (O’Regan, 1977). Biscoe et al. (1969)
reported that some nerve endings synapsing with glomus cells are efferent neurones with soma
located in the brainstem; this suggests a direct preganglionic parasympathetic innervation.
Retrograde labelling revealed preganglionic parasympathetic cell bodies at two nuclei: the
nucleus parvocellularis reticularis (PCRt) and the retro nucleus ambiguus (RNA) (Figure 8)
40

(Berger, 1980). However, lately, the importance of preganglionic parasympathetic innervation
has been questioned, especially with the report of putative innervation of paraganglia neurones
located within both the GPN and CSN (Campanucci & Nurse, 2007).

Figure 8: Parasympathetic innervation of the carotid body. Preganglionic parasympathetic neurones innervating
the carotid body (CB) are located within the brainstem at the parvocellularis reticulares nucleus (PCRt) and the
retro nucleus ambiguus (RNA). These neurones project via the glossopharyngeal nerve (GPN) and carotid sinus
nerve (CSN) as well as a branch from the cervical vagus nerve to the CB. They synapse with parasympathetic
ganglion cells (blue) at the surface of the CB that are located adjacent to the entry/exit points of the CSN and
cervical vagus nerves innervating the CB. These parasympathetic ganglion cells innervate carotid body arterioles
and capillaries that are either adjacent to, or distant from, glomus cells (G). NO-producing paraganglia (green)
cells that are located within the carotid body (dark green) and along the CSN/ GPN and innervate the Type-A
glomus cells and blood vessels; they are known to have an inhibitory function on carotid body afferent activity.
Abbreviations: AVAN: arteriovenous anastomosis; CB: carotid body, CBA: carotid body artery; CSN: carotid
sinus nerve, G: glomus cells, GPN: glossopharyngeal nerve, P: pyramidal tract; PCRt: parvocellularis reticulares
nucleus, PH: nucleus praepositus hypoglossi; RB: restiform body; RNA: retro nucleus ambiguous, VIN: inferior
vestibular nucleus; VMN: medial vestibular nucleus; 5 SP: nuclei of the spinal tract of V; 5 ST: spinal tract of V.
Data from: (Berger, 1980; Campanucci & Nurse, 2007; McDonald, 1983a, 1983b; Prabhakar et al., 1993).
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1.7. Autonomic influence on carotid body excitability
While autonomic influences have been studied on carotid body, these have been limited
to afferent nerve recordings and in healthy animals. The effects on chemoreflex sensitivity and
in hypertensive animals has never been investigated.

1.7.1. Sympathetic input
Floyd & Neil (1952) were the first authors to evaluate the effects of sympathetic
innervation on carotid body chemoreceptors activity. They electrically stimulated the CST in
anesthetized cats and reported “a small but definite increase in chemoreceptor “impulse
traffic” under control conditions” (Floyd & Neil, 1952, p. 235). Thereafter, Daly et al. (1954)
reproduced this finding and showed an associated reduction in carotid body blood flow due to
vasoconstriction. Two decades later, McDonald & Mitchell (1975) demonstrated the existence
of preganglionic sympathetic innervation to glomus cells. They proposed that sympathetic
innervation might have two distinct effects on carotid body chemoreceptors: (i) an excitatory
effect due to vasoconstriction and reduction in blood flow; and (ii) an inhibitory effect mediated
by release of dopamine from sympathetic varicosities onto glomus cells. Dopamine acting on
D2 receptors is well known to exert an inhibitory effect upon both chemoreceptors activity and
the hypoxic ventilatory response (Monteiro et al., 2011; Niewinski et al., 2014).
Pharmacological studies have shown that administration of cholinergic nicotinic
agonists increase the release of NE from in vitro superfused carotid bodies of rabbits (GomezNiño et al., 1990; Gonzalez et al., 1994). It was suggested that nicotinic receptors (nAChR) are
located on specific NE-containing glomus cells (Gomez-Niño et al., 1990; Gonzalez et al.,
1994). However, McDonald & Mitchell (1975) reported that the only chemoreceptors which
are immunoreactive for DBH (i.e., able to produce NE) are the type B glomus cells, and these
receive neither afferent nor efferent innervation. One possibility is that type A glomus cells are
excited via preganglionic sympathetic fibres and subsequently depolarise type B cells via gap
junction connections (McDonald & Mitchell, 1975). Another source of NE via nAChR
activation is from sympathetic postganglionic cells located within the carotid body itself
(Figure 7) (McDonald & Mitchell, 1975)
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1.7.2. Parasympathetic input
The influence of CSN, which contains parasympathetic pre-ganglionic and paraganglia
neurones on carotid body chemoreceptors excitability was investigated in vivo (Berger, 1980;
Verónica A. Campanucci & Nurse, 2007; Neil & O’Regan, 1971b, 1971a). In cats, Neil &
O’Regan, (1971b) demonstrated that stimulating the CSN depressed chemoreceptors afferent
discharge and simultaneously increased carotid body blood flow. Next, he injected atropine
intra-arterially in close proximity to the carotid body and observed that changes in blood flow
evoked by CSN stimulation were abolished whilst the inhibitory effect on chemoreceptors
persisted. The authors concluded that the CSN inhibitory effect was due to a non-vascular
effect. Later, McCloskey (1975) criticised this conclusion pointing out to a possible pseudoinhibition by antidromic depression of afferent discharge. Furthermore, in contrast to Neil &
O’Regan (1971b) work, Goodman (1973) was able to abolish the inhibitory effect of the CSN
after intra-arterial injection of atropine, therefore, concluding the effect was vasomotor in
origin. Using different techniques, Belmonte & Eyzaguirre (1974) and McCloskey (1975)
agreed with Goodman the effect was mediated by a vascular response. McCloskey (1975)
tested two hypotheses: stimulating the CSN would attenuate the chemoreceptors afferent
discharge via either: (i) an increase in blood flow or (ii) a direct effect on glomus cells. The
author used stagnant asphyxia to stimulate the chemoreceptors, by arresting blood flow to the
carotid body. Simultaneously, the author stimulated the CSN; if the effect was due to a direct
effect on glomus cells, the CSN-mediated depressing effect would persist. Stimulation of the
CSN generated no effect whatsoever, thus suggesting that the response was due to a vascular
effect.

1.7.3. Vascular or non-vascular effect?
Acker & O’Regan (1981) stimulated electrically the CST and CSN and recorded the
carotid body total blood flow, local tissue blood flow, and PO2 in cats. The carotid body total
blood flow was measured via collection of the venous outflow from the transverse pharyngeal
vein. The local tissue blood flow was measured via an indirect qualitative manner (hydrogen
washout technique using a microelectrode, hence ‘localised’). For the latter, the carotid body
was pierced with two electrodes: the first electrode generated a small amount of hydrogen gas
via electrolysis using a constant current and the second electrode measured the aggregate of
hydrogen in its vicinity. Thus, “changes of blood flow in the vicinity of the tip of the hydrogensensing electrode caused a greater or lesser dissipation of hydrogen” (Acker & O’Regan,
1981, p.101). After confirming the chemoreceptor stimulatory (via sympathetic CST
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stimulation) and depressing (via parasympathetic CSN stimulation) effects, the authors
administrated phentolamine (an α1-adrenoreceptor antagonist) via close arterial injection to
block the effects of sympathetic stimulation. They observed that electrical stimulation of the
CST and CSN reduced and increased the total blood flow, respectively; however, no change in
local tissue blood flow and PO2 were seen. After phentolamine, changes in total blood flow
following CST stimulation were abolished, but the stimulatory effects on chemoreceptors was
only attenuated. The authors concluded that a possible non-vascular mechanism was also
involved. Of course, these findings do not rule out the possibility that other vasoactive
neurotransmitters are being co-released with NE from sympathetic fibres, which phentolamine
would not antagonise. In fact, postganglionic sympathetic neurones in the carotid body are
known to co-release neuropeptide Y (NPY) with NE; NPY can produce vasoconstriction in
different vascular beds (Gonzalez et al., 1994; Lundberg et al., 1985; Lundberg & Tatemoto,
1982).
In cats, intra-carotid injection of NPY evoked hyperpnea proving its ability to stimulate
chemoreceptors (Potter & McCloskey, 1987); however, the cell type/s expressing NPY (and
the specific sub-type of receptor/s) is/are yet to be determined. Additionally, non-adrenergic
neurones of sympathetic origin release vasoactive intestinal peptide (VIP) (Ichikawa, 2002).
VIP was demonstrated to activate afferent sensory fibres in the carotid body of cats and are
known to produce vasodilatation (Gonzalez et al., 1994; McQueen & Ribeiro, 1981). In the
carotid body, NE causes vasoconstriction via α1-adrenoreceptors located on vascular smooth
muscle (O’Regan, 1976). Acting via α2-adrenoreceptors located on glomus cells, NE inhibits
chemoreceptors decreasing their sensitivity (Almaraz et al., 1997; Gonzalez et al., 1994;
Nakatani et al., 2012). The α2-adrenoreceptors were also found on sympathetic endings within
the carotid body where they modulate the release of NE (Almaraz et al., 1997). Folgering et al.
(1982) demonstrated an excitatory effect of CSN stimulation on chemo-afferent fibre discharge
mediated via β1-adrenoreceptors, but whether these receptors are located on glomus cells, nerve
endings of sensory fibres or vessels remains to be determined. O’Regan (1981) demonstrated
that electrical stimulation of sympathetic innervation to the carotid body is able to produce
excitation, inhibition or no effect. These inconsistent responses might be explained by the
ability of NE to bind to these different types of adrenoreceptors. It is worth noting that NE is
able to bind to D2 receptors located on glomus cells and afferent sensory fibres (Lei, 2014;
Llados & Zapata, 1978). Furthermore, vasodilatatory β2-adrenoreceptors might also play a role
in the inhibitory effect of sympathetic efferents (Figure 9).
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Figure 9: Proposed vascular and non-vascular effects of sympathetic innervation to the carotid body. Few glomus
cells (~1%) receive direct preganglionic sympathetic innervation. Carotid body (CB) blood vessels receive
postganglionic sympathetic innervation from ganglionic cells whose soma are located either in the superior
cervical ganglion, or throughout the ganglioglomerular nerve, or within the CB itself. It was suggested that
nicotinic receptors (nAChR) are located on specific norepinephrine (NE)-containing glomus cells (i.e., Type B
glomus cells). However, these receive neither afferent nor efferent innervation. Another source of NE via nAChR
activation is released from sympathetic postganglionic cells located within the CB. Postganglionic sympathetic
cells in the CB co-release neuropeptide Y (NPY) whereas non-adrenergic Neurones of sympathetic origin release
vasoactive intestinal peptide (VIP). VIP was demonstrated to directly activate afferent sensory fibres in the CB
and are known to produce vasodilatation; conversely, NPY is known to produce vasoconstriction in other vascular
beds; however, whether glomus cells express NPY receptors is yet to be determined. In the CB, NE causes
vasoconstriction via α1-adrenoreceptors located on vascular smooth muscle. Acting via α2-adrenoreceptors located
on glomus cells, NE inhibits chemoreceptors decreasing their sensitivity. The α2-adrenoreceptors were also found
on sympathetic endings where they modulate the release of NE. β 1-adrenoreceptors exert an excitatory effect on
the CB but whether these receptors are located on glomus cells, nerve endings of sensory fibres or vessels remains
to be determined. Electrical stimulation of the sympathetic innervation of the CB produces excitation, inhibition
or no effect. These inconsistent responses might be explained by the ability of NE to bind to these different
adrenoreceptors. Note, NE is able to bind to inhibitory dopaminergic receptors (i.e., D 2 receptors) located on
glomus cells and afferent sensory fibres. Abbreviations: A: type A glomus cell, B: Type B glomus cell, CB: carotid
body, nAChR: nicotinic receptors, NE: norepinephrine, NPY: neuropeptide Y, Type II: Type II glia-like cells,
VIP: vasoactive intestinal peptide. Data from: (Almaraz et al., 1997; Folgering et al., 1982; C Gonzalez et al.,
1994; Ichikawa, 2002; Lei, 2014; Llados & Zapata, 1978; Lundberg et al., 1985; Lundberg & Tatemoto, 1982;
McDonald & Mitchell, 1975; McQueen & Ribeiro, 1981; Nakatani et al., 2012; O’Regan, 1976, 1981).

Taken together, the evidence is inconsistent as to whether changes in blood flow
mediate the effects on carotid body excitability evoked by its autonomic nervous innervation.
Notably, there is a dearth of data regarding whether the sensitivity of chemoreflex evoked endorgan responses is affected by activation of autonomic nerves destined for the carotid body. It
also remains to be shown whether in cardiovascular disease there is a role for autonomic
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(hyperreflexia/increased tonicity). These questions will be addressed in my thesis.

1.7.4. Dopamine and nitric oxide modulation
McDonald & Mitchell (1975, 1981) showed that electrical stimulation of the CSN
inhibits carotid body chemoreceptors via antidromic stimulation of afferent neurones forming
“reciprocal synapses” with glomus cells; they claimed these synapses would release dopamine
to depress glomus cells activity. It is argued that ~ 95% of the afferent neurones that innervate
the carotid body are located in the PG; 4% of PG neurones are immunoreactive for tyrosine
hydroxylase (TH) and 90% of these TH positive neurones originate from the carotid body
(Ichikawa, 2002; Katz & Black, 1986). Hence, these neurones could be the source of the
dopaminergic “reciprocal synapses” proposed by McDonald & Mitchell (1975, 1981). The
superimposition of autonomic efferent and afferent innervation of the carotid body is depicted
in Figure 10.
Wang et al. (1994) demonstrated the presence of nitrergic fibres within the CSN and
varicosities juxtaposed to both blood vessels and glomus cells. The stimulation of the CSN
might activate these nitrergic fibres and inhibit the carotid body; such an effect would not be
blocked by atropine and may explain Neil & O’Regan's (1971b, 1971a) findings of persistent
depression post muscarinic blockade. Indeed, NO-mediated inhibition of carotid body could be
explained by either an effect upon glomus cells or the vasculature. In the latter, NO would
prompt vasodilatation and increase blood flow. Wang et al. (1994) addressed that most of the
NOS-positive fibres that connect with glomus cells are sensory from the PG, whereas the ones
innervating the vessels are autonomic. All told, there is evidence suggesting that CSN
innervation of the carotid body depresses chemoreception and improves blood flow, and can
neuromodulate glomus cell activity (Acker & O’Regan, 1981). However, to what extent and
under what conditions NO and ACh act on the carotid body is unclear Figure 11. In this regard,
whether the reduction in chemoreceptor afferent discharges is a consequence of increasing
blood flow in the carotid body remains unknown.
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Figure 10: Superimposition of the autonomic innervation and circulations of the carotid body. The carotid body
(CB) receives afferent (black), efferent – sympathetic (red) and parasympathetic (blue) - innervation. Within the
CB, connections are made with two main structures: Type A glomus cells and vasculature (arterioles, capillaries
and venules). Type A glomus cells receive inputs from afferent neurones (tyrosine hydroxylase-positive (dashed
line) and nitric oxide synthase-positive (continuous line)), NO-producing (green) paraganglia cells, and
preganglionic sympathetic neurones (dashed line). In contrast, the vasculature is innervated by postganglionic
sympathetic neurones (continuous line) traversing via nerve branches from the superior cervical ganglion (SCG)
and sympathetic ganglionic cells located at the peripheral surface of the CB. Parasympathetic innervation to the
vasculature originates from ganglionic cells and NO-producing ganglionic cells (dark green), which are positive
to choline acetyltransferase (ChAT). The sympathetic fibres reach the CB via two nerves: the ganglioglomerular
(GGN) and the carotid sinus (CSN). The CSN receives sympathetic fibres via: (1) a branch originating from the
GGN that bypass the CB joining the CSN at its caudal portion, and (2) an extra-cranial branch that connects to
the internal carotid nerve (ICN) to the glossopharyngeal nerve (GPN) (to date, shown only in cats). Preganglionic
parasympathetic neurones (dashed line) reach the CB via the CSN and a branch from the cervical vagus nerve.
Abbreviation: A: type A glomus cell, AVAN: arteriovenous anastomosis, B: Type B glomus cell, CB: carotid
body, CBA: carotid body artery, CCA: common carotid artery, CSN: carotid sinus nerve, ChAT: choline
acetyltransferase, ECA: external carotid artery, GGN: ganglioglomerular nerve, GPN: glossopharyngeal nerve,
ICA: internal carotid artery, ICN: internal carotid nerve, NO: nitric oxide, SCG: superior cervical ganglion, Type
II: Type II glia-like cells. Data from: (Berger, 1980; Biscoe & Sampson, 1968; Campanucci et al., 2012;
Campanucci & Nurse, 2007; Eyzaguirre & Lewin, 1961; McDonald & Larue, 1983; McDonald, 1983a, 1983b;
McDonald & Mitchell, 1975).
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Figure 11: Proposed vascular and non-vascular effects for parasympathetic efferents to the carotid body (CB).
Nitric oxide immunoreactive (NOS-IR) fibres from paraganglia cells located along the glossopharyngeal nerve
and within the carotid body make contact with glomus cells and blood vessels in the CB. Some of these cells were
reported to be positive for choline acetyltransferase (ChAT-IR); however, whether or not all cholinergic fibres are
nitrergic is not clear. Putative nitric oxide (NO) released from NOS-IR fibres is involved with both vascular and
non-vascular inhibitory effects of the parasympathetic system. Petrosal ganglion NOS-IR afferent fibres may be
the main source of NO to glomus cells causing hyperpolarization. Conversely, the vascular effect of the
parasympathetic innervation to the CB is not solely mediated by NO, but rather in association with acetylcholine
(ACh) via muscarinic receptors (mAChR). This was demonstrated via close intra-arterial injection of atropine that
abolished the increase in carotid body total blood flow seen after electrical stimulation of the carotid sinus nerve.
Abbreviation: A: type A glomus cell, B: Type B glomus cell, IR: immunoreactive, ChAT: choline
acetyltransferase, NO: nitric oxide, NOS: nitric oxide synthase, mAChR: muscarinic receptors, Type II: Type II
glia-like cells. Data from: (Campanucci & Nurse, 2007; Neil & O’Regan, 1971b; Wang et al., 1993)

An additional complexity is that paraganglia neurones residing in close proximity to
blood vessels within the CSN/GPN are O2 sensitive and activated by hypoxia (Campanucci &
Nurse, 2005; Campanucci et al., 2003). With P2X2 and P2X3 purinergic receptors expressed
on these cells (Campanucci, 2006), one possibility is that ATP released from erythrocytes
within the carotid body during hypoxia could activate these NO-producing paraganglia
neurones and provide a negative feedback loop to the carotid body (Campanucci et al.,
2012;Campanucci & Nurse, 2007). However, whether this has a functional importance on
afferent discharge, or the gain of the reflex response remains to be investigated. It would be
inappropriate to dampen the reflex ventilatory response to hypoxia completely, although some
moderation of afferent excitability to prevent excessive hyperventilation may be important for
preserving PaCO2, cerebral blood flow and consciousness.
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1.8. The superior cervical ganglion and carotid body
The SCG is the most rostral sympathetic ganglia found at the level of the CCA
bifurcation. Its postganglionic neurones project to many cranial targets and they can be
distinguished as: vasomotor, pilomotor and secretomotor neurones based on their size and
neuropeptide content (Gibbins, 1991). The SCG is located at the posterior medial region of the
CCA bifurcation and extends alongside the ICA (Figure 12A). The postganglionic sympathetic
neurones project to their end organs (e.g., pineal gland, cerebral vessels, eyes, etc.) via two
major efferent branches: the ICN and the external carotid nerve (ECN; Figure 12B). The ECN
is a combination of two nerves that protrude more centrally from the SCG; the one that projects
to the carotid body is the GGN as previously described in section 1.6.1 (Figure 12C).

Figure 12: The superior cervical ganglion (SCG). A) the anatomical location of the SCG in relation to the right
common carotid artery bifurcation. B) displays the main ganglionic efferent nerves: cervical sympathetic trunk
(CST), a branch in proximity to CST that sends excitatory transmission to thoracic organs (e.g., heart), internal
and external carotid nerves (ICN and ECN, respectively), Pterygopalatine nerve (PPN), and ganglioglomerular
nerve (GGN). C) innervation of the carotid body by the SCG is via the GGN. Abbreviations: CB: Carotid body,
CBA: Carotid body artery, CCA: Common carotid artery, CST: cervical sympathetic trunk, ICN: internal carotid
nerve, ECN: external carotid nerve, GGN: ganglioglomerular nerve, PPN: pterygopalatine nerve, SCG: superior
cervical ganglion.

