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Abstract 
Pulmonary hypertension (PH) is a disease characterised by an elevation of mean 

pulmonary arterial pressure due to excessive vasoconstriction and pulmonary 

arterial remodelling. Despite the many negative health implications of obesity, 

epidemiological evidence suggests the presence of an ‘obesity paradox’ in PH, 

whereby obesity is associated with a lower mortality rate in patients with PH. The 

physiological mechanism underpinning this paradox is currently unknown. 

However, it is well established that pulmonary sympathetic nerve activity (pSNA) is 

an important modulator of pulmonary arterial pressure due to β-adrenergic 

mediated vasodilation of pulmonary vessels. Sympathetic hyperexcitation, or 

increased SNA in obesity has been shown to occur in some organ systems but has yet 

to be investigated in the lungs. Thus, this study aimed explore whether pSNA is 

increased in obesity and PH and if so, whether pSNA plays a greater role in 

vasodilating pulmonary vasculature in obesity with or without PH.  

 

Experiments were performed on four groups of anaesthetised male Zucker rats: lean 

control rats (lean-C), lean rats with PH (lean-PH), obese control rats (obese-C), and 

obese rats with PH (obese-PH). In vivo electrophysiology experiments directly 

recorded activity from the pulmonary sympathetic nerve in order to establish any 

differences in pSNA in obesity and PH. The pSNA in obese-C animals (2.4 ± 0.4 µV.s, 

mean ± SEM, n = 7) was significantly elevated compared to lean-C animals 

(0.5 ± 0.1 µV.s, P < 0.001, n = 7) while the pSNA in the obese-PH group (7.1 ± 2.5 µV.s, n 

= 4), was also significantly greater compared to their lean counterparts (lean-PH, 2.0 ± 

2.5 µV.s, P < 0.01, n = 4). The development of PH was also associated with a 3-fold 

increase in pSNA in obese rats (P < 0.05). 

 



 

ii 

To determine the effect of differing pSNA on vessel diameter, synchrotron radiation 

microangiography was performed. This technique facilitated the visualisation of 

dynamic changes in vessel internal diameter during acute hypoxic pulmonary 

vasoconstriction (HPV, 8% O2 for 5 minutes), before β-adrenoceptor (β-AR) blockade, 

after β1-AR blockade (atenolol, 3 mg/kg) and after combined β1- and β2-AR 

blockade (propranolol, 2 mg/kg). Before β-AR blockade, the magnitudes of HPV 

were similar between all experimental groups. After β1-AR blockade, a greater 

magnitude of vasoconstriction was observed in the obese-C animals compared to 

lean-C. Upon combined β1- and β2-AR blockade, the magnitudes of HPV in obese 

animals both with and without PH (obese-PH, 33 ± 4% and obese-C, 24 ± 4%) were 

significantly exacerbated compared to their lean counterparts (lean-PH, 16 ± 3% and 

lean-C, 12 ± 3%, P < 0.05). These differences were primarily observed in resistance 

arterioles (< 300 µm), critical in modulating pulmonary arterial pressure.  

 

This study shows for the first time, differential sympathetic regulation of pulmonary 

vascular tone in obesity and PH. Sympathetic hyperexcitation in obese rats, both 

with and without PH plays a larger role in ‘protecting’ the pulmonary vasculature 

against constriction during HPV compared to lean counterparts, suggesting 

sympathetic hyperexcitation in obesity may be a potential mechanism underlying the 

obesity paradox in PH.  
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Introduction 
In a 1957 review titled ‘The Lungs in Heart Disease’,1 pathologist Oscar Brenner 

opened with the following statement: 

 

“The relationship of the lungs to the heart is very close, and it is not surprising that diseases 

of the lung may affect the heart and diseases of the heart may affect the lungs. It is, of course, 

by way of the pulmonary blood vessels that this interrelationship is affected.” 1 

 

Since then, we have come to understand that pulmonary arteries are more than just a 

conduit between the lungs and the heart, but a highly regulated and physiologically 

complex vascular system. This chapter outlines the basic physiology of the 

pulmonary vasculature critical for understanding the pathophysiology of pulmonary 

hypertension (PH), a disease characterised by increased pulmonary arterial pressure 

(PAP). It includes a brief comparison between the pulmonary and systemic 

circulation followed by an exploration of the extrinsic and intrinsic factors that 

modulate pulmonary vascular tone at rest and in response to hypoxia, with a special 

focus on the role of the sympathetic nervous system (SNS). This chapter also explores 

the fundamental background of PH, including the epidemiology, pathophysiology 

and animal models used to study this disease. The relationship between PH and 

obesity is described, with a particular focus on the ‘obesity paradox’, a phenomenon 

whereby obesity is protective against certain cardiovascular diseases such as PH. The 

physiological mechanisms that underpin this paradox have yet to be discovered, 

necessitating further research into how the pulmonary vasculature is differentially 

regulated in lean and obese states. In addition, this chapter briefly introduces a 

technique called synchrotron radiation (SR) microangiography and explains the 

unique opportunity it provides for studying the regulation of arterioles critical to 

regulating PAP. 
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1. The pulmonary circulation 

The main function of the pulmonary circulation is gas exchange, oxygenating venous 

blood while removing the metabolic waste product, CO2. Although the body’s entire 

vascular system is a closed loop circuit, with the pulmonary and systemic circulation 

connected in series, these two circulations have differing physiological 

characteristics. It is well known that the systemic circulation has a mean arterial 

blood pressure (MABP) of ~90 mmHg. In hypoxic conditions (low O2), systemic 

vasodilation occurs in order to enhance blood flow and thus O2 supply to hypoxic 

tissues,2, 3 leading to a decrease in MABP. In contrast, the pulmonary circulation is a 

low pressure, low resistance system, maintaining a mean PAP (MPAP) between 20 -

25 mmHg. In response to hypoxia, MPAP increases due to a phenomenon known as 

hypoxic pulmonary vasoconstriction (HPV).4 Pulmonary arteries constrict in order to 

redirect blood flow towards better ventilated areas of the lung, thus optimising the 

gas exchange.5  
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2. Modulation of pulmonary vascular tone 
 
External modulation by the autonomic nervous system (ANS), local paracrine 

regulation from the endothelium and the intrinsic self-regulatory properties of 

pulmonary vascular smooth muscle cells (PVSMC) work together to maintain 

pulmonary vascular tone under resting conditions, while mediating stress responses 

such as HPV (Figure 1). Although all of the above mechanisms have yet to be fully 

elucidated, there is a paucity of studies looking at the role of the SNS in controlling 

pulmonary arterial tone, particularly in the context of obesity. Further investigation 

into this will provide a better understanding of the complexity behind the regulation 

of pulmonary arterial tone, which ultimately contributes towards the development of 

potential preventative and therapeutic strategies for diseases such as PH.  

Figure 1. Regulatory mechanisms of pulmonary arterial tone. Pulmonary vascular tone is intrinsically 
modulated by both external and local factors. Local factors include the intrinsic contractibility of 
PVSMCs6 and the release of endothelium vasoactive substances.7 The SNS is the principle external 

modulator of pulmonary arterial tone, which acts by stimulating β-adrenergic receptors.8,9 However, 
the extent to which SNS regulates pulmonary arterial tone in obesity and pathologies such as PH 
remains to be fully elucidated. 

Sympathetic  
nervous system 

External 

Smooth muscle 
self-regulation 
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Endothelial 
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2.1. External modulation by the sympathetic nervous system  

It is well accepted that the vascular bed of every organ is in part regulated by the 

ANS. The ANS is commonly subdivided into the SNS and parasympathetic nervous 

system (PSNS). These subdivisions comprise both efferent and afferent neurons that 

control the involuntary function of viscera, maintaining baseline visceral activity at 

rest and regulating changes (increase/decrease in activity) during times of stress. 

This complex regulation is centrally controlled by cortical regions in the brain, which 

communicates with the hypothalamus, stimulating ANS neurons located in the 

medulla oblongata (Figure 2). In response to stressful stimuli, sympathetic nerve 

activity (SNA) increases, leading to a myriad of systemic effects including an increase 

in heart rate (HR), cardiac output, skeletal muscle vasodilation, pupillary and 

bronchial dilation, cutaneous and gastrointestinal vasoconstriction and piloerection. 

The PSNS is complementary to the SNS and works to antagonise its effects, bringing 

the body’s parameters back to a resting state. In addition to autonomic afferents 

nerves (vagus), other afferent fibres from peripheral baroreceptors and 

chemoreceptors, as well as respiratory stretch receptors, enter the medulla at the 

nucleus tractus solitarius in order to provide sensory feedback10,11 (Figure 2). 

Sympathetic outflow is heterogeneous, which means the changes in SNA in one 

organ system may not necessarily reflect SNA in another.11 

 

Although the pulmonary vasculature is innervated by both the SNS and PSNS, 

extant literature suggests that it is more richly innervated with sympathetic 

(adrenergic) fibres compared with parasympathetic (cholinergic) fibres.8 Thus, 

research on the external regulation of PAP has been largely directed towards 

studying the complexity of SNA.12-14  
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The SNS modulation of PAP is mediated by adrenoceptors (AR), a family of G-

protein coupled receptor (GPCR). Neurotransmitters noradrenaline and adrenaline 

are released at the synaptic cleft of sympathetic neurons and bind to α-AR and β-AR. 

These receptors can be further subdivided into α1- and α2-AR, and β1- and β2-AR 

respectively.15 α1-ARs are located post synaptically and are the primary mediator of 

vasoconstriction in pulmonary arteries.16 SNS also exerts a dilatory effect on the 

pulmonary vasculature by stimulating both β1-AR and β2-AR,17 although β2-AR is the 

predominant subtype present in pulmonary arteries.18,19 Vasodilation is not only 

mediated through direct smooth muscle stimulation18 but also through endothelial 

cells which release the vasodilator nitric oxide (NO) upon endothelial β2-AR 

stimulation.20 Therefore, the summative effects of α- and β-AR stimulation in the 

pulmonary vasculature determine the overall effect of SNS modulation. In order to 

determine the relative dilating and constricting properties of the SNS activation 

along the pulmonary tree, Shirai et al. (1994)21 performed an experiment blocking α- 

and β-ARs and observed changes in vessel internal diameter (ID) in response to 

electrical sympathetic stimulation. The results suggested that the SNS has an overall 

vasodilatory role in both small and large pulmonary vessels (Figure 2). 

 

Some organ systems also contain β3-ARs, another subdivision of β-ARs. This has 

been largely studied in relation to its lipolytic and thermogenic properties in several 

animal models.22-24 β3-ARs have also been linked to systemic vasodilation although this 

appears to be very species dependent.25 Studies examining β3-ARs in the pulmonary 

vasculature have produced conflicting results. Agonist stimulation of this receptor 

led to dilation in pre-constricted canine arteries26 while other functional studies 

performed in mice27 and rats28 found no evidence of the β3-AR in the pulmonary 

vasculature. Therefore, any additional dilating role in the pulmonary vasculature still 

remains contentious. 
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Figure 2. Simplified schematic diagram of the autonomic nervous system regulation of pulmonary 
arterial tone function. Autonomic cell bodies (parasympathetic and sympathetic) in the medulla 
oblongata are stimulated based on feedback signals from afferent neurons and inputs from higher 
centres.10,11 Sympathetic nerves are the primary external modulators of pulmonary sympathetic tone8 
and cause both vasoconstriction and vasodilation through α- and β-ARs respectively. The 
vasodilatory effect predominates, importantly in the small resistant arterioles21 which are important in 
determining pulmonary arterial pressure.  

 

2.2. Intrinsic modulation of the pulmonary vasculature 

The tight control of PAP requires a fine balance between intrinsic modulation and 

external modulation from the SNS. The pulmonary vascular smooth muscle cell 

(PVSMC) has an O2 sensor that triggers PVSMC contraction during hypoxia, 

independent of the pulmonary vascular endothelium (PVE)29 which releases 

vasoactive substances such as the NO and endothelin-1 (ET-1) in response to shear 

stress.30 However, the extent to which these intrinsic modulatory components 

regulate pulmonary vascular tone remains controversial and is best discussed in the 

following section in the context of HPV, a well established locally mediated 

phenomenon.  
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3. Hypoxic pulmonary vasoconstriction 

As highlighted in section 1, HPV is a phenomenon that describes the constriction of 

pulmonary arteries in the presence of hypoxia, in order to redirect blood flow to 

better ventilated alveoli. It is generally accepted that HPV is a local response. It is 

understood that HPV is a biphasic response. Phase one, or the acute phase, involves 

a transient and rapid vasoconstriction that occurs within seconds and lasts for ten to 

fifteen minutes, whereas phase two involves persistent contraction that eventually 

becomes irreversible31 (Figure 3). Although this phenomenon is well documented in 

the literature,31 the exact mechanisms governing HPV are still not fully understood.  

3.1. The role of pulmonary vascular smooth muscle  

The constriction observed in phase one has been reported to occur even in organ bath 

experiments in the absence of endothelium,32-34 and even in isolated PVSMCs, pointing 

to the existence of an intrinsic O2 sensor and signalling mechanism that initiates the 

contraction in PVSMCs. It is well documented that PVSMC mitochondria are 

involved in the detection of arterial O2 levels.6 However, our understanding of 

downstream signalling pathways that lead to pulmonary arterial vasoconstriction is 

still incomplete and thus remains fervently debated, as highlighted in the 2009 

review by Ward et al.31 One of the best documented mechanisms is termed the 

reactive oxygen species (ROS) hypothesis (reviewed by Ward et al. (2009)31 and 

Waypa et al. (2006)6 which proposes that an increase in mitochondrial ROS results in 

oxidative stress which then activates a signal transduction cascade leading to an 

increase of intracellular Ca2+ concentration.35,36 In smooth muscle, the degree of myosin 

light chain (MLC) phosphorylation is essential in determining the degree of 

contraction.37 This is a Ca2+ dependent process as Ca2+ is required for MLC kinase 

(MLCK) activation, the enzyme responsible for MLC phosphorylation. The 

importance of intracellular Ca2+ concentrations in phase one of HPV has been 
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demonstrated by the abolishment of HPV in isolated pulmonary arteries with 

depleted ryanodine and caffeine-sensitive Ca2+ stores.38 Although further research is 

required to fully understand the mechanisms initiating HPV, it is well accepted that 

an increase in intracellular Ca2+ concentration is an early and critical element leading 

to HPV.  

 

In contrast, the second phase of HPV has been shown to be mediated by a Ca2+ 

independent mechanism of vasoconstriction. In fact, the rise in intracellular Ca2+ 

concentration has been consistently noted to be small (< 100 nM), particularly when 

HPV is studied for more than a few minutes.39-42 Instead, over activation of the Rho-

Kinase (ROCK) signalling pathway has been implicated as one mechanism which 

mediates the sustained phase of HPV.43 ROCK is an effector of the small guanine 

triphosphatase Rho.44 The ROCK signalling pathways are now known to be 

responsible for the phenomenon called ‘Ca2+ sensitisation’, whereby an increased 

force of contraction is generated in smooth muscle at a given submaximal 

intracellular Ca2+ concentration.45 The mechanism by which hypoxia activates ROCK is 

not completely understood but appears to involve the Src-family kinases46 and 

superoxides,47 which is consistent with the ROS hypothesis of HPV. In summary, 

HPV appears to be both Ca2+ dependent and independent, depending on the duration 

(Figure 3).  
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Figure 3. Proposed involvement of Ca2+dependent and independent constriction and vascular 
remodelling. Phase one of HPV involves Ca2+ dependent constriction while the sustained constriction 
in phase two is primarily Ca2+ independent. Prolonged HPV leads to a degree of vascular remodelling 
(anatomical changes in the vessel wall) and increased vasoconstriction, defined clinically as PH. These 
processes have been in part mediated by ROCK over activation (Figure from Ward et al. (2009)31). 
Abbreviations: PVR, pulmonary vascular resistance; ROCK, Rho-Kinase. 
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3.2. The role of pulmonary vascular endothelium  

In addition to the self-regulatory properties of PVSMC, the PVE also exerts a 

powerful modulating influence on PVSMC at rest and during HPV. Despite 

conflicting results discussed in the 2002 review by Aaronson et al.,7 several important 

mediators such as NO and ET-1 have been identified as key mediators and are briefly 

described. 

 

NO is a well established vasodilator.48 Although NO can be released as a result of 

agonist stimulation, shear stress (a non-receptor dependent mechanism) is likely to 

be the principal physiological stimulus for NO synthesis.49,50 Thus when interpreting 

literature regarding the role of NO, it is best to refer to studies in perfused lungs, 

where flow is present. For example, a study of this nature performed on rabbit lungs 

highlighted the importance of NO as a ‘physiological brake’ to HPV, as inhibition of 

NO potentiates phase one of HPV.51 

 
ET-1 exerts complex effects on pulmonary vascular tone. With both vasodilatory and 

vasoconstrictive properties, the function of ET-1 largely depends on the level of 

existing basal tone, the location of the vessel within the vascular tree and the location 

of the receptors. ET-1 exerts its effects on two different smooth muscle GPCRs, 

endothelin-A (ETA) and endothelin-B (ETB).52,53 Functionally, the vasoconstrictive effects 

of ET-1 are mainly mediated through ETA receptor in larger pulmonary arteries and 

veins, and through both ETA and ETB receptors in smaller distal resistant arterioles, as 

the density of ETB increases with decreasing vessel size.54 ETB receptors are also 

located in the pulmonary vascular endothelium and stimulation of these receptors 

have a vasodilatory effect mediated by the release of NO and prostanoids.55 The 

complexities of ET-1, along with the inherent difficulties of designing a study to 

examine the physiological role of the delicate endothelium have been attributed to 

the range of conflicting conclusions regarding its role in HPV.7 One likely role of ET-1 



Introduction 

11 

is that it acts as a ‘primer’ in HPV during phase one, as first suggested by Sato et al. 

(2000).52 However, sustained ET-1 stimulation of ETA and ETB into the 2nd phase of HPV 

appears to have no effect.56,57 

 

Regardless of the specific roles ET-1 and NO have in HPV, it is evident that the 

endothelium releases vasoactive substances, which contribute to HPV. Removal of 

endothelium diminishes HPV, especially in phase two.56,58,59 The existence of a Ca2+-

sensitising factor released by the pulmonary endothelium has been suggested59,60 

although the exact compound has yet to be identified. 
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3.3. The role of the sympathetic nervous system  

3.3.1. Regulation during acute hypoxia  

Acute hypoxia has been associated with increased SNA. Isocapnic hypoxia (10% O2) 

in free-breathing subjects for five minutes leads to a ~180% increase in muscle SNA.61 

However, it is important to note that the topographical nature of SNA regulation62,63 

means that the level of SNA is differentially regulated across various organ 

systems.9,64 Thus, direct in vivo electrophysiology recordings of the pulmonary SNA 

(pSNA), as performed in a study on cats by Shirai et al. (1995)9 provide the most 

accurate depiction of the role of the SNS in HPV. Shirai and colleagues measured 

pSNA during three-minute hypoxia challenges ranging from 3 - 16% O2 and showed 

that pSNA increased as the level of hypoxia increases. In the same study, Shirai et al. 

also measured renal SNA which showed a similar response to hypoxia, although the 

increase in pSNA was significantly greater with O2 concentrations lower than 8%.  

 

β-AR blockade has been shown to exacerbate HPV in a variety of studies, across 

several different animal models.12,14,65 Studies such as those conducted by Schwenke et 

al. (2008)65 and Shirai et al. (1994)14 used angiography to quantify the changes in vessel 

ID in rats and cats respectively, after administration of the non-specific β-AR 

blockade, propranolol. Both studies observed a greater magnitude of HPV in the 

small resistance arterioles after β-AR blockade. These findings were supported by 

another study by Brimioulle et al. (1997)12 which used an intact dog model, where 

pulmonary vascular tone was measured indirectly by assessing flow-pressure curves, 

allowing the discrimination between passive (flow-dependent) and active (tone-

dependent) changes in vascular resistance. Propranolol administration with acute 

hypoxia caused an upward shift in the pulmonary arterial flow-pressure curves, 

indicating an increase in pulmonary vascular tone. In short, it is well established that 

β-AR stimulation counters the effects of HPV by promoting vasodilation.  
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In contrast, the role of α-ARs in pulmonary vasculature remains debatable. Some 

studies have demonstrated an attenuation of HPV after α-AR blockade12,66,67 while 

others suggested otherwise.14,68-71 Although several studies measured pressure and 

resistance changes as an indirect measure of HPV,68,71 Shirai et al. (1994)14 directly 

measured the ID of pulmonary vessels in cats and showed no changes in 

ID following α-AR blockade. In spite of the uncertainty surrounding the role of α-

ARs in HPV, it is generally agreed that the overall role of the SNS is to act as a 

‘physiological brake’ against HPV, as demonstrated by an exacerbation of HPV upon 

combined  α- and  β-AR blockade.12,14 

3.3.2. Regulation during chronic hypoxia 

The pSNA after chronic hypoxia exposure has never been directly recorded. 

However, global SNA has been indirectly shown to increase in high altitude 

exposure via measures of plasma and urine noradrenaline concentrations.72 Direct 

muscle SNA has also been shown to increase as a result of chronic hypoxia 

exposure.73,74 Although increased SNA is usually associated with an adaptive 

downregulation (decrease expression) of receptors in the heart,75 β-AR, but not α-AR, 

density has been shown to increase after chronic hypoxia exposure.76,77 Using a 

technique called receptor autoradiography to measure the binding affinities of β-ARs 

in the lung, Birnkrant et al. (1993)76 also showed that a significant majority of these 

receptors existed in the high-affinity coupled states. Although an increased density 

and a high binding affinity of receptors which mediate smooth muscle dilation 

appear to be a favourable adaptation in chronic hypoxic conditions, these molecular 

studies on β-AR do not seem to be congruent with the hypothesis of an increased 

pSNA. A current limitation of existing literature is the lack of direct in vivo pSNA 

recordings after exposure to hypoxia to confirm an increase in SNS outflow to the 

pulmonary vasculature.  
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4. Pulmonary Hypertension 

While acute HPV is an important homeostatic mechanism to optimise the 

ventilation : perfusion ratio in the lungs, prolonged vasoconstriction due to chronic 

exposure to hypoxia eventually leads to the development of PH.78 As mentioned 

earlier, PH is a descriptive term for a heterogeneous group of disorders characterised 

by a MPAP of ≥ 25mmHg, measured through right heart catheterisation. PH 

symptoms are non-specific and progressive. They are often not present at rest in the 

early stages of disease, resulting in most patients being diagnosed on average two 

years after the onset of the disease.79,80 The signs and symptoms of PH include 

dyspnea, fatigue, syncope, weakness, chest pain, dizziness and peripheral oedema.81 

 

The aetiology of PH is extremely varied, necessitating a classification system, first 

proposed in 1973 at the first world symposium for PH; patients were classified as 

having either primary or secondary hypertension.82 As a result of the second world 

symposium on PH, a five-category classification was implemented based on 

pathological and clinical characteristics, and therapeutic options.83 Over the years, the 

five-category classification system has been refined, most recently at the 5th world 

symposium of PH in 2013 (Table 1). The first group is referred to as “pulmonary 

arterial hypertension” (PAH) and has a specific diagnostic criteria of a pulmonary 

capillary wedge pressure (Ppcw) ≤ 15 mmHg with pulmonary vascular resistance 

greater than 3 Wood units. PAH may be idiopathic, heritable, drug or toxin induced 

or a result of various diseases outlined in Table 1. Group two refers to PH associated 

with chronically elevated Ppcw (> 15 mmHg) owing to left heart disease. Group 

three encompasses patients whose PH developed as a consequence of having 

obstructive or restrictive lung disorders and/or as a result of hypoxia. Group four 
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describes patients with chronic thromboembolic PH while patients in group five 

have PH due to unclear and/or multifactorial mechanisms84 (Table 1). 

 

Table 1. Dana Point classification of pulmonary hypertension. 

 

PH is divided into five categories according to various pathological and clinical characteristics, and 
therapeutic options Table from Kawar et al. (2013)84. 

4.1. Epidemiology 

While idiopathic PAH or hereditary PAH is rare, the prevalence of PH is 

significantly elevated with a variety of common co-morbidities. It is estimated that 

around 30% of patients with chronic obstructive pulmonary disease (COPD) have PH 

and up to 90% of COPD patients experience exercise induced PH.85,86 Around 17% of 

patients with obstructive sleep apnea, a hypoventilation disorder in obesity, are also 

affected by PH.87 PH also occurs in patients without chronic hypoxia exposure, 

affecting around 60% of patients with mild to moderate heart failure and between 30 

- 60% of patients of end stage renal disease.84,88 

 

PH is a serious lung pathology with significant associated morbidity and mortality. 

Prognosis varies depending on the classification and various other co-morbidities. A 
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National Institute of Health study of 194 patients with idiopathic PH conducted 

between 1985 to 1988 revealed an estimated median life span of 2.8 years after 

diagnosis, with 1-, 3-, 5-year survival rates at 68%, 48% and 35% respectively.89 

Although a more recent study shows that survival rates are improving (85%, 63% 

and 55%),90 PH patients still face a much bleaker outcome compared with systemic 

hypertension, which can be reasonably well managed with lifestyle changes and 

pharmacological intervention.91,92 Though treatments for PH exist, they only 

marginally ameliorate the condition and there is currently no cure.78 The right 

ventricular failure associated with the end stages of this disease is debilitating and 

unfortunately, will ultimately lead to death.93,94 

4.2. Animal models for pulmonary hypertension  

The aetiology of PH is diverse, ranging from drug toxicity to left ventricular failure 

(Table 1). With each different classification and subclassification of PH comes its own 

unique pathogenesis. Therefore, multiple models of PH have been developed to 

more closely represent the pathology underlying each classification of PH. 

 

4.2.1. Chronic hypoxia induced pulmonary hypertension 

This model is created by exposing rats to chronic hypoxic conditions resulting from 

N2 dilution or hypobaria for up to four weeks.65,95,96 The development of PH begins with 

an acute HPV response which eventually develops into sustained vasoconstriction 

and endothelial dysfunction upon prolonged exposure to hypoxia.97 Structural 

changes also occur in the pulmonary vessels and is known as pulmonary vascular 

remodelling, characterised by the thickening of the arterial wall due to hypertrophy 

and hyperplasia of the PVSMC along with adventitial thickening.96,98 Despite the 

pulmonary arterial remodelling, the increase in PAP in chronic hypoxia induced PH 

has been primarily attributed to increased vasoconstriction, particularly in the early 
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stages of the disease.96,99 In fact, studies inhibiting medial thickening through the 

administration of angiotensin converting enzyme inhibitors showed no attenuation 

of PH or the associated right ventricular hypertrophy.99,100 This is because the medial 

thickening has been shown to occur in a manner that does not reduce the ID of 

pulmonary vasculature. This form of remodelling, an observation termed 

compensatory enlargement, has been well documented in the systemic circulation.101,102 

 

Some studies have also reported the loss of pulmonary arteries in chronic hypoxia 

induced PH, either due to vessel occlusion or a complete obliteration of the vessels.103-

105 However, more recent studies have observed angiogenesis in the pulmonary 

vasculature which has been suggested as a mechanism to attenuate the increase in 

PAP associated with PH.106-108 For example, inhibiting angiogenesis in mice has been 

shown to exacerbate PH.109 This newer theory seems plausible, as angiogenesis has 

been documented in the systemic circulation in response to hypoxia in order to 

increase perfusion to organs.110, 111 

 

Another frequently used model of PH is the monocrotaline (MCT) model, induced in 

a rat by the administration of MCT, a toxic pyrolizidine alkoloid from the seed of the 

Crotalaria spectabilis plant.112 In contrast to the vasoconstrictive chronic hypoxia 

model, an increase in PAP in the MCT model is due to gradual morphological 

changes, rather than vasoconstriction, and thus requires 21 days before significant 

pressure changes are observed. In contrast, significant pressure changes can be noted 

after 3 days in the chronic hypoxia model.99 Both the chronic hypoxic and MCT 

models are well established models used for the study of PH.112, 113 
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5. Obesity 

Obesity is defined in humans as a body mass index (BMI) of greater than 30.  It is an 

important risk factor for cardiovascular diseases,114 which is currently the leading 

global cause of death115 accounting for 17.3 million deaths per year.116 The estimated 

annual obesity associated economic burden in the USA alone is in excess of $215 

billion per annum.117 With global figures estimating over one billion people to be 

overweight and over 300 million people to be obese,118 the obesity epidemic is 

undoubtedly an alarming and rapidly growing international health concern.  

 

Unfortunately, our current understanding of how obesity affects the 

pathophysiology of PH is extremely limited. To date, a direct causal link between the 

obese state and PH has not yet been demonstrated. Rather, PH has been indirectly 

linked to other obesity associated comorbidities, such as sleep apnea, rather than the 

obese state itself.119-121 In an attempt to confirm the role of obesity as an independent 

risk factor for PH, a pilot study conducted by the Schwenke laboratory compared the 

susceptibility to developing PH when exposed to chronic hypoxia in Zucker lean and 

obese rats free of all other comorbidities. Counter intuitively, the preliminary results 

not only showed that the obese rats were less susceptible to developing PH but also 

that the development of right ventricular hypertrophy was attenuated in the obese 

rats (unpublished data), suggesting a protective link between obesity and PH. This 

interesting finding is consistent with the phenomenon known as the ‘obesity 

paradox’ which suggests that an elevated BMI may in fact be protective against 

cardiovascular and renal disease.122-124 

5.1. Epidemiology of the obesity paradox 

The existence of an obesity paradox has been well documented in several thorough 

meta-analyses.124,125 As early as 1982, Degoulet and his colleagues122 noticed a link 
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between obesity and better survival in dialysis patients. This phenomenon was also 

noticed in patients with coronary artery disease undergoing percutaneous coronary 

intervention.126 Since then, a number of epidemiological studies have reported similar 

trends with dialysis patients123,127,128 and cardiovascular disease patients.129 A higher BMI 

has been associated with lower mortality rates in PH.130 Not only was BMI shown to 

be the strongest prognostic marker of survival but a high BMI was also shown to be 

protective, irrespective of left heart filling pressures.130 

 

The reality of this phenomenon has prompted a sense of urgency to explain the 

physiological mechanisms that underpin the obesity paradox in cardiovascular 

diseases. Some studies reason that lean individuals are genetically predisposed to the 

disease131 while others suggest that other comorbidities associated with obesity may 

lead to obese patients presenting earlier and treated at an earlier stage.132 However, 

these explanations are largely speculative and do not explore the underlying 

physiological mechanisms governing this obesity paradox. To date, no study has 

been published exploring how the pulmonary vasculature is differentially regulated 

in lean and obese states in the context of PH. The understanding of these differences, 

if any, could ultimately lead to more therapeutic strategies for PH patients in general, 

and perhaps, even more tailored treatment for obese individuals.  

5.2. Increased sympathetic nerve activity in obesity  

One possible mechanism could lie in the increased SNA observed in obesity. SNA in 

obesity has been noted to be elevated in other body systems such as the kidneys,133 

spleen,134 and skeletal muscle.135 However, this increase does not occur in every organ 

system, as cardiac SNA has been shown to decrease in obesity,136,137 further 

highlighting the heterogeneity of SNS outflow and the importance of directly 

recording pSNA when assessing SNS regulation of the pulmonary vasculature. The 
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pSNA has never been directly recorded in the context of obesity. However, if 

elevated, it is possible that the increased β-AR stimulation could confer more 

‘protection’ against pathological vasoconstriction, and thereby be an underlying 

mechanism governing the obesity paradox in PH. However, it should be noted that 

an increased sympathetic outflow does not necessarily equate to increased 

vasodilation of the pulmonary vasculature, due to the possibility of β-AR 

downregulation138 and desensitisation.139 Therefore, in addition to recording pSNA, 

directly visualising the dynamic changes in pulmonary vessel ID in vivo in response 

to β-AR blockade would also be integral in assessing any differential regulation of 

pulmonary vascular tone in obesity.  
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6. Synchrotron radiation microangiography 

Visualising the pulmonary vasculature is typically done using a medical imaging 

technique known as angiography, whereby an X-ray is taken with radioactive iodine 

contrast in the pulmonary vascular lumen. However, one of the major limitations of 

this technique is the inability to visualise small resistance arterioles (< 200 µm) 

without surgically opening the thoracic cavity,140 which compromises the 

physiological integrity of the lung. Using standard angiography, visualisation of the 

pulmonary circulation has until recently, only been possible using in vitro or ex vivo 

preparations141-143 (Figure 4). 

 

SR microangiography is a state-of-the-art imaging technique that overcomes these 

limitations, providing exciting opportunities to perform high-quality in vivo 

visualisation of the microvasculature in dynamic organs such as the heart and lungs. 