Hedger & Webber (1976) thoroughly described the anatomy of the SCG and CST in
rats. In ~ 60% of their dissections, they observed a branch from the ganglion coursing towards
the superior laryngeal nerve. Furthermore, a branch following the pterygopalatine artery was
presented in ~70% of dissections, which was named the pterygopalatine nerve (PPN). They
also described a branch leaving the caudal pole of the ganglion that joined a plexus on the CCA,
from which branches were traced to the superficial aspect of the arch of the aorta and provide
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innervation to the heart. Finally, they showed that the SCG is connected to many cranial nerves,
such as the GPN, vagus, accessory and hypoglossal nerves as well as cervical spinal nerves.
The perikarya of postganglionic sympathetic neurones are highly localised within the SCG.
Neurones that project via ICN have their soma mainly in the rostral pole of the ganglion,
whereas neurones whose bodies are in the caudal pole mainly project via the ECN (Bowers &
Zigmond, 1979). Therefore, we believe the neurones projecting towards the carotid body are
located are in the caudal pole of the ganglion.
Electrophysiological studies reported that the SCG contains different populations of
neurones projecting through its postganglionic branches (Li & Horn, 2006). Li and Horn
recorded the extracellular compound action potentials from the ECN and ICN whilst
stimulating the CST. According to the authors, two major peaks with distinct conduction
velocities were present in both nerves. The first peak was faster, smaller and had a lower
stimulus threshold than the latter second peak. Additionally, the first peak was often smaller in
the ICN than in the ECN; therefore, the authors suggested that the neurones responsible for the
first peak were more abundant in the caudal pole of the ganglion. In many preparations the
second peak could be subdivided into two parts. Hence, the authors suggested that the SCG has
at least two subpopulations of neurones with different presynaptic stimulus thresholds
mediated by nicotinic synapses. Then, the authors performed intracellular recordings from
neurones on the surface of the caudal pole of the ganglion that projected to the ECN. They
found that presynaptic inputs that produced subthreshold (weak) and suprathreshold (strong)
excitatory postsynaptic potentials (EPSPs) on postganglionic neurones. From these data the
authors classified the postganglionic neurones as low- or high-threshold cells. Finally, they
demonstrated that NPY-positive neurones were present only in high-threshold neurones.
However, only a subset of these neurones was NPY-positive. Combining the intracellular preand post- synaptic conduction latencies and conduction distances, the authors were able to
calculate the overall conduction velocities for each group of cells. Low-threshold neurones
produced the first peak described above, whereas the second peak is produced by highthreshold NPY-negative and positive neurones.
It is known that, in rats, the ratio of pre- to postganglionic neurones is 1:15 with about
seven inputs per postganglionic cell in the SCG (McLachlan, 2003). These preganglionic cells
deliver weak and strong inputs onto the soma, with the majority being weak. In sympathetic
ganglia, strong inputs are associated with N- and R-type calcium channels, whereas P-type is
responsible for almost half of the weak inputs (Ireland et al., 1999). It is reported that at least
one strong synaptic input from preganglionic to postganglionic neurones exist (Jobling &
50

Gibbins, 1999; McLachlan, 2003). These connections will modulate different patterns of firing
for each ganglionic cell: phasic and tonic (Jobling & Gibbins, 1999). On the other hand,
frequency of discharge seems to be modulated by activation of Ca2+-activated Cl- channels
(Martinez-Pinna et al., 2018).
In the SCG, the sympathetic postganglionic cells are called principal neurones and
release NE (Eränkö et al.,1986). There are also small cells with vesicles containing large densecore granules and others with small granules. Collectively, these small cells are similar to
chemoreceptor glomus cells of the carotid body and are termed small intensely-fluorescent
cells (SIF) (Case & Matthews, 1985). There are at least three types of SIF cells: type I are interneurones interposed between preganglionic axons and principal neurones (i.e., synapsing with
principal neurones), type II cells are para-neurones with endocrine function, and type III have
been proposed to be chemoreceptive cells (Tanaka & Chiba, 1996). Additionally, more than
one SIF cell can provide input to a post-ganglionic neurone (Case & Matthews, 1985). Takaki
et al. (2015) expanded this concept showing that some SIF cells produce dopamine, therefore,
regulating principal neurone excitability via D2 receptors. Furthermore, subpopulations of SIF
cells can produce and release NE, epinephrine, and 5-HT; the latter is proposed to have
modulatory effects upon sympathetic ganglion cells whereby 5-HT will inhibit the release of
ACh from preganglionic neurones (Eränkö et al., 1986). Using immunolabeling and retrograde
tracing technics, Takaki et al. (2015) demonstrated that SIF cells are innervated by sensory
neurones originating from the PG. Two populations of fibres were positively stained for P2X3
receptors or vesicular acetylcholine transporter (VAChT). Lastly, satellite glial cells
surrounding the principal neurones in the sympathetic ganglia are believed to have a
modulatory role, but little is known about their contribution. The satellite glial cells were
reported to express purinergic receptors (e.g., P2X7) and to respond to ACh via muscarinic
receptors (Figure 13) (Feldman-Goriachnik et al., 2018).
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Figure 13: Main cells present in the superior cervical ganglion (SCG). The postganglionic sympathetic neurones
are named principal neurones and are surrounded by satellite glial cells. In the sympathetic ganglia small intensely
fluorescence (SIF) cells are also found. Three types of SIF cells have been described in the literature. Isolated
type-I SIF cells display processes and act as interneurones interpolated between preganglionic sympathetic axons
(red dash line) and principal neurones. Type-II SIF cells are para-neurones that release a set of transmitters such
as dopamine, serotonin and norepinephrine to modulate principal neurones. Type-III SIF cells are proposed to be
chemoreceptive similar to carotid body glomus cells. This subpopulation of SIF cells was demonstrated to receive
afferent connection from petrosal ganglion neurones immunoreactive for P2X3 purinergic receptors (P2X3R) and
vesicular acetylcholine transporter (VAChT). Data from:(Takaki et al., 2015; Tanaka & Chiba, 1996)

Electrical stimulation of the CST evokes plasticity changes in the compound action
potential recorded from the ICN. Tetanic stimulation of the sympathetic trunk with high
frequency (20Hz for 20s) evoked an initial large increase (i.e., post-tetanic potentiation) of the
compound action potential that is followed by a long-lasting increase in the nicotinic pathway,
termed ganglionic long-term potentiation (gLTP) (Alkadhi et al., 2005; Alkadhi et al., 1996).
It is suggested that gLTP in the SCG of rats is reliant on activation of 5-HT3 receptor via 5-HT
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release from SIF cells (Alkadhi et al., 1996; Eränkö et al., 1986). Based on these studies,
Alkadhi and colleagues (2001) suggested that in hypertension the augmented central
sympathetic outflow to the ganglia could provide the “repeated high frequency presynaptic
activity required for expression of gLTP in sympathetic ganglia. This would result in a
sustained increase in sympathetic tone to the blood vessels, leading to hypertension” (Alkadhi
et al., 2001, p.1025). Next, the authors tested whether inhibiting the gLTP by means of treating
SH rats with tropisetron systemically, a 5-HT3 antagonist, would cause any change in SBP.
They observed a massive fall of ~ 40 mmHg not seen in Wistars. The authors collected naïve
ganglia from Wistar and SH rats and, recording the compound action potential from the ICN,
they demonstrated that 5-HT3 antagonism decreased baseline ganglionic transmission in SH
rats without affecting synaptic activity in Wistars (Alkadhi et al., 2001). More recently, Arias
(2014) demonstrated that neurotrophins such as brain-derived neurotrophic factor (BDNF) and
nerve growth factor (NGF) are implicated in the duration of the gLTP. BDNF, for instance,
prolonged gLTP decay time. Subsequently, Valle-Leija et al. (2017) demonstrated the presence
of TrkB receptors (the BDNF receptor) in 19% of adult SCG neurones. Therefore, the presence
of gLTP in SCGs of SH rats provides the founding of the possibility that there may be increased
sympathetic outflow from the SCG to the carotid body.
In summary, we hypothesised that, in hypertension, hyperexcitability of the carotid
body is caused, at least in part, by a reduction in its blood flow. This would be secondary to the
high activity of sympathetic nerves, originated from the SCG, innervating the vasculature of
the carotid body thereby generating localised ischemia (Figure 14).
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Figure 14: Proposed hypothesis for carotid body (CB) hyperexcitability in hypertension. We proposed that the
excitability of the superior cervical ganglion (SCG) innervation of the CB is elevated in the spontaneously
hypertensive rat (SHR) leading to its hypertonicity and hyperreflexia relative to normotensive Wistar rats.

1.9. Aim
The aim of my thesis was to investigate whether the sympathetic nervous system
modulates carotid body hyperexcitability in hypertension. We investigated the underlying
mechanisms underpinning how the SCG modulates chemoreflex sensitivity and whether such
an organ is a viable target for treating hypertension.
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Chapter 2
General Methods
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2.1. Animals
Male Wistar and SH rats were bred by the Vernon Jansen unit (VJU) of the University
of Auckland. All tests were performed in accordance with the biomedical research guidelines
for animal welfare and were approved by the University of Auckland committee for the ethical
use of animals in scientific research (AEC# 2058, 2274, 2005, 2230 and 2148).
For Whole-cell recordings of petrosal Neurones, rats were bred by the Animal Care
Facility of the University of São Paulo, Campus of Ribeirão Preto and São Paulo, Brazil. All
experimental protocols were approved by the Ethical Committee on Animal Experimentation
of the School of Medicine of Ribeirão Preto, University of São Paulo (no. 001/2016-1).

2.2. Working heart-brainstem preparation (WHBP)
As used by Professor Janus Lipski in Auckland in the 1990’s (Hayashi et al., 1991;
Hayashi & Lipski, 1992), we also used an arterially perfused decerebrised rat preparation
(Paton, 1996) that gave advantages of being free from the depressant effects of anaesthesia,
was rapidly set up and gave unprecedented surgical access to fine structures as well as control
of the extracellular milieu and circulation. Juvenile rats (3-6 weeks old; 50-80g) were deeply
anaesthetised with isoflurane (5% in O2, 1L min-1) until breathing was heavily depressed and
there was a complete loss of paw withdrawal reflex. At this time, they were given heparin
intraperitoneally (350 UI) and 10 minutes later were bisected below the diaphragm,
exsanguinated, placed in ice-cooled modified Ringer's solution (composition in mM as follows:
NaCl, 125; NaHCO3, 24; KCl, 3.75; CaCl2, 2.5; MgSO4, 1.25; KH2PO4 1.25 and D-glucose 10;
pH= 7.4, Sigma-Aldrich) decerebrised precollicularly, the lungs resected, and the left phrenic
nerve isolated within the chest. After transferring the preparation to a recording chamber, the
descending aorta was isolated and cannulated via a double-lumen catheter (DLR-4, Braintree
Scientific). Retrograde perfusion of the thorax and head restored viability based on a ramp-like
phrenic nerve pattern. The perfusate was a modified Ringer's solution (as above) containing an
oncotic agent (1.25%, polyethylene glycol), gassed with carbogen (5% CO2, 95% O2), warmed
to 31-32°C, filtered with nylon mesh (25 µm; Millipore) and recirculated. The second lumen
of the cannula was filled with saline and connected to a Gould pressure transducer and amplifier
(series 6600) to monitor perfusion pressure (PP) in the aorta. The PP was maintained between
55-80 mmHg for Wistar and 70-90 mmHg for SH rats using vasopressin (Wistar: 2-2.5 nM SH rats: 3-3.5 nM; Sigma-Aldrich) which was added to the perfusate to maintain peripheral
vascular resistance. Perfusion flow was 20-25 mL/min (Watson-Marlow 505s pump, Falmouth,
UK). Neuromuscular blockade was established using vecuronium bromide added into the
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reservoir 300µL (10mg/mL). Simultaneous recordings of the phrenic (PN) and thoracic
sympathetic trunk activities (tSNA; between T13 and L3) were obtained using bipolar glass
suction electrodes. The tSNA was chosen due to its easy accessibility; nevertheless, this trunk
contains both cardiomotor and vasomotor fibres since they are baroreflex-sensitive ( Felippe et
al., 2022). Signals were amplified (10,000 x, A-M Systems model 1700), band-width filtered
(10–1 kHz, A-M Systems), digitised (10 kHz, Micro1401-3, CED), and recorded using
software Spike2 (CED). HR was derived from the inter R-wave of the electrocardiogram
(ECG) recorded through two hypodermic needles placed into each forelimb of the preparation
and captured using a window discriminator. NaCN (50-100µL, 0.04%) was injected in boluses
directly into the aorta through a side port of the aortic catheter for stimulation of carotid body
chemoreceptors (Figure 15).
The WHBP takes roughly 30 min to set up from the start of the surgery until the
recordings of both tSNA and PNA. The longevity of preparations is variable, often lasting for
2-3h. Although this is a challenging experiment, setting up the preparations has a success rate
>80%. The latter might be dampened depending on the protocol (e.g., recording CSN or
cannulation of ICA – see Chapter 3).
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Figure 15: Schematic of the working heart-brainstem preparation. The descending aorta was cannulated with a
double lumen catheter and perfused with a Ringer’s solution containing an oncotic agent and gassed with 5% CO2
in 95% O2 mixture. The second part of the cannula is connected to a pressure transducer for measurement of
perfusion pressure. A roller pump through two acrylic bubble traps arranged in series with an in-line filter to trap
cellular debris pumped the perfusate from a reservoir. Peripheral chemoreceptors are activated by an injection of
low doses of sodium cyanide (NaCN) into a side branch of the aortic catheter while the electrocardiogram (ECG)
as well as the thoracic sympathetic trunk (tSNA) and phrenic nerve activities (PNA) were recorded using glass
bipolar suction electrodes. Abbreviations: CB: carotid body, SCG: superior cervical ganglion, ꭍ PNA: rectified
and integrated phrenic nerve activity, and ꭍ tSNA: rectified and integrated thoracic sympathetic trunk activity.
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2.3. Peripheral chemoreflex -WHBP.
The NaCN evoked chemoreflex pattern of response consisted of increased phrenic
nerve activity (PNA) accompanied with bradycardia, sympathoexcitation and an associated
increase in PP (Figure 16). From PNA, we derived the respiratory rate (fR). We quantified the
chemoreflex in two ways: first, calculating the percentage increase in fR and
sympathoexcitation relative to the baseline immediately before the stimulus; the period of
baseline used for this calculation was over the same period as the chemoreflex response.
Second, the peak bradycardia and maximal increase in PP were calculated as the change (Δ) in
HR (bpm) and PP (mmHg) relative to the baseline. At least seven minutes were allowed to
elapse between sequential doses of NaCN.

Figure 16: Carotid body chemoreflex response after 50µL bolus of NaCN (0.04%) given into the aorta to stimulate
the right carotid body only of an in situ preparation of a spontaneously hypertensive (SH) rat. From top to bottom,
the electrocardiogram (ECG) from which heart rate (HR) was derived; rectified/integrated thoracic sympathetic
trunk activity (SNA), raw thoracic SNA, respiratory rate (RR) derived from the phrenic nerve activity (PNA),
rectified/integrated PNA, raw PNA and perfusion pressure (PP). Note how activation of the carotid body triggers
enhanced respiratory modulation of both the sympathetic activity and heart rate. Note the volume/injection artefact
in the PP at the time of injection of NaCN (red arrow).
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2.4. Whole-cell recordings from petrosal ganglion chemoreceptive neurones.
These recordings were made in collaboration with Dr. Davi J. A. Moraes at the
University of São Paulo, Brazil. The right carotid body, CSN, and PG complex were isolated.
As described previously (Pijacka et al., 2016), we performed whole-cell patch clamp recordings
of chemoreceptive petrosal neurones with patch pipettes filled with a solution containing the
following (in mM): 130 K-gluconate, 4.5 MgCl2; 14 trisphosphocreatine, 10 HEPES; 5 EGTA;
4 Na-ATP; 0.3 Na-GTP; pH 7.3. Trisphosphocreatine is used to assist Gigaseal formation. This
solution had an osmolarity of ~300 mOsmol, and when filled, pipettes had a resistance of 3–8
MΩ when tested in the perfusate solution. Junction potentials (~5 mV) were measured and
nulled. Current-clamp experiments were performed with an Axopatch-200B integrating
amplifier (Molecular Devices) and pClamp acquisition software (version 10.0, Molecular
Devices). Gigaseals (>1 GΩ) were formed, and whole-cell configuration was obtained by
suction. To enable stable whole-cell recordings, the petrosal ganglion was opened along its
lateral aspect. A mesh grid was lowered onto the ganglion for stabilisation, while permitting
visualization of the petrosal ganglia. Chemoreceptive petrosal neurones were identified
physiologically by their excitatory response to: (i) electrical stimulation of the carotid sinus
nerve and (ii) NaCN (50-µL; 0.03%) injected into the aorta. Recordings were maintained for
at least 20 min with action potential amplitudes of at least 70 mV. The parameters measured
and analysed were resting membrane potential, membrane input resistance, ongoing firing rate,
and the firing frequency response to injection of depolarising current.

2.5. Immunohistochemistry
Tissues were fixed in 4% paraformaldehyde (PFA) in phosphate buffer saline (PBS;
0.1M, pH=7.4,) overnight. Subsequently, the tissues were immersed in 20% sucrose for 24h at
4°C and then embedded in OCT compound (Tissue-Tek®, PST- ProScitech, Australia), frozen,
and stored at -80°C. The bifurcations were sectioned using a cryostat (10 µm thick) and
mounted on glass slides (Superfrost® Plus, LabServ, LBS4951+). Sections were permeabilised
for 20 min (0.5% Triton X-100 in PBS), and blocked for 1h in PBS-0.1% Tween20 containing
1% bovine serum albumin (BSA, pH Scientific Limited, NZ), 10% Donkey serum (SigmaAldrich, Australia), and 0.3M of Glycine (Sigma-Aldrich, Australia). Sections were incubated
overnight in a humidified container at 4°C with primary antibodies (see appropriate chapter).
After washing they were incubated for 2 hours with secondary antibodies in PBS-0.1%
Tween20 containing 1% BSA, 1% Donkey serum (see appropriate chapter). Sections were
mounted with anti-fade media (ProLong Glass Antifade Mountant with NucBlue (Hoechst
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33342), Invitrogen; P36981) and imaged using a confocal (Zeiss LSM 800 Airyscan - Axio
Observer 7 inverted microscope with GaAsP-PMT detector) or epifluorescence microscopy
(Leica DMR fluorescence microscope), accordingly. Descriptions of imaging acquisition
details are given later in the appropriate chapter.

2.6. Chronic telemetry instrumentation and venous access
Under isoflurane (2-5% in O2, 1L min-1) anaesthesia, rats were given a subcutaneous
injection of an analgesic agent (0.05mg/Kg of Temgesic - buprenorphine - Indivior, AUS) and
an antibiotic (4 mg/Kg of Baytril - enrofloxacin – Bayer Pharmaceuticals, AUS). Surgical fields
were shaved and disinfected using solutions of iodopovidone and chlorhexidine. Under aseptic
techniques, a midline abdominal incision of 2.5 cm was made through the skin and abdominal
muscle layers. The descending abdominal was aorta exposed and dissected free of surrounding
tissue, and silk sutures placed around the aorta just below the renal bifurcation, and just above
the iliac bifurcation. The aorta was briefly occluded and isolated by applying tension to the
sutures, then the aortic wall was pierced using a bent 23G needle and the cannula of the BP
transmitter (TRM54P, Kaha Science, NZ) was inserted towards the heart. The probe tip was
advanced approximately 1.5cm above the iliac bifurcation and below the left renal artery
branch. Blood flow was restored through the aorta once the probe was secured in place using
tissue adhesive (VetBond, 3M, USA) and polypropylene mesh (Small Parts Ltd, USA). The
transmitter body was placed in the abdominal cavity and sutured to the abdominal muscle layer
when this was closed with silk sutures.
Next, the right femoral vein was exposed via a 2cm incision. The venous line was
composed of two catheters: one was a 3cm length of MRE 33 polyurethane tubing (Braintree
Scientific, USA), which is pre-coated with heparin (TDMAC, Polysciences, Eppelheim,
Germany) connected to a 16 cm length of MRE 040 tubing (Braintree Scientific, USA). The
line was pre-filled with locking solution (50U/ml heparin + 2000U/mL of penicillin G
dissolved in sterile saline) and the catheter inserted 1.5cm into the femoral vein. The catheter
was secured in place with tissue adhesive (VetBond, 3M, USA) and polypropylene mesh
(Small Parts Ltd, USA). The catheter was tunnelled subcutaneously and connected to a capped
intrascapular port. Animals were allowed a 7-day recovery period before experimental
protocols commenced. The femoral line was flushed with heparinized saline solution every 2
days throughout the study period.
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2.7. Superior cervical ganglionectomy in vivo
Surgeries were conducted under aseptic conditions with animals anaesthetised with
isoflurane (2-5% in O2, 1L min-1). Abdominal subcutaneous injection of an analgesic agent
(0.05mg/Kg of Temgesic - buprenorphine - Indivior, AUS) and an antibiotic (4 mg/Kg of
Baytril - enrofloxacin – Bayer Pharmaceuticals, AUS) were given. Surgical fields were shaved
and disinfected using solutions of iodopovidone and chlorhexidine. Thereafter, a longitudinal
incision was made on the ventral surface of the neck; the salivary glands, sternomastoid (STM)
and sternohyoid (SHM) muscles gently separated and retracted, exposing the omohyoid
muscle, the CCA, the carotid artery bifurcation, the cervical vagus and sympathetic trunk, and
the SCG.
Right and left SCG were dissected free from connective tissue, the vagus nerve and
carotid arteries. Then, its connecting points with the CST, ECN and ICN were severed, and the
ganglion removed. The neck incision was closed with silk sutures. Figure 17 shows an example
of an identified SCG on surgical site.
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Figure 17: Surgical field exposing the right superior cervical ganglion (SCG) in a spontaneously hypertensive
rat. After a longitudinal incision was made on the ventral surface of the neck, the SCG was exposed which was
located alongside the common carotid artery bifurcation and cervical vagus nerve. With the help of a swab, the
common carotid artery bifurcation was retracted towards the left side, thus exposing the caudal portion of the SCG
that normally lies behind the vagus nerve. a) raw image and b) edge of the structures highlighted with respective
labels. Abbreviations: CCA: common carotid artery, ECA: external carotid artery, ICA: internal carotid artery,
OCA: occipital artery.
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2.8. Blood pressure and heart rate recording – in vivo conscious rats.
The BP telemeter used was a Millar Mikro-Tip™ type. The signal was sent wirelessly
to a Smartpad (TR180, Kaha Sciences, New Zealand), digitised (100 Hz, Micro1401-3, CED)
and recorded using software Spike2 (CED). SBP, MBP, and DBP were derived from the
pulsatile blood pressure whilst HR was calculated from the pulse interval using a bespoke script
for Spike2 (CED). As mentioned before, the HR was derived from the pulse interval of BP. A
threshold of 20 mmHg was set for identification of each pulse, which means that oscillations
of less than 20 mmHg were not identified as a heartbeat, but rather considered artifacts.
2.9. Peripheral chemoreflex – in vivo conscious rats.
The rats were challenged with KCN (0.2%) injections (i.v.) to evoke the chemoreflex.
A dose-response curve was constructed for each animal with 4 doses - 10, 20, 40, and 80µg per
rat regardless of body weight, as per work of Franchini & Krieger, (1993). Between each
injection, we waited 15 min, so animals could recover their hemodynamic parameters to
baseline levels. The maximum carotid body-evoked hypertensive and bradycardic responses
were calculated as the peak change (Δ) in BP (mmHg) and HR (bpm), respectively, relative to
the baseline after each dose of KCN.

2.10. Microinjections of viral load into the superior cervical ganglion
Under aseptic conditions, animals were anesthetized with isoflurane (2-5% in O2, 1L
min-1). Local anaesthetic injections (s.c.) (6mg/Kg of Marcain – Bupivacaine – Pfizer, AUS)
were carried out, beforehand (i.e., 5min), into the neck region where the incision would be
made; these provided local analgesia post-operatively. A longitudinal incision was made on
the midline ventral surface of the neck. The right salivary glands, STM and SHM muscles were
gently separated and retracted, exposing the omohyoid muscle, the CCA, the carotid artery
bifurcation, the cervical vagus and SCG. We injected viral vectors into the ganglia using glass
pipettes (20-30µm tip diameters). After piercing the ganglion with the pipette, two minutes
were allowed to elapse so the tissue could seal around the tip. The glass pipette was connected
to a 5 µL Hamilton syringe and approximately 500nL of solution containing high titre viral
vector and 10% (v/v) of fast green FCF (5mM, Sigma-Aldrich) were manually injected into
the SCG. We observed that the ganglion changed colour accordingly indicating that the
injectate was within the ganglion. After the injection, the pipette remained within the SCG for
a further 5 min before removal, thus allowing time for the injectate to diffuse into the ganglion
and to avoid backflow leakage. The contralateral SCG was left intact as a control ganglion.
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Once the pipette was removed the ganglion was washed with saline and dried with cotton wool.
The neck was closed using silk sutures and animals permitted to recover in its home cage.

2.11. Data analysis
Nerve signals were rectified and integrated (ꭍ) with a time constant of 50 ms. For
analysis of respiratory-sympathetic coupling, we used a custom written script (Abdala, 2020)
to measure the amount of SNA in each phase of the respiratory cycle: inspiration (I), and
expiration (E). Note, the expiratory phase – (i.e., inter-phrenic interval) was divided into two
phases: E1 and E2 and were apportioned the first 2/3 and the final 1/3 of expiration,
respectively. The maximum tSNA burst amplitude (i.e., Peak) and the area under the curve
(AUC) for each phase of the respiratory cycle (i.e., I, E1, and E2) were calculated. This analysis
was performed as we have previously found that the respiratory pattern generator plays a major
role in the modulation of sympathetic activity and this modulation is enhanced in the SHR
(Simms et al., 2009).

2.12. Statistical analysis
Statistical analyses were performed using GraphPad Prism (version 8.0, USA) and
Statistical Package for the Social Sciences version 27.0 (SPSS, Chicago, IL, USA) software.
The assumptions for each test were checked and when violated, a non-parametric test used, e.g.
Wilcoxon test. Normality distribution of data was assessed via Shapiro-Wilk test and
homogeneity of variance via Levene’s test. Dunnett’s post hoc test was used to adjust for
multiple comparisons. The level of significance was set at P<0.05 and data were expressed as
mean ± standard errors of the mean (SEM). For calculating the sample size, we used the
package "pwr" for RStudio that is based on the work of Cohen (1988). The minimum
meaningful effect size to be detected was set as 0.99. The sample size was calculated as 10
animals per group to yield a power of 80% to detect the above-mentioned magnitude of effect
(i.e. effect size) using paired student-t test. When the sample size was ~ 5-6 animals, we
performed the statistical analysis and if a significant difference was seen, then we would not
continue to increase the number of animals in accordance with the 3 R’s (i.e., refinement,
reduction, and replacement). This was possible because, in this situation, the effect size would
be >0.99 whereby the given sample size would already have enough power to detect it.

65

Chapter 3
Can the sympathetic innervation
of the carotid body modulate its
excitability?

66

3.1. Introduction
Previous studies from our group have demonstrated that the carotid body is involved
with both the development and maintenance of neurogenic hypertension via pathological
development of hyperreflexia and hypertonicity, so called carotid body hyperexcitability
(Abdala et al., 2012; McBryde et al., 2013; Pijacka et al., 2016). The modulatory effect of the
autonomic system on carotid body chemoreceptor afferent discharge is well established in the
literature: the SNS excites whereas the PNS depresses (Acker & O’Regan, 1981; Floyd & Neil,
1952). In pre-hypertensive SH rats, sympathetic vasomotor overactivity is already present just
after birth and exhibits increased sympathetic-respiratory coupling (Clément Menuet et al.,
2017; Simms et al., 2009). Consequently, it is conceivable that both the hyperreflexia and
hypertonicity are mediated by the increased sympathetic drive to the carotid body itself.
Floyd & Neil, (1952) were the first to evaluate the effects of sympathetic innervation
on carotid body sensory discharge. In anaesthetized cats, electrical stimulation (ES) of the CST
increased the discharge rate of chemo-afferent fibres isolated from the CSN. This concept was
further explored by Daly et al. (1954) who demonstrated that activating the sympathetic
efferent reduces carotid body blood flow due to vasoconstriction. Years later, O’Regan (1981)
proposed the existence of both vascular and non-vascular effects of carotid body autonomic
modulation. Accordingly, stimulation of sympathetic efferents to the carotid body increased
chemoreceptors afferent discharge via two mechanisms: (i) vascular α1-adrenoreceptors and
(ii) non-vascular direct effects of sympathetically released neurotransmitters. However, such a
proposal is still a matter of debate (Brognara et al., 2021).
To date, the effects of the sympathetic nervous system on carotid body afferent activity
in normotensive animals has been investigated. However, to our knowledge, no one has ever
investigated its role in hypertensive animals. Furthermore, although previous studies have
demonstrated that sympathetic efferent stimulation increases chemoreceptor afferent
discharge, there are no data on what the functional effect of this is on the different reflex
responses of sympathetic activation, bradycardia, pressor response and tachypnoea (i.e.
sensitised versus de-sensitised versus no change). For testing the new ribbon cable hypothesis
(Zera et al., 2019), measuring the chemoreflex evoked motor responses is imperative.
Therefore, the aim of this chapter is to evaluate whether the SCG, which is the primary
source of sympathetic innervation to the carotid body (Daly, 1997), can modulate its sensitivity
and whether this differs between normotensive (Wistar) versus pre-hypertensive SH rats since
the latter have raised sympathetic vasomotor activity. The results will afford a better
understanding of the role played by the SCG in modulating the carotid chemoreceptors and
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identify whether the SCG might be a new therapeutic target for treating neurogenic
hypertension.

3.2. Experimental design
Using the WHBP described in section 2.2. – Chapter 2, three protocols were carried
out to assess the functional role of the sympathetic innervation to the carotid body and whether
it differed between normo- versus hyper- tensive rats: (i) ES of SCG in Wistar and SH rats (ii)
ICA injection of α1-adrenoreceptor antagonist prior to ES of the SCG (Figure 18), and (iii)
Unilateral SCG resection in SH rats.
In all protocols, the left CCA was ligated to ensure only the carotid chemoreceptors on
the right side and ipsilateral to the SCG under study were being stimulated (Figure 19). In
protocol (ii), we cannulated the right ICA with a fine cannula having a dead space of 10µL;
this volume was accounted for in all injections. The tip of this cannula pointed towards the
CCA with its tip just rostral to the bifurcation and juxta-positioned to the CBA; its other end
was connected to a Hamilton syringe (100 µL). After cannulating the ICA, 20 µL of NaCN
(0.04%) was injected to stimulate the ipsilateral carotid body; the resultant chemoreflex
confirmed the integrity of the carotid body and CSN, and provided proof that drugs injected
into the ICA would reach the carotid body (Figure 20a). The response was compared in the
same preparation with the one evoked from the NaCN injected via the descending aorta (Figure
20b). Before switching from NaCN to other drugs, the Hamilton syringe was disconnected and
rinsed, and perfusate permitted to flow through the catheter to rinse it out. Prior to the
subsequent procedures detailed below, at least two consistent control chemoreflex responses
were acquired and these were evoked by systemic injection of 50-100 µL of NaCN into the
descending aorta in all cases.
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Figure 18: Electrical stimulation (ES) of the superior cervical ganglion (SCG) in the working heart-brainstem
preparation (WHBP). a) Schematic showing how the WHBP was set up for this protocol. b) Rectified and
integrated (ꭍ) waveforms of the recorded carotid sinus nerve (CSN) in a representative preparation, showing the
sensitising effect of ES on the chemo-afferent discharge. Abbreviations: CB: Carotid body, ECG:
electrocardiogram, NaCN: sodium cyanide, PNA: phrenic nerve activity, PP: perfusion pressure, and tSNA:
thoracic sympathetic trunk activity.
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Figure 19: Ligation of the left common carotid artery in the Working Heart-Brainstem Preparation. The common
carotid artery (CCA) was surgically isolated to avoid crushing the vagus and aortic nerves.

Figure 20: NaCN (0.04%) was injected into the internal carotid artery (ICA, panel a) and descending aorta (panel
b) to evoked chemoreflex motor output responses. Injections into ICA were to ensure carotid body viability and
to demonstrate good drug access to the organ. Note that the responses were qualitatively identical.
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3.2.1. Electrical stimulation of the SCG in Wistar and SH rats
In a pilot study, the right SCG of ten Wistar and six SH rats were isolated surgically,
and a twisted wire bipolar microelectrode (diameters 0.125 and 0.150 mm, MS303-3B-SPC,
PlasticsOne) was placed onto the surface and at the middle dorsal region of the ganglion for
ES (10-40Hz, 0.1-2ms, 5-10V; A-M System isolated pulse stimulator Model 2100; Figure 21).
The electrode was held in place using a micromanipulator (MM-3, Narishige) connected to
magnetic stand (GJ-8, Narishige). The Bipolar electrode was cleaned at the end of each
experiment by changing the polarity of the stimulator and turning it on with the tip of the
electrode in distilled water for 2 min. The stimulating parameters were screened to generate the
most consistent and reproducible modulation of the chemoreflex responses. The duration of
stimulus was varied (5-60 s) and optimised to 30 s. Bolus injections of NaCN (50-70 µL,
0.04%) were given into the descending aorta to evoke the chemoreflex. The exact dose chosen
produced bradycardia, tachypnoea, and sympathoexcitation and a pressor response that were
sub-maximal to permit sensitisation or attenuation to be measured. Once established, the dose
was not changed throughout the experiment (typically 50 µL of 0.04% NaCN). ES of the SCG
was only performed after two control chemoreflex responses that were of equivalent
magnitude. Note that ES of the SCG caused an electrical artefact on the phrenic neurogram and
ECG so the NaCN was given immediately after and not during the ES so that these variables
could be recorded clearly and measured.
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Figure 21: Twisted wire bipolar microelectrode was positioned at the surface of the right superior cervical
ganglion (SCG) for electrical stimulation. The right common carotid artery (CCA) was pulled laterally with a
thread to better expose the SCG.
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At the end of the stimulus, a second dose of NaCN was injected immediately to assess
any change in magnitude of chemoreflex responses. We classified these effects into three
categories: “attenuation”, “no effect”, and “sensitisation” based on upwards or downwards
variations of ≥ 5% in chemoreflex sympathoexcitation. Therefore, if the response was
augmented by at least 5% relative to control, then it was classified as “sensitisation” whereas
a reduction ≥ 5% in chemoreflex sympathoexcitation was classified as “attenuation”. As a
control for stimulus spread, we either removed the SCG and stimulated at the exact same
location (n=2) or inactivated the ganglion with a microinjection of lignocaine (1-2µL, 2%; n=5)
before repeating the ES (Figure 22).

Figure 22: Inactivation of the superior cervical ganglion (SCG) with microinjection of 1 µL of lignocaine (2%)
prevents sensitisation of chemoreflex sympathoexciation. The absence of a response suggests that the sensitisation
is not due to stimulus spread including the carotid body itself. Chemoreflex was activated with sodium cyanide
(NaCN, 0.04%; 50-70 µL).

The set of parameters (i.e. the stimulating paradigm) that produced the most consistent
and reproducible sensitisation was 30 Hz, 2 ms, 10 V. Of note, these parameters were similar
to those used by O’Regan (1976): 10-20 Hz, 0.6 ms, 8-12 V, as was the periods of stimulation
i.e. 30 - 60 s. After setting these parameters, ES of the SCG were performed in Wistar and SH
rats (n=6 each). We allowed a period of 10 min for recovery to elapse before injecting another
dose of NaCN (Figure 23). We used linear regression to fit the effects of ES in Wistar and SH
rats and then compare the slope of the curves to quantify the degree of sensitisation in each
strain.
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Figure 23: Protocol for electrical stimulation of the superior cervical ganglion (SCG) in the in situ preparation.
Three NaCN injections were performed to activate the chemoreflex over 17 min: two injections work as a control
and the third occurs right after the electrical stimulation (ES) of the SCG. Last injection is used to check whether
responses returned to basal levels.

In additional Wistar rats (n=5), we evaluated changes in chemoreflex sensitivity from
CSN recordings. ES of the cut end of the CST was performed via a suction electrode; the
negative pole was connected to the inner silver wire and the positive pole to the outer insulated
silver wire. ES was carried out on the CST instead of the SCG due to lack of access to the SCG
caused by the CSN recording. The CSN was identified as a branch from the GPN coursing
towards the carotid body. The CSN was severed close to the GPN and its peripheral end
recorded using a suction electrode. Confirmation of the nature of the nerve came from its ability
to respond to both NaCN injection.
3.2.2. Blocking α1-adrenoreceptors prior ES of the SCG in Wistar rats
We tested whether α1-adrenoreceptors mediated the adaptative effects evoked from the
SCG on chemoreflex function. First, we obtained a sensitisation of the chemoreflex following
ES of the SCG and second, we injected 50 µL of Tamsulosin (1mM in saline, Tocris Bioscience
- RDS305010) into the carotid body via the ICA 10 s before re-stimulating the SCG (Figure
24). Tamsulosin is a competitive antagonist of α1-adrenoreceptors with greater selectivity to
α1A than α1B receptor subtype. Following each ES, we compared the chemoreflex 1 and 10 min
later.
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Figure 24: Experimental timeline for tamsulosin injection prior electrical stimulation (ES) of the superior cervical
ganglion (SCG).

3.2.3. Ablation of the sympathetic innervation to the carotid body in SH rats
We resected the SCG ipsilateral to the carotid body under study to test whether this
would change chemoreceptor sensitivity (Figure 25). Pre-hypertensive SH rats (n=6) were used
based on both the heightened sympathetic activity generated in this strain and increased carotid
body hyperexcitability. The carotid body was stimulated at 10, 17, and 25 min post-SCGx. To
confirm that any effects were due to loss of sympathetic input and not a change in sensitivity
over time, we performed the same procedure in sham preparations where the SCG was exposed
but left intact (n=3). In addition, we also removed the SCG in Wistar rats (n=3) to evaluate its
role in normotensive animals.

Figure 25: Timeline for the superior cervical ganglion resection (SCGx) protocol in the in situ preparation.
Sodium cyanide (100 µL, NaCN – 0.04% m/v) injections were performed to activate the chemoreflex over time:
the first two injections acted as a control followed by injections at 10, 17 and 25 min following ganglionectomy
of the right SCG. Note, NaCN was injected into the aorta with the left common carotid artery occluded (see Figure
19) to restrict activation of the carotid body ipsilateral to the SCG denervated side.
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3.2.4. Whole-cell recordings of chemoreceptive petrosal ganglion neurones in SCGx SH rats.
This experiment was performed through a collaboration with Dr DJ Moraes,
Department of Physiology, University of Sao Paulo, Ribeirão Preto, Brazil. My role was to
assist with writing the protocol based on the data collected and experience. I initiated the idea
for the experiment and was involved in data handling and interpretation. COVID-19 prevented
my personal involvement with this study
Blind whole-cell patch-clamp recordings were made from chemoreceptive PG neurones
in SCGx SH rats (n=5) using procedures identical to those of Pijacka et al. (2016) and are not
described again here. Cellular electrophysiological properties and firing responses were
compared with existing data from non-ganglionectomised SH (n=5) and Wistar rats (n=5; see
section 2.4 – Chapter 2). Depolarizing currents were injected to measure their neuronal
excitability (0.5, 1.0, and 1.5 nA) and KCN (0.03% 50 µL) was injected via the descending
aorta to both functionally identify neurones as ‘chemoreceptive’ and compare reflex sensitivity
based on the depolarisation/firing response.

3.3.5. Statistical Tests
Paired and unpaired Student’s t-test, as well as a repeated measure (RM) and one-way
ANOVA were used accordingly. Due to the longevity of protocols, high quality recordings
could not be maintained in all preparations throughout the full extent of some studies; mixedeffects model was used instead of ANOVA if missing data were present in any group. Kruskal
Wallis with Dunn’s post hoc test was used instead of ANOVA if the assumption of normality
was violated. To analyse the effects of unilateral SCGx, the mixed effects model was modelled
to incorporate the minutes 10, 17, and 25 post-SCGx as 3 levels within the factor “time” and
this was inserted as the within-subject effect and modelled using autoregressive 1 “AR1” as
the working correlation matrix (WCM). The factor “SCGx” was added as a fixed factor whilst
“control” as the baseline covariate. Therefore, the model was equivalent to a RM two-way
ANCOVA. To analyse the neuronal excitability in the whole-cell patch clamp recordings, we
used the generalized estimating equations (GEE) with a gamma distribution, which was chosen
based on the Quasi Likelihood under Independence Model Criterion (QIC) goodness of fit; The
factor ‘depolarizing current’ was inserted as the within-subject effect and modelled using
“independent” as the WCM.
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3.4. Results
3.4.1. Parameter setting for ES of the SCG; a pilot study
From the pilot study to determine the optimal parameters for ES of the SCG, we
observed variable effects: “attenuation”, “no effect”, and “sensitisation” of the carotid bodyevoked sympathoexcitation (Appendix). These distinct responses could be observed in the
same preparation. We quantitatively observed that higher voltages (8-10 V) and pulse widths
of 2 ms tended to produced “sensitisation”, as indicated by an increase in carotid body-evoked
CSN activity (Figure 26a); attenuations could be seen although rarely (Figure 26b). Using this
stimulus (i.e., 30 Hz, 2 ms, and 10 V), we found that the only component of the chemoreflex
significantly enhanced was the sympathetic response (see section 3.4.2.).

Figure 26: Electrical stimulation (ES) of the right superior cervical ganglion modulates carotid body sensitivity
as revealed from bipolar suction electrode recordings of carotid sinus nerve (CSN) activity in two different rats.
First rat (a) shows chemoreflex sensitisation and the second one (b) attenuation. The chemoreflex was stimulated
with sodium cyanide injections (50 µL, 0.04% m/v). Note the CSN recording was void during the ES.
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3.4.2. Stimulation of the SCG causes a selective sensitisation of the carotid body evoked
sympathoexcitation
In Wistar rats (n=6), control chemoreflex evoked sympathoexcitatory responses were
augmented from 29 ± 3.2% to 46 ± 3.58% (t(5) =4.513; P=0.006) after ES of the SCG; the
response returned to baseline levels after 10 min. SH rats (n=6) also displayed enhanced
sympathetic responses after ES (43 ± 6.3 vs 63 ± 9.2 %, t(5) =3.631; P= 0.015, Figure 27). The
change in absolute sensitisation were similar between rat strains (Figure 27e). In contrast, the
chemoreflex bradycardia, tachypnoea, and perfusion pressure responses were not affected by
SCG stimulation (Figure 28). Stimulation in the locality of the SCG after its removal was
without effect on the chemoreflex evoked sympathetic response (n=2). In addition, application
of lignocaine into the SCG blocked chemoreflex induced sympathetic augmentation (n=5;
Figure 22). Both latter results imply that the reflex sensitisation of sympathetic activity was not
due to stimulus spread, which included that to the carotid body.
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Figure 27: Electrical stimulation (ES) of the superior cervical ganglion (SCG) leads to a selective carotid body
(CB) evoked hyperreflexia of the sympathetic response in both rat strains. Typical tracing of the thoracic
sympathetic trunk activity (tSNA; raw and integrated (∫) waveform) during chemoreflex activation before and
after ES in Wistar (a) and SH rats (b). Group mean data showing the effect of ES on the chemoreflex evoked
sympathoexcitation of Wistar rats (n=6; c) and SH rats (n=6, d). The slope of the linear regression between both
rats strains shows no difference in the degree of SCG evoked chemoreflex sensitisation. Chemoreflex was
activated with sodium cyanide (NaCN, 0.04%; 50-70 µL). Data was analysed using Paired student-t test; * p<0.05.
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Figure 28: Lack of effect of ES of the SCG on the carotid body (CB)-evoked bradycardia, (a and d), tachypnoea
(b and e), and pressor response (c and f) in Wistar (top graphs, n=6) and SH rats (bottom graphs, n=6). Data were
analysed using a paired Student t-test or Wilcoxon test.

3.4.3. Administration of tamsulosin to the carotid body blocks the SCG sensitising effect on the
chemoreflex in Wistar rats
In Wistar rats, injecting tamsulosin via the ICA blocked the sensitising effect of ES of
the SCG on carotid body-evoked sympathoexcitation. The control response displayed an
excitation of 24 ± 5.0% that was raised to 34 ± 6.9% (t(5) =4.685; P=0.0027) by the first ES.
Tamsulosin was given (10 s) before the second ES, which blocked its sensitising effect (e.g.,
before tamsulosin: 29 ± 8.0% vs after: 27 ± 8.3%; Figure 29). As above, ES failed to sensitise
any other component of the chemoreflex except the sympathetic response. ICA administered
tamsulosin produced no change in the baseline values of all parameters recorded.
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Figure 29: Prior injection of Tamsulosin (50 µL, 1mM) into the carotid body (CB) via the internal carotid artery
blocked the sensitising effect on the chemoreflex sympathoexcitation evoked by electrically stimulating (ES) the
superior cervical ganglion in Wistar rats (n=6). Chemoreflex was stimulated with sodium cyanide (0.04%; 50 µL).
No sensitisation of the chemoreflex bradycardia, hyperpnea or perfusion pressure was observed. Data was
analysed using paired Student t-test to compare control vs ES and mixed-effects model from ES onwards; * p<0.05
and ** p<0.01.

3.4.4. SCG ablation eliminates the hyperexcitability of chemoreceptive petrosal ganglion (PG)
neurones
Unilateral SCGx in SH rats markedly reduced the electrical excitability of
chemoreceptive petrosal neurones (Figure 30) relative to those recorded in intact SH rats.
Resting membrane potential (Vm) was hyperpolarized (F (2, 12) =22.68, P<0.0001) from -49 ±
0.96 to -56 ± 0.97 mV, which was not different to the level seen in Wistar rats with SCG intact.
Spontaneous basal firing frequency was eliminated by SCGx in SH rats (Kruskal-Wallis
statistic = 13.29, P=0.001). Further, there was an attenuation of the firing response evoked by
KCN injections (F (2, 12) =35.64, P<0.0001) which became similar in magnitude to that observed
in intact Wistar rats. The firing response to injection of depolarizing current was reduced by
SCGx in SH rats (Wald Chi-Square

(2)

=263.085, P=<0.0001) to a level seen in Wistar rats.