In a 2013 review of this technology, Shirai et al.144 highlighted that despite a myriad of 

studies exploring the mechanisms underlying vascular dysfunction, progress in this 

field has been slow and the origin of most cardiovascular diseases are to date, 

unknown. The review attributed this, in part, to methodological constraints that 

hindered the ability to accurately assess the function of resistance microvessels, in 

vivo.144 

 

SR is a form of electromagnetic radiation produced when an electron is accelerated 

close to the speed of light, in a magnetic field. SR is extremely high intensity 

radiation. The brilliance or brightness of the SR beam is one billion times more than a 

hospital X-ray source. This high brilliance of SR allows for greater X-ray penetration 

of tissues and thus the ability to generate blur-free images.144  In addition, SR is highly 

coherent (focus). This decreases the field of view but greatly enhances sensitivity to 
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contrast material as well as enabling higher spatial and density resolutions, which 

are ideal properties for visualising microvasculature in the pulmonary circulation.144 

6.1. Uses of synchrotron radiation microangiography 

SR microangiography provides the ability to visualise the coronary and pulmonary 

microvasculature (≥ 80 μm) within a closed chest animal model, thus maintaining the 

animal’s natural physiological environment.145 This technology is now used to 

generate high contrast, high resolution, real time images in order to study mouse 

coronary arteries in vivo,140 microvasculature of tumours (20 – 30 µm) in vitro146 and the 

dynamic changes associated with HPV in the pulmonary microvasculature.65 

Resistance arterioles < 300 μm are key regulators of PAP and are most susceptible to 

structural changes during the development of PH.147-149 SR microangiography enables 

the direct visualisation of these vessels in a closed chest model, thus maintaining the 

physiological integrity of the thoracic cavity. 
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Figure 4. Comparison between standard angiography and microangiography. Standard angiography 
(left) has a resolution limit that can be overcome by using SR microangiography (right). The SR 
microangiography image is of the pulmonary vasculature of a rat. A 100 µm tungsten wire was also 
imaged on the top left hand corner for a scale reference. Images modified from health.ucsd.edu150 and 
Schwenke et al. (2008).65 
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7. Summary 

The possibility of an obesity paradox in PH130 suggests that the pulmonary 

vasculature is differentially regulated in obesity. Although the physiological 

mechanism underpinning this paradox is currently unknown, it is well established 

that the SNS plays an important role in regulating pulmonary arterial tone, 

exemplified by its counter-constricting role during acute HPV.12 SNA in organs such 

as the kidneys133 and skeletal muscle135 have been noted to be elevated in obesity and 

after exposure to chronic hypoxia, raising the possibility of an increased pSNA in 

obesity and chronic hypoxia induced PH. However, to date, no studies have directly 

recorded the amount of pSNA in these contexts.  

 

In order to explore the possibility of differential sympathetic regulation of 

pulmonary vascular tone, dynamic changes in the ID of small resistance arterioles in 

response to β-AR blockade can be visualised using SR microangiography. This 

technique has been increasingly employed to visualise microvessels in a variety of 

organ systems144 and provides exciting experimental opportunities in the pulmonary 

vascular research field. 
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Objectives of this study 

1. Hypothesis 

This study was designed to test the hypothesis that: 

1. pSNA is increased in obesity and PH. 

2. pSNA plays a greater role in vasodilating pulmonary vasculature in obesity 

with or without PH.   

 

2. Aims 

In order to test these hypotheses, this study aimed to assess how pSNA regulates 

pulmonary vascular tone in the context of obesity and PH. Firstly, pSNA was 

quantified through in vivo electrophysiology recordings of the pulmonary 

sympathetic nerve in lean and obese rats with and without PH.  Following this, a 

study of how this impacted pulmonary vascular tone was conducted using SR 

microangiography to visualise and measure the dynamic changes in pulmonary 

arterial ID before and after β-AR blockade. In addition, western blotting was 

performed in order to assess the relative density of β-AR in order to further explore 

the possibility of receptor downregulation in obesity and PH.
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Methods 

1. Animals 

All animal experiments were approved by the University of Otago Animal Ethics 

Committee and by the local Animal Ethics Committee of SPring8 and performed in 

accordance to the NZ Animal Welfare Act (1999) and the guidelines of the 

Physiology Society of Japan. 

All experiments were conducted on a total of 51 male Zucker rats between 12  14 

weeks old. Of this, 25 animals were Zucker lean rats (body weight = 300  420 g) and 

26 were Zucker obese rats (Crl:ZUCLeprfa, Charles River Laboratories, body 

weight = 460  800 g). Zucker obese rats are characterised by a homozygous missense 

mutation in the leptin receptor gene leading to impaired satiety signalling and 

hyperphagia.151-153 

All rats were housed in ambient temperature controlled conditions (23  24 °C) 

breathing ambient air (21% O2) under a 12-hour lightdark cycle with access to food 

pellets and water ad libitum. 

1.1. Inducing pulmonary hypertension 

Two weeks prior to performing experiments, PH was induced in Zucker lean rats 

(leanPH, n = 11) and Zucker obese rats (obesePH, n = 11) by housing animals in a 

hypoxic chamber which contained 10 ± 1% O2 balanced with N2 (Figure 5). Air from 

the animal chamber was sampled by a gas analyser (Analyser series 140l0, Servomex, 

Japan), with N2 released from a gas cylinder in order to maintain the ratio of O2 : N2 

while a calcium carbonate filter absorbed excess CO2 produced by the animals. Air 

was also passed through heating and cooling coils in order to maintain air 

temperature between 23  24 °C and a relative humidity of 50 ± 1%. Rats were 
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continuously exposed to chronic hypoxic conditions with the exception of 1 hour 

every 5 days, where the chamber was opened in order to replace food and water and 

clean the cage.  

Lean control (lean-C) animals and obese control (obese-C) animals did not develop 

PH as they were continuously housed in normoxic condition. 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
Figure 5. Schematic of hypoxic chamber. O2 levels were tightly regulated at 10% and by intermittent 
release of N2 which was controlled by the gas analyser connected to a solenoid valve at the N2 gas 
cylinder. Relative humidity was maintained at 50% through the chamber’s heating and cooling system 
which also maintains the temperature at 23 - 24 °C. CO2 expelled by animals was removed as air cycled 
through a calcium carbonate filter. 
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1.2. Animals used in different protocols 

Of the 51 rats, 23 rats were used in electrophysiology and western blotting 

experiments (leanC = 7, leanPH = 4, obeseC = 8, obesePH = 4). The remaining 28 

were used in the microangiography experiments, with equal distribution between 

the four experimental groups (n = 7). A summary of the four experimental groups is 

outlined in Table 2. 

Table 2. Summary of experimental groups used in electrophysiology, western blotting and 

microangiography experiments. 

 
Electrophysiology and  

western blotting 
Microangiography 

 Lean Obese Lean Obese 

Control 
Lean-C 
(n = 7) 

Obese-C 
(n =8) 

Lean-C 
(n = 7) 

Obese-C 
(n = 7) 

Pulmonary 
Hypertensive 

Lean-PH 
(n = 4) 

Obese PH 
(n = 4) 

Lean-PH 
(n = 7) 

Obese PH 
(n = 7) 

 
Rats were classified into lean-C, obese-C, lean-PH, obese-PH depending on their weight and their 
disease state for the electrophysiology, western blotting and microangiography protocols. The number 
of rats in each group is specified in brackets.  
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2. General surgical techniques 

A femoral artery and vein catheterisation, and tracheotomy was performed on all 

rats under general anaesthesia. All catheterisations were performed using surgical 

loupes (FlipupLoupes, 3.0xx SheerVision, United States of America (USA)) for 

magnification. The surgical procedures are described below. 

2.1. Anaesthesia and surgical preparation 

Rats were deeply anaesthetised by intraperioneal (IP) administration of urethane 

(1.5 g/kg, SigmaAldrich, New Zealand) or pentobarbital sodium (60 mg/kg, 

Somnopentyl®; Kyoritsu Seiyaku, Tokyo, Japan) prior to commencing the surgery. 

Adequate anaesthesia was confirmed by loss of limb withdrawal reflex in response to 

toe pinch. Under anaesthesia, the fur on the ventral surface of the rats were shaved. 

The rats were secured in a supine position on a Perspex surgical board. The body 

temperature of the rats were maintained at 37 °C (± 1°C) using a rectal thermistor 

coupled with a thermostatically controlled heating pad.  

2.2. Tracheotomy 

All animals were intubated with a tracheal cannula and were mechanically ventilated 

on a rodent ventilator (SN-480-7, Shinano, Tokyo, Japan) with O2 enriched air, in 

order to maintain adequate arterial oxygen saturation levels during surgery.154 

Ventilation settings were adjusted according to the weight of the rat (tidal 

volume ~ 1 mL/100 g; max = 4.5 mL; ~70 breaths/min). A midline skin incision was 

made 2 cm above the sternal notch. After clearing the superficial connective tissue, 

the sternohyoid muscles were blunt dissected away in order to expose the trachea. 

Ligature was used to loosely tie two knots, one rostrally and the other caudally 

around the segment of exposed trachea. In the area between the two knots, surgical 

scissors were used to make a radial incision in between the tracheal cartilage rings. A 
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tracheal cannula (30 mm length of polyethylene cannula, 1.7 mm ID, 2.7 mm outer 

diameter) was immediately inserted and advanced caudally (Figure 6). The two 

knots were then tightened and an extra double knot was tied using the existing 

rostral and caudal ligatures in order to secure the tracheal cannula. The average time 

of this procedure was three minutes. 

2.3. Femoral artery and vein catheterisation 

The femoral artery was catheterised in order to measure arterial blood pressure 

(ABP) while the femoral vein was catheterised in order to administer intravenous 

(IV) drugs and to maintain hydration during the surgery through a constant saline 

infusion. A 1-cm skin incision was made 3 cm above the medial malleolus of the left 

leg. Surgical scissors were then used to blunt dissect any connective tissue between 

the skin and the prominent subcutaneous fat pad. The skin incision was then 

extended up to the midline of the abdominal wall (Figure 6). A haemostat was used 

to clamp the blood vessels within the fat pad before cutting through it in order to 

expose the underlying femoral artery and vein. The surrounding skin and abdominal 

muscle were retracted in order to better visualise the femoral vessels. The femoral 

artery lies lateral to the femoral vein. A femoral nerve can also be visualised at this 

point as a thin white structure running laterally to the femoral artery (Figure 6). 

Blunt curved forceps were used to remove any remaining connective tissue 

surrounding the neurovascular bundle and to separate the femoral artery, vein and 

nerve from each other. 

Two pieces of surgical suture thread (Silkam®, Braun, Germany) were looped 

proximally and distally around the femoral artery (Figure 6). The distal suture thread 

was used to tie a double knot before being retracted, putting tension on the vessel in 

order to occlude blood flow.  The proximal suture thread was used to tie a loose 

single knot prior to the insertion of the arterial catheter. A microvascular clamp was 
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used to occlude the proximal segment of the artery in order to prevent bleeding. 

Using iris scissors, a radial incision was made and a catheter, filled with heparanised 

saline (~40 I.U./mL) was introduced into the lumen of the femoral artery and 

advanced up to the point of the inguinal ligament. The catheter was then secured by 

tying a proximal and distal knot, using the existing surgical suture thread (Figure 6). 

A catheter filled with saline was then inserted into the femoral vein as per the 

femoral arterial cannulation protocol. The time required to cannulate both the 

femoral artery and vein was between 15  25 minutes. 

 

 

 

 

 

 

 

 

Figure 6. General surgical procedures. The top right oval shows a tracheal cannula inserted into the 
trachea through a small radial incision. The magnified schematic on the top left shows the femoral 
neurovascular bundle and appropriate placement of knots, ligatures and the vascular clamp in order 
to occlude blood flow and secure the arterial cannula.  
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3. In vivo electrophysiology surgical preparation 

In vivo electrophysiology recordings of the pulmonary sympathetic nerve were 

conducted in order to study the pSNA under baseline conditions and under acute 

hypoxia in the four different experimental groups (lean-C, obese-C, lean-PH and 

obese -PH).  

3.1. Left thoracotomy 

After rats were anaethetised, a femoral artery and vein cannulation and a 

tracheotomy were performed as previously described in this chapter under sections 

2.1 - 2.3. The femoral vein catheter was connected to a saline perfusion pump in 

order to replace any body fluid loss (3 mL/hour). Following this, the skin incision 

was extended along the midline from the opening of the tracheotomy down to the 

xiphoid process. Another skin incision was then made perpendicular to the midline, 

from the skin overlying the xiphoid process to the left midaxillary line (Figure 7). 

After reflecting the skin flap, the three layers of muscle forming the anterolateral wall 

of the thorax was separated by blunt dissection. In order to expose the underlying 

intercostal muscles with minimal blood loss, diathermy (electrical scalpel, ME 82, 

Martin Electrosurgical unit) was used to remove the superficial three layers of 

muscle.  

A small incision was made through the intercostal muscles above and below the left 

second rib. Two double knots were tied tightly, one along the sternal edge and the 

other along the anterior axillary line. Two cuts were made between the two knots 

using bone cutters to remove the rib segment (Figure 7). The knots were tied in order 

to minimise blood loss from the intercostal arteries and veins upon removal of the 

rib. The first rib was also removed in a similar manner. However, in order to place 

the ligatures around the first rib, a small incision was then made through the 
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intercostal muscle above the first rib using blunt curved forceps in order to avoid 

damaging the brachial vein. The remainder of the 1st and 2nd rib were retracted back 

by placing tension on the ligatures, in order to create a sufficient window for locating 

the stellate ganglion, from which the pulmonary sympathetic nerve originates 

(Figure 7). 

3.1.1. Isolating the stellate ganglion and pulmonary sympathetic nerve 

In rats, the stellate ganglion is a fusion of the inferior cervical ganglion and the first 

three thoracic ganglia. It is located at the level of the first two thoracic vertebrae or 

the first rib155 (Figure 7) and can be exposed by gently clearing fat and connective 

tissue away using fine forceps. The pulmonary sympathetic nerve is not visible to the 

naked eye and thus was identified and isolated by using a light microscope (M3C, 

Wild Heerbrugg). The pulmonary sympathetic nerve was identified as the second 

branch from the top of the ganglion, noticeably finer but longer than the cardiac 

sympathetic nerve (1st branch). Fine forceps were then used to dissect the nerve free 

of connective tissue. It was of utmost importance not to touch or stretch the nerve. A 

single ligature was looped and tied around the nerve as close to the lungs as 

possible. Subsequently, iris scissors were used to cut the nerve at a point which was 

medial to the ligature. The nerve was then placed on a pair of platinum electrodes 

and was covered with paraffin/Vaseline gel, preventing it from drying out. The 

pulmonary sympathetic nerve is extremely delicate and can be easily damaged. To 

ensure the best quality nerve recording, the isolation and placement of the nerve on 

the electrode was performed by Dr. Daryl Schwenke, my supervisor who is highly 

experienced with this procedure. The time required to complete the thoracotomy and 

pulmonary sympathetic nerve isolation was approximately 60 minutes.  
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3.2. In vivo electrophysiology experimental protocol 

Following the surgical preparation of the animal, two haemodynamic variables, 

arterial blood pressure and heart rate (HR) were given at least 5 minutes to stabilise. 

After recording a stable baseline for 5 minutes, an acute hypoxia challenge (8% O2 

balanced in N2) was then performed for 5 minutes while nerve activity and 

haemodynamic variables were recorded (Figure 8). 

The rat was euthanised by an anesthetic overdose (urethane, 250 mg/mL; 12mL, IV) 

via the femoral vein catheter. Nerve activity recording continued for approximately 

30 seconds after urethane overdose or until no more action potentials were visualised 

through the oscilloscope. This was done in order to establish the background noise 

level of the electroneurogram.  

Figure 8. Timeline of the in vivo electrophysiology experimental protocol. After rats had stabalised 
from the surgery, nerve activity and haemodynamic parameters were recorded while rats were 
ventilated with O2 enriched air. Rats were then exposed to acute hypoxia for 5 minutes. Nerve 
recording persisted for 30 seconds after urethane overdose.  
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3.3. In vivo electrophysiology data collection and 
analysis. 
Details of multifibre nerve recordings have been well reported in the literature.156, 157 

Raw SNA and impulse frequency were continuously sampled at 4 kHz and 400 Hz 

respectively. The bandwidth of the signal was then filtered between 0.1 kHz to 1 kHz 

and amplified (BMA-200 AC/DC Bioamplifier, CWE Inc.). An amplitude 

discriminator (WD-2 Dagan Crop, Minneapolis, MN) was used to count nerve 

discharge frequency (impulse frequency). The threshold for differentiating action 

potentials from background noise was determined by visualising the waveforms 

through the oscilloscope. The presence of genuine nerve activity was also confirmed 

by an audio signal generated from the electroneurogram, as each action potential 

was detected as an audible ‘burst’. ABP was also continuously sampled at 400 Hz 

and amplified (MacLab BRIDGE Amp, ADInstruments Pty Ltd., Bella Vista New 

South Wales, Australia). Both ABP and nerve signals were relayed to an eight 

channel PowerLab data acquisition system (8SP, ADInstruments) and recorded on 

Labchart 7 (Ad Instruments) on a Power Macintosh. A summary of the data 

collection and equipment setup is shown in Figure 9. 

The raw data was used to compute additional variables. Raw SNA was digitally 

converted on Labchart 7 into an integral with a time constant of 0.5 seconds. HR was 

defined as the number of arterial systolic peaks per minute on Labchart 7. Stable 

baseline ABP, HR, integrated nerve activity and impulse frequency were analysed 

every minute for a period of 10 seconds, 5 minutes prior to the hypoxia challenge. 

Peak nerve activity (defined by the integral nerve activity value) in response to 

hypoxia was determined by analysing the dynamic increase in nerve activity in 5 

second averages every 15 seconds during the 5 minute hypoxia challenge. Nerve 

activity was observed to peak and plateau between the 1st and 2nd minute of the 

hypoxic challenge. 



Methods 

37 

Fi
gu

re
 9

. S
ch

em
at

ic
 d

ia
gr

am
 o

f t
he

 e
xp

er
im

en
ta

l s
et

-u
p 

us
ed

 fo
r 

re
co

rd
in

g 
ne

rv
e 

ac
tiv

ity
 fr

om
 th

e 
le

ft 
pu

lm
on

ar
y 

sy
m

pa
th

et
ic

 n
er

ve
 in

 Z
uc

ke
r 

ra
ts

 
fr

om
 a

ll 
ex

pe
ri

m
en

ta
l g

ro
up

s. 
Th

e 
bl

ac
k 

lin
es

 s
ho

w
 n

er
ve

 a
ct

iv
ity

 b
ei

ng
 re

co
rd

ed
 fr

om
 th

e 
ex

pe
ri

m
en

ta
l r

at
 u

si
ng

 p
la

tin
um

 e
le

ct
ro

de
s. 

Th
e 

si
gn

al
 w

as
 

th
en

 a
m

pl
ifi

ed
 a

nd
 r

ec
or

de
d 

in
 L

ab
C

ha
rt

.  
Bl

ue
 li

ne
s 

sh
ow

 t
he

 p
at

h 
of

 t
he

 s
ig

na
l 

be
in

g 
fil

te
re

d 
(th

ro
ug

h 
th

e 
di

sc
rim

in
at

or
). 

Th
e 

os
ci

llo
sc

op
e 

an
d 

sp
ea

ke
r 

w
as

 u
se

d 
to

 c
on

fir
m

 n
er

ve
 a

ct
iv

ity
 v

is
ua

lly
 a

nd
 th

ro
ug

h 
an

 a
ud

io
 s

ig
na

l r
es

pe
ct

iv
el

y.
 T

he
 b

lo
od

 p
re

ss
ur

e 
si

gn
al

 w
as

 a
ls

o 
m

on
ito

re
d 

(r
ed

), 
am

pl
ifi

ed
 a

nd
 r

ec
or

de
d 

on
 L

ab
C

ha
rt

. T
em

pe
ra

tu
re

 w
as

 m
ai

nt
ai

ne
d 

th
ro

ug
h 

a 
he

at
in

g 
pa

d 
co

up
le

d 
w

ith
 a

 r
ec

ta
l t

he
rm

om
et

er
 w

hi
le

 h
yd

ra
tio

n 
w

as
 

m
ai

nt
ai

ne
d 

by
 IV

 sa
lin

e 
in

fu
si

on
. 



Methods 

38 

4. Microangiography 

Microangiography was performed in order to visualise the dynamic changes in 

vessel ID in response to acute hypoxia, with and without β-AR blockade. The 

magnitude of HPV was assessed in all experimental groups in order to determine the 

extent of β-AR mediated modulation of HPV in obesity and PH. 

4.1. Surgical preparation 

Rats were deeply anaesthetised by IP administration of pentobarbital sodium prior to 

commencing the surgery. Fur was clipped and the temperature of the rat maintained 

as previously described under section 2.1 of this chapter. The rat was placed and 

secured in a supine position on a Perspex surgical board with the thorax positioned 

over a rectangular hole in the board to allow for optimal Xray penetration of the 

thorax and thus image resolution.  

A tracheotomy and femoral artery and vein cannulation were then performed 

(section 2.2 and 2.3 respectively). Prior to commencing the experimental protocol, a 

further 0.1 mL of pentobarbital was administered for anaesthesia maintenance.  

4.1.1. Right jugular vein catheterisation 

Catheterisation of the right jugular vein was performed in order to administer iodine 

contrast agent (Iomeron 350; Eisai Co. Ltd, Tokyo, Japan) and to intermittently 

measure right ventricular pressure (RVP). 

The existing midline skin incision performed during the tracheotomy was extended 

laterally towards the right side of the rat by first separating the skin and underlying 

connective tissue. A 3 cm incision perpendicular to the midline was then made, 

exposing the underlying jugular vein (Figure 10). Connective tissue and fat were 

cleared from the area by blunt dissection in order to isolate the jugular vein. Three 
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surgical suture threads were looped around the vein; one rostrally, one caudally and 

one in between. A double knot was tied rostrally and the suture thread retracted in 

order to occlude blood flow (Figure 10). The caudal suture thread was retracted back 

(no knot was tied) once again in order to temporarily occlude blood flow. The 

remaining suture thread was used to tie a loose single knot which was later tightened 

to secure the jugular catheter. Iris scissors were used to make a radial incision 

between the rostral and middle suture thread. A 20gauge BD Angiocath catheter 

(Becton Dickinson, Inc., Sandy, Utah, USA), with the tip bent at a 30degree angle, 

filled with heparanised saline solution (40 I.U./mL) was inserted into the jugular 

vein and advanced into the right ventricle. The catheter was then secured with a 

double knot using the existing ligature (Figure 10).  

A threeway stopcock connected the catheter to a Deltran blood pressure transducer 

(Utah medical products, Inc., Utah, USA) to measure RVP, and to a clinical 

autoinjector (Nemoto Kyorindo, Tokyo, Japan) to inject iodine contrast agent into the 

right ventricle and ultimately, the pulmonary circulation. The correct positioning of 

the jugular catheter was confirmed upon observing pulsatile RVP (systolic 

pressure > 25 mmHg) in contrast to the non-pulsatile central venous pressure.  



Methods 

40 

 
 
Figure 10. Jugular vein catheterisation. The midline skin incision, originally performed to complete 
the tracheotomy was extended 3 cm to the right (dotted line) in order to isolate the jugular vein. The 
magnified diagram above the rat shows the placement of knots and ligatures in order to occlude blood 
flow and secure the jugular catheter. The catheter has a tip bent at a 30 degree angle to facilitate entry 
into the right ventricle.  

  



Methods 

41 

4.2. Principles of synchrotron radiation microangiography 

Experiments were conducted in the SPring8 BL28B2 beamline facility in Hyogo, 

Japan. The SR generated at SPring-8 had a continuous spectrum of wavelengths, 

which was tuned into a specific narrow energy bandwidth of 33.2 keV (+/0.02  0.03 

keV). This value is just above the iodine Kedge energy, the energy level at which 

maximum photons are absorbed by the iodine contrast medium in order to generate 

maximum contrast.144 

X-rays which passed through the experimental rat were detected by an X-ray 

detector (Hitachi Denshi TechnoSystem, Tokyo, Japan) incorporating a SATICON X-

ray pickup tube (Hamamatsu Photonics, Shizuoka, Japan). The detector and pickup 

tube are collectively known as the SATICON X-ray camera which has a resolution of 

1,050 scanning lines, recording up to 30 frames per second for up to 30 seconds. The 

X-ray camera generates a video signal from the electrostatic image formed on the 

photo-conductive layer of the pickup tube by electron-hole pairs generated as the 

transmitted X-ray strikes its surface.145 

4.3. Positioning of the experimental rat 

The experimental rat was placed 4,610 cm from the Xray source and ~20 cm from 

the SATICON Xray camera. The source of the X-ray beam is extremely small. This, 

along with the high collimation of SR and the large sourcetoobject distance 

produces a negligible magnification scale of 1.004, ensuring the image is not 

distorted.145 

Due to the high intensity of SR, the experimental hutch door (Figure 11) was always 

closed during imaging. The positioning of the rat was thus performed remotely. A 

standard video feed was used to crudely position the rat in front of the SATICON 

camera. The position of the rat was then refined so that the upper segment of the left 
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lobe of the lung could be visualised within the 9.5 X 9.5 mm imaging field of the 

SATICON X-ray detector (i.e. between the 2nd and 3rd ribs, refer to Figure 12). 

 

Figure 11. SPring8 BL28B2 beamline facility. Top image: Large experimental hutch doors opened 
before imaging. Bottom image: Work station outside the experimental hutch. During imaging, 
experimental hutch doors were closed and a live X-ray video feed from within the experimental hutch 
was transmitted to monitors at the work station. This means the position of the rat and imaging could 
all be controlled remotely. 
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Figure 12. Positioning of the experimental rat. Top image: Diagramatic representation of where the 
experimental rat was placed in relation to the source of SR and the SATICON camera (not to scale). SR 
was generated when the trajectory of the electron beam changed as it passed through bending 
magnets. Slits were opened during imaging, allowing the SR to enter. Monochromator filtered the SR 
down to a narrow bandwith, which then penetrated the experimental rat and was picked up by the 
SATICON X-ray camera.  The angiogram shown represents a typical 9.5 X 9.5 mm segment of the 
imaged lung. Top image adapted from Schwenke et al. (2007)145 and Shirai et al. (2013).144 Bottom image: 
Picture of a typical set up of an experimental rat. The SATICON X-ray camera was located behind the 
rat (not seen). Note that a sling was used to maintain the rat in a horizontal position. Abbreviations: 
ABP, arterial blood pressure; RVP, right ventricular pressure. 
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4.4. Microangiography experimental protocol 

A summary of the following microangiography protocol is shown in Figure 13. 

Pancuronium bromide (2 mg/kg, 2 mg/mL, SigmaAldrich, USA), a 

nondepolarising curaremimetic muscle relaxant was also injected intramuscularly 

to prevent the rat from autonomously breathing when ventilation was temporarily 

paused during imaging. No change in ABP, HR or RVP was observed after 

administration of the above drug. These parameters were further monitored for 10 

minutes to ensure that rats were haemodyamically stable before imaging the 

pulmonary vasculature. Although the level of anaesthesia could no longer be 

monitored with a toe pinch reflex from this point, the administered dose of 

pentobarbital has been previously shown to be sufficient to maintain anaesthesia for 

the duration of the protocol (unpublished observations). 

4.4.1. Priming of the jugular catheter 

Immediately prior to imaging, the threeway stopcock connected to the right 

ventricular catheter was opened to the autoinjector and the experimental hutch door 

closed. The jugular catheter was cleared of residue heparinised saline by injecting 

one to two boluses (0.1 mL/bolus) of iodine contrast agent (Figure 13). Priming the 

jugular catheter ensured minimal dilution of the contrast agent by the heparinised 

saline. The catheter line was considered clear of heparinised saline when contrast 

medium could be visualised within the pulmonary vasculature immediately after the 

bolus injection. 

4.4.2. Baseline imaging 

A baseline image was taken to assess the ID of the pulmonary vasculature prior to 

any intervention (Figure 13). The ventilation was remotely paused for 2 seconds 

during the end of the inspiratory cycle and a bolus of iodine contrast agent 

(0.7  0.8 mL) was rapidly injected (0.4 mL/s). A highly concentrated dose of contrast 
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agent was rapidly delivered into the pulmonary vasculature which ensured minimal 

dilution and thus optimal visualisation of the pulmonary tree. The lungs were 

imaged during this two-second period, generating 100 frames of baseline 

microangiography images. Immediately after the imaging, the SR beam was turned 

off and the experimental hutch door was opened. The threeway stopcock was then 

closed to the clinical autoinjector and opened to the pressure transducer to resume 

recording of RVP. 

Rats were allowed at least 10 minutes to recover after the administration of the 

contrast medium. The pulmonary vasculature was visually inspected immediately 

prior to the next round of imaging to confirm that the vessels were free of residual 

contrast medium.  

4.4.3. Imaging during the acute hypoxia challenge 

Rats were then subjected to an acute hypoxia challenge (8% O2 balanced in N2) for 5 

minutes to assess the magnitude of HPV (Figure 13). The hypoxic gas mixture was 

prepared from N2 and O2 gas cylinders using a gas mixer (Gascon GM3B, Kofloc, 

Kojima Instruments Inc, Japan) and delivered through the ventilatory tube connected 

to the tracheal cannula. After four minutes into the hypoxic challenge, imaging of the 

pulmonary vasculature was performed as per baseline protocol (4.4.2).  

4.4.4. Imaging after β1-adrenoceptor blockade 

Atenolol (SigmaAldrich, USA) is a selective β1-AR antagonist,158 with a half life of 

around 2 hours.159 Following recovery from the acute hypoxic challenge, atenolol 

(SigmaAldrich, USA) was infused IV (3 mg/kg, total volume adminstered = 0.2 mL) 

over a period of 1 minute so as to not suddenly increase the circulating volume of the 

rat. Once all haemodynamic parameters reached a steady state (~5 minutes), the 

pulmonary vasculature was imaged as per the baseline imaging protocol (section 
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4.4.2). The magnitude of HPV with β1-AR blockade was assessed by repeating the 

acute hypoxia challenge, previously described under section 4.4.3.  

4.4.5. Imaging after β1- and β2-adrenoceptor blockade 

Propranolol is a non-selective β-AR antagonist (blocks both β1- and β2-AR),158 with a 

half life in rats of 50 minutes.159 Propranolol (Astra Zeneca, Osaka, Japan) was infused 

(IV) over 1 minute at a dose of 2 mg/kg. The drug was supplied in a 1 mg/mL 

solution. Therefore the rats were administered different volumes depending on their 

weight (lean = 0.7 mL and obese = 1.3 mL).  

 

The pulmonary vasculature was then imaged under non-hypoxic conditions and 

then acute hypoxia (see sections 4.4.2, 4.4.3) in order to assess the magnitude of HPV 

with complete β-AR blockade.  

4.4.6. Terminating the protocol 

Rats were euthanised via administration of KCl (100 mg/kg, IV, SigmaAldrich, 

USA).  
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4.5. Microangiography data acquisition 

Microangiography study hemodynamic data and images were recorded and 

processed as follows.  

4.5.1. Heamodynamic data acquisition 

Recording of ABP and RVP began after the completion of the surgery and continued 

throughout the entire protocol. However, RVP recording was intermittently paused 

after the 4th minute of each hypoxic challenge as the three-way stopcock was closed to 

the pressure transducer and opened to the auto injector in order to allow contrast 

medium to enter the pulmonary circulation during imaging. These signals were 

relayed from their respective transducers and amplified by Powerlab BRIDGE 

amplifiers (ML117, AD instruments, Japan), sampled at 500 Hz and inputted into the 

PowerLab8 data acquisition system (AD instruments) and recorded on LabChart7 

running on a MacBook Pro. 

HR was derived from systolic peaks as previously described (section 3.3). Right 

ventricular systolic pressure (RVSP) was derived from RVP by analysing the average 

cyclic maximum while MABP was calculated using the mean function on LabChart 7. 

4.5.2. Image data acquisition 

Out of the 100 frames produced during the 2-second period of imaging under each 

condition, the first 50 were reviewed using ImageJ (version 1.46r) with a single frame 

chosen for further enhancement. The chosen frame was the last image which 

captured the contrast medium filling the 4th order branches before entering the 

capillaries and obscuring the visualisation of the pulmonary arterioles. 
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4.6. Microangiography data analysis  

4.6.1. Microangiography morphological analysis 

Atria were removed from the excised heart and the right ventricular (RV) wall was 

separated from the left ventricular (LV) wall and septum (LV + septum). The RV wall 

and the LV + septum were weighed separately (Mettler Toledo PG203S Balance, 

Current Directions Inc, Ohio, USA) and normalised to tibia length (TL), measured to 

the nearest mm using calipers over the skin. RV and LV weights were expressed as a 

ratio of RV/LV + septum. 

4.6.2. Microangiography haemodynamic data analysis 

Steady state ABP, RVP and HR were analysed by sampling 10-second blocks of 

haemodynamic traces every minute for 5 minutes prior to imaging the pulmonary 

vasculature at baseline and after atenolol and propranolol adminstration. 

Haemodynamic responses to hypoxia were analysed by sampling 10 seconds of RVP, 

ABP and HR data after 3 minutes and 50 seconds into the hypoxic challenge. This 

was because RVP recording was temporarily unavailable during imaging (final 

minute of the hypoxic challenge).  

4.6.3. Microangiography image enhancement 

Imaging software Image Pro Plus (version 6.1; Media Cybernetics, Warrendale USA) 

was used to enhance images and to measure vessel ID.  Flat field correction145 was 

performed in order to improve image uniformity and minimise artifacts. This was 

achieved through a temporal subtraction operation. Ten consecutive background 

frames, prior to the injection of iodine contrast agent were summated to form an 

image representative of the background structures (the background image, Figure 

14). The pixel intensity of the frame featuring the most clearly delineated pulmonary 

vessels (the ‘chosen frame’ in section 4.5.2) was then multiplied by a factor of ten. 
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The background image was later subtracted from the selected image, with the 

purpose of enhancing the contrast between the background and the foreground 

(pulmonary vessels, see Figure 14). 
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Figure 14. Micoangiography image enhancement and analysis. Top image: Flat field correction was 
carried out by summating the first 10 background images and subtracting that from the ‘chosen 
image’. Bottom image: Typical branching pattern observed using microangiography. Three 1st order 
vessels can be clearly seen branching from the pulmonary axial artery. Note a 50 µm reference wire at 
the bottom right hand corner was used as a scale reference.  
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4.6.4. Microangiography image analysis  

Measurement of vessel ID was performed by using the line profile function in Image 

Pro Plus. This tool measures changes in pixel intensity (brightness) along selected 

parts of the image, thus allowing the edge of the vessel to be accurately identified. 