Input resistance was not different between Wistar, SH or SH rats after SCGx (F (2, 12) =0.3032,
P=0.744).
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Figure 30: Effect of unilateral superior cervical ganglion resection (SCGx) on ipsilateral chemoreceptive petrosal
ganglion neurones in SH and Wistar rats (n=5 each). a) Representative whole-cell patch clamp recordings from
chemoreceptive petrosal neurones from a Wistar (top left), SH rat (SHR, top middle) and SCGx SH rats (SHR
SCGx, top right) recorded from the in situ working heart-brainstem preparation. Ongoing and evoked firing
responses to chemoreflex stimulation or injected depolarizing current were all reduced after SCGx in SH rats. b)
Changes in resting membrane potential (Vm), spontaneous basal firing, reflex responsiveness to sodium cyanide
injections (NaCN, 50µL of 0.03%), input resistance and firing rate to injected depolarizing currents (0.5, 1, and
1.5nA) are shown. Data were analysed using one-way ANOVA with Dunnett’s post hoc test or Kruskal Wallis
with Dunn’s post hoc test. Neuronal excitability was analysed using generalized estimating equations (GEE) and
Bonferroni as post hoc test; * P<0.05 ** P<0.01; # # P<0.01 vs injected current.
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3.4.5. The SCGx attenuates the carotid body sensitivity in SH rats
Unilateral (right side) SCGx attenuated the ipsilateral carotid body-evoked responses
in SH rats (Figure 31). Whereas the respiratory response only showed a marginal p-value (F(1,
9.4)

= 4.395; P=0.064), both sympathetic (F (1, 11.72) = 10.32; P=0.008), and pressor responses (F

(1, 10.21)

= 5.567; P=0.038) showed time-dependent attenuation. Carotid body evoked sympatho-

hyperreflexia was reduced 25 min (P=0.0120, Figure 31b) after SCGx, whereas the carotid
body-evoked tachypnoea (Figure 31d; t(9) =2.590; P=0.0292) and perfusion pressure (Figure
31e; t(9) =2.768; P=0.0218) were already reduced 10 min thereafter. The exception was the
carotid body-evoked bradycardia (Figure 31c), which remained unchanged. We confirmed
these changes were due to SCGx rather than loss of carotid body sensitivity over time with our
sham SH rats control group. In these animals no attenuation was seen for any of the carotid
body-evoked response over 25 min (Figure 31, Sham). In contrast, in Wistar rats, unilateral
SCGx did not change carotid body-evoked responses (Figure 32). After unilateral SCGx, in
both rat strains the resting PNA rate was increased (SH rat, from 18 ± 1.9 to 23 ± 2.4 burst/min
Wilcoxon matched-pairs signed rank test W=55.00; P=0.002; Wistar from 18 ± 3.0 to 25 ± 2.8
burst/min, t(4) =4.842; P=0.0084), whilst the maximum carotid body-evoked tachypnoea was
unchanged (data not shown). In contrast to PN frequency, unilateral SCGx did not change
resting levels of tSNA in either strain (data not shown).
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Figure 31: Unilateral superior cervical ganglion resection (SCGx) attenuates the ipsilateral CB-evoked
sympathoexcitation (a), tachypnoea (c), and pressor (d) responses in SH rats (n=10). b) the CB-evoked bradycardia
was unchanged. Sham (SCG) SH rats (n= 3) do not show a change in chemoreflex response over time. The
chemoreflex was evoked with sodium cyanide (NaCN, 0.04%; 100 µL). Data analysed using paired Student t-test
test to compare control vs 10 min post-ganglionectomy and a mixed-effects model from post 10 min
ganglionectomy onwards; * P<0.05 vs control and # P<0.05 vs 10 min ganglionectomy
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Figure 32: Unilateral SCG resection in Wistar rats (n=5) attenuated only the CB-evoked chemoreflex (c)
respiratory response without affecting (a) sympathetic, (b) bradycardic, and (d) pressor responses. Although there
is some reduction in pressor response after SCGx, this is not statistically significant. The CB-evoked chemoreflex
was elicited by stimulation of the CB ipsilateral to the SCG resection. The chemoreflex was activated with sodium
cyanide (NaCN, 0.04%; 100 µL). Data analysed using paired Student t-test or Wilcoxon test to compare control
vs 10 min post-ganglionectomy and RM-ANOVA from 10 min ganglionectomy onwards; * p<0.05 vs control.

3.5. Discussion
Our data reveals that sympathetic activity evoked from the SCG by ES causes carotid
body sympatho-hyperreflexia in Wistar and SH rats. This sensitisation was restricted to the
sympathetic component of the chemoreflex response, with a similar magnitude of effect
between both rat strains and mediated by α1-adrenoreceptors as it was prevented by tamsulosin,
an α1-adrenoceptor antagonist. However, only in SH rats was the sympathetically mediated
carotid body sensitisation tonically active as revealed by SCGx. In SH but not Wistar rats, the
latter attenuated the carotid body-evoked sympatho-hyperreflexia and reset the electrical
excitability of chemoreceptive PG neurones to levels observed in Wistar rats. Taken together,
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these data indicate a tonically active drive from the SCG that boosts carotid chemoreceptor
sensitisation in SH rats; these original findings go a long way in explaining carotid body
hyperreflexia in this rat strain.
The effect of stimulating the sympathetic efferents to the carotid body has been studied
since the 1950’s, with many authors reporting an increase in chemo-afferent firing rate (Daly
et al., 1954; Eyzaguirre & Lewin, 1961; Floyd & Neil, 1952), which we also confirmed in the
in situ rat preparation (Figure 26a). However, we are the first to demonstrate that stimulating
the sympathetic innervation of the carotid body potentiates the chemoreflex evoked
sympathetic response. Moreover, this autonomic nervous input is tonically active in SH but not
Wistar rats and mediated by α1-adrenoreceptors. Given that the carotid body afferent neurones
in the PG of SH rats display tonic firing and a depolarised membrane potential relative to Wistar
rats, which were abolished/hyperpolarised after SCGx (Figure 30), the heightened sympathetic
outflow to the carotid body in this rat strain provides a mechanistic explanation for their
hyperexcitability state.
An intriguing observation was a predominant effect of the SCG on the chemoreflex
evoked sympathetic response. Although we do not fully understand the basis for this selectivity,
we suggest that it relates to the distinct connectivity between subsets of glomus cells and reflex
pathways likened recently to a ribbon cable or “private lines” of communication (Zera et al.,
2019). Thus, efferent modulation of the carotid body by the SCG would augment a subset of
chemoreceptor glomus cells connected to and controlling sympathetic motor activity. This
suggests the existence of intricate inter-connections between the SCG and carotid body. In this
context, retrograde labelling studies indicate that the SCG receives innervation from the PG
(Takaki et al., 2015; Zaidi & Matthews, 2013). Approximately half of these PG fibres
terminating in the SCG express purinergic P2X3 receptors; the latter make sensory afferent
synapses with SIF cells. As previously mentioned, SIF cells modulate activity of both pre-and
postganglionic neurones of the SCG (Tanaka & Chiba, 1996) and appear to be involved in the
upregulation of NE synthesis in SCG postganglionic neurones in response to hypoxia (Brokaw
& Hansen, 1987). The PG afferents expressing P2X3 receptors making connection to SCG SIF
cells holds striking alignment to the purinergic PG fibres connecting to some carotid body
glomus cells that are distinctly and uniquely involved in the sympathoexcitatory component of
the chemoreflex in SH rats (Moraes et al., 2018; Pijacka et al., 2016; Zera et al., 2019).
Although the chemosensitivity of PG neurones supplying the SCG has not been determined, it
is tempting to speculate that these purinergic projections function as a feed-forward control
that selectively sensitises the sympathoexcitatory output from the carotid body upon
86

stimulation of the SCG. This might explain how it is possible to modulate one component of
the chemoreflex but not another.
The sympathetic innervation to the carotid body comes from the SCG and appears to
be via direct and indirect route traversing the GGN, i.e. via non-vascular and vascular effects,
respectively (Brognara et al., 2021). O’Regan (1976) demonstrated that ES of the CST excites
two distinct populations of afferent fibres in the CSN. Although both fibres were sensitised
with ES, each of them has unique temporal excitatory patterns, thus allowing to investigate the
mechanism that brings about each response. The first fibre subpopulation was α1-adrenergic
receptor mediated whereas the second one was insensitive to a α1-adrenoceptor blockade. We
hypothesised that α1-adrenergic sensitive fibres mediate changes in blood flow within the
carotid body. In contrast, O’Regan proposed that α1-adrenergic insensitive mechanism would
be mediated by a non-vascular mechanism through increased synaptic drive from preganglionic
sympathetic neurones innervating glomus cells, for which there is some anatomical evidence
(McDonald & Mitchell, 1975). O’Regan showed the response evoked on α1-adrenergic
insensitive fibres was abolished with administration of hexamethonium, a nAChR blocker,
injected into the carotid artery bifurcation (O’Regan, 1976), suggesting it is of pre-ganglionic
origin or post-ganglionic but not releasing NE. Whether this is NPY or ATP or a cholinergic
parasympathetic post-ganglionic mediated effect remains to be determined.
The

sensitising

effect

that

ES

brought

about

on

carotid

body-evoked

sympathoexcitation was completely abolished by tamsulosin administration via ICA thus
confirming the presence of these receptors in the carotid body. Because α1-adrenoreceptors are
highly expressed on blood vessels and commonly known to mediate sympathetic
vasoconstriction, we believe its underlying mechanism is most likely mediated via a vascular
effect. We acknowledge though we have no data to support this. However, we cannot rule out
the possibility that this sensitisation is mediated by α1-adrenoreceptors expressed on glomus
cells, type II cells or even PG afferent neurones connected to the sympathetic “private lines”.
Given this dichotomy, we have directly assessed the cellular distribution of α1-adrenoreceptors
within the carotid body of SH rats (see Chapter 5). Future imaging studies are also required
where blood flow and/or blood vessel diameters within the carotid body are studied while
stimulating the SCG.
In our preliminary study, different ES parameters revealed mixed effects on carotid
body excitability. We observed that higher intensity ES (voltage and/or pulse width) tended to
reveal sensitisation (see Appendix). Whilst increased sensitivity was seen in most rats, some
showed attenuation or no change even when using our optimised stimulation parameters. Such
87

variability was reported previously by O’Regan, (1981). Analysis of single unit action
potentials extracted from integrated multiunit muscle sympathetic nerve activity in humans
revealed (i) lack of concordance in the pattern of response among single units evoked by
different sympathoexcitatory stimuli. (ii) The type of stressor is not important for recruitment
of single units, but rather the strength of the sympathoexcitatory stimulus, whereby some fibres
might respond differently to the same stimulus depending on ongoing neuronal excitability, i.e.
the same fibre might be once inhibited, and next activated (Incognito et al., 2020). Therefore,
in our study, we might expect ES to either inhibit or activate different populations of
postganglionic sympathetic fibres projecting towards the carotid body. The summation of fibre
activity across the SCG will determine the overall effect on chemoreceptors excitability.
Furthermore, as pointed out above, the strength of the sympathoexcitatory stimulus can
overcome the inhibition observed at some fibres and recruit more single units. This would lead
to a heightened SNA outflow to the carotid body thus explaining why our stimulatory paradigm
(i.e., 30 Hz, 2 ms, 10 V) evoked a more consistent and reproducible effect. Nevertheless, these
findings reflect the complexity and multi-functional role of sympathetic efferent modulation
on carotid body chemoreceptors.
Many different adrenergic receptors are known to be present in the carotid body. As
previously mentioned in section 1.7.3., α2-adrenoreceptors have a inhibitory action on glomus
cells decreasing their sensitivity (Almaraz et al., 1997), whilst Folgering et al. (1982) demonstrated
an excitatory effect on CSN chemo-afferent fibres mediated via β1-adrenoreceptors. These findings
were recently corroborated by the work of Alzahrani et al., (2021), which also reported that glomus
cells are positively stained for β1- and β2-adrenoreceptors. Therefore, these different receptors

could also be involved in mediating a variety of responses following ES.
The enhanced carotid body-evoked sympathoexcitation was not associated with a
proportional change in the pressor response (see Figure 28). Although we cannot fully explain
the reasoning for that, we believe this occurred due to prior vasoconstriction caused by ES of
the SCG (see Figure 22) and or fatigue of the neuro-effector junction as previously reported
(Briant et al., 2015). Consequently, this will lead to a lower level of vascular reactivity and
hence a stunted pressor response despite maintenance of the sympathetic drive.
Our finding of endogenous modulation by the SCG on carotid body sensitivity in SH
but not Wistar rats is consistent with the hyperexcitability of both the sympathetic nervous
system and the carotid body in this rat model (Pijacka et al., 2016). At the level of single
chemoreceptive PG neurones, SCGx caused hyperpolarisation, abolished basal neuronal firing,
and reduced the carotid body evoked firing response to levels found in Wistar rats. These data
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demonstrate that in SH rats the SCG provides a major excitatory drive to the carotid body that
triggers hyperexcitability. Of note was the 25 min delay from the time of unilateral SCGx to
the attenuation of the chemoreflex sympathoexcitatory response. We propose that this reflects
time needed to reduce LTP of the carotid body induced by the SCG presumably involving
second messenger systems. The presence of gLTP in the SCG of SH rats is present at their prehypertensive age (Alkadhi et al., 2005; Alzoubi et al., 2010; Martínez et al., 2019) which was
the age of the rats used within our study; whether the carotid body acquires LTP based on its
sympathetic innervation remains to be validated.
One intriguing question remains though: how SCGx changes the electrical properties
of PG chemo-afferent neurones at the level of their soma? In other words, removing the
sympathetic influence from the carotid body should only affect the electrical properties of the
nerve terminals, but our whole-cell recordings of the soma showed hyperpolarisation of the
resting membrane potential after SCGx. We do not fully understand what underlies the
differences in electrical properties of the neurones before and after SCGx; however,
retrogradely axonal-cell soma endosomal trafficking have been described for neurotrophins
(Bartlett et al., 2002; Matusica & Coulson, 2014). If α1-adrenoreceptors are expressed in PG
sensory terminals, and an endosomic mechanism also exists for α1-adrenoreceptors-evoked
second messenger signalling, this would be a viable explanation of the 25 min delay prior to
observing an attenuation of the chemoreflex sympathetic reflex after unilateral SCGx in SHRs.
Considering the potential mechanism underlying the sympathetic modulation of carotid
body excitability, one possibility is that a change in the chemoreflex gain is mediated by
vasoconstriction of the carotid body vasculature to reduce its blood flow and consequently the
carotid body PO2 (Brognara et al., 2021). Winder et al. (1938) were the first to report excitation
of carotid body evoked chemosensory afferent discharge by reducing its blood supply. Later,
Daly et al. (1954) showed that activation of carotid body sympathetic efferent fibres reduced
carotid body total blood flow, with an associated increase in excitability. More recently, Ding
et al., (2011) proposed that in heart failure with reduced ejection fraction, acute falls in cardiac
output lowers the blood flow to the carotid body thus triggering hyperactivity. We hypothesise
that the prevailing increased levels of sympathetic activity in SH rats (Simms et al., 2009) result
in reduced carotid body blood flow, driving its sensitisation and subsequent chemoreflex
hyperreflexia. Whether drugs targeting the carotid body vasculature to cause vasodilatation
will reduce its sensitivity in the SH rat now need to be determined.
Other potential mechanisms underlying the sympathetic modulation are non-vascularrelated. As previously mentioned, α1-adrenoreceptors could be expressed on carotid body
89

glomus cells and/or PG afferent terminals. Activation of α1-adrenoreceptors are known to
induce cellular depolarisation by inactivation of a background calcium-sensitive K+
conductance in sympathetic preganglionic neurones (Inokuchi et al., 2011), while in heart
tissue of rats, it was demonstrated that α1-adrenoreceptors are also capable of activating AMPactivated protein kinase (AMPK) (Ming et al., 2007).Interestingly, AMPK is proposed to
participate in glomus cells chemotransduction (Rakoczy & Wyatt, 2018); accordingly, AMPK
phosphorylates ion channels on cellular membranes thus modulating their conductance, for
instance of K+ channels.
A recent study found that in C57BL6 mice, the SCG provided an inhibitory input to the
carotid body (Getsy et al., 2021a, 2021b). The removal of the cervical sympathetic chain in
these animals led to increased ventilatory responses to hypoxic gas challenge. However, this
effect may not be due to changes in chemoreceptors excitability as connectivity between the
SCG and the nodose ganglion in C57BL/6J mice (Bookout & Gautron, 2021) and in about 40%
of rats (Altschuler et al., 1989; McDonald, 1983b; Zaidi & Matthews, 2013) exists. Such
connectivity is present between postganglionic sympathetic and vagal afferent neurones. Given
this, it is plausible that the SCG provides excitatory input to vagal sensory neurones that
depress ventilation such as those mediating pulmonary J and stretch receptor reflexes. Thus,
the SCG may indirectly facilitate inhibitory inputs to brainstem inspiratory neurones whose
activities are abolished once the SCG is removed. This is consistent with the raised PN rate we
found after SCGx (see section 3.4.5.). One might argue that in the study of Getsy et al. (2021b),
the basal ventilatory parameters are not different between sham and SCGx mice; however,
these parameters were recorded only 4 days after SCGx and compensatory mechanism could
be in place.
In summary, we have demonstrated that sympathetic efferents can affect
chemoreceptors sensitivity. This mechanism is mediated via α1-adrenoreceptors and activated
tonically in rats with neurogenic hypertension. We propose this effect may be due to
sympathetically mediated reductions in carotid body blood flow; however, we cannot rule out
a contribution from non-vascular pathways whereby glomus cell excitability is sympathetically
modulated. Given that reduced carotid body hyperexcitability is associated with falls in arterial
pressure in hypertension (Narkiewicz et al., 2016; Niewiński et al., 2013; Pijacka et al., 2016)
and that the SCG provides the dominant innervation of the carotid body, we propose that the
SCG may be a viable target for treating carotid body pathophysiology in hypertension and
hypertension itself.
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Chapter 4
Role of α1-adrenoreceptors for
carotid body sensitivity
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4.1. Introduction
The presence of sympathetic and parasympathetic fibres supplying the carotid body is
well documented (Daly, 1997, p.37). ES of these nerves leads to either excitation or depression
of CSN chemo-afferent discharge, with associated reduction and increase in carotid body blood
flow, respectively (Acker & O’Regan, 1981; Floyd & Neil, 1952; Sampson & Biscoe, 1970).
However, although this has been a topic of study since the 1950s (for review see Brognara et
al., 2021), the mechanisms by which autonomic innervation changes carotid body excitability
is controversial.
In a challenging experiment, Neil & O’Regan (1971) recorded from chemo-afferent
fibres peeled from the CSN while simultaneously stimulating this nerve distally. Stimulation
attenuated chemo-afferent discharge and this was associated with an increase in carotid body
blood flow. After atropine, the increase in carotid body blood flow was abolished, but the
depressing effect on chemo-afferent fibres was unchanged. They concluded that non-vascular
mechanisms (i.e., mechanisms other than changes related to carotid body blood flow and
mediated by non-muscarinic receptors) were involved. Later, the same group acknowledged
that changes in carotid body blood flow were partly responsible for the associated reduction in
chemoreceptor excitability (Acker & O’Regan 1979, 1981). Likewise, Goodman (1973) and
McCloskey (1975) confirmed that stimulation of the CSN attenuated carotid body excitability
via a reduction in vascular resistance. In 1974, Belmonte and Eyzaguirre used an in vitro carotid
body superfused preparation, from which any vascular mechanism would be absent. ES of the
CSN did not depress chemo-afferent discharge. Their conclusion was that the parasympathetic
nervous innervation attenuates the chemoreceptors excitability solely via vascular-mediated
effects.
We acknowledge that there is evidence supporting both vascular and non-vascular
mechanisms of autonomic modulation of the carotid body in healthy animals (Brognara et al.,
2021). Furthermore, no one has ever explored the function of the autonomic innervation of the
carotid body in hypertension.
In 1976, O’Regan reported that stimulating the CST activated two subpopulations of
chemo-afferent fibres in the CSN. One of these was α1-adrenergic sensitive and the other α1adrenoreceptor insensitive. O’Regan (1976) used pharmacological approaches to conclude that
α1-adrenergic insensitive fibres were excited by preganglionic sympathetic Neurones (Figure
33). Since preganglionic connections within the carotid body are limited (McDonald &
Mitchell, 1975), it is conceivable to assume that the sympathetic post-ganglionic neurones
releasing NE acting on α1-adrenergic receptors play a major role in regulating carotid body
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excitability. Hence, using pharmacological approaches, we have assessed the functional role of
α1-adrenergic receptors for controlling the sensitivity of the carotid body and whether in
hypertension they contribute to its hyperexcitability. We hypothesised that in SH rats there is
higher adrenergic neural drive to the carotid body thereby mediating its hyperexcitability.

Figure 33: O’Regan (1976) reported two subpopulations of chemo-afferent fibres. He performed electrical
stimulation of the cervical sympathetic trunk while recording from chemo-afferent fibres peeled from the carotid
sinus nerve (CSN). The first subpopulation of chemo-afferent Neurones displayed a quick increase in their firing
rate and were insensitive to α1-adrenoreceptor (α1-ADR) antagonism, but abolished by hexamethonium. The
second subpopulation of chemo-afferent Neurones displayed a distinct profile in their firing rate (delayed, slow
rate of increase) and were sensitive to α1-adrenoreceptor antagonism. O’Regan proposed that the first
subpopulation innervated Type A glomus cells and received direct input from preganglionic sympathetic
Neurones. The second subpopulation of afferents were from a subpopulation of glomus cells affected by a
reduction in carotid body blood flow. Abbreviations: CB = Carotid body, CBA = Carotid body artery, SCG =
superior cervical ganglion.

4.2. Experimental design
Using the WHBP described in section 2.2 – Chapter 2, the left CCA was ligated to
ensure only the chemoreceptors on the right side were stimulated following aortic injections of
NaCN. The right ICA (Figure 34) was catheterized with a fine cannula (0.010” x 0.005” MicroRenathane tubing; Braintree Scientific) having a dead space volume of 10µL; this volume was
accounted for in all injections. The tip of this cannula pointed towards the CCA juxtapositioned
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at its bifurcation with its other end connected to a Hamilton syringe (100 µL). Thus, no drug
injected into the bifurcation reached the central nervous system through the ICA; the ECA
remained patent which exhausted drugs into the peripheral circulation of the face and ultimately
into the perfusate. After cannulating the ICA, 20 µL of NaCN (0.04%) was injected to stimulate
the carotid body – a resultant chemoreflex confirmed the integrity of the carotid body and the
CSN and illustrated that drug administration via this route can access the carotid body via the
carotid body artery, which originates from the ECA. This was essential to demonstrate in each
experiment thereby allowing the pharmacological studies to follow. Before switching between
drugs (i.e., NaCN to phenylephrine, for example), the tubing was disconnected from the
Hamilton syringe and perfusate allowed to rinse out the catheter. All subsequent chemoreceptor
stimulation was performed from injections of NaCN into the descending aorta. At least two
consistent control chemoreflex responses were acquired before subsequent procedures
commenced, which are detailed below.

Figure 34: Photograph of the internal carotid artery (ICA) after cannulation for injection of drugs into the carotid
body artery to stimulate the carotid body of a working heart brainstem preparation. Abbreviations: CCA: common
carotid artery, ECA: external carotid artery, OCA: occipital carotid artery.
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4.2.1. Activating α1-adrenoreceptors in the carotid body of Wistar rats (n=7)
We injected 50 µL of phenylephrine (1mM in saline; Sigma-Aldrich) into the ICA to
excite 1-adrenoreceptors within the carotid body. To quantify the effects of phenylephrine on
chemoreflex sensitivity, control responses (100 µL, NaCN, 0.04% m/v, into the aorta) were
evoked before and 20s after phenylephrine was injected. The phenylephrine produced a rise in
PP that reached its peak effect 20s post injection.
4.2.2. Blocking α1-adrenoreceptors in carotid body the of SH rats (n=10)
Given the high sympathetic drive in the SH rat, we injected either 40 µL of Prazosin
(1mM in saline pH=3; Sigma-Aldrich), an inverse agonist of α1-adrenoreceptors, or 50 µL of
tamsulosin (1mM in saline, Tocris Bioscience - RDS305010) into the ICA to inactivate α1adrenoreceptors. Tamsulosin is a competitive antagonist of α1-adrenoreceptors with greater
selectivity of α1A than α1B subtype. After 4 min to allow drug binding, we re-evoked the
chemoreflex. We also assessed any changes in basal sympathetic activity and respiratorysympathetic coupling, which is important for the development and maintenance of
hypertension after prazosin (Clément Menuet et al., 2017; Simms, Paton, Pickering, & Allen,
2009). For that, we compared 15 s epochs of data collected prior to the evoked chemoreflexes
at 4 and 25 min after Prazosin. Vehicle was tested in 4 SHRs as a control and was without
effect.