Using the line profile function, a line approximately 10 - 40 pixels greater than the 

width of the vessel of interest, was drawn perpendicular to the vessel. The edges of 

the vessel were determined at the point at which the pixel intensity fell below the 

background intensity. A conversion factor (7.17 pixels = 100 μm) was used to 

determine the vessel ID in μm. The process by which this conversion factor was 

derived is described in detail under section 5.3 of this chapter. 

Measured vessels were then categorised according to their ID: 100  200, 200  300, 

300  500 or > 500 μm. Approximately 2 - 6 vessels from each category were 

measured from each rat in order to accurately analyse the vascular reactivity from a 

representative sample throughout the pulmonary tree. For every rat, the same 

vessels measured in the baseline image were then remeasured in the subsequent 

images which captured the vessel IDs under various conditions (acute hypoxia, after 

atenolol, acute hypoxia with atenolol, after propranolol, acute hypoxia with 

propranolol).  

The branching pattern of pulmonary vessels has been shown to differ in non-PH and 

PH states, with rarefaction (the loss of small arterial branches) noted upon the 

development of PH.65,103,192 Therefore, the number of 1st, 2nd, 3rd or 4th order branches 

(Figure 14) were counted in order to analyse the branching pattern of the pulmonary 

vessels between experimental groups. 

A total of 312 unique vessel baseline IDs were measured at baseline. These vessels 

were re-measured under different experimental conditions throughout the protocol 

(i.e. with and without β1-AR blockade, before and after acute hypoxia). Imaging the 
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pulmonary vessels in vivo can be challenging as they are constantly moving due to 

the contraction of the heart. This meant that in some smaller arterioles, vessel 

boundaries could not be clearly discerned after a large magnitude of constriction. To 

ensure the highest degree of accuracy, vessels with ambiguous boundaries were not 

measured. A summary of the number of vessels measured in each experimental 

group is shown in Table 3. 
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5. Equipment calibration 

5.1. Blood pressure calibration 

Both ABP and RVP catheters were connected to a Deltran pressure transducer (Utah 

Medical Products) to record ABP and RVP respectively. The pressure transducer was 

calibrated by opening the threeway stopcock to atmospheric pressure and 

registering that pressure as zero on LabChart 7 (AD instruments). 

5.2. Nerve activity calibration 

Burst of electrical activity of a known voltage (100 μV) was produced by the 

Bioamplifier (BMA200 AC/DC) in order to perform a two-point calibration (0 and 

100 μV) on LabChart7.  

5.3. Microangiography scale calibration 

A 50 μm tungsten wire was placed behind the experimental rat (in front of the 

SATICON X-ray detector) and was therefore present in all images. The mean 

diameter of this wire was measured at 6.97 pixels (standard deviation = 0.53) across 

27 different images. This value was used for the conversion between measurements 

expressed in pixels and measurements expressed in μms (7.17 pixels = 100 μm). 

5.3.1. Reproducibility of microangiography vessel measurements 

To assess the reproducibility to the vessel measurements, 41 randomly selected 

vessels comprising a representative sample of 1st to 4th order branches were re-

measured by a highly experienced second observer (Figure 15). Regression analysis 

indicated that the measurements were highly correlated (y = 1.079X – 16.93, 

R2 = 0.9673). 
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Figure 15. Accuracy of vessel measurement shown through linear regression analysis. Linear 
regression analysis shows a high correlation in measurements (n = 41) performed by two 
independent observers.  

 

Vessel accuracy measurement 
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6. Western blotting 

Western blot experiments were performed in order to quantify the amount of β-AR 

in the lung of lean and obese rats with and without PH.  

6.1. Tissue collection 

The left upper lung lobes of rats from the electrophysiology experiments were gently 

excised immediately after the termination of the electrophysiology protocol and 

immediately immersed in phosphate-buffered saline (PBS, 127 mM NaCl, 2.7 mM 

KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4) at 4°C, to slow down the tissue degradation 

process. The excised lobe was sectioned into thirds and was then washed (3 X 1 

minute with gentle rocking) in PBS to remove any residual blood. The sectioned 

lungs were then placed in an eppendorf tube and frozen in liquid N2. Samples were 

stored at -80 °C for later use. 

6.2. Preparing lung sample lysate 

Approximately 300 mg of frozen lung samples was ground to a fine powder using a 

mortar and pestle previously cooled on solid CO2. Liquid N2 was periodically added 

to the mortar in order to ensure the lung samples were constantly frozen. The fine 

powder was mixed with 150 μL of radioimmunoprecipitation assay lysis buffer 

(RIPA buffer) with protease and phosphatase inhibitors (150 mM NaCl, 50 mM Tris 

base, pH 8.0, 5 % sodium deoxycholate, 0.5 % Triton X-100, 0.1 % sodium dodecyl 

sulphate (SDS), 1 mM phenylmethanesulfonyl fluoride (in methanol), 1 X tablet 

Cocktail complete (Roche, New Zealand), 1 X tablet Cocktail phosphostop (Roche), 

1mM Imidazole (in methanol), 10 mM ethylene glycol tetraacetic acid, 5 mM 

Ethylenediaminetetraacetic acid) in a 1.5 mL eppendorf tube.  
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The lung sample lysate was then fully solubilised in the eppdendorf tube using a 

plastic pestle for 10 minutes on ice, followed by incubation on ice for 45 minutes and 

at room temperature for 30 minutes. Supernatants were collected after centrifugation 

at 1500 relative centrifugal force (RCF) for 15 minutes at 4 ᵒC. The total protein 

concentration of each lysate was determined using a BioTek Take3 Micro-Volume 

Plate Reader. All protein lysates were stored at -80 ᵒC for further use. 

6.3. Gel electrophoresis 

Equal volumes (7 - 10 μL) of protein lysate and Laemmli sample buffer (SB)160 

(125 mM Tris HCl at pH 6.8, 4% (w/v) SDS, (v/v) 10% 2-mercaptoehtanol, 20% (v/v)  

glycerol, 1mg/mL  bromophenol blue) were aliquoted into an eppendorf tube and 

denatured at 70 ᵒC for 10 minutes. Denatured samples were then centrifuged (1000 

RCF, 30 seconds) and briefly mixed by vortexing followed by recentrifugation to 

remove any insoluble material. The SDS in the SB was an anionic denaturing 

detergent that bonded to protein polypeptide backbones, preventing the proteins 

from refolding.  

 

A 12%, 1.5 mm thick, 15 well SDS-polyacrylamide gel was prepared. The resolving 

gel (375 mM Tris base (pH 8.8), 25% (v/v) resolving buffer, 12% (v/v) acrylamide, 

1% (w/v) SDS, 1% (w/v) ammonium per sulfate (APS), 0.1% (v/v) 

Tetramethylethylenediamine (TEMED)) was used to separate the protein according 

to molecular weight. Samples were loaded into a stacking gel (125 mM Tris HCl 

(pH 6.8), 25% (v/v) stacking buffer, 0.4% SDS, 4% (v/v) acrylamide, 1% (w/v) APS, 

0.1% (v/v) TEMED). For molecular weight estimation, 4 μL of a pre-stained protein 

standard (Novex®, Life Technologies, Carlsbad, USA) was loaded into the first and 

last well of the gel. A protein sample prepared from a rat atrial appendage, a tissue 

known to contain high levels of β-AR (prepared as per section 6.2) was loaded into 
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one well as a positive control sample. To determine the β-AR expression in the lung 

tissues, 50 μg of total protein (determined from the protein assay, see section 6.2) was 

loaded into each well. 

 

The gel was placed into an electrophoresis chamber containing running buffer 

(25mM Tris, 50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, 

pH 7.4), 192 mM glycine, (w/v) 1% SDS). Proteins travelled through the stacking gel 

(~30 minutes) at 100 V and were separated as they passed through the resolving gel 

at 140 V. Proteins travelled to the positive electrode (anode), with the smaller 

proteins travelling faster through the matrix.  

6.4. Western blotting protocol 

The separated proteins were transferred onto a 0.45 μm pore sized polyvinylidene 

difluoride (PVDF) membrane (Novex®, Life Technologies, Carlsbad, USA) using a 

‘wet electrophoretic transfer’ technique. The gel and membrane were sandwiched 

together between blotting pads and filter paper in a transfer cassette containing a 

cathode core on one side and an anode core on the other. The membrane was placed 

towards the anode core before the gel. Sufficient (~1 L) transfer buffer (25 mM Tris, 

50 mM HEPES (pH 7.4), 192 mM glycine, 20% (v/v) methanol, (w/v) 0.01% SDS) was 

added in order to fully immerse the transfer cassette in the electrophoresis chamber. 

Proteins were transferred onto the PVDF membrane at 100 V for 100 minutes, at 4 ᵒC. 

The negatively charged proteins moved towards the anode and adhered to the PVDF 

membrane. Transfer efficiency was assessed by staining the membrane with Ponseau 

S stain (0.1% (w/v) Ponceau S (Sigma Aldrich, New Zealand) in 5% (v/v) acetic 

acid).  

The PVDF membrane was then immersed in 5% non-fat milk powder in Tris-

buffered saline with Tween (TBST; 10 mM Tris base, 100 mM NaCl, 0.05% (w/v) 
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Tween-20 in miliQ H2O at pH 7.5) for 1 hour while gently rocked, in order to block 

unoccupied binding sites and thus reduce the non-specific binding of primary 

antibody. The membrane was then washed (3 X 10 minutes with gentle rocking) in 

TBST and then once in Tris-buffered saline (TBS; 10 mM Tris base, 100 mM NaCl, 

0.05% in miliQ H2O at pH 7.5) for 10 minutes. 

 

In order to accurately compare β-AR expression between experimental groups, the 

expression of a loading control, voltage-dependent anion channel (VDAC), was also 

blotted for in each sample. As β-AR is 51 kDa while VDAC is 31 kDa, the membrane 

was carefully divided along the 37 kDa mark. The membrane segment containing the 

β-AR protein (membrane 1) was incubated in primary antibody specific for β-AR 

(rabbit, anti-rat immunoglobulin G (IgG), Novus Biologicals, NB100-92439; 1:500 in 

TBST and 2% (w/v) bovine serum albumin (Sigma, New Zealand)) overnight whilst 

the membrane containing VDAC (membrane 2) was incubated in primary antibody 

specific for VDAC overnight (rabbit, anti-rat IgG, Abcam, ab40747; 1:15,000 in TBST 

with 2% (w/v) non-fat milk). 

 

After primary incubation, the membranes were washed (3 × 10 minutes) in TBST and 

1 × 10 minutes in TBS. This was followed by incubation of the membrane in an 

appropriate secondary antibody (1 : 10,000, goat, anti-rabbit horseradish peroxidase, 

Abcam ab6721; in TBST with 2% milk) for 60 minutes. The membrane was then 

washed 3 × 10 minutes in TBS-T and 1 X 10 minutes in TBS. Thermo Scientific’s 

SuperSignal® West Pico Chemiluminescence Substrate, containing SuperSignal 

ELISA Pico Luminol/Enhancer Solution and of SuperSignal ELISA Pico Stable 

Peroxide Solution in separate bottles were mixed together (2 mL of each solution) 

and applied to the surface of both membrane 1 and 2 for 5 minutes.  
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6.5. X-ray film development 

The membranes were then exposed to X-ray films (Kodak BioMax XAR Film, 

catalogue number 165-1454) in a dark room. The exposure time was dependent on 

the intensity of the signal and varied between 1 - 5 minutes for membrane 1 and 10-

60 seconds for membrane 2. The X-ray films were then immersed in developer 

solution (Kodak, catalogue number 403-7180) for 2 minutes. The films were washed 

in water to stop the development process and finally immersed in fixer solution 

(Kodak, catalogue number 403-7214) for a further 2 minutes. The X-ray film was then 

rinsed in water and air-dried. The coloured bands from the prestained protein 

standard were used to identify the approximate location of β1-AR and VDAC bands. 

6.6. Densitometry 

After development, the X-ray films were scanned using the GS-700 densitometry 

scanner (Bio-rad laboratories, Inc.). The intensity of the bands was analysed using the 

computer software Quantify OneTM (Bio-rad laboratories, Inc.). A computer aided box 

was drawn around protein bands of interest (β1-AR and VDAC), encompasing as 

much of the band whilst excluding as much background as possible. Boxes were also 

drawn around three background segments which were representative of the average 

background ‘staining’ of the film (Figure 16). 

 

The mean optical density (MOD) of the three background sections were then 

subtracted from the average MODs of the protein bands in order to correct for 

background noise. Corrected MODs of β1-AR were then normalised to the MODs of 

VDAC within the same sample to account for any loading inconsistencies.  
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Figure 16. Densitometry. Using the computer program Quantify OneTM, lanes containing bands of 
interest were automatically identified and manually refined (green box). Pink boxes show selected 
bands of interest while black boxes show the areas used to sample background ‘staining’.  
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7. Statistical analysis 

All statistical analyses were conducted using Prism (version 6; GraphPad Software 

Inc.). All results were presented as mean ± standard error of mean (SEM). Paired t-

tests (parametric) were used to establish a significant change of all recorded variables 

within each experimental group in response to acute hypoxia or drug administration. 

Two-way analysis of variance (ANOVA) was used to compare differences in these 

variables between experimental groups (lean-C, lean-PH, obese-C, obese-PH). Where 

statistical significance was reached, Tukey’s post hoc analyses were incorporated for 

multiple comparisons. A P value of ≤ 0.05 was predetermined as the level of 

significance for all statistical analyses. 
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 Results 
1. Morphological characteristics of the animal model 

Two different populations of Zucker rats were used in this study; one set of rats were 

used to perform in vivo electrophysiology and western blotting experiments 

(cohort 1) while the other population was used in the microangiography experiments 

(cohort 2). Detailed characteristics of these rats (lean-C, lean-PH, obese-C, obese-PH) 

are outlined in Tables 4a and 4b. 

 

In both cohorts of rats, the body weights of obese rats (obese-C and obese-PH) were 

significantly heavier (55 - 76%) than their lean counterparts (lean-C and lean-PH) 

(P < 0.001, Tukey’s post hoc test). After heart weights were normalised to TL to correct 

for variance in animal growth, the data revealed that LV, RV and total heart weights 

were also all significantly heavier in the obese rats (P < 0.05).  

 

Rats with PH also developed right ventricular hypertrophy. The RV : LV + septum 

ratio was between 22 – 25% greater in cohort 2 (P < 0.05, Table 4) and between 127 -

142 % greater in cohort 1 ( P < 0.001). No significant differences were noted in the 

magnitude of hypertrophy between lean-PH and obese-PH rats.  
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Table 4. Morphological characteristics of animals.  

Cohort 1 

A) 
Lean Obese 

Lean-C  
(n = 7) 

Lean-PH  
(n = 4) 

Obese-C  
(n = 8) 

Obese-PH  
(n = 4) 

Body weight (g) 378 ± 13 405 ± 11**** 665 ±18 §§§§ 633 ± 29 

Heart weight (g) 0.87 ± 0.02 1.01 ± 0.06** 1.12 ± 0.04 §§ 1.41 ± 0.14�  
RV (g) 0.17± 0.004†††† 0.37 ± 0.03***  0.23  ± 0.01 0.51  ± 0.04���  

LV + Septum 0.71 ± 0.02 0.64 ± 0.04* 0.9 ± 0.03 §§ 0.89 ± 0.01 

TL (mm) 45 ± 0.8 45 ± 2 (n = 2) 44 ± 0.4 39 ± 1.5���  

RV:LV + Septum 0.24 ± 0.007††† 0.58 ± 0.04  0.26 ± 0.01 0.59 ± 0.03 ����  

Heart weight : TL 0.019 ± 0.000 
0.024 ± 0.001** 

(n = 2) 
0.025 ± 0.001§ 

0.036 ± 0.004 

����  

RV/TL 3.7 ± 0.1††† 
8.5 ± 1.2***  

(n = 2) 
6 ± 0.3§ 13 ± 1.2����  

LV/TL 16 ± 0.4 16 ± 0.1* (n = 2) 20 ± 0.6 §§ 23 ± 2.7  

Cohort 2 

B) 
Lean Obese 

Lean-C  
(n = 7) 

Lean-PH  
(n = 7) 

Obese-C  
(n = 7) 

Obese-PH 
(n = 7) 

Body weight (g) 282 ± 13 298 ± 3**** 482 ± 6 §§§ 464 ± 5  
Heart weight (g) 0.62 ± 0.04 0.64 ± 0.03** 0.8 ± 0.04 §§§ 0.8 ± 0.02  

RV (g) 0.13 ± 0.007 0.16 ± 0.01** 0.19  ± 0.009 §§ 0.21 ± 0.01  
LV + Septum (g) 0.49 ± 0.03 0.48 ± 0.02** 0.68 ± 0.03 §§§ 0.62 ± 0.01 

TL (mm) 45 ± 0.5 43 ± 0.8 † 44 ± 0.7 44 ± 0.2 

RV:LV + Septum 0.27 ± 0.02† 0.33 ± 0.01  0.27 ± 0.01 0.34 ± 0.02 �  

Heart weight : TL 0.014 ± 0.001 0.015 ± 0.001** 0.019 ± 0.001 §§§ 0.019 ± 0.000  

RV/TL 2.9 ± 0.1† 3.8 ± 0.01*  4.2 ± 0.2 §§§ 4.7 ± 0.2 
LV/TL 10.9 ± 0.8 11.2 ± 0.6* 15.5 ± 0.7§§§ 14 ± 0.4 

 

Absolute and adjusted values (to correct for growth variances) are summarised in these two tables. 
A) Values from cohort one (animals used in electrophysiology and western blotting experiments). 
B) Values from cohort two (animals used in microangiography experiments). Values presented as 
mean ± SEM. §Denotes significant difference between lean-C and obese-C, §P < 0.05, §§P < 0.01, 
§§§P < 0.001, §§§§P < 0.0001. *Denotes significant difference between lean-PH and obese-PH, *P < 0.05, **P 

< 0.01,  ***P < 0.001, ****P < 0.0001. �Denotes significant difference between obese-C and obese-PH, �P 

< 0.05, ��P < 0.01, ���P < 0.001, ����P < 0.0001. †Denotes significant difference between lean-C and 
lean-PH, †P < 0.05, ††† P < 0.001, ††††P < 0.0001. Abbreviations: RV, right ventricle; LV, left ventricle; 
TL, tibia length. 
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2. Resting baseline 

Resting haemodynamic parameters (MABP, RVSP, HR), nerve activity and 

pulmonary arterial vessel ID were measured during in vivo electrophysiology and 

microangiography experiments in order to establish a baseline value in each 

experimental group. The haemodynamic data presented were derived from 

microangiography experiments. 

2.1. Baseline haemodynamic parameters 

In addition to the RV hypertrophy observed in the PH animals, a greater RVSP in PH 

animals also confirmed that chronic exposure to 10% O2 for two weeks was sufficient 

to induce PH in both lean and obese animals (P < 0.0001, two-way ANOVA, Table 5, 

Figure 17). RVSP was elevated in both lean-PH (42 ± 2 mmHg, n = 5) and obese-PH 

(40 ± 3 mmHg, n = 6) compared to their non-PH counterparts, lean-C (31 ± 4 mmHg, 

n = 6, P < 0.05) and obese-C respectively (30 ± 2, n = 7, P < 0.05, Tukey’s post hoc test, 

Table 5). 

 

All other haemodynamic variables (MABP, HR) were similar across all experimental 

groups and are summarised in Table 5. Example LabChart traces are provided in 

Figure 17. 
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Table 5. Summary of baseline haemodynamic variables. 

 
Results are presented as mean ± S.E.M. †Denotes statistical significance between lean-C and lean-PH 
(†P < 0.05) and *denotes statistical significance difference between obese-C and obese-PH groups 
(*P < 0.05). Abbreviations: RVSP, right ventricular systolic pressure; MABP, mean arterial blood 
pressure; HR, heart rate. 
 

 
 
 

 

 
 
 
 
 
 
 
 
 
  
 
 
Figure 17. Typical LabChart traces of resting haemodynamic parameters. Steady RVSP (Red), ABP 
(green) and HR (orange) traces are shown over one minute for lean-C, lean-PH, obese-C and obese-PH 
groups. Abbreviations: RVSP, right ventricular systolic; MABP, mean arterial blood pressure; HR, 
heart rate. 

 
Lean Obese 

Lean-C Lean-PH Obese-C Obese-PH 

RVSP (mmHg) 
31 ± 4† 
(n = 6) 

42 ± 2  
(n = 5) 

30 ± 2*  
(n = 7) 

40 ± 3  
(n = 6) 

MABP 
(mmHg) 

127 ± 6  
(n = 6) 

147 ± 6  
(n = 7) 

147 ± 6  
(n = 6) 

128 ± 10  
(n = 6) 

HR 
(beats/minute) 

415 ± 16  
(n = 6) 

377 ± 8  
(n = 7) 

394 ± 18  
(n = 7) 

421 ± 21 
(n = 6) 
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2.2. Baseline nerve activity 

In vivo electrophysiology recordings of pSNA were expressed as an integral (pSNAint) 

and by quantifying the firing frequency. A summary of these baseline pSNA is 

displayed in Figure 18. pSNAint observed in lean-C animals (0.5 ± 0.1 μV.s, n = 7) was 

5-fold greater in obese animals (2.4 ± 0.4 μV.s, n = 8, P < 0.001, Student’s t-test). 

Similarly, obese-C animals had a 3-fold greater firing frequency (75 ± 14 Hz, n = 6) 

compared to lean-C (24 ± 10 Hz, n = 5, P < 0.05, Student’s t-test). The pSNAint also 

increased in obesity in the context of PH. The pSNAint in obese-PH animals 

(7.1 ± 2.5 μV.s, n = 4) was 3.5-fold greater than those in the lean-PH animals 

(2.0 ± 0.9, n = 4, P < 0.05, Tukey’s post hoc test). Therefore, pSNA appeared to be 

increased in obesity. 

 

A further increase in pSNAint was observed upon the development of PH, as 

exemplified through a 3-fold increase in obese-PH rats compared to obese-C 

(P < 0.05, Tukey’s post hoc test). A similar trend was observed between lean-C and 

lean-PH rats (Figure 18b) although statistical significance was not reached. No 

statistically significant differences were noted in firing frequency upon the 

development of PH although a trend suggests a similar increase in firing frequency 

in obese-PH compared to lean-PH, as previously described in the control animals 

(Figure 18c). Taken together, the data suggests that pSNA is increased in obesity and 

furthermore upon the development of PH.  
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Figure 18. Baseline pulmonary sympathetic nerve activity in four experimental groups. Values 
presented as mean ± SEM. A) 1.5 second raw pSNA traces. B) pSNAint (μV.s). C) Firing frequency 
(Hz). §Denotes significance between lean-C (n = 7) and obese-C (n = 8), §§§P < 0.001. *Denotes 

significance between obese-C (n = 4) and obese-PH (n = 4), *P < 0.05. �Denotes significance 

between lean-PH and obese-PH, �P < 0.05. 

A) 

B) 

C) 
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2.3. Branching pattern of pulmonary vessels 

The impact of a greater pSNA in obesity and PH on pulmonary vascular tone was 

assessed by quantifying changes in vessel ID at rest and during HPV, before and 

after β-AR blockade. SR microangiography was performed under resting conditions 

in order to establish baseline values.  

 

Under resting conditions, the total number of vessel branches visible within the 

9.5 X 9.5 mm image window were counted as previously shown in Figure 14. 

Categorising vessels into branching generations was used to analyse differences in 

branching generation patterns between different groups. Figure 19a illustrates that 

the development of PH was associated with a decrease in the 4th order branches, in 

the lean rat, with an average of 15 ± 1 vessels visualised in the lean-C rat and only 10 

± 1 upon the development of PH (P < 0.01, Tukey’s post hoc test). Although a trend 

suggests a similar ‘loss’ of vessels in the obese rats after developing PH, the 

differences were possibly too small to reach statistical significance. A marginal 

difference in first order branches was also noted between lean-C (2.5 ± 0.2) and 

obese-C rats (1.9 ± 0.1, P < 0.05).  

 

Figure 19b shows the range of vessel IDs within each branching category. On 

average, vessel ID decreased as the branching generation increased. Vessel IDs were 

not significantly different in 4th order (92 - 282 μm), 3rd order (102 - 337 μm) and 2nd 

order branches (359 – 702 μm). However, the mean ID of 1st order vessels in the lean-

PH animals (630 ± 25 μm) was significantly greater compared to their non-PH 

counterparts, lean-C (490 ± 25 μm, P < 0.05, Tukey’s post hoc test).  
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Figure 19. Baseline size and branching of pulmonary vessels. A) Changes in the number of 
visible vessels (mean ± SEM). B) Range of vessel IDs determined in 1st to 4th generation branches 
measured in lean-C (n = 7), lean-PH (n = 7), obese-C (n = 7), obese-PH (n = 7). †Denotes 
significant difference between lean-C and lean-PH, †P < 0.05, ††P < 0.01. 

 

B) 

A) 
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3. Effects of acute hypoxia 

Upon establishing baseline values for haemodynamic parameters, nerve activity and 

pulmonary arterial vessel ID, the effects of acute hypoxia (8% O2) on these same 

variables were reassessed in the same experimental groups. 

3.1. Effect of acute hypoxia on haemodynamic parameters 

The haemodynamic response to hypoxia was largely similar between experimental 

groups as summarised in Figure 20 and 21. Exposure to acute hypoxia had no 

significant effect on RVSP in all experimental groups with the exception of obese-PH 

which increased by 41 ± 18% (n = 6, paired t-test, Figure 20). Acute hypoxia induced 

a large uniform drop in MABP across all groups (between 49 ± 10% and 54 ± 2%, P < 

0.001, Figure 21b) and a moderate decrease in HR in lean-C (11 ± 2%, P < 0.05, n = 6, 

Figure 21c). 
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Figure 21. Haemodynamic parameters in response to acute hypoxia. A) RVSP, B) MABP and C) HR 
values are expressed as a percentage change (mean ± SEM) from baseline measurements. *Denotes 
significant change from baseline, *P < 0.05, **P < 0.01, ***P< 0.001, ****P< 0.0001. Abbreviations: RVSP, 
right ventricular systolic pressure; MABP, mean arterial blood pressure; HR, heart rate. 

B) 

A) 

C) 
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3.2. Effect of acute hypoxia on nerve activity 

Acute hypoxia exposure stimulated a similar increase in pSNAint in lean-C (99 ± 11%, 

n = 7, P < 0.05), lean-PH (88 ± 55%, n = 4, P < 0.05) and obese-C (76 ± 29%, n = 8, 

P < 0.05). Absolute values of pSNAint at baseline and in response to acute hypoxia are 

summarised in Figure 22 for a better appreciation of the relative magnitude of 

change in pSNAint within and between experimental groups. For example, although 

pSNAint was not significantly increased in response to acute hypoxia in obese-PH rats, 

the absolute value was still greater than all other experimental groups at 8.7 ± 2.6 

μV.s (n = 4, P < 0.05, Tukey’s post hoc test).  

 

Figure 22c shows an increased firing frequency in response to acute hypoxia in lean-

C (129 ± 75%, n = 5, P < 0.05) and obese-PH rats (11 ± 2%, n = 4, P < 0.001). In 

contrast, no change in firing frequency was observed in PH rats in response to acute 

hypoxia.  
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Figure 22. Pulmonary sympathetic nerve activity in response to hypoxia. A) 1.5 second raw 
pSNA traces. B) pSNAint nerve activity (µV.s). C) Firing frequency (Hz). Values from figure B 
and C are presented as mean ± SEM. *Denotes significant difference between baseline and acute 
hypoxia (P < 0.05). 

A) 

B) 

C) 
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3.3. Magnitude of hypoxic pulmonary vasoconstriction 

The magnitude of HPV was then determined by analysing changes in vessel ID 

before (baseline measurements) and after acute hypoxia. Since the magnitude of 

vasoconstriction was more dependent on resting vessel ID rather than branching 

generation,65,113 baseline vessels were categorised based on their IDs (100 - 200 µm, 

200 - 300 µm, 300 - 500 µm and > 500 µm). All four experimental groups showed a 

similar magnitude of constriction across all vessel sizes < 300 µm (Figure 23). Using 

lean-C as an example, a 15 ± 2% and a similar 16 ± 3% constriction was observed in 

vessels < 200 µm and between 200 - 300 µm respectfully (n = 7, P < 0.0001, paired t-

test). In addition, the development of PH was associated with a significant level of 

vasoconstriction in the larger 300 – 500 µm vessels, between 9 ± 2% in lean–PH (n = 7, 

P < 0.01) and 11 ± 2, (n = 7, P < 0.001) in obese-PH animals (Figure 23). A typical 

microangiogram demonstrating vessel constriction during acute hypoxia is shown in 

Figure 24.  

 
Figure 23. Relationship between vessel size and the magnitude of hypoxic pulmonary 
vasoconstriction. Figure shows changes (% decrease in vessel diameter, mean ± SEM) in response to 
acute hypoxia (8% O2 for 5 minutes) in lean-C (n = 7), obese-C (n = 7), lean-PH (n = 7) and obese-PH 
(n = 7). *Denotes significant changes in vessel ID in lean animals (lean-C/lean-PH), **P < 0.01, 
****P < 0.0001. φDenotes significant changes in obese animals (obese-C/obese-PH), φφφP< 0.001, φφφφP < 0.0001. 
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Figure 24. Typical microangiography images from an obese-C rat showing constriction in response to 
hypoxia. Black arrows point out two particularly constricted third order branches after exposure to 
hypoxia. Severe vasoconstriction in some vessels prevented the entry of contrast medium into the 
vessel, as highlighted by the red arrow and red box. The black line in the bottom right corner is a 
50 µm tungsten wire used as a scale reference.  
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4. β1-adrenoceptor blockade 

Stimulation of β1-AR is well known to result in vasodilation of the pulmonary 

arteries. Therefore, the magnitude of HPV was re-evaluated upon β1-AR blockade 

(atenolol) in order to begin assessing the modulatory role of the pSNA on pulmonary 

vascular tone. Before the administration of acute hypoxia, all experimental variables 

were re-assessed under resting conditions (no hypoxia), in order to establish a new 

vessel ID and haemodynamic baseline, henceforth referred to as the “baseline two”. 

4.1. Pulmonary vascular tone in baseline two 

Baseline two pulmonary arteries between 200 - 500 µm were equally constricted 

across all experimental groups (Figure 25). For example, 200 - 300 µm vessels were 

smaller by 13 ± 3% (P < 0.01, n = 7) and ID of 300 - 500 µm vessels also decreased by 

8 ± 2% (P < 0.01) in lean-C animals. The development of PH was associated with an 

additional constriction in vessels with IDs less than 200 µm. This magnitude of 

constriction in these vessels was similar between lean (6 ± 3%, P < 0.05, n = 7) and 

obese animals (7 ± 3%, P < 0.01, n = 6). 
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Figure 25. Magnitude of constriction in baseline two. Figure shows changes (% decrease in vessel 
diameter, mean ± SEM) after β-AR blockade in lean-C (n = 7), obese-C (n = 7), lean-PH (n = 7) and 
obese-PH (n = 6). *Denotes significant changes in vessel ID in lean animals (lean-C/lean-PH), 
**P < 0.01, ****P < 0.0001. φDenotes significant changes in obese animals (obese-C/obese-PH), φφP < 0.01, 
φφφP < 0.001, φφφφP < 0.0001. 
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4.2. Baseline two haemodynamic parameters  

Changes in haemodynamic parameters were also assessed after the administration of 

β1-AR blockade.  RVSP and MABP remained stable with the exception of a small 

8 ± 1% (P < 0.001, n = 5) decrease in MABP in the obese-PH rats (Table 6). However, 

the primary haemodynamic difference in baseline two was a substantial and uniform 

decrease in HR across all four groups, between 16 ± 2%, in obese-PH (P < 0.001, 

n = 7) and 25 ± 3% in lean-PH (P < 0.01, n = 5, Table 6). 

 

Table 6. Haemodynamic parameters after β1-adrenoceptor blockade. 

 
Lean Obese 

Control PH Control PH 

RVSP 

Baseline 
31 ± 4  
(n = 6) 

42 ± 2  
(n = 5) 

30 ± 2  
(n = 7) 

40 ± 3  
(n = 6) 

β1-AR 
blockade 

27 ± 4  
(n = 7) 

39 ± 4  
(n = 5) 

24 ± 3  
(n = 5) 

37 ± 3  
(n = 5) 

% change -17 ± 7% -6 ± 7% -16 ± 7% -10 ± 8% 

MABP 

Baseline 
127 ± 6  
(n = 6) 

147 ± 6  
(n = 7) 

147 ± 6  
(n = 6) 

128 ± 10  
(n = 6) 

β1-AR 
blockade 

120 ± 8  
(n = 6) 

137 ± 4  
(n = 7) 

140 ± 2  
(n = 5) 

121 ± 11  
(n = 6) 

% change -3 ± 5% -7 ± 5% -8 ± 1%*** -4 ± 8% 

HR 

Baseline 
415  ± 16  
(n = 6) 

377 ± 8  
(n = 7) 

394 ± 18  
(n = 7) 

421 ± 21  
(n = 6) 

β1-AR 
blockade 

328  ± 11  
(n = 6) 

317 ± 4  
(n = 7) 

305  ± 6  
(n = 6) 

311  ± 8  
(n = 6) 

% change -20 ± 2%** -16 ± 2%** -21 ± 5%*** -25 ± 4%** 
 
Values presented as mean ± SEM. *Denotes significant changes from baseline after β1-AR blockade, 
**P < 0.01, ***P < 0.001. Abbreviations: RVSP, right ventricular systolic; MABP, mean arterial blood 
pressure; HR, heart rate; AR, adrenoceptor. 
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4.3. Hypoxic pulmonary vasoconstriction with β1-

adrenoceptor blockade 

The magnitude of HPV with β1-AR blockade was examined between different 

experimental groups. Figure 26 shows the magnitude of HPV with and without 

β1-AR blockade and highlights the exacerbation of HPV in obesity with β1-AR 

blockade (P < 0.01, two-way ANOVA). Specifically, the magnitude of constriction in 

vessels between 100 - 200 µm in obese-C animal (20 ± 4%, n = 6) was significantly 

greater than that of their lean counterparts (8 ± 3%, n = 7, P < 0.01, Tukey’s post hoc 

test). This was in contrast to the uniform constriction between experimental groups 

without β1-AR blockade (comparison shown in Figure 26a). 