4.2.3. Data analysis
For all analyses of tSNA, the signal was rectified and integrated with a time constant
of 50 ms. The level of background noise was determined 15 min after the peristaltic pump was
turned off, when we assumed brainstem and spinal cord death. For analysis of respiratorysympathetic coupling, we used a script (Dr. Ana Paula Abdala, 2020). The script used the ꭍ PN
channel to define each phase of the respiratory cycle (Figure 35). E1 and E2 were defined
arithmetically and represented as the first 2/3 and the final 1/3 of expiration, respectively. The
peak tSNA burst amplitude for each phase of the respiratory cycle i.e. I, E1, and E2 was
calculated to infer the amount of activity during each phase i.e. I-Peak, E1-Peak and E2-Peak.
The reason for respiratory-sympathetic coupling analysis was to quantify the strength of the
respiratory synaptic drive to sympathetic pre-motor Neurones in the RVLM and whether this
changes after modulation of the carotid body. For assessing these theories, we calculated the
AUC of tSNA from each respiratory phase of each cycle as a measure of total sympathetic
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activity, as well as the AUC normalized by dividing this value by the duration of the respiratory
phase.

Figure 35: The script used for respiratory-sympathetic coupling analysis used the ꭍ PN channel to establish each
phase of the respiratory cycle: I, E1 and E2 were defined arithmetically and represented the first 2/3 and the final
1/3 of expiration, respectively.

4.2.4. Statistical tests
Paired and unpaired Student’s t-test, as well as a RM and ordinary one-way ANOVA
were used accordingly. Due to the longevity of protocols, high quality recordings could not be
maintained in all preparations throughout the full extent of some studies; mixed-effects model
was used instead of ANOVA if missing data were present in any group. Dunnett’s post hoc test
was used to adjust for multiple comparisons. Pearson correlation analysis was used when
necessary.
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4.3. Results
4.3.1. Activating carotid body α1-adrenoreceptors in Wistar rats sensitizes carotid body-evoked
sympathoexcitation
Phenylephrine

injection

via

the

ICA

sensitised

the

carotid

body-evoked

sympathoexcitation in Wistar rats. The control response was enhanced from 27 ± 6.4% to 36 ±
7.6% (Figure 36 - 37, t(6) =3.561; P=0.012). We noted that this sensitised response was not
different from the control response in SH rats (43 ± 6.3% vs 36 ± 7.6%; t (11) =0.6683;
P=0.5177). Seven min after phenylephrine, the carotid body evoked sympatho-hyperreflexia
had recovered to control levels (26 ± 2.9%; Figure 37). Phenylephrine injections raised baseline
PP, potentially causing a baroreflex-mediated inhibition of tSNA (Figure 38). Other
chemoreflex motor output responses were not statistically significant changed (P>0.05). We
tested the possibility that baroreflex activation was tempering the sensitisation of the
chemoreflex. We correlated baroreflex mediated sympathetic inhibition with the carotid body
evoked sympatho-hyperreflexia after phenylephrine injection (Figure 39) and did not find a
significant correlation (r= -0.438; P=0.384) suggesting that baroreflex is unlikely to be
mitigating the chemoreflex.

Figure 36: Representative recording of raw and integrated (∫) thoracic sympathetic trunk activity (tSNA), and
perfusion pressure (PP) after internal carotid artery injection of phenylephrine (Phenyl, 50 µL, 1mM) to target the
carotid body in a Wistar rat. Chemoreflex was stimulated with sodium cyanide (NaCN, 0.04%; 100 µL) and was
sensitised by stimulation of 1-adrenoreceptors.
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Figure 37: Phenylephrine injection (50 µL, 1mM) into the internal carotid artery selectively sensitises the carotid
body (CB)-evoked sympathoexcitation in Wistar rats (n=7), a result similar to that obtained during ES of the SCG
(see section 3.4.2 – Chapter 3). Other chemoreflex motor output responses were not changed: (a)
sympathoexcitation, (b) bradycardia, (c) tachypnoea, (d) pressor response. The carotid chemoreflex was
stimulated with sodium cyanide (NaCN, 0.04%; 100 µL). Data analysed using Paired student t-test; * p<0.05

98

Figure 38: Phenylephrine injection (50 µL, 1mM) into the internal carotid artery (ICA) of a Wistar rat produced
baseline baroreflex-mediated inhibition of sympathetic discharge in some preparations (not the one in Fig 4
above). Abbreviation: NaCN: sodium cyanide (100 µL; 0.04%).

Figure 39: Phenylephrine sensitisation of chemoreflex evoked sympathoexcitation is not significantly mitigated
by concurrent baroreflex activation (r= -0.438) in Wistar rats (n=6). Pearson correlation analysis, P=0.384
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4.4.2. Blocking α1-adrenoreceptors attenuates both chemoreflex sympathoexcitation and
hypertension in SH rats.
Injecting prazosin (an inverse agonist of α1-adrenoreceptors) into the carotid body via
the ICA attenuated the carotid body-evoked sympatho-hyperreflexia (from 37 ± 4.0% to 27 ±
3.7%; Figure 40- 41; t(9) =2.302; P=0.0468) and the associated pressor response (from 6 ± 0.9%
to 0.7±0.8% mmHg; t(9) =6.225; P=0.0002); no recovery was evident for up to 17 min.
Regarding the respiratory-sympathetic coupling, prazosin significantly reduced the resting
tSNA peak-burst occurring at both the I (25 min, t(9)=4.985; P=0.0008) and E1 phases of the
respiratory cycle (4 min, t(9)=2.448; P=0.036; 25 min t(9)=9.230; P=0.0001;Figure 42b and 42c).
Furthermore, the AUC of tSNA during E1 and E2 phases were both significantly reduced at 4
(E1: t(9)=3.285; P=0.0094, and E2: t(9)=2.441; P=0.037) and 25 min (E1: t(9)=5.495; P=0.0004,
and E2: t(9)=4.332; P=0.0019) after injection (Figure 42f and 42g). Despite the observed
changes in respiratory-sympathetic coupling, averaged baseline ꭍ tSNA was not different after
prazosin relative to control (control vs 25 min post prazosin; 0.15 ± 0.0015 vs 0.16 ± 0.0017
µV.S, Wilcoxon matched-pairs signed rank test = 33.00, P=0.105). Animals injected with
vehicle did not show a significant change in chemoreflex responses (Figure 43).
ICA injection with tamsulosin (an α1-adrenoreceptor competitive antagonist) also
attenuated the carotid body-evoked sympathoexcitation in SH rats (from 74 ± 10.9% to 52 ±
9.1%; P=0.0072) (Figure 44). Similar to Prazosin, we did not see a recovery over time. Other
chemoreflex responses (bradycardia, phrenic) were not changed (P>0.05) by either prazosin or
tamsulosin.

Figure 40: Typical tracing of the raw and integrated waveform of the thoracic sympathetic trunk activity
(tSNA), and perfusion pressure (PP) after Prazosin injection (40 µL, 1mM) into the carotid body via the internal
carotid artery in an SH rat. Chemoreflex stimulation was performed with sodium cyanide (NaCN, 0.04%; 100
µL).
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Figure 41: Prazosin injection (40 µL, 1mM) into the carotid body (CB) via internal carotid artery attenuates the
CB-evoked sympathoexcitation and pressor response in SH rats (n=10). Other chemoreflex motor responses were
not changed. (a) sympathoexcitation, (b) bradycardia, (c) tachypnoea, (d) pressor response. Chemoreflex was
stimulated with sodium cyanide (0.04%; 100 µL). Data analysed using Paired student t-test prazosin 4 min vs
control and Mixed-effects model from prazosin onwards, * p<0.05 and ** p<0.01.
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Figure 42: Prazosin injection (40 µL, 1 mM) into the carotid body via the internal carotid artery reduced baseline
respiratory-sympathetic coupling in SH rats (n=10). a) Integrated waveforms of phrenic (PNA) and sympathetic
trunk activity (tSNA) showing the different phases of the respiratory cycle. Maximum amplitude burst of
sympathetic activity during the (b) inspiratory (I-Peak), (c) post-inspiratory (E1-Peak), and (d) late-expiratory
phases (E2-Peak). Coupling was also measured via area under the curve (AUC) during (e) inspiratory (I-AUC),
(f) post-inspiratory (E1-AUC) and (g) late expiratory phases (E2-AUC). Paired student t-test; * p<0.05 and **
p<0.01.
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Figure 43: Vehicle injection (40 µL of saline pH=3) into the internal carotid artery did not change the chemoreflex
response in SH rats (n=4). (a) sympathoexcitation, (b) bradycardia, (c) tachypnoea, (d) pressor response.
Chemoreflex was stimulated with sodium cyanide (0.04%; 100 µL). Data analysed using Paired student t-test
vehicle 4 min vs control and Repeated measure one-way ANOVA from vehicle 4 min onwards; * p<0.05 and **
p<0.01.
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Figure 44: Tamsulosin injection (50 µL, 1 mM) into the internal carotid artery attenuated the chemoreflex
sympathoexcitation response in SH rats (n=6). a) Typical tracing of rectified and integrated thoracic sympathetic
trunk activity (tSNA). Plotted data show the carotid body (CB)-evoked (b) sympathoexcitation, (c) bradycardia,
(d) tachypnoea, and (e) pressor response. Chemoreflex was stimulated with sodium cyanide (NaCN, 0.04%; 100
µL). Data analysed using paired student t-test tamsulosin 4 min vs control and repeated measure one-way ANOVA
from tamsulosin 4 min onwards; ** p<0.01 vs control.
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4.4. Discussion
We have demonstrated that α1-adrenoreceptors located in the carotid body modulate its
sensitivity. We performed intra-arterial injections via the ICA of an agonist, inverse agonist
and antagonist of α1-adrenoreceptors (i.e., phenylephrine, prazosin, and tamsulosin,
respectively). Phenylephrine selectively sensitised the carotid body sympathetic response in
normotensive rats, while both prazosin and tamsulosin led to its attenuation in SH rats.
Additionally, prazosin also diminished basal respiratory-sympathetic coupling in SH rats.
Further, tamsulosin revealed the presence of endogenous sympathetic modulation of the carotid
body in SH rats.
Our hypothesis originated from the premise that reducing carotid body blood flow via
activation of α1-adrenergic receptors would cause local ischemia thereby increasing glomus
cells excitability and prompting hyperreflexia in hypertension. We designed our protocols to
investigate the functional role of 1-adrenoreceptors in governing carotid body hyperreflexia
in normotensive animals (i.e., phenylephrine into Wistar rats, and prazosin into SH rats). We
acknowledge that we have no evidence to support that ICA injections of a1-adrenoceptor
agonist or antagonist drugs alter blood flow within the carotid body. This will require further
research because a1-adrenoreceptors may not be confined to the vasculature.
Experimenting in dogs, Winder and collegues

(1938) were one of the first to

demonstrate that carotid body chemoreceptors are excited by local ischaemia. They isolated
surgically the carotid artery bifurcation and using ligatures reduced the blood flow supplying
the carotid body. Later, Daly et al. (1954) described a reduction in carotid body total blood
flow induced by stimulation of its sympathetic innervation. In 1978, Llados & Zapata injected
NE into the bifurcation and reported a rise in the frequency of CSN chemosensory discharge,
which was abolished by α-adrenergic blockade. This effect was argued to be caused by a
reduction in carotid body blood flow. It was not until recently that changes in carotid body
blood flow were considered important in disease states. Ding et al. (2011) proposed that in
heart failure with reduced ejection fraction, acute falls in cardiac output lowered blood flow to
the carotid body, thus triggering hyperactivity. Likewise, we propose that increased level of
sympathetic activity in SH rats may reduce carotid body blood flow and cause its sensitisation.
Our results show an intriguing relationship between the α1-adrenergic receptors of the
carotid body and its sympathetic response. But how can stimulation of α1-adrenoreceptors
within the carotid body cause sensitisation of sympathetic component selectively? As
mentioned in the discussion section of Chapter 3, individual cells or clusters of chemoreceptors
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from the carotid body might be linked to distinct motor effectors which could explain this
selective sensitisation (Zera et al., 2019). One possibility is that the clusters of glomus cells
connected to symathoexcitatory circuits are supplied by arterioles which are more densely
innervated by sympathetic fibres and/or have higher densities of 1-adrenoreceptors. In fact, in
rat carotid bodies, the density of sympathetic innervation is different among various segments
of the vascular bed

(McDonald, 1983a) but it remains to be determined whether this

innervation is restricted to certain glomus clusters exclusively connected to sympathetic reflex
circuits. If this speculation is right, reducing blood flow to clusters associated with sympathetic
response would explain such selectivity.
Both systemic hypoxemia and reduced cardiac output in heart failure (Ding et al., 2011)
trigger overall carotid body excitability i.e., hyperpnea/ augmented breathing instability,
vasoconstriction/hypertension and bradycardia, indicating that these stimuli affect most
clusters in the carotid body. However, Acker and O’Regan (1979) demonstrated that
stimulating the sympathetic innervation to the carotid body reduced total blood flow but not
local tissue blood flow (See Chapter 1, section 1.7.1.). A caveat is that the authors could not
measure tissue blood flow throughout the entire organ, but only at a selected and highly
restricted location as determined by use of a microelectrode. Therefore, if the blood flow is not
uniformly controlled throughout the carotid body, this will mean that stimulation of the
sympathetic innervation could reduce blood flow in distinct microdomains of chemoreceptive
parenchyma within the carotid body.
In addition to shifting the partial pressure of oxygen in the carotid body, reducing its
blood flow may also affect the accumulation rate of acid products of anaerobic glycolysis,
which are known to excite chemoreceptors (Nell, 1951; Winder et al., 1938). Apart from
protons, it remains unclear whether other metabolic products will sensitise the carotid body
and whether this is mediated by all or some clusters of glomus cells. Recently, Spiller et al.
(2020) demonstrated that lactate does not activate the carotid body of Wistar rats, though other
authors suggest otherwise (Chang et al., 2015; Monti-Bloch et al., 1993; Pokorski & Lahiri,
1983). The reason for these distinct results remains elusive. Spiller et al. carried out
nanoinjections of lactate direct into the carotid body of WHBP and delivered lactate via
superperfusion of glomus cells for patch clamp recordings. Likewise, Chang et al. and MontiBloch et al. also used superperfused preparations for delivering lactate and lactic acid to glomus
cells of mice and rats, respectively. Besides, Pokorski & Lahiri carried out intravenous
injections of lactic acid in anaesthetised cats, thereby demonstrating chemo-afferent activation.
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It is worth noting that the doses used by Spiller et al. were 5 and 20 mM whereas Chang used
30 mM. In experiments where lactic acid was used instead of lactate, it is possible that the
proton content of the solution contributes to activation of the chemoreceptors. Interestingly,
the method of delivering the lactate was very different between the protocols of Chang and
Spiller; concerns about the adequacy of the method used by Spiller can be raised, especially
regarding the actual concentration of lactate reaching the tissue surface.
One limitation in our study is the fact that phenylephrine was co-activating the
baroreflex in some preparations, which depressed baseline tSNA levels. To make sure that
chemoreflex sympathoexcitation was not overestimated due to an attenuated tSNA baseline, in
our data collection, we used the tSNA just before the phenylephrine injection. This means that
our estimations were not confounded by the baroreflex-mediated sympathoinhibition. As seen
in Figure 39, there exists a weak negative correlation between the baroreflex sympathoinhibition and chemoreflex sympatho-sensitisation, however, this was not statistically
significant. Hence, phenylephrine induced carotid body sympatho-hyperreflexia was only
partly or not affected by concomitant baroreflex activation.
In the presence of phenylephrine, the carotid body-evoked pressor response did not
show sensitisation despite the augmented sympathoexcitation. This may be due to
phenylephrine causing vasoconstriction of ECA and downstream arterioles, which confounds
interpretation as these arteries may be maximumly constricted thereby blocking any further
response.
Prazosin is an α1-adrenoreceptor inverse agonist (Zhu et al., 2000). Inverse agonists
bind to their receptors and shift their constitutive activity to below baseline levels, producing
an inverse response (Berg & Clarke, 2018). Inverse agonists are different from antagonists,
which produce no actual response in the absence of an agonist (e.g., endogenous NE for
adrenergic receptors). This means that α1-adrenoreceptor antagonists (e.g., tamsulosin) will not
cause vasodilatation without endogenous agonistic activity and therefore being different from
prazosin. Consequently, the tamsulosin data provides evidence for a tonic sympathetic input to
the carotid body in the SH rat.
We used prazosin to inactivate α1-adrenoreceptors and to increase carotid body blood
flow. This would raise the level of oxygen and washout CO2/protons alongside any other
putative metabolites from anaerobic metabolism thereby reducing chemoreceptor hypertonicity
in SH rats. Indeed, in the presence of prazosin, we observed a reduction in respiratorysympathetic coupling during E1 and E2 phases, as revealed by E1-AUC and E2-AUC (Figure
42). Reduced I-peak and E1-Peak 25 min following prazosin administration indicates a
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decrease in the number of single unit axonal firing or desynchronization. This corroborates our
hypothesis that the carotid body is tonically active in the SH rat (Pijacka et al., 2016), which is
generated, in part, by an 1-adrenoceptor mechanism. This tonic activity accentuates the
respiratory coupling of sympathetic activity in cardiorespiratory nuclei.
One unexpected result was the lack of change in average baseline tSNA despite
reductions in the respiratory-sympathetic coupling following 1-adrenoceptor blockade. It is
important to remember that SNA has tonic and rhythmical drives of which the latter includes
cardiac, respiratory, and other frequencies (Malpas, 1998). The respiratory modulation allows
sympathetic transmission to maintain high levels of efficacy of neuroeffector transmission and
hence vasoconstriction (Briant et al., 2015). We argue that average baseline tSNA is unaffected
because respiratory modulations are relatively transient. However, reducing this modulation
may affect the transduction efficacy of neural coupling to the end organ. Similar results were
observed by Trzebski & Baradziej (1992) when they blocked all synaptic transmissions in the
RVLM with microinjections of CoCl2 and MgCl2; they observed a reduction of the spectral
power at a frequency band between 2-6 Hz (i.e. cardiac oscillation) of SNA rhythm without
any reduction of overall SNA levels.
It is acknowledged that many stressors such as hypoxia, increased shear stress and
mechanical distension can induce release of ATP from erythrocytes and endothelium, which is
a potent vasodilator to improve blood flow in the microcirculation of skeletal muscle as occurs
during exercise (Ballard, 2014; Ellsworth & Sprague, 2012; González-Alonso, 2012). We have
no reason to believe that this same mechanism would not be present in the carotid body.
Therefore, the increased sympathetic outflow to the carotid body will reduce its blood flow and
increase the blood velocity (i.e., shear stress), thus perhaps increasing the endothelial and/or
erythrocyte-dependent release of ATP. The latter would bind onto P2Y2 receptors from typeII cells to activate pannexin-1 channels and raise extracellular ATP concentration to amplify
ATP neurotransmission within the carotid body, thereby generating an ATP storm (Zhang et
al., 2012). During the ATP storm, this neurotransmitter would bind onto P2X3 receptors from
chemo-afferent PG Neurones, thus producing the carotid body hyperexcitability as described
previously (Pijacka et al., 2016). This mechanism may run in parallel with hypoxia induced
ATP from glomus cells.
The time allowed to elapse before stimulating the chemoreflex after injections of
phenylephrine – (20 s) and prazosin – (4 min) was based on their pharmacokinetics and evoked
changes in PP. Phenylephrine has an effective half-life of approximately 5 min (i.v. infusion)
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and a volume of distribution (VD) = 340L (FDA Approved Drug Products: Phenylephrine,
n.d.). This means the drug can quickly redistribute to other tissue compartments (e.g., fat),
thereby explaining why phenylephrine effect on PP is short lasting. Nevertheless, binding
studies with phenylephrine using sections of rabbit aorta provided a dissociation constant (KD)
of 1.13 µM (Besse & Furchgott, 1976). The KD describes the interaction between the drug and
receptor at equilibrium. Therefore, when KD is high, a large concentration of the drug is
necessary to occupy 50% of receptors, i.e., low affinity. With regards to prazosin, after oral
absorption this drug showed a KD= 52pM, the peak in plasma concentration was at 3h, and
VD= 42.2L (Amitai, Brown, & Taylor, 1984; Grannén et al, 1981; Jaillon, 1980). The value of
VD shows that prazosin tends to stay in the vascular compartment rather than redistribute.
Prazosin’s KD shows that this drug binds tightly to its receptor which is well maintained.
Although both phenylephrine and prazosin’s KDs were neither determined using the same
protocol nor the same tissue, these values still indicate how different these drugs are in terms
of affinity with α1-adrenoreceptors, i.e., prazosin binds 1,000,000-fold stronger than
phenylephrine. This strong prazosin-receptor complex makes its dissociation t1/2 = 44 min and
may explain why no recovery was seen for sympathoexcitation after 17 min (Amitai et al.,
1984).
In our experiments, we did not measure carotid body blood flow itself and cannot rule
out the possibility that α1-adrenoreceptors might be mediating changes in chemoreceptor
sensitivity via a non-vascular mechanism/s. To the best of our knowledge, no one has ever
demonstrated the presence of these receptors on glomus or Type-II cells. We also acknowledge
that we are using a perfusate and not blood, which may have different physical and chemical
characteristics (e.g., viscosity, plasma proteins) and might interact with glomus cells and is a
limitation of our method. Undoubtedly, the most physiological perfusate would be blood.
However, as stated by Daly (1997; p. 118), the use of blood as perfusate has many problems:
(i) the blood needs to be equilibrated with a gas mixture to give reproducible results over time,
(ii) blood in extracorporeal circuits develops a metabolic acidosis due to its metabolism which
needs to be repeatedly checked and corrected, (iii) the animal's blood would not provide enough
volume for the WHBP, (iv) blood tends to sediment in dependent parts of an extracorporeal;
(v) clotting is a potential problem; (vi) immune responses and cytotoxic chemicals can be
released from blood cells.
In conclusion, we have demonstrated that α1-adrenoreceptors in the carotid body
selectively sensitise the carotid body-evoked sympathoexcitation response. In SH rats, we
demonstrated a tonic sympathetic input to the carotid body that regulates its sensitivity.
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Importantly, we have demonstrated that the enhanced respiratory-sympathetic coupling seen in
SH rats (Simms et al., 2009) is, in part, mediated by carotid body hypertonicity that is driven
by α1-adrenoreceptor. Immunohistochemical studies to show whether α1-adrenoreceptor are
co-localised solely on the vasculature and/or the glomus cells would be an important piece of
the puzzle to unveil whether such responses are vascular and/or non-vascular mediated. To
begin to address this, the next chapter describes data obtained using antibodies and
immunofluorescence staining for 1-adrenoreceptors.
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Chapter 5
Where are α1-adrenoreceptors
expressed in the carotid body?
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5.1. Introduction
The carotid body contains two cellular types involved with the processes of
chemosensory and transmission of information to higher neuronal centres, i.e. the medulla
oblongata (Daly, 1997). The first is Type I cells (or glomus cells), which show sensitivity to
reduced PaO2, increased PaCO2, and reduced blood pH primarily (Prabhakhar & Joyner, 2014).
The second is Type II or sustentacular cells, which are glial-like and are responsible for the
amplification of the signal engendered by glomus cells (Nurse et al., 2018). Therefore, the
former cell type is the actual chemoreceptor within the carotid body.
Studies have shown that the sympathetic innervation of the carotid body has a
stimulatory effect on chemoreflex afferent discharge (Eyzaguirre & Lewin, 1961; Floyd &
Neil, 1952). ES of sympathetic efferents neurones (e.g. via CST) increased the frequency of
discharge from isolated chemo-afferent fibres recorded from the CSN (Acker & O’Regan,
1981). In Chapter 3, we demonstrated that the sympathetic innervation is not only able to excite
glomus cells but can also potentiate the evoked chemoreflex response induced by other stimuli,
such as NaCN. In agreement with our findings, intravenous injections of epinephrine and NE
triggered hyperventilation in cats, which was abolished by inhalation of 100% oxygen
suggesting an action of these hormones at the carotid body (Joels & White, 1968). When these
same drugs were given in animals breathing hypoxic and hypercapnic air, the evoked
hyperventilation was potentiated (Joels & White, 1968). Similar results were also seen in
humans (Heistad et al., 1972).
In two complementary studies, Folgering et al. (1982) and Llados & Zapata, (1978)
demonstrated that adrenoreceptor stimulation via intravenous injections of NE and epinephrine
increased the frequency of discharge from chemo-afferent fibres coursing through the CSN in
cats and rabbits. Folgering et al. (1982) used β-adrenergic and dopaminergic antagonists to
demonstrate that NE stimulates carotid body chemoreceptors mainly via β-adrenergic
receptors. However, after concomitant administration of propranolol and haloperidol, NE could
still increase the discharge of chemo-afferent fibres, although to a lesser degree in magnitude.
These data support that these stimulatory effects were mediated via α-adrenoreceptors. Because
α2-adrenoreceptors depress the excitability of Glomus cells (Almaraz et al., 1997; Brognara et
al., 2021), we can only conclude that the remaining stimulatory effect of NE was via activation
of α1-adrenoreceptors.
In a recent study, Alzahrani et al. (2021) proposed that the increased plasma
concentrations of epinephrine, commonly seen in chronic intermittent hypoxia, drives carotid
body hyperexcitability via activation of β-adrenoreceptors. Furthermore, the authors depicted
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images of immunohistochemistry positive staining for both subtypes β1- and β2adrenoreceptors located on glomus cells. However, to the best of our knowledge, no one has
ever demonstrated the presence of α1-adrenoreceptors. Thus, our aim was to compare the
presence and locality of α1-adrenoreceptors within the carotid body of Wistar versus SH rats.