 

In contrast to the control animals, the exacerbation of HPV in vessels between 100 -

 200 µm was not observed upon the development of PH, despite the greater pSNA 

observed in obese-PH compared to lean-PH. Instead, the only notable difference 

between lean-PH and obese-PH animals was a small 7 ± 3% constriction in the larger 

300-500 µm vessels of obese-PH animals (P < 0.05, n = 6, Paired t-test) which was not 

observed in lean-PH animals (Figure 26b). 
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Figure 26. Magnitude of hypoxic pulmonary vasoconstriction after the administration of β1-
adrenoceptor blockade. Vessel IDs are expressed as a % change from baseline two 
(mean ± SEM). The magnitude of HPV without β1-AR blockade is presented on the right (no 
intervention) for comparison. A) Constriction in control animals, lean-C (n = 6) and obese-C 
(n = 6). B) Constriction in PH animals, lean-PH (n = 7) and obese-PH (n = 6). *Denotes 
significant constriction in lean animals (lean-C/lean-PH), **P < 0.01, ****P < 0.0001. φDenotes 
significant changes in obese animals (obese-C/obese-PH), φP < 0.05, φφφP< 0.001, φφφφP < 0.0001. §Denotes 
significant differences between lean-C and obese-C, §§P < 0.01. Abbreviation: β1-AR, β1-
adrenoceptor. 
 
 

 
  

 

A) 

B) 
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4.4. Effect of acute hypoxia on haemodynamic parameters 

after β1-adrenoceptor blockade 

The effects of acute hypoxia on haemodynamic parameters were similar to those 

outlined under section 3.1 (acute hypoxia without β1-AR blockade). A 32 ± 6% 

increase in RVSP (P < 0.01, n = 5, paired t-test) was noted in obese-PH animals while 

a trend suggests a similar, albeit smaller increase in RVSP in lean-PH animals as well 

(P = 0.08, n = 6). Acute hypoxia had no effect on RVSP of control animals (Figure 27, 

28a). 

 

Exposure to acute hypoxia with β1-AR blockade led to a large uniform decrease in 

MABP across all four groups, ranging from 54 ± 3% in lean-PH animals (P < 0.01, 

n = 7) to 60 ± 5% in obese-C animals (P < 0.001, n = 6, Figure 28b). A further small 

decrease in HR was also noted in all experimental groups. This ranged from a drop 

by 3 ± 1% to 7 ± 2 % observed in obese-PH animals (P < 0.05, n = 7) and lean-C 

animals (P < 0.001, n = 6,) respectively (Figure 28c).  
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Figure 28. Haemodynamic parameters in response to hypoxia with β1-adrenoceptor blockade. 
A) RVSP, B) MABP and C) HR values are expressed as a % change (mean ± SEM) from baseline 
two measurements. *Denotes significant change from baseline two, *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001. Abbreviations: RVSP, right ventricular systolic pressure; MABP, 
mean arterial blood pressure; HR, heart rate. 

A) 

B) 

C) 
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5. Combined β1- and β2-adrenoceptor blockade  

The effect of sympathetic modulation of pulmonary vascular tone was further 

explored by combined blockade of β1- and β2-ARs (propranolol, 2 mg/kg). Vessel ID 

and haemodynamic parameters were measured under non-hypoxic conditions 

(baseline three) and compared with baseline two in order to assess any additional 

effects of β2-AR blockade. 

5.1. Additional effects of β2-adrenoceptor blockade on vessel 

internal diameter 

Additional β2-AR blockade had no effect on vessel ID of control animals (Figure 29). 

However, in PH animals it was associated with a further decrease in vessel ID in 

vessels > 300 µm. Lean-PH animals showed a small but significant 9 ± 4% 

constriction in vessels > 500 µm (P < 0.01, n = 7, paired t-test) which was similar to 

the magnitude of constriction observed in the obese-PH animals as well (P < 0.05, 

n = 4). Interestingly, vessels between 300 – 500 µm in obese-PH animals were also 

observed to constrict by a further 17 ± 5% (P < 0.001) from baseline two. In summary, 

despite additional β2-AR blockade having no effect on control animals, larger vessels 

constricted significantly in PH animals, with the magnitude of constriction observed 

to be greater with obesity. 
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Figure 29. Magnitude of constriction in baseline three. Figure shows further changes (compared 
to baseline two, mean ± SEM) in vessel ID with combined β1- and β2-AR blocker in lean-C 
(n = 7), obese-C (n = 6), lean-PH (n = 7) and obese-PH (n = 4). *Denotes significant changes in 
vessel ID in lean-PH, **P < 0.01. φDenotes significant changes in obese-PH, φP < 0.05, φφφP < 0.001. 
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5.2. Additional effects of β2-adrenoceptor blockade on 

haemodynamic parameters 

Combined β1- and β2-AR blockade (propranolol) had no effect on haemodynamic 

parameters compared to β1-AR alone, with the exception of a small 5 ± 1% decrease 

in HR in lean-PH animals (P < 0.01, n = 6, paired t-test, see Table 7). 

 

Table 7. Haemodynamic parameters after combined β1- and β2-adrenoceptor blockade. 

 
Lean Obese 

Control PH Control PH 

RVSP 

β1- AR 
blockade 

27 ± 4  
(n = 7) 

39 ± 4  
(n = 5) 

24 ± 3  
(n = 5) 

37 ± 3  
(n = 5) 

β1- and β2-AR 
blockade 

28 ± 1  
(n = 7) 

42 ± 4  
(n = 5) 

24 ± 3  
(n = 5) 

38 ± 2  
(n = 5) 

% change 4 ± 2% 7 ± 3% 1 ± 2% 5 ± 5% 

MABP 

β1- AR 
blockade 

120 ± 8  
(n = 6) 

137 ± 4  
(n = 7) 

140 ± 2  
(n = 6) 

121 ± 11  
(n = 6) 

β1- and β2-AR 
blockade 

126 ± 9  
(n = 6) 

142 ± 2  
(n = 6) 

133 ± 9  
(n = 7) 

122 ± 16  
(n = 5) 

% change 4 ± 4% -7 ± 10% -1 ± 6% 2 ± 10% 

HR 

β1- AR 
blockade 

328  ± 11  
(n = 6) 

317 ± 4  
(n = 7) 

305  ± 6  
(n = 6) 

311  ± 8  
(n = 6) 

β1- and β2-AR 
blockade 

315  ± 5  
(n = 6) 

298  ± 5  
(n = 6) 

298  ± 6  
(n = 7) 

257 ± 19  
(n = 4) 

% change -4 ± 2% -5 ± 1%** -3 ± 2% -15 ± 7% 
 
Values presented as mean ± SEM. *Denotes significant from β1-AR blockade alone, **P < 0.01. 
Abbreviations: RVSP, right ventricular systolic; MABP, mean arterial blood pressure; HR, heart rate; 
AR, adrenoceptor. 
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5.3. Hypoxic pulmonary vasoconstriction with combined β1- 

and β2-adrenoceptor blockade 

The effect of β1- and β2-AR blockade during HPV was quantified, using baseline 

three as the new non-hypoxic baseline. Significant constriction was noted in 

vessels < 300 µm in all experimental groups, a response which was also observed in 

HPV with and without β1-AR blockade (P < 0.01, paired t-test, Figure 28).  

 

However, HPV was severely exacerbated in obesity (P < 0.01, two-way ANOVA) 

upon the administration of propranolol as shown by a greater magnitude of 

constriction in 200 - 300 µm vessels in obese-C (24 ± 2%, n = 4) compared to lean-C 

(12 ± 3%, P < 0.05, n = 6, Tukey’s post hoc test). In addition, vessels between 300 – 500 

µm were also more severely constricted in obese-C (15 ± 3, P < 0.001) compared with 

in lean-C animals (5 ± 2%, P < 0.05, Tukey’s post hoc test). 

 

In β1-AR blockade alone, the exacerbation in obesity was observed in controls but 

not in PH animals (see section 4.3). In contrast, exacerbation of HPV upon combined 

β1- and β2-AR blockade was also observed upon the development of PH. Similar to 

control animals, vessels with IDs between 200 – 300 µm showed significantly greater 

level of constriction in obese-PH (33 ± 4%, n = 4) compared to lean-PH animals 

(16 ± 3%, n = 6, P < 0.05, Tukey’s post hoc test).  

 

Figure 30 illustrates the similar pattern of constriction in all experimental groups 

before β-AR blockade. However, upon β1- and β2-AR blockade, HPV is exacerbated 

in obese animals both with and without PH.   
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Figure 30. Magnitude of hypoxic pulmonary vasoconstriction after the combined β1- and β2-
adrenoceptor blockade. Vessel IDs are expressed as a % change from baseline three 
(mean ± SEM). The magnitude of HPV without β-AR blockade is presented on the left (no 
intervention) for comparison. A) Constriction in control animals, lean-C (n = 6) and obese-C 
(n = 6). B) Constriction in PH animals, lean-PH (n = 7) and obese-PH (n = 4). *Denotes 
significant changes in vessel ID in lean animals (lean-C/lean-PH), *P < 0.05, **P < 0.01, 
**** P <  0.0001. φDenotes significant changes in vessel ID in obese animals (obese-C/obese-PH), 
φφφP < 0.001, φφφφP < 0.0001. §Denotes significant differences between lean-C and obese-C (P < 0.05) 
while †denotes significant changes between lean-PH and obese-PH (P < 0.05). 

 

A) 

B) 
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5.4. Combined β1- and β2-adrenoceptor blockade effect on 

haemodynamic parameters during acute hypoxia 

Haemodynamic parameters during exposure to acute hypoxia was compared to 

values from baseline three. Despite the significant magnitude of vasoconstriction in 

all experimental groups during acute hypoxia exposure, an increase (~25%) in RVSP 

was only observed in PH animals (lean-PH = 24 ± 8%, P < 0.05, n = 5; obese-PH = 

25 ± 5%, P < 0.05, n = 4, paired t-test, Figure 31, 32a). 

 

In contrast, MABP decreased by a similar magnitude in all four experimental groups, 

ranging from 55 ± 3% in lean-PH (P < 0.01, n = 7) to 60 ± 5 in obese-C 

(P < 0.0001, n = 6, paired t-test, Figure 31, 32b). HR remained stable in all 

experimental groups, with the exception of the obese-C group, which decreased by 

13 ± 2% (P < 0.001, n = 7, paired t-test, Figure 31, 32c). 
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Figure 32. Haemodynamic parameters in response to hypoxia with β1- and β2-adrenoceotor blockade. 
Magnitude of change in A) RVSP, B) MABP, C) HR are expressed as a % change (mean ± SEM) from 
baseline three measurements. *Denotes significant change from baseline three, *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001. Abbreviations: RVSP, right ventricular systolic pressure; MABP, mean 
arterial blood pressure; HR, heart rate. 

A) 

B) 

C) 

Magnitude of change in MABP 
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6. Expression of β1-adrenoceptors 

After establishing that there were differences in pSNA and different magnitudes of 

HPV under β-AR blockade between experimental groups, the expression of β1-ARs 

was examined in all four experimental groups. This was performed in order to assess 

whether increased pSNA resulted in a significant reduction in receptor density, 

which would also be suggestive of similar changes in β2-ARs. 

 

β1-AR bands were detected just above 50 kDa, consistent with the predicted 

molecular mass of approximately 51 kDa (Figure 33). The loading control, VDAC 

was detected just under the 37 kDa mark, consistent with the predicted mass of 

around 31 kDa.  

 

Unfortunately the total protein concentration in the lung sample lysate was relatively 

low compared to the positive control (rat atrial tissue) despite identical methods of 

preparation. Additionally, western blot results showed that lung samples contained 

a greater number of proteins with a similar molecular weight to the β1-AR which 

was detected by the relatively non-specific antibody, making the detection and 

quantification of β1-AR problematic. Figure 33 shows two dark clear bands on the far 

right, corresponding to β1-AR and VDAC in the positive control sample. In contrast, 

the β1-AR band in the lung tissues was substantially harder to define, as exemplified 

in the white box on the left.  

 

Consequently, β1-AR expression was only successfully quantified in obese-C (1.08 

and 1.13, n = 2) and lean-C (1.36 and 1.44, n = 2). This preliminary result suggests 

that β1-AR expression in obese-C is downregulated. However, due to the low sample 

size and an incomplete representation of the experimental groups, the western 

blotting experiments were inconclusive. 
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Figure 33.  Membrane probed for β1-adrenoceptor and voltage dependent anion channel in 
obese-C and lean-C. β1-AR bands (top) can be seen between the 75 kDa and 50 kDa marker 
while VDAC (bottom) can be seen just under the 37 kDa mark. Positive control sample (right 
atrial appendage from heart tissue) is visibly more prominent than in the lung samples, where 
bands were relatively faint and blurred.  

 
 
 
 

 

Blurred bands 
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Discussion 

1. Primary findings of this study 

The primary findings of this study are as follows: 

1. The pSNA is elevated in obesity and further elevated upon the development 

of PH in obese animals.  

2. In all experimental groups, pulmonary arteries at rest (non-hypoxic 

conditions) constrict upon β-AR blockade although slightly more constriction 

is observed in PH animals.  

3. Before β-AR blockade, a similar magnitude of HPV occurs in all experimental 

groups. However, after β-AR blockade, the magnitude of HPV is significantly 

exacerbated in obesity both before and after the development of PH. 

4. There is no significant loss in the number of pulmonary arteries when obese 

rats develop PH. However, the number of 4th generation pulmonary arterioles 

is significantly decreased in lean rats upon the development of PH.  

 

Taken together, these results suggest that pSNA differentially regulates pulmonary 

vascular tone in obesity and PH, raising the possibility that changes in pSNA in 

obesity could be a potential mechanism that underlies the PH obesity paradox. 
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2. Context of this study  

PH is a serious cardiovascular disease with a complex pathophysiology that remains 

to be fully elucidated. Although obesity is an important risk factor for many 

cardiovascular diseases, recent epidemiological evidence suggests the presence of an 

‘obesity paradox’ in PH, whereby an elevated BMI is correlated with decreased 

mortality in PH.130 The physiological mechanism governing this paradox is unclear, 

but the presence of an obesity paradox suggests that pulmonary vascular tone is 

differentially regulated in obesity. Notwithstanding the above, there is a surprising 

paucity of studies investigating the regulation of pulmonary vascular tone in obesity.  

 

SNA is a key modulator of pulmonary vascular tone, dilating pulmonary arteries by 

stimulating β-ARs.12,17,21 In obesity, SNA has been shown to increase in several organ 

systems.133-135,161 However, no studies to date have investigated pSNA in the context of 

obesity or PH. Accordingly, this study was designed to address this fundamental gap 

in knowledge by investigating the role of pSNA on pulmonary vascular tone in 

obesity, before and after the development of PH. This was achieved by using in vivo 

electrophysiology experiments to directly record the pSNA in four experimental 

groups.  

 

It is well established that β-AR stimulation plays a role in attenuating the effects of 

HPV.12,65 Therefore, the amount of sympathetic regulation of pulmonary vascular tone 

was assessed in response to HPV before and after β-AR blockade, by measuring 

dynamic changes in vessels ID using SR microangiography.  
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3. Pulmonary sympathetic nerve activity 

There is a paucity of direct information about pSNA in the literature, as recording 

directly from the pulmonary sympathetic nerve is invasive and an extremely delicate 

procedure. In contrast, renal SNA has been extensively characterised in the literature, 

across multiple animal models.9,133,162-166 In humans, muscle SNA is commonly measured 

due to the non-invasive nature of this recording.74,135,161,167 However the topographical 

nature of SNA regulation means that SNS outflow is highly differentiated and thus 

tissue specific.62,63,168 Therefore, the direct recording of pSNA is imperative to accurately 

quantify sympathetic regulation of the pulmonary circulation. This study was the 

first to demonstrate an increased pSNA in obesity and PH. 