5.2. Experimental design
Samples of carotid artery bifurcations containing the carotid body were sectioned (10
µm thick) from 3 Wistar and 3 SH rats and stained for α1A- and α1B-adrenoreceptors. The
bifurcations were harvested at the end of a WHBP study, and immunohistochemistry triple
staining was carried out using primary and secondary antibodies listed in table 2, as per Section
2.5 - Chapter 2. TH staining was used as a marker for glomus cells whilst α -smooth muscle
actin (α-SMA) identified contractile blood vessels; no effort was made to distinguish arterioles
from venules. Negative controls were performed in the absence of primary antibodies. Two
tissue sections were organized per slide (i.e., top and bottom; Figure 45) allowing us to incubate
adjacent sections in antibodies for both subtypes of α1-adrenoreceptors. The host for both
primary antibodies anti-α1A- and α1B- adrenoreceptors were from rabbit; therefore, the same
secondary antibody was used, and only one section was needed as a negative control for both
primary antibodies.
Information about the specificity of the primary antibody chicken anti-TH (Abcam
ab76442) was checked with the manufacturer by Mousa et al., (2011). The following is stated
“Chicken polyclonal anti-TH (Abcam, Cambridge, UK) detects an expected single band at 59
kDa in Western blot in rat (manufacturer's technical information) and mouse (Samaco et
al.,2009; Mousa et al.,2010) brain. In addition, the company showed that the immunolabeling
pattern of TH was consistent with specific staining of catecholaminergic neuronal cell bodies
in the rat superior cervical ganglion, and the staining of sympathetic and noradrenergic
neurons in the rat central nervous system (CNS) as well as dopaminergic terminals in the rat
caudate-putamen nucleus. Immunolabeling with the TH antibody was completely abolished by
preabsorption with 10 μg/ml of the cognate peptide (manufacturer's technical information).”
(Mousa et al., 2011; p.959)
The specificity of the primary antibody Rabbit anti-α1A-adrenoreceptor (Invitrogen
PA1-047) was checked by Datta et al. (2019) in an pre-adsorption control experiment using
immunising peptide (Thermo Fisher Scientific, #PEP-216); no positive staining was observed.
No clear information on the specificity for the antibodies invitrogen PA5-26411, and PA518292 were obtained from the manufacturer or in the literature. As the standard gold technique
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for testing the antibodies specificity, the use of knockout mouse would be paramount; however,
these animals were not available at the University of Auckland at this time.

5.2.1. Imaging acquisition using confocal microscopy
We first identified the carotid body using 10x/0.45 NA objective and then switched to
the Plan-Apochromat 40x/1.3 oil immersion DIC (UV) VIS-IR M27 objective (Carl Zeiss) to
image glomus cell clusters. At 40x magnification, images were acquired at 2101 x 2101 pixels,
with 1.0x zoom, using bidirectional scan mode at 2.01 μs pixel−1, pinhole size at 39 μm, 33 μm,
and 30 μm for channels AF-594, 488, and 405 respectively, and line averaging of 8. Laser
power and gain were adjusted for capturing the full dynamic range. Excitation wavelengths
were 280 nm, 493 nm, and 353 nm with respective emission wavelengths 618 nm, 517 nm, and
465 nm; the emission filters were 580–700 nm, 400–585 nm, and 400-580 nm, respectively.
Image merging was performed using ZEN 2.3 (blue edition; Carl Zeiss). The brightness and
contrast of the final images were adjusted using Photoshop 22.4.3 (Adobe Systems, Mountain
View, CA, USA)

Table 2: Primary and secondary antibodies for Immunohistochemistry
Class

Host

Polyclonal

Chicken

Polyclonal

Rabbit

Polyclonal

Rabbit

Polyclonal

Goat

Polyclonal

Donkey

Polyclonal

Donkey

Polyclonal

Donkey

Company

Catalogue
number

1:50

Abcam

ab76442

1:100

Invitrogen

PA1-047

1:50

Invitrogen

PA5-26411

1:100

Invitrogen

PA5-18292

Jackson
ImmunoReseach
Jackson
ImmunoReseach

JI 703-545155
JI 711-585152

Invitrogen

A32814

Immunogenicity Titration
Tyrosine
hydroxylase (TH)
α1A-adrenergic
receptors
α1B-adrenergic
receptors
α-smooth muscle
actin (α-SMA)
Anti-chicken
Alexa Fluor 488
Anti-rabbit Alexa
Fluor 594
Anti-goat Alexa
Fluor Plus 488

1:200
1:200
1:200
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Figure 45: Schematic showing organization of two microscope slides for immunohistochemistry staining. Pap
pen creates a hydrophobic barrier keeping the drop of immunoreagent in contact with the sections of carotid artery
bifurcation (two per slide). Immunoreagent solution containing the primary antibody anti- α1A-adrenoreceptor
(α1A-ADR) was pipetted directly onto the top sections for incubation. Additionally, the bottom sections were either
incubated with the primary antibody anti- α1B-adrenoreceptor (α1B-ADR) or no antibody and this acted as a
negative control.

5.3. Results
Figure 46-53 show expression of both α1A- and α1B-adrenoreceptors within the carotid
body of Wistar and SH rats. In glomus cells positive for TH, we found co-localization of both
α1-adrenoreceptor subtypes (Figure 46, 48, 50, and 52). Some blood vessels also expressed α1Aand α1B-adrenoreceptors (Figure 47, 49, 51, and 53). The presence of both sub-types was
observed on the same vessel. α1-adrenoreceptor were also expressed in glomus cells and blood
vessels of SH rats (Figure 50-53). Negative control staining showed no non-specific staining
from secondary antibodies.
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Figure 46: Photomicrographs of Wistar rat carotid body immunopositive for α 1A-adrenoceptor subtypes on
glomus cells. Co-localization (white arrows) of α1A-adrenoreceptors (Alpha 1A-ADR; red, Alexa Fluor 594) with
tyrosine hydroxylase (TH; green, Alexa Fluor 488), a marker for glomus cells; arrowhead shows α1Aadrenoceptors on non-TH positive cells. Hoechst staining is also shown for cellular nuclei (blue). Images acquired
using Zeiss LSM 800 Airyscan.
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Figure 47: Photomicrographs of Wistar rat carotid body immunopositive for α1A-adrenoceptor subtypes on blood
vessels. Co-localization (white arrows) of α1B-adrenoreceptors (Alpha 1A-ADR; red, Alexa Fluor 594) with αsmooth muscle actin (Alpha-SMA; green, Alexa Fluor plus 488), a marker for blood vessels. Hoechst staining is
also shown for cellular nuclei (blue). Images acquired using Zeiss LSM 800 Airyscan.
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Figure 48: Photomicrographs of Wistar rat carotid body immunopositive for α1B adrenoceptor subtypes on glomus
cells. Co-localization (white arrows) of α1B- adrenoreceptors (Alpha 1B-ADR; red, Alexa Fluor 594) with tyrosine
hydroxylase (TH; green, Alexa Fluor 488), a marker for glomus cells; arrowheads show α1B-adrenoceptors on
non-TH positive cells. Hoechst staining is also shown for cellular nuclei (blue). Images acquired using Zeiss LSM
800 Airyscan.
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Figure 49: Photomicrographs of Wistar rat carotid body immunopositive for α1B-adrenoceptor subtypes on blood
vessels. Co-localization (white arrows) of α1B- adrenoreceptors (Alpha 1A/B-ADR; red, Alexa Fluor 594) with αsmooth muscle actin (Alpha-SMA; green, Alexa Fluor plus 488), a marker for blood vessels. Hoechst staining is
also shown for cellular nuclei (blue). Images acquired using Zeiss LSM 800 Airyscan.
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Figure 50: Photomicrographs of SH rats carotid body immunopositive for α 1A-adrenoceptor subtypes on glomus
cells. Co-localization (white arrows) of α1A-adrenoreceptors (Alpha 1A-ADR; red, Alexa Fluor 594) with tyrosine
hydroxylase (TH; green, Alexa Fluor 488), a marker for glomus cells; arrowheads show α1A-adrenoceptors on
non-TH positive cells. Hoechst staining is also shown for cellular nuclei (blue). Images acquired using Zeiss LSM
800 Airyscan.
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Figure 51: Photomicrographs of SH rats carotid body immunopositive for α 1A-adrenoceptor subtypes on blood
vessels. Co-localization (white arrows) of α1A-adrenoreceptors (Alpha 1A/B-ADR; red, Alexa Fluor 594) with αsmooth muscle actin (Alpha-SMA; green, Alexa Fluor plus 488), a marker for contractile blood vessels. Hoechst
staining is also shown for cellular nuclei (blue). Images acquired using Zeiss LSM 800 Airyscan.
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Figure 52: Photomicrographs of SH rats carotid body immunopositive for α 1B-adrenoceptor subtypes on glomus
cells. Co-localization (white arrows) of α1B-adrenoreceptors (Alpha 1B-ADR; red, Alexa Fluor 594) with tyrosine
hydroxylase (TH; green, Alexa Fluor 488), a marker glomus cells; arrowheads show α1B-adrenoceptors on nonTH positive cells (Red arrowhead resembles to a blood vessel). Hoechst staining is also shown for cellular nuclei
(blue). Images acquired using Zeiss LSM 800 Airyscan.
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Figure 53: Photomicrographs of SH rats carotid body immunopositive for α 1B-adrenoceptor subtypes on blood
vessels. Co-localization (white arrows) of α1B-adrenoreceptors (Alpha 1A/B-ADR; red, Alexa Fluor 594) with αsmooth muscle actin (Alpha-SMA; green, Alexa Fluor plus 488), a marker for contractile blood vessels. Hoechst
staining is also shown for cellular nuclei (blue). Images acquired using Zeiss LSM 800 Airyscan.
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Figure 54: Immunohistochemistry negative control staining showing no non-specific binding for the secondary
antibodies in the carotid body of Wistar rats (n=3). List of Abbreviations: Alpha 1-ADR = α1-adrenoreceptors
(red, Donkey anti-rabbit Alexa Fluor 594), TH= tyrosine hydroxylase (green, Donkey anti-chicken Alexa Fluor
488). Hoechst staining is shown for cellular nuclei (blue) as this is incorporated in the Prolong Glass antifade
media. Images acquired using the confocal microscope Zeiss LSM 800 Airyscan.
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Figure 55: Immunohistochemistry negative control staining showing no non-specific binding for the secondary
antibodies in the carotid artery bifurcation of Wistar rats (n=3). List of Abbreviations: Alpha-SMA = α-smooth
muscle actin (green, donkey anti-goat Alexa Fluor Plus 488), Alpha 1-ADR = α1-adrenoreceptors (red, donkey
anti-rabbit Alexa Fluor 594). Hoechst staining is shown for cellular nuclei (blue) as this is incorporated in the
Prolong Glass antifade media. Images acquired using the confocal microscope Zeiss LSM 800 Airyscan.
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5.4. Discussion
In this Chapter, we used immunohistochemistry triple staining to qualitatively
demonstrate which anatomical structures expressed α1-adrenoreceptor subtypes in the carotid
body. We used primary antibodies anti-α1A and α1B-adrenoreceptors with anti-TH and α-SMA
and observed co-expression of these receptors on both glomus cells and contractile blood
vessels in the carotid body of both Wistar and SH rats.
In Chapter 4, we demonstrated that phenylephrine (i.e., α1-adrenoreceptors agonist) was
able to sensitise the carotid body-evoked sympathoexcitation response whereas both prazosin
and tamsulosin (i.e., α1-adrenoreceptors inverse agonist and antagonist, respectively)
attenuated it. Additionally, in Chapter 3, ES of the SCG sensitised the chemoreflex response;
however, the mechanism through which the sympathetic/adrenergic stimulation excites carotid
body chemoreceptors remains contested, with evidence presented for both vascular and nonvascular effects (see Section 1.7.3. –Chapter 1). Thus, we hypothesised that α1-adrenoreceptors
would be solely expressed on carotid body contractile blood vessels, hence providing
supportive evidence that the sympathetic nervous system mediates carotid body excitability via
reduction in its blood flow.
However, in disagreement to what we hypothesised, glomus cells were also positively
stained for these subtypes of adrenergic receptors. Therefore, we cannot rule out a direct action
by NE released from sympathetic varicosities or from the circulation on glomus cells. One
might criticise this possibility arguing that, as per work of McDonald (1983), postganglionic
sympathetic neurones exclusively innervate blood vessels in the carotid body. However, Verna
et al. (1984) showed that sympathetic varicosities are in close proximity to glomus cells,
therefore, allowing that such released NE could diffuse and modulate their activity. On the
other hand, Overholt & Prabhakar (1999) demonstrated, in individual glomus cells
enzymatically dissociated from carotid bodies of rabbit, NE inhibited inward Ca2+ currents in
a dose-dependent manner; this inhibition was mediated by α2-adrenoreceptors. However, these
results do not invalidate our proposition that NE released from sympathetic efferent fibres
increase glomus cells excitability via either a direct or indirect cellular effect of α1adrenoreceptors. Three considerations need to be taken into account when evaluating the work
of Overholt and Prabhakar: first, to test the effect of NE on Ca2+ currents in glomus cells the
authors used K+ and Na+-free intra and extracellular solutions; secondly, they reported that α2adrenoreceptors inhibit Ca2+ channels through a direct effect of G protein βγ subunits on α1
subunits of Ca2+ channels; third, they suggested that NE inhibition of Ca2+ currents would be
somewhat voltage dependent. They observed that the application of a depolarizing step
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attenuated or reversed the NE inhibition of Ca2+ currents. Therefore, it seems that these
experiments do not portray the full range of physiological effects that NE has on glomus cell
excitability because they exclude the simultaneous effect on membrane potentials evoked by
NE modulating K+ and Na+ channels. If NE has a potent effect on K+ and/or Na+ channels via
α1- and/or β1-adrenoreceptors that promote a depolarisation capable of attenuating, or
reserving, the inhibition of Ca2+ channels, then the use of K+ and/or Na+free solutions would
exacerbate NE effects from α2-adrenoreceptors.
In our immunostaining, we observed that both α1A- and α1B—adrenoreceptors were not
solely expressed on glomus cells, but were also present in carotid body cells that are not TH
positive; thus, type II cells emerge as possible candidates. Furthermore, in Figures 48 and 50,
for example, the staining is diffuse and hence does not allow us to preclude staining of nerve
terminals. α1-adrenoreceptors were demonstrated to be expressed on C- and A-delta
nociceptive afferent fibres from the dorsal root ganglion in Wistar rats (Dawson et al., 2011);
since these fibres are also present in the CSN (Porzionato et al., 2019), we can propose that α1adrenoreceptors may be expressed on petrosal afferent terminals.
In the future, the use of techniques such as RT-PCR and Western Blot would allow the
expression of α1A and α1B-adrenoreceptors to be quantified and hence an assessment made as
to whether there are differences between Wistar and SH rats. We also aim to develop a method
to selective stain sympathetic fibres innervating the carotid boy and compare differences
between both rat strains. This is not straightforward as glomus cells, afferent innervation from
carotid sinus nerve, and sympathetic fibres are all TH positive; thus, we will need to stain
sympathetic fibres with DBH to be able of identifying them. Additionally, co-localization
immunostaining between α1-adrenoreceptors and either P2X3 receptors, a marker for CSN
chemo-afferent endings, or glial fibrillary acidic protein (GFAP), a marker for type II cells,
would be helpful to better understand the precise location of these adrenoceptors.
In summary, α1-adrenoreceptors are expressed on both carotid body glomus cells and
contractile blood vessels. The mechanism through which the sympathetic innervation sensitises
the carotid body therefore remains elusive.
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Chapter 6
Is the SCG a feasible target for
treating carotid body
hyperexcitability and
hypertension?
An in vivo radio-telemetric
approach.
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6.1. Introduction
Previous studies have demonstrated that the integrity of the carotid body contributes to
the development and maintenance of hypertension by driving sympathetic activation (Del Rio
et al., 2016; Paton et al., 2013). In SH rats, carotid body exhibit both hypertonicity and
hyperreflexia as demonstrated via whole cell recordings of chemoreceptive petrosal ganglion
neurones (Pijacka et al., 2016). However, what generates this carotid body hyper-excitability
is not fully understood.
As mentioned in previous chapters, sympathetic innervation to the carotid body
originates from the SCG, and stimulating these fibres increases the excitability of type I
chemoreceptor cells (Brognara et al., 2021; Floyd & Neil, 1952). A type of synaptic plasticity
known as gLTP was demonstrated to occur in SCG of both adult hypertensive and young
prehypertensive SH rats (Alkadhi et al., 2005; Alzoubi et al., 2010; Martínez et al., 2019).
gLTP is proposed to exist in other sympathetic ganglia, which was previously associated with
the development and maintenance of hypertension (Aileru et al., 2001; Alkadhi et al., 2001;
Alkadhi & Alzoubi, 2007). Accordingly, in the SCG, gLTP may enhance tonic efferent
impulses to the carotid body, i.e., increased sympathetic outflow, thereby leading to its hyperexcitability and, in turn, chemoreflex driven sympathetic activity and hypertension.
Previously in Chapter 1, we demonstrated that ES of the SCG sensitised chemoreflex
evoked sympathoexcitation. Moreover, unilateral SCGx attenuated carotid body hyperreflexia
in SH rats in situ, therefore, demonstrating endogenous tonic modulation of carotid body
function in this rat strain. We propose that the SCG could be a novel target for controlling
carotid body pathology and blood pressure in hypertension in vivo, but this has never been
determined and is the aim of this Chapter.

6.2. Experimental design
The full experimental details are given in Chapter 2. Five adult SH rats (320-350g)
underwent surgical implantation of a BP telemeter and a femoral vein cannula, as described in
section 4.5. Following 7 days of recovery, animals were challenged with potassium cyanide
(KCN, 0.2% m/v) injections (i.v.) to evoke the chemoreflex. The latter was repeated the
following day and again post-SCGx. On the first day, animals received increasing doses of
KCN, i.e., 10, 20, 40, and 80 µg/rat regardless of body weight. On the second the day, the order
was reversed (i.e., 80, 40, 20, 10 µg) and data averaged per dose. At least 10 min were allowed
to elapse between KCN injections. All rats then underwent a second surgery to denervate the
SCG or to expose the area for a sham control group (see Section 2.7 - Chapter 2). Post-SCGx,
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we evoked the chemoreflex 5 and 6 days after bilateral ganglionectomy as described above.
The BP and HR responses were averaged over the two consecutive days pre- and post-surgery
(i.e., SCGx/Sham). This was the main planned comparison to test any effect of SCGx on
chemoreflex sensitivity. The data was collected by a blind investigator.
In a subgroup (Four out of five rats), monitoring was continued for a further two weeks
to evaluate any long-term effects on BP and chemoreflex sensitivity. Chemoreflex sensitivity
testing was repeated on Days 10 and 18 after SCGx. Because we had observed no ‘dose order’
difference in the earlier KCN responses, and in order to reduce any unnecessary stress/handling
impact on the rats, rats were subsequently randomised to receive either increasing (n=2) or
decreasing (n=2) doses of KCN for these days.
Three SH rats had their SCG surgically exposed as a sham control group. In these
animals, the chemoreflex sensitivity was assessed pre- and post-Sham for Days 5 and 6 as
described above.

6.2.1 Data analysis
Chronic BPs was determined as the average of 5h recordings taken between 17-22h.
Each BP telemeter’s offsets were measured before implantation and during the post-mortem
period, then averaged and subtracted from the recorded BP value in each rat. The chemoreflex
evoking protocol was always carried out between 10-13h to reduce the impact of circadian
related changes. Spontaneous baroreflex gain (SBRG) was assessed for each animal, using a
bespoke script for Spike2 (CED) to apply the sequence method to identify DBP and pulse
interval ramps, with a delay of 3 beats as established previously (Bertinieri et al., 1985; L. E.
V. Silva et al., 2019).

6.2.2. Statistical Tests
For analysis of the chemoreflex, GEE was used with Normal distribution and
Bonferroni as a Post Hoc test. First, we evaluated which effect the SCGx had on chemoreflex
sensitivity. For that, we inserted “pre-SCGx” and “Day 5 post-SCGx” as two levels of the
factor “Surgery”. Both “Surgery” and “KCN” (4 levels, i.e., 10, 20, 40, and 80µg) were deemed
within-subject effects and modelled “independent” as the working correlation matrix. Next, we
analysed the effect of SCGx over time. For this analysis we incorporated the Days 5, 10, and
18 post-SCGx as 3 levels within the factor “time”; therefore, both factors “KCN” and “time”
were modelled as within-subject effects using autoregressive 1 “AR1” as the WCM. The same
analysis was used for Sham animals.
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For longitudinal analysis of Long-term BP, we used mixed-effects model, with
multiple comparisons adjusted with Dunnett’s post-test. To test whether the changes in BP
were significantly different from pre-SCGx levels, we compared the resting MBP, SBP, DBP,
and HR using one-tailed paired student t-test. One-tail paired student t-test was used instead of
two-tail because in previous work Roloff et al. (2018) demonstrated a fall in BP after bilateral
SCGx in SH rats. Therefore, our aim was solely to reproduce this data. We confronted the preSCGx levels of BP against the Day 16 post-SCGx because this was second greatest fall in BP
on our time series. On the Day 18 (i.e., nadir) one rat telemeter did not record the BP throughout
the whole day. Then, we decided not to compare the resting values against this Day due to
reduced sample size (n=3). The same rationale was used for analysis of SBRG.
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6.3. Results
6.3.1. Chemoreflex sensitivity in SCGx SH rats in vivo.
Five days after bilateral SCGx, the chemoreflex-evoked hypertensive (“Surgery” Wald Chi-Square

(1)

= 7.563, P=0.006) and bradycardic (“Surgery” - Wald Chi-Square

(1)

=

11.713, P=0.001) responses were attenuated in adult SH rats (Figure 56). Chemoreflex was
tested 5 days post-SCGx, which was further attenuated two weeks later (Hypertensive response
- KCN*time, Wald Chi-Square
Wald Chi-Square

(4)

(4)

= 552.588, P<0.0001; Bradycardic response – KCN*time,

= 564.674, P<0.0001). In Sham SH rats (Figure 57), the chemoreflex

response was not attenuated (Hypertensive response – “Surgery”, Wald Chi-Square (1) = 2.940,
P=0.086; Bradycardic response – “Surgery”, Wald Chi-Square (1) = 0.924, P=0.336). However,
an increased hypertensive response was observed for the dose of 10 µg (Hypertensive response
- KCN*Surgery, Wald Chi-Square (2) = 18.748, P<0.0001)

Figure 56: Effects of bilateral resection of the superior cervical ganglion (SCGx) on chemoreflex in in vivo
conscious SH rats. The chemoreflex was evoked by intravenous injections of potassium cyanide (KCN, 0.2%;
n=5). The depicted responses for each dose of KCN represents the average from two consecutive days pre-SCGx
vs post-SCGx (i.e., 5th and 6th day after ganglionectomy). a) Representative tracing from the carotid body (CB)evoked cardiovascular response (KCN = 40 µg) before and after bilateral SCGx. b) CB-evoked changes in MBP
= Mean blood pressure, and HR = Heart rate. Data analysed using generalized estimating equations (GEE) and
Bonferroni as post hoc test; * P<0.05, ** P<0.01, # P<0.05, ## P<0.01.
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Figure 57: Effects of bilateral Sham surgery of the superior cervical ganglion on chemoreflex in in vivo conscious
SH rats. The chemoreflex was evoked by intravenous injections of potassium cyanide (KCN, 0.2%; n=3). The
depicted responses for each dose of KCN represents the average from two consecutive days pre-SCGx vs postSCGx (i.e., 5th and 6th day after ganglionectomy). a) Representative tracing from the carotid body (CB)-evoked
cardiovascular response (KCN = 40 µg) before and after bilateral Sham surgery. b) CB-evoked changes in MBP
= Mean blood pressure and HR = Heart rate. Data analysed using generalized estimating equations (GEE) and
Bonferroni as post hoc test; * P<0.05.

6.3.2. Long-term effect of SCGx on BP in SH rats.
Eleven days after SCGx, significant falls in both SBP (F (25, 74) = 4.775, P<0.0001) and
DBP (F (25, 74) = 3.810, P<0.0001) were observed (Figure 58). SBP and DBP fell on average 16
± 4.85 and 10 ± 3.81 mmHg respectively, reaching a nadir of -19.5 and -14.8 mmHg on the
Day 18. We compared the maximum fall in BP with pre-SCGx levels; however, due to a failure
in one of our smartpads on Day 18, one rat was not recorded during the entire day. Thus, we
compared the averaged pre-SCGx levels of MBP, SBP, DBP and HR with the Day 16 postSCGx. All three BP parameters displayed a statically significant reduction (P<0.05), while HR
was unchanged (t(3)=0.8402, P=0.23) (Figure 59). From the 20th day onwards, BP gradually
increased, although it did not recover to pre-SCGx levels by the end of the protocol on Day 25.
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Figure 58: Long-term effect of bilateral resection of the superior cervical ganglion (SCGx) on blood pressure
(BP) of adult spontaneously hypertensive rats (n=4). h). BPs are averages of 5h recordings between 17-22h.
Abbreviation: DBP = diastolic blood pressure, MBP = mean blood pressure, SBP = systolic blood pressure. Data
analysed using mixed-effects model to detect changes over time and Dunnett’s post-test to compare post-SCGx
days vs day 0 (i.e., SCGx) ** p<0.01.
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Figure 59: Bilateral resection of the superior cervical ganglion (SCGx) reduces resting blood pressure (BP) in
adult spontaneously hypertensive rats (n=4) after 16 days. Abbreviations: DBP = Diastolic blood pressure, HR=
Heart rate, MBP = Mean blood pressure, SBP= Systolic blood pressure. Data analysed using one-tail paired
student t-test to compare post-SCGx vs pre-SCGx * P<0.05.

6.3.3. Long-term effect of SCGx on SBRG in SH rats in vivo.
After bilateral SCGx, the SBRG for Upwards ramps was attenuated then gradually
restored, reaching pre-SCGx levels on Day 11 (F

(25, 73)

= 3.090, P<0.0001) (Figure 60). Up-

and downwards ramps were reset to higher MBP levels post-SCGx at Day 12 (Upwards ramps
- t(3) = 1.408, P=0.2538; Downwards ramps - Wilcoxon matched-pairs signed rank test
W=10.00; P=0.1250) (Figure 61).

135

Figure 60: Long-term effect of bilateral resection of the superior cervical ganglion (SCGx) on the spontaneous
baroreflex gain (SBRG) of adult spontaneously hypertensive rats (n=4). h). SBRG from up- and downwards ramps
were averaged from 5h recordings done between 17-22h. Abbreviation: DBP = diastolic blood pressure (DBP),
MBP = mean blood pressure, SBP = Systolic blood pressure. Data analysed using mixed-effects model to detect
changes over time and Dunnett’s post-test to compare post-SCGx days vs day 0 (i.e., SCGx) ** p<0.01.

Figure 61: Bilateral resection of the superior cervical ganglion (SCGx) did not significantly change the
spontaneous baroreflex gain (SBRG) for up- and downwards ramps in spontaneously hypertensive rats (n=4).
Data analysed using two-tail paired student t-test to compare post-SCGx vs pre-SCGx.
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6.4. Discussion
Our data demonstrate that bilateral SCGx attenuates carotid body hyperexcitability in
adult SH rats. The chemoreflex hypertensive and bradycardic responses were attenuated 5 days
after resection, being further attenuated by Day 18. In addition, chronic recordings of BP
revealed a significant fall in both basal SBP and DBP; however, SBRG did not show changes
for either upwards or downwards ramps when compared to pre-SCGx levels.
Pioneering studies by Daly et al. (1954), Eyzaguirre & Lewin (1961), and O’Regan
(1981) among others (see Brognara et al., 2020) unveiled modulatory effects on carotid body
afferent discharge exerted by its autonomic innervation. These studies revealed changes in
carotid body blood flow: (i) parasympathetic activation causing increased blood flow and
reduced afferent discharge (Neil & O’Regan, 1971b); (ii) sympathetic-induced reduction in
blood flow and an excitatory effect on afferent activity (Daly et al., 1954)). However,
mechanisms underlying the modulatory effects on chemoreceptors is controversial with
evidence being presented for both vascular and non-vascular effects (Acker & O’Regan, 1981;
Brognara et al., 2021).
Regardless of the mechanism/s behind the excitatory effect of sympathetic stimulation,
our data indicate a greater input to the carotid body in hypertension. Removing the source of
sympathetic postganglionic neurones - i.e., the SCG - attenuated the chemoreflex-evoked
responses profoundly. Furthermore, in accordance with our intracellular recordings (see
Chapter 1), which demonstrated hyperpolarisation of the membrane potential and a loss of
ongoing, tonic firing from petrosal ganglionic neurones after SCGx, we also observed a fall in
BP. Given the context, we wonder whether the excessive respiratory-sympathetic modulation
(Simms et al., 2009) could provide enough presynaptic activity to generate gLTP in SCGs. In
fact, recordings of the ICN and ECN showed a respiratory coupling discharge (Roloff et al.,
2018). We believe that the presence of gLTP in SCG of SH rats increases the sympathetic
outflow to the carotid body thereby driving its hyperexcitability ( Figure 62, Alkadhi et al.,
2005; Alzoubi et al., 2010; Martínez et al., 2019). Whether or not this increased sympathetic
outflow causes synaptic plasticity similar to gLTP within the carotid body is still unknown.
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Figure 62: Proposed mechanism of excessive sympathetic input to the carotid body (CB) in SH rats (SHR). The
CB receives afferent (green) and efferent (red) innervation from the Petrosal (PG) and superior cervical ganglia
(SCG), respectively. Within the CB, connections are made with two main structures: Type A glomus cells and
vasculature (arterioles, capillaries, and venules). Type A glomus cells receive inputs from purinergic PG afferent
neurones positive for P2X3 receptors (P2X3R) (Pijacka et al., 2016). In contrast, the vasculature is innervated by
postganglionic sympathetic neurones (red) from the SCG. Both the CB vasculature and glomus cells express α1adrenoreceptors (α1R; See Chapter 5) and although glomus cells are not directly innervated by postganglionic
sympathetic neurones, sympathetic varicosities were shown to be located close enough to glomus cells clusters to
allow norepinephrine (NE) to diffuse and reach their receptors. In the SCG of SHR, the presence of ganglion longterm potentiation (gLTP) might bring about a more active sympathetic input to the CB, thus increasing glomus
cells and chemo-afferent fibres excitability. Abbreviation: A: Type A glomus cells, B: Type B glomus cells, CB:
carotid body, gLTP: ganglionic long-term potentiation, NE: norepinephrine, PG: petrosal ganglion, SCG: superior
cervical ganglion, SHR: spontaneously hypertensive rats, SIF: small intensely fluorescent, Type II: Type-II glialike cells, α1R: α1-adrenoreceptors. Data from:(Alkadhi & Alzoubi, 2007; Alzoubi et al., 2010; Brognara et al.,
2021; Martínez et al., 2019; Verna et al., 1984).

The presence of gLTP in sympathetic ganglia is not restricted to the SCG. This type of
synaptic plasticity was associated with the development and maintenance of hypertension
(Aileru et al., 2001; Alkadhi et al., 2001; Alkadhi & Alzoubi, 2007). In the work of Alkadhi et
al. (2001), the authors treated SH rats with tropisetron, an antagonist of 5-HT3 receptors. These
receptors were proposed to be involved with development and maintenance of gLTP in
sympathetic ganglia (Alkadhi et al., 1996). After treating the animals chronically with
tropisetron, SBP fell (~ 40 mmHg). Different from our work which focused on the SCG only,
systemically administered tropisetron would reduce the gLTP in all sympathetic ganglia
throughout the body. This would explain the greater fall in BP relative to that we described.
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Although the fall in BP after SCGx was of the same magnitude to that observed after
carotid body denervation (McBryde et al., 2013), we acknowledge that we do not yet have
evidence supporting a causal association between chemoreflex attenuation and the fall in BP
following SCGx. Therefore, we cannot rule out the possibility that the SCGx reduces BP by
other mechanisms such as a direct lowering of vasoconstrictor tone in the neck and head, and/or
an effect on the baroreceptor reflex. Thus, we analysed the SBRG for upwards and downwards
ramps. Our hypothesis was that an improvement in SBRG produced the fall in BP. After a
transient reduction in SBRG (up slopes only), the levels were restored and not significantly
different from pre-SCGx levels. Thus, any improvement in baroreflex sensitivity is not
responsible for the observed fall in BP. A caveat of our SBRG analysis is the sample size of 4
rats that might not provide enough power to detect the difference between the groups as
significant; this is especially true if the effect size of the difference is not big as in this case
(Cohen’s D effect size = 0.7). However, our conclusion is not only driven by the lack of
statistical significance. Observing the data, only one animal has a striking increase in its gain.
All the other rats seem to be at the same pre-SCGx vs post-SCGX levels. We acknowledge
though we cannot draw any strong conclusions from it.
In previous chapters, we have demonstrated that the SCG endogenously promotes
carotid body sensitivity in SH rats, at both cellular and system levels. However, whether these
effects could be reproduced in vivo, and whether this was a feasible approach for controlling
BP in hypertension remained unknown. Here, for the first time, we demonstrated that the SCG
has potential as a feasible and effective candidate for controlling carotid body pathophysiology
in hypertension and for lowering blood pressure.
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Chapter 7
Optical approaches for
alleviating hypertension
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7.1. Introduction
Currently, there is an explosion of device technology for treating human diseases
including hypertension (Horn et al., 2019; Saxena et al., 2016). The impetus for such therapy
comes from the fact that these interventional approaches are highly targeted, meaning that they
only intervene with the dysfunctional organ. Clearly pharmacological treatment circulates
throughout the body affecting all organs and systems, which typically causes unpleasant sideeffects particularly when treating the nervous system. However, optogenetics allows better
targeting with a high degree of spatial, temporal and even neuronal phenotype-type control
(Fan & Lin, 2015; Mahmoudi et al., 2017; Rost et al., 2017; Wiegert et al., 2017). Therefore,
although in its experimental phase, optogenetics has the potential to revolutionise management
of diseases of the nervous system and this might include neurogenic hypertension.
Optogenetics involves transgenic animals that express light-sensitive opsins similar to
the eye pigment – rhodopsin (Tomita et al., 2010). These opsins include Channelrhodopsin
(ChRh) and Halorhodopsin (HRh) that depolarise/hyperpolarise neuronal membranes in the
presence of blue and yellow light, respectively (Fan & Lin, 2015; Jiang et al., 2017; Wiegert et
al., 2017). Viral vectors can be used to deliver the transfecting genetic material into target cells
and using different promoters (e.g., human cytomegalovirus – HCMV -). This approach offers
a degree of neuronal phenotype selectivity such as the synthetic PRSX8 promoter solely
expressed in noradrenergic neurones (Gompf et al., 2015; Hwang et al., 2001).
There are advantages of using optogenetic over electrical stimulation. Although chronic
electrical stimulation could be used, this is fraught with side-effects that damage delicate
nervous tissues including: mechanical, electrolysis and generation of toxic products, and
inflammation; as a result, any positive response is often short lived. Moreover, it normally only
allows activation and not inhibition of nervous activity. Besides, it is indiscriminate in exciting
axons and neurones; for axons there is no control of whether these are orthodromically or
antidromically excited. The optogenetic approach overcomes these limitations allowing either
long-term excitation or inhibition of nervous tissue regulating the cardiovascular system
(Gepstein & Gruber, 2017; Koopman et al., 2017; Yu et al., 2017).
Using viral vectors, transfection of peripheral sympathetic ganglia was demonstrated
before (Hammond & Kreulen, 2016). In this chapter, we attempted to transfect the SCG and
obtain physiological responses using light-stimulation as a proof of principle. Since the SCG
is important for many physiological functions such as control of the eye, lacrimal gland, and
cerebral blood flow (Alborch et al., 1977; Cassaglia et al., 2008; Gibbins, 1991; Maningat &
Munakomi, 2019; McDougal & Gamlin, 2015), using optogenetics to inhibit specific
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postganglionic sympathetic neurones projecting towards the carotid body might be a promising
way of controlling carotid body pathology and BP in hypertension without the side-effects of
full bilateral SCGx. Thus, this study pioneered methods to determine the type of both virus and
promoter necessary to transfect SCG neurones for chronic optogenetic studies. To optimise this
approach, we initiated these trials using viruses to express ChRh.

7.2. Experimental design
The SCG of adult male Wistar rats (n= 21, 200-300g) were injected with a viral vector
suspension, as per section 2.10 – Chapter 2. Six viruses were tested to assess transfection
efficacy: AAV5-CaMKIIa-ChR2-EYFP (n=1), AAV5-hSyn-ChR2-EYFP (n=1), AAV6-hSynChR2-EYFP (n=6), AAV6-CAG-ChR2-EYFP (n=1), AAV9-CAG-ChR2-EYFP (n=2) (UNC
Vector Core, University of North Caroline, USA), and LV-PRSx8-ChR2-EYFP-WPRE (n=10)
(Professor Andrew M. Allen, University of Melbourne). A titer of 1010 to 1012 particles was
used for each virus.
Four weeks after the viral injection, animals were re-anaesthetised with isoflurane 2.5%
and the femoral artery cannulated for recording of pulsatile BP from which MBP, and HR were
derived. The SCG were re-exposed for ES and optical stimulation. Since the SCG causes
mydriasis (pupil dilatation), the pupil ipsilateral to the SCG being stimulated was monitored
with a binocular microscope fitted with a camera permitting movie recordings of the pupil for
subsequent analysis. This provided us with a physiological response, which was used as proof
of concept that our methodology and somatic gene transfer had been successful. Initially, and
as a positive control, ES (30 - 40 Hz, 1-2ms, 5-10 V) was carried out on the SCG using the
same apparatus from Chapter 1 (Figure 63). Subsequently, using a LED device (470nM LED
from Mightex – BLS-FCS-0470-200) attached to a control module (BioLED light source
control module, BLS series), optical stimulation of the same SCG was tested using parameters
based on the work of Menuet et al. (2014) (10-30Hz, 1-5 ms, 2.5-10V, and light intensity of 10
mW). The LED was not in direct contact with surface of the SCG, therefore, not generating
thermal heating of the ganglion (Figure 64). In addition, the contralateral SCG was not infected
with viral vector and used as a control ganglion.
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Figure 63: Physiological effects of electrical stimulation (ES) of the superior cervical ganglion evoked in an
anaesthetised rat in vivo. a) Mydriasis after ipsilateral stimulation. b) Hemodynamic effects.

Figure 64: Optical stimulation of the transfected superior cervical ganglion (SCG) using LED. a) before and b)
after light was turned on.

After stimulation, the SCG was harvested for immunohistochemistry staining, as per
section 2.5 – Chapter 2, and the animal euthanised. We used a primary polyclonal antibody
chicken anti-GFP (Abcam, ab13970; 1:1000) and a secondary donkey anti-Chicken IgY (IgG)
conjugated with Alexa Fluor® 488 (Jackson ImmunoReseach, JI 703-545-155; 1:1000) to
enhance the immunofluorescent signal from the expressed EYFP. Images were acquired using
epifluorescence microscopy (Leica DMR fluorescence microscope, B.I.R.U.). Since our goal
was to screen which viruses produced viable transfection, we first qualitatively observed via
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eye piece using an epifluorescence microscope available (Inverted Nikon Ti Eclipse), which
had no camera attached and was free of charge. AAV6-hSyn-ChR2-EFYP was deemed the most
efficient construct, then we took the samples to the B.I.R.U. from the University of Auckland
and acquired the images using the Leica DMR microscope.

7.3. Results
Irrespective of viral type used, optical stimulation of the previously transfected SCG
did not produce neither hemodynamic changes (Figure 65) nor Mydriasis. Next, we evaluated
the efficiency of transfection via immunohistochemistry staining. We could only detect
immunofluorescence when the following three viral vectors were used: AAV6-hSyn-ChR2EFYP, AAV6 and AAV9-CAG-ChR2-EFYP (Figure 66).

Figure 65: Stimulation of previously transfected superior cervical ganglion. a) Electrical stimulation, b) Optical
stimulation. Abbreviations: MBP: mean blood pressure, HR: Heart rate.
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Figure 66: Superior cervical ganglion (SCG) transfection with AAV6-hSyn-ChR2-EFYP. a) 10x objective
showing the transfected and b) non-transfected contralateral/ negative control ganglia. c) 25x objective focusing
on the area where soma was transfected.

7.4. Discussion
In this chapter, we attempted to transfect the SCG and obtain physiological responses
using optogenetics. Six different viruses were microinjected into the SCG of anaesthetised
Wistar rats. Four weeks after injection, physiological responses in pupil dilatation, BP and HR
were assessed using both ES and light-stimulation. Although we consistently observed
pupillary dilatation and increases in BP and HR with ES, we were unable to evoke such
responses optogenetically (Figure 66). This was explained by either a lack or insufficient
expression of the opsins and reporter gene (EYFP) as determined using immunofluorescence.
The practical use of optogenetics in experimental laboratories has increased over the
past two decades, and is hailed as one of the biggest breakthrough in neurosciences (Deisseroth,
2015). This technique uses engineered ion channels that are able to transduce photons into
electrical current (e.g., ChR2) (Paoletti et al., 2019). To date, the majority of work using
optogenetics tends to target the central nervous system (Jin et al., 2016; Kim et al., 2017; Van
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der Perren et al., 2012) with scant evidence of reports that have transfected peripheral ganglia
for optogenetic research.
Previous studies that have demonstrated the feasibility of transfecting a peripheral
ganglia for subsequent optogenetic and gene therapy studies were performed in Cre transgenic
mice (Michoud et al., 2018; Rajendran et al., 2019) as well as wild type animals (Fagoe et al.,
2015; Hammond & Kreulen, 2016; Tomita et al., 2010; Towne et al., 2013; Xie et al., 2017;
Yu et al., 2017). The work of Hammond & Kreulen (2016) is the only study we are aware of
that has successfully transfected a sympathetic ganglion in rats. In this study the celiac ganglion
was targeted, and the authors reported a greater transfection rate using AAV6-CMV-GFP. In
our study, AAV6 also showed the best transfection in the SCG but was not as efficient. We are
not sure why the efficiency of transfection of the SCG was so low since we followed the same
protocol. We believe this might be due to the presence of a fibrotic matrix around the principal
neurones reducing viral penetrance (Fioretto et al., 2007). We cannot rule out poor tropism of
the AAV6 construct for SCG neurones or that a different promoter may enhance the expression
rate.
Unfortunately, we did not image the ganglia transfected for all the different viruses.
However, the transfection rates for AAV6-CAG-ChR2-EYFP and AAV9-CAG-ChR2-EYFP
did not appear to have better transfection rate than AAV6-hSyn-ChR2-EYFP based on personal
observation. In the future, better viral penetrance into the SCG might be facilitated using
proteases (e.g., trypsin or collagenase IV) to digest the fibrotic matrix, although the concern is
that these proteases may degrade the virus itself. Alternatively, future studies could use AAV6
or AAV9 viruses with different promoters such as human elongation factor 1. Recently, Shin
et al. (2019) applied a viral suspension using adenovirus vectors incorporated with a Matrigel@
matrix (BD Biosciences, Bedford, MA) onto the surface of the carotid body for gene
transfection of chemoreceptors. This method allows for a controlled release of the virus in place
for a longer period, thus increasing the efficiency of transfection. We propose for future
experiments the use of the same Matrigel@ matrix could promote better transfection rate in the
SCG.
Previously, we argued that using optogenetics could offer a way to inhibit specific
postganglionic sympathetic neurones projecting towards the carotid body thereby being a
promising way of controlling carotid body pathology and BP in hypertension without the sideeffects of full bilateral SCGx. One could criticise our justification with the argument that we
are not selectively transducing SCG neurones projecting to the carotid body, but rather
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targeting all SCG principal neurones, which have the same phenotype. However, our aim in
this pilot study was only to demonstrate a proof of principle, i.e., transfect SCG neurones and
use light stimulation to evoke physiological responses.
In a more refined approach, we intend to use viral vectors such as a recombinant rabies
virus, which “infect neurones through axon terminals and spread transsynaptically in a
retrograde direction between neurones” (Osakada & Callaway, 2013, p.1583) applied onto the
surface of the carotid body using the Matrigel@ matrix, to selectively transfect neurones in the
SCG that project to the carotid body. This protocol could permit chronic and selective
inhibition of such neurones, thus limiting side effects associated with SCGx and carotid body
denervation. Accordingly, we would need to use an optical device that isolates the light
exposure exclusively to the SCG (i.e., light could not scatter towards the carotid body). Such a
device has already a prototype, with a dark silicone cuff that wraps around the SCG and is
currently being tested in conscious Wistar rats as part of the Ph.D. thesis of Ashton Moorhead
at the Auckland Bioengineering Institute (ABI) of the University of Auckland.
In summary, our pilot study showed insufficient transfection of the SCG to evoke a
reliable physiological response with light-stimulation although the ganglia were viable as
observed by responses evoked with ES. Despite these negative outcomes, alternative
methodologies including different constructs can be tested to optimise SCG viral transfection
in the future thereby permitting long-term ontogenetical stimulation to assess effects on carotid
body sensitivity and BP.
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Chapter 8
General Discussion
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8.1. Summary
Our study investigated whether the sympathetic nervous innervation of the carotid body
could promote reflex sensitisation and induce hyperexcitability in hypertension. We also asked
whether targeting the SCG would be a feasible approach for reducing chemoreflex sensitivity
and lowering BP in hypertension. We carried out electrical stimulation of the SCG and
discovered this evoked carotid body sympatho-hyperreflexia in both Wistar and SH rats. This
effect was prevented by injecting tamsulosin (an α1-adrenoreceptor antagonist) into the carotid
body revealing that the sensitising effect was α1-adrenoreceptor mediated. Consistent with this
inference, we found that the chemoreflex can be sensitised by phenylephrine (α1adrenoreceptor agonist) when applied to the carotid body of normotensive Wistar rats. Unlike
Wistar rats, the carotid body in SH rats has a tonic α1-adrenoreceptor mediated sensitisation as
revealed by SCGx, which attenuated carotid body-evoked hyperreflexia in situ and in vivo.
SCGx also reset the electrical excitability of chemoreceptive petrosal neurones to levels
observed in Wistar rats, presumably by reducing excitatory drive from glomus cells. Taken
together, these data indicate a tonically active drive from the SCG that boosts carotid body
sensitisation in SH rats that explains their hyperreflexia and hypertonicity. Given that SCGx
produced a significant fall in SBP (~16 mmHg) and DBP (~10mmHg) in conscious adult SH
rats, we suggest that the SCG could be a new target for controlling BP in hypertension. This
might best be achieved by selective ablation of the nerve/s connecting the SCG to the carotid
body.

8.2. The sympathetic innervation of the carotid body can increase its sensitivity
In line with our hypothesis, the carotid body-evoked sympathoexcitation was sensitised
by ES of the SCG in both rat strains. Our results are in accordance with previous studies, which
reported that ES of the sympathetic innervation to the carotid body increases the firing rate of
chemo-afferent fibres from the CSN (Acker & O’Regan, 1981; Daly et al., 1954; Eyzaguirre
& Lewin, 1961; Floyd & Neil, 1952; O’Regan, 1976). Different in our study, we showed for
the first time that the sympathetic innervation can potentiate the chemoreceptor evoked
sympathetic response. However, the magnitude of the sensitising effect was not different
between rat strains, something we did not expect to find. We believe the explanation for this is
the age of the rats. Neurones in the SCG are highly spatially localised, with rostral neurones
projecting via the ICN and caudal neurones via the ECN (Bowers & Zigmond, 1979). Since
the GGN originates from the ECN (McDonald, 1983b), caudal SCG neurones contain those
projecting to the carotid body and controlling its excitability. Of note, Martínez et al. (2020)
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demonstrated that gLTP was evoked solely in caudal SCG neurones after ES in adult SH rats.
Conversely, in 6 weeks old SH rats, ES could only generate gLTP in rostral neurones. These
results indicate a phenotypical maturation of SCG principal neurones with the progression of
age. Therefore, although young SH rats have tonic gLTP (Martínez et al., 2019), at this age,
we propose they have a protective mechanism that prevents caudal neurones (i.e. the main
source of projections to the carotid body) from further increasing their synaptic transmission
when ES is applied. It is worth note that at this age (i.e., 6 weeks old) the animals are still
prehypertensive (Martínez et al., 2019).
8.3. The α1-adrenoreceptors mediate the SCG sensitising effect on the carotid body
Injecting tamsulosin via the ICA, prevented the sensitising effect of the SCG on the
carotid body chemoreflex. Tamsulosin also attenuated the carotid body-evoked sympathohyperreflexia in SH rats. These data suggest that sympathetic activity acting via α1adrenoreceptors enhances carotid body reflex sensitivity. In all cases, this carotid body
sensitivity was restricted to the sympathetic response of the chemoreflex. Our results are
consistent with those of O’Regan (1976) showing that stimulation of the SCG increases the
firing rate of chemo-afferent fibres from the CSN, which was also α1-adrenoreceptor sensitive.
Furthermore, studies where injections of NE and epinephrine were performed in cats, rabbits,
and dogs also had excitatory effects on chemoreceptor afferent firing, which were demonstrated
to be mediated via both β- and α-adrenoreceptors (Folgering et al., 1982; Heistad et al., 1972;
Llados & Zapata, 1978).
There are some limitations regarding the interpretation of our results. First, as
mentioned in Chapter 1, ES of the SCG produced variable responses (see appendix). Although
our stimulating paradigm (30 Hz, 2 ms, 10 V) evoked sensitisation of carotid body-evoked
sympathoexcitation, in few instances this was not repeatable in the same preparation. Thus, we
cannot rule out the possibility that tamsulosin did not reduce the sensitising effect of the SCG,
rather its reduction was due to a change in neuronal excitability of SCG neurones. However,
given that tamsulosin alone attenuated the carotid body-evoked sympatho-hyperreflexia in SH
rats while phenylephrine sensitised the response in normotensive Wistar rats, these results
increase our confidence that our interpretation is correct. Second, there is a possibility that α1adrenoreceptors are not the only mechanism mediating the SCG sensitising effect. The SCG
may sensitise the carotid body via β1-adrenoreceptors as activation of these receptors has a
potent stimulatory effect on chemoreceptors (Alzahrani et al., 2021; Folgering et al., 1982).
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We believe that regardless of the primary underlying mechanism of sensitisation by the
SCG, both α- and β-adrenergic stimulation may have a synergic effect in boosting carotid body
sensitivity, thus contributing to its hyperexcitability in hypertension.
8.4. A vascular or non-vascular effect of 1-adrenoreceptors in the carotid body?
We used immunohistochemistry staining to locate where the α1-adrenoreceptors are
expressed. If these receptors were located on blood vessels exclusively, this would support a
vascular mechanism. Conversely, our results showed positive expression of α1A- and α1Badrenoreceptors on vascular smooth muscle cells of blood vessels and glomus cells. Besides,
our immunohistochemistry staining does not exclude the possibility that α1-adrenoreceptors are
also expressed on PG afferent terminals. Therefore, we cannot rule out the possibility of a nonvascular effect where NE from sympathetic fibres binds on α1-adrenoreceptors from either
glomus cells or other anatomical site to sensitise the chemoreflex. In fact, if these receptors are
expressed on SIF cells from SCG connected to PG neurones, then they are also candidates for
mediating our observed responses.
The exact mechanism by which the sympathetic nervous system sensitises the carotid
body chemoreceptors has been discussed since the 1960s (for review, see Brognara et al., 2021)
but it remains vague. We believe future studies will need to use a combination of
electrophysiology and imaging techniques to disentangle the relative roles of the α1adrenoreceptors on vessels and glomus cells. We propose that patch-clamp recordings could
provide insights of the role of α1-adrenoreceptors on glomus cells. Moreover, using confocal
microscopy and calcium imaging techniques on isolated perfused carotid body, we will be able
to simultaneously image changes in carotid body vessel diameter - stained with Lectin
(DyLight 649 - Tomato) – and changes in intracellular calcium transients of glomus cells. With
high temporal-spatial resolution, we will determine the timing of changes in intracellular
calcium and whether these occur first in the vessels or glomus cells or simultaneously.

8.5. The SCG endogenously sensitises the carotid body in SH rats
The presence of endogenous sympathetic modulation of carotid body function in SH
rats is supported by our findings that (i) both prazosin and tamsulosin injected into the carotid
body via the ICA reduced carotid body-evoked sympatho-hyperreflexia in situ, which
unilateral SCGx mimicked; (ii) bilateral SCGx in conscious in vivo SH rats attenuated the
hypertensive and bradycardic responses to chemoreflex activation chronically; (iii) at the level
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of single chemoreceptive PG neurones, SCGx caused hyperpolarisation, abolished basal
neuronal firing and reduced the carotid body evoked firing response to levels found in Wistar
rats. These cellular, in situ, and in vivo data unequivocally indicate endogenous SCG
modulation on the carotid body chemoreceptors in SH rats. A summary of the proposed
mechanism through which the SCG leads to carotid body hyperexcitability is depicted in Figure
67.

Figure 67: Proposed mechanism of hyperexcitability of the carotid body (CB) in SH rats (SHR). The CB receives
afferent (green) and efferent (red) innervation from the Petrosal (PG) and superior cervical ganglia (SCG),
respectively. Within the CB, connections are made with two main structures: Type A glomus cells and vasculature
(arterioles, capillaries and venules). Type A glomus cells receive inputs from purinergic PG afferent neurones
positive for P2X3 receptors (P2X3R) (Pijacka et al., 2016). In contrast, the vasculature is innervated by
postganglionic sympathetic neurones (red) from the SCG. Both the CB vasculature and glomus cells express α1adrenoreceptors (α1R; See Chapter 5) and although glomus cells are not directly innervated by postganglionic
sympathetic neurones, sympathetic varicosities were shown to be located close enough to glomus cells clusters to
allow norepinephrine (NE) to diffuse and reach their receptors. In SHR, a more active sympathetic input to the
CB exists compared to Wistar rats (see Chapter 1). In the SCG, a subpopulation of small intensely fluorescent
(SIF, intense red) cells, organised in clusters, receive innervation from afferent purinergic PG neurones; these
cells have been proposed to be ectopic glomus cells and could contribute to the CB evoked sympathohyperreflexia and increased peripheral sympathetic outflow. Abbreviation: A: Type A glomus cells, B: Type B
glomus cells, CB: carotid body, NE: norepinephrine, PG: petrosal ganglion, SCG: superior cervical ganglion,
SHR: spontaneously hypertensive rats, SIF: small intensely fluorescent, Type II: Type-II glia-like cells, α1R: α1adrenoreceptors Data from:(Brognara et al., 2021; Martínez et al., 2019; Takaki et al., 2015; Verna et al., 1984).

After SCGx in SH rats (see section 3.4.5. – Chapter 3), we did not observe changes in
resting mean levels of tSNA over a 25 min evaluation period, although its respiratory
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modulation was depressed, as it is after carotid body denervation (Pijacka et al. 2016). Given
absence of a fall in SNA after SCGx, the question raised is whether this ganglion is a target for
controlling neurogenic hypertension? We believe so. The in situ data was based on unilateral
rather than bilateral SCGx, and a longer period of time may be required to see a drop in SNA.
This has analogies to carotid body denervation in SHR: unilateral was ineffective whereas
disconnection of both carotid bodies lowered SNA and BP profoundly (McBryde et al., 2013).
If in neurogenic hypertension the carotid body input to respiratory neurones in the brainstem
(e.g. post-I neurones in the BötC) causes neuronal plasticity similar to rats exposed to chronic
intermittent hypoxia (Machado et al., 2017; Souza et al., 2019; Zoccal et al., 2008), then
removing such input will not immediately reset the electrophysiological properties of those
cells, hence requiring a longer period of time for a downstream effect on neuronal motor output
(Moraes & Machado, 2015). This situation is different for the hyperreflexia component. The
latter is a direct response evoked from the carotid body; thus, we would expect that attenuation
in carotid body sensitivity to occur earlier, which is supported by our in vivo data (Chapter 6),
showing that resting BP needed 10 days to fall whilst carotid body sensitivity was attenuated
on day 5 post-SCGx.

8.6. Physiological relevance of the sympathetic innervation to the carotid body
An intriguing question remains to be answered: what is the physiological relevance of
the sympathetic innervation to the carotid body? One way to consider this is to ask, under what
circumstances would the body want to increase the carotid body sensitivity without hypoxia?
We do not have the answers for this question; however, we speculate that such activity
could be required during exercise. When exercising, an increase in sympathetic vasomotor
outflow is necessary to maintain blood flow supply for the increasing demand from skeletal
muscle (Katayama & Saito, 2019). At the onset of exercise there is no change in blood gases,
so if the carotid bodies are involved in the exercise hyperpnea they need to be stimulated via a
distinct mechanism. During exercise, powerful ventilatory and sympathoexcitatory responses
are evoked by the muscle metaboreflex (Fisher et al., 2015; Mizuno et al., 2011) as well as
central command (Forster et al., 2012; Simpson et al., 2021). Studies carried out in humans
demonstrated that activating the metabo- and carotid body chemo-reflexes simultaneously
produce a ventilatory response many folds greater than the summation of each individual
response (Silva et al., 2018). This means that these reflexes synergically interact to potentiate
each other. The reason for this may be explained by the elevation of sympathetic drive to the
carotid body during the onset of exercise. During exercise the skeletal muscle metaboreflex
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increases ventilation and peripheral sympathetic outflow; consequently, this increased
sympathetic drive will sensitise the carotid body in a feedforward mechanism to further
increase the sympathetic response.
A caveat in our study is that we did not observe a ventilatory sensitisation in our results
of the SCG stimulation. Although, in the Chapter 1, we have argued that such selectivity can
be explained by the ribbon cable hypothesis (Zera et al., 2019), following the principle of
parsimony, a more simple explanation would be that during the SCG stimulation, the baseline
respiratory rate could increase to a ceiling limit due to chemoreceptors activation and once
challenged with the NaCN, any further increase in ventilation would be small. In support of
this idea a number of reports have shown that stimulation of the sympathetic innervation to the
carotid body increases carotid body afferent discharge (Daly et al., 1954; Eyzaguirre & Lewin,
1961; Floyd & Neil, 1952; O’Regan, 1977). Furthermore, Biscoe & Purves (1967) showed, in
cats, that movements of the hind-limb causes increase in chemo-afferent discharge and
ventilation, which were abolished once either the connection of the SCG with the carotid body
(i.e., GGN) or the sciatic nerve were severed. The authors also reported an increase in
sympathetic activity recorded from the GGN once the hind-limb movements started.
Unfortunately, in the WHBP, ES of the SCG generated electrical noise making it impossible
to analyse changes in PNA. We propose that ES of the SCG in vivo conscious rats, using wholebody plethysmography to record respiration (Bartlett & Tenney, 1970; Igor Simões Assunção
Felippe et al., 2020) could help to answer these questions.

8.7. Translational perspective
In conscious adult SH rats, bilateral SCGx produced a significant fall in SBP
(~16mmHg) and DBP (~10mmHg). After reaching a nadir on Day 18 post-SCGx, the BP
gradually increased, although it did not recover to pre-SCGx levels by the end of the 25 days
protocol. We believe that severing the neural connection between the SCG and carotid body
(i.e., GGN) is a potential translational approach. Unilateral resection of the carotid body was
demonstrated to reduce the BP in patients with resistant hypertension (Narkiewicz et al., 2016);
however, safety concerns about removing the carotid body and its control of ventilation,
especially during sleep, have been acknowledged (Niewinski et al., 2017). Selective
denervation of the GGN in humans would mean that both the carotid body and SCG remain to
perform physiological functions, thereby minimising any side effects. To our knowledge, this
has never been performed previously and awaits trialling.

154

Interestingly, tamsulosin could be a potential new therapeutic drug for controlling
carotid body pathophysiology. Tamsulosin is an α1-adrenoreceptor antagonist commonly used
to treat lower urinary tract symptoms and benign prostatic hyperplasia in men (Dunn et al.,
2002; Lyseng-Williamson et al., 2002; Ma et al., 2020; Wilt et al., 2002). One advantage of
this drug is its reduced hypotensive side-effect. The clinical use for hypertension of some α1adrenoreceptor antagonist drugs is limited due to pronounced orthostatic hypotension,
dizziness, and syncope in patients (Jain et al., 2008; J. L. Reid & Vincent, 1986; John L. Reid,
1986). According to the 2018 ESC/ESH guidelines , α1-blockers are not clinically indicated for
routine treatment of hypertension and are reserved for add-on therapy in very specific situations
for treatment of resistant hypertension when all other treatment options have failed, with
doxazosin being the drug most commonly used (Williams et al., 2018; Wykretowicz et al.,
2008). If tamsulosin effect on carotid body hyperexcitability is confirmed in vivo, this could
lead to a drug repositioning in the market. With limited postural hypotension, patients could
better tolerate this drug and improve their BP in the long run. We acknowledge that future
studies are needed in conscious adult SH rats and a large animal model of hypertension to
confirm whether tamsulosin could become a potential new antihypertensive therapeutic drug.
As per the study of Narkiewicz et al. (2016), targeting the carotid body was only effective in a
sub-cohort of patients. Therefore, screening and identifying which patients have the carotid
body driving their disease state is pivotal before targeting new therapy such as tamsulosin.
Finally, we believe that investigating the molecular pathways involved with generation
of gLTP in sympathetic ganglia could provide new pharmacological targets for treating
hypertension. For instance, Alkadhi et al. (2001) reported that tropisetron (i.e. 5-HT3
antagonist) was able to induce a substantial fall in SBP (~40 mmHg) and reduce gLTP in SCG
of SH rats. However, an independent replication of this work was never carried out. In the
literature, other molecular pathways were proposed to be involved with development of gLTP
in sympathetic ganglia of SH rats; we believe these pathways deserve further investigation to
determine their potential therapeutic applications (Alkadhi et al., 1996; Arias et al., 2014;
Cifuentes et al., 2004; Vargas et al., 2007).
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8.8. Conclusion
We have demonstrated that sympathetic efferents can affect chemoreceptor sensitivity
as portrayed by reducing the chemoreflex evoked sympathetic response. This mechanism is
mediated via α1-adrenoreceptors, which are activated tonically in hypertension. We propose
this effect may be due to sympathetically mediated reductions in carotid body blood flow;
however, we cannot rule out a contribution from non-vascular pathways since glomus cells
were also positive for α1-adrenergic receptors. Given that reduced carotid body
hyperexcitability is associated with falls in arterial pressure in hypertension (Narkiewicz et al.,
2016; Niewiński et al., 2013; Pijacka et al., 2016) and reductions of sympathetic activity in
heart failure (Niewinski et al., 2017), and that the SCG provides the dominant innervation of
the carotid body, we propose that the SCG or its nervous connection to the carotid body may
be viable targets for treating carotid body pathophysiology in hypertension.
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Appendix
Total number of animals used = 28
Table 1: How many times these parameters were used and had these outcomes?
attenuation

no effect

Sensitisation

ES parameter
Number of times used
20Hz 0.1ms 5V
1
1
10Hz 0.1 ms 10V
2
1
1
20Hz 0.1ms 10V
1
1
30Hz 0.1ms 5V
1
1
30Hz 0.1 ms 10V
6
3
3
30Hz 0.1ms 8V
1
1
40Hz 0.1 ms 5V
1
1
40Hz 0.1 ms 10V
2
1
1
30Hz 1ms 5V
9
2
2
5
30Hz 1ms 8v
1
1
30Hz 1.5 m 5V
1
1
40Hz 1.5 ms 10V
1
1
20Hz 2ms 5V
2
1
1
20Hz 2ms 8V
1
1
20Hz 2ms 10V
9
3
1
5
30Hz 2ms 5V
2
1
1
30Hz 2ms 10V
39
7
14
18
30Hz 2ms 100V
1
1
Obs: the same parameter might have been used more than once in the same animal
Table 2: How many animals presented these outcomes at some point of the experiment?
attenuation
no effect
Number of animals
10
15
Obs: The same animal might have presented more than one outcome
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Sensitisation
20

Table 3: How many animals were stimulated with each parameter and presented these
outcome?
attenuation

no effect

Sensitisation

ES parameter
Number of animals stimulated
20Hz 0.1ms 5V
1
1
10Hz 0.1 ms 10V
2
1
1
20Hz 0.1ms 10V
1
1
30Hz 0.1ms 5V
1
1
30Hz 0.1 ms 10V
3
3
2
30Hz 0.1ms 8V
1
1
40Hz 0.1 ms 5V
1
1
40Hz 0.1 ms 10V
2
1
1
30Hz 1ms 5V
4
3
3
30Hz 1ms 8v
1
1
30Hz 1.5 m 5V
1
1
40Hz 1.5 ms 10V
1
1
20Hz 2ms 5V
2
1
1
20Hz 2ms 8V
1
20Hz 2ms 10V
7
3
1
4
30Hz 2ms 5V
1
1
1
30Hz 2ms 10V
19
5
10
12
30Hz 2ms 100V
1
1
Obs: the same parameter might have produced more than one outcome in the same animal
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