3.1. Pulmonary sympathetic nerve activity in obesity 

Since the 1990s, a significant number of studies have suggested an increased SNA in 

various organ systems in obesity. For example, obese Zucker rats were reported to 

have a ~200% increase in renal SNA133 and a ~50% increase in splanchnic SNA134 

compared to lean counterparts. In humans, muscle SNA has been shown to be 

elevated in obesity.135,161 However, increased SNA in obesity is not a global 

phenomenon, as organs such as the heart136,137,169 and pancreas169 have been shown to 

have lower SNA in obesity.  

 

This study demonstrated a 350 - 500% increase in pSNA in obesity. Although the 

vasodilatory properties of pSNA have been extensively described (see introduction 

sections 2.1, 3.3), it should be noted that pSNA also stimulates bronchodilation and 

thus improves ventilation to the lungs.170 The increased pSNA in obesity may be a 

necessary homeostatic compensatory mechanism to further stimulate 

bronchodilation due to the increased mechanical load on the upper airway and lungs 

imposed by increased adiposity. For example, obese individuals have increased 
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adiposity in the neck region and upper airway171-173 and are more vulnerable to upper 

airway collapse compared with lean individuals.174 Moreover, obesity, particularly 

central obesity, has been associated with reduced lung volume, presumably because 

of compression from the increased adiposity, known as “mass loading”.175 This is 

significant, as a decrease in lung volume (less thoracic traction) increases upper 

airway collapsibility.176,177 While excising the heart in this study, the position of the 

heart was noted to be consistently deviated to the left compared to lean rats. Since 

there were no differences in RV/LV+septum ratio between lean and obese animals, 

this observation could be a result of the increased adiposity compressing the thoracic 

region, thus displacing the heart. Although more morphological and anatomical 

investigations need to be carried out to confirm this hypothesis, the cardiac 

displacement coupled with existing literature demonstrating obesity induced 

changes in respiratory anatomy suggests a necessity for increased pSNA in obesity. 

 

It is postulated that an increased SNA observed in other body systems in obesity may 

be a homeostatic response to decrease fat accumulation by stimulating 

thermogenesis through β-AR.178 As illustrated in Figure 34, increased SNS stimulation 

of multiple organs translates into increased thermogenesis, resulting in more energy 

expenditure. Bronchodilators (β-AR agonists) have been shown to stimulate 

thermogenesis, although these were orally administered and therefore had systemic 

effects.179 The isolated thermogenic properties of the lungs are therefore unknown, but 

are certainly worth exploring to help elucidate this mechanism behind pulmonary 

sympathetic hyperexcitation mechanism. 
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Figure 34. Sympathetic nerve activity in various organs. SNA is increased after food intake (pink) and 
in response to the cold (blue). Thicker arrows represents a greater increase in SNA. No change in SNA 
or an unknown response is represented with “0” and “?” respectively. Red lines represent the 
different composition of receptors (α-, β1, β2-, and β3-AR) found in in different organ systems. 
Noradrenaline binding to these receptors lead to changes in metabolic and cardiovascular function, 
ultimately leading to increased thermogenesis. Figure modified from Dulloo et al. (2002)178. 
Abbreviations: BAT, brown adipose tissue; WAT, white adipose tissue. 

 

The underlying mechanisms for sympathetic hyperexcitation in obesity are not well 

understood but are likely to be multifactorial. Increased circulating adipokines in 

obesity such as tumour necrosis factor-alpha (TNF-α)180 and interleukin-6 (IL-6)181 have 

been implicated as potential mediators.182,183 IL-6 has been shown to activate the SNS 

through co-activation of the hypothalamus-pituitary-adrenal axis184 while TNF-α 

potentiates the synthesis of IL-6.183 Although not applicable in the animal model used 

in this study, increased circulating leptin concentrations has also been linked with 

 Noradrenaline 
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sympathetic hyperexcitation in other organ systems such as the kidneys, adrenal 

glands, brown adipose tissue and skeletal muscle by stimulating the nucleus tractus 

solitarius.185-187 However, this study, along with other studies showing an increased 

SNA in obese Zucker rats133,134 supports the idea that the increased SNA is as a result of 

multiple signalling pathways and not leptin alone. It would therefore be interesting 

to record pSNA in other obese rat models, such as the high fat diet obese rat to 

quantify any differences in pSNA with and without an intact leptin signalling 

pathway.  

3.2. Pulmonary sympathetic nerve activity in pulmonary 

hypertension 

In addition to the increased pSNA observed in obesity, this study also demonstrated 

an increased pSNA upon the development of PH. In obese animals, a ~300% increase 

in animals was observed upon the development of PH. A similar ~350% fold increase 

was noted when lean animals developed PH. However due to a small sample size 

(n = 4), this did not reach statistical significance.  

 

A 2004 study conducted by Velez Roa et al.167 was the first to demonstrate that PH 

patients had an increase (~150%) in muscle SNA compared to healthy subjects. An 

increase in muscle SNA was also observed in subjects exposed to chronic hypoxia for 

four weeks at 5,260 m above sea level.73 However, other studies investigating the 

circulating catecholamines (markers of global SNA) in PH showed conflicting results. 

Reports showed either an increase188 or unchanged189 catecholamine levels in PH, a 

discrepancy likely due to the limitations of measuring plasma noradrenaline. 

Circulating catecholamines concentrations represents only a small fraction of 

catecholamine released at the synaptic cleft and moreover, they are dependent on the 

rate of clearance from the circulation.190 Therefore, directly recording from the 
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pulmonary sympathetic nerve, as used in this study, is imperative for a more 

accurate determination of true nerve activity. 

 

The mechanisms behind chronic hypoxia leading to persistent sympathetic 

hyperexcitation in muscle SNA or pSNA remain to be fully elucidated. Breathing 

100% O2 for 15 minutes (to eliminate the hypoxic chemoreceptor drive) and an IV 

infusion of 1 L of saline (to decrease cardiopulmonary baroreceptor activation during 

hyperoxic breathing) had relatively small effects on muscle SNA, suggesting that the 

increased muscle SNA was not due to hypoxic chemoreceptor or baroreceptor drive.73 

However, the authors of this study also acknowledged that breathing 100% O2 may 

not have totally abolished chemoreceptor drive, highlighting a study performed by 

Peng et al. (2004)191 which reported carotid body sensitisation with exposure to chronic 

intermittent hypoxia in rats. Interestingly, a study performed in cats which directly 

recorded pSNA showed that peripheral chemoreceptors and baroreceptors were not 

the dominant regulators of pSNA in response to acute hypoxia.9 Therefore, despite a 

degree of chemoreceptor sensitisation demonstrated in chronic intermittent hypoxia, 

the mechanism behind sympathetic hyperexcitation in chronic hypoxia induced PH 

is not fully understood. 
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4. Sympathetic hyperexciation and the obesity paradox 

The primary purpose of this study was to examine how pSNA differentially 

regulates the pulmonary vasculature in obesity, thereby revealing a possible 

physiological mechanism behind the obesity paradox. In this study, baseline RVSP 

and the level of right ventricular hypertrophy (RV/LV + septum) were similar in 

lean and obese PH animals. However, a significant loss (rarefaction/vessel pruning) 

of 4th generation branches (from ~15 to ~10 visible vessels) was observed upon the 

development of PH in lean but not in obese animals (Figure 19), suggesting that 

rarefaction was attenuated in obesity. Rarefaction in PH is well documented in the 

literature.65,103,192 As previously described in the introduction chapter (section 3.1), 

ROCK has been implicated in the sustained constriction phase of HPV (phase 2). 

Inhibition of ROCK mediated vasoconstriction has been shown to reverse this 

constriction,193 restoring blood flow to previously highly constricted, non-perfused 

vessels.194 Using SR microangiography, visualising pulmonary vessels is dependent 

on the entry of radioiodine contrast agent into the vascular lumen. The attenuation of 

this pathological ROCK mediated vasoconstriction in obese-PH animals might be 

attributed to a higher pSNA (Figure 18), which resulted in more vasodilation or 

‘counter-constriction’ of highly constricted vessels through increased β-AR 

stimulation (Figure 30). 

 

Under resting (non-hypoxic) conditions, this study shows that the SNS plays a role in 

regulating pulmonary vascular tone, primarily through β1-AR mediated dilation 

(Figure 25). This study also demonstrates that pSNA plays a greater role in dilating 

pulmonary vasculature at rest in PH. This was illustrated by the additional 

constriction observed in 100 - 200 µm vessels after β1-AR blockade and the additional 

constriction in large vessels (> 500 µm) after combined β1 -and β2-AR blockade in all 

PH animals. Interestingly, a further ~17% constriction in the 300 – 500 µm vessels 
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was observed in obese-PH after combined β-AR blockade. This observation suggests 

an increased counter-constricting role of the SNS in PH, especially in obese animals, 

in order to attenuate the pathological constriction observed in PH.  

 

Although microangiography clearly illustrates vasoconstriction in all animals after β-

AR blockade and additional constriction both in small resistance arterioles (100 -

 200 µm) and larger arteries in the PH animals, the impact of this constriction on 

pulmonary pressure is unclear. RVSP showed no significant changes after β-AR 

blockade in any experimental groups. However, the RVSP value needs to be 

interpreted with consideration that pressure is determined not only by vascular 

resistance (vessel ID) but also by blood flow (cardiac output). Although not 

measured, cardiac output has been shown to decrease upon β-AR blockade,195 the 

efficacy of which was demonstrated through a significant decrease in HR after β1-AR 

administration. An alternate explanation could be that the magnitude of constriction 

was too small to translate into an increased RVSP. Nevertheless, SR 

microangiography facilitated visualisation of the pulmonary ID, which clearly 

illustrates that pSNA plays a greater vasodilatory role in PH animals, especially in 

obesity.  

 

The finding that pulmonary vascular tone is regulated by the SNS at rest was 

surprising as combined β-AR blockade was previously shown to have no effect on 

resting pulmonary vascular tone in Sprague Dawley rats.65,113 Apart from the animal 

strain, the methodology between this study and the studies using Sprague Dawley 

rats was similar. For example, in all studies, rats were given at least 10 minutes to 

recover from the preceding acute hypoxia challenge or stabilise after drug 

administration. It was also observed in this study that all haemodynamic parameters 

returned to baseline values during this time frame. This suggests that the observed 

constriction after β-AR blockade was truly due to sympathetic regulation of the 
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pulmonary vasculature at rest in the Zucker rats and not due to residual constriction 

from the preceding acute hypoxia challenge. Further evidence supporting inter-strain 

differences in sympathetic regulation of pulmonary vasculature is highlighted by 

evidence of β-AR mediated vasodilation of large conduit vessels in this study, also 

shown in Wistar rats196 but not in Sprague Dawley rats.65,113 These discrepancies are 

certainly interesting and warrant further investigation, as inter-strain differences in 

sympathetic regulation of the pulmonary vasculature at rest have not been 

characterised in the literature. 

 

Despite different reports regarding the role of sympathetic regulation of resting 

pulmonary tone, it is well established that the SNS modulates pulmonary tone when 

exposed to acute hypoxia, as acute hypoxia is a potent stimulator of SNA.197 This 

study shows that acute hypoxia stimulates an increase (~100%) in pSNA, which is 

consistent with previous recordings of pSNA,9 muscle SNA198 and renal SNA,9,199 in 

response to acute hypoxia. Although there was a trend showing increased pSNA in 

obese-PH animals relative to lean, this was the only group that did not reach 

statistical significance. However, the pSNA in obese-PH animals during hypoxia was 

still the greatest compared to all other experimental groups. Although the maximum 

pSNA was not measured in this study, this observation could be as a result of a 

natural plateau effect observed when nerve activity in response to hypoxia reaches a 

physiological upper limit.  

 

The well-established involvement of the SNS in regulating HPV means the role of 

pSNA in modulating pulmonary vascular tone is commonly studied in the context of 

HPV.12,14,68,71,113,200 Historically, the impact of the SNS on pulmonary vessel tone was 

quantified through changes in pressure or resistance,68,71,200 assessing vascular flow-

pressure relationships12 and by directly visualising pulmonary vessels in an open 

chest model, using angiography.14 Over the past 10 years, a growing number of 
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studies have used SR microangiography in order to directly visualise changes in 

vessel ID in a closed chest model,65,113,201,202 a technique employed in this study in order to 

examine vascular responsiveness while preserving the lung’s internal milieu.  

 

Before β-AR blockade, the magnitude of HPV in all experimental groups were 

similar, a finding consistent with previous work showing a similar magnitude of 

HPV between lean rats with or without PH.65,113 In this study, HPV primarily occurred 

in vessels between 100 - 500 µm in diameter, and was greatest in 200 - 300 µm, again, 

consistent with other studies examining vessel ID changes during HPV.113,142,145 One of 

the most novel findings in this study was the exacerbation of HPV in obesity after β-

AR blockade, suggesting pSNA plays a greater role in ‘protecting’ the pulmonary 

vasculature against constriction in obesity, both with and without PH. The 

exacerbation appeared to be greatest in the obese-PH animal (33 ± 4% constriction in 

200 - 300 μm vessels) compared to obese-C  (24 ± 4% constriction, Figure 30). 

However, this difference was not large enough to reach statistical significance, 

possibly because a physiological maximum level of constriction had been reached in 

the obese-PH animals. The vessels of interest underwent a ~10% constriction prior to 

acute hypoxia administration due to the effect of β-AR blockade alone and thus the 

total magnitude of constriction in these vessels would be around ~40%, which has 

been shown to be the maximum magnitude of constriction for vessels < 300 μm, at 

4% O2 in ex vivo preparations.203 Nevertheless, the findings of this study suggest that 

pSNA is increased in obesity and PH and that pSNA plays a significantly greater role 

in counter-constricting pulmonary vessels during HPV in obesity. The sympathetic 

hyperexcitation conferred protection against vasoconstriction primarily in 

pulmonary arterioles < 300 μm (Figure 30), which are vessels that are most 

susceptible to pathological structural changes in PH.65 These observations therefore 

highlight the relevance of sympathetic hyperexcitation as a potential mechanism 

behind the obesity paradox in PH. 
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Although no studies have examined HPV regulation in obese animals, a few studies 

have explored sympathetic modulation of HPV in lean animals with and without PH 

by measuring changes in vessel ID after combined β-AR blockade.65,113 In this study, no 

significant differences in the magnitude of HPV was shown between control and PH 

animals after combined β-AR blockade. Using the same dose of combined β-AR 

blockade (2 mg/kg propranolol), another study investigating sympathetic regulation 

of HPV using the MCT model of PH also showed no differences in the magnitude of 

HPV between lean-C and lean-PH rats after combined β-AR blockade. In contrast, a 

study using chronic hypoxia induced PH rats showed that combined β-AR blockade 

(2 mg/kg propranolol) led to an exacerbation of HPV, specifically in the in 100 – 200 

µm vessels. However, it should be noted that this study used Sprague Dawley rats 

which were exposed to 10 % O2 for four weeks, in contrast with the Zucker rats used 

in this study which were exposed to hypoxia for two weeks, previously shown to be 

sufficient to induced PH.204,205 This led to the development of more severe PH animal in 

the Sprague Dawley rats, as demonstrated by a ~120% increase in RVSP upon the 

development of PH, in contrast with the 35% increase observed in this study. These 

differences suggest that the amount of sympathetic regulation of pulmonary vascular 

tone could be dependent on the severity of PH, as pSNA exerts a greater counter-

constricting effect on pulmonary vasculature in more severe forms of PH but not in 

the less severe model of PH used in this study. This observation highlights an 

important future direction in this research field, examining the possibility of a 

greater pSNA with increasing severity of PH. 

 

In summary, SR microangiography data has provided new insights into the 

differential regulation of the pSNA on the pulmonary vasculature. This study 

highlights the relative importance of pSNA in protecting the pulmonary circulation 

against constriction in obesity, observed by the exacerbation of HPV upon β-AR 
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blockade. Trends also suggest that this exacerbation is more pronounced in obese 

animals with PH, which could mean pSNA plays an even greater counter-

constricting role in obese animals with PH. Since the differential regulation is noticed 

in pulmonary arteries which are critical in regulating PAP, the demonstration of 

greater counter-constriction in obesity and moreover in obese-PH animals suggests 

that sympathetic hyperexcitation in obesity could be a possible mechanism 

underlying the obesity paradox in PH. 

4.1. β-adrenoceptor expression and sensitivity 

 This study investigated the modulatory role of the SNS on pulmonary arteries by 

quantifying pulmonary sympathetic outflow (pSNA) and by visualising changes in 

vessel ID under β-AR blockade. Western blotting was also attempted in order to 

quantify β-AR, as quantifying the relative densities of these receptors enhances the 

understanding of β-AR mediated vasodilation in obesity and PH. Unfortunately, due 

to relatively low protein expression in the lungs compared to the positive control 

(Figure 33) and the non-specific binding properties of the antibody used, a working 

protocol could not be established within the time frame of this study. However, β-AR 

density and even signalling integrity is certainly worthy of further investigation. β-

AR downregulation (internalisation/decrease expression) and desensitisation 

(impaired signalling) has been well established after a chronic increase in cardiac 

SNA during heart failure.206 In the heart, exposure to chronic hypoxia also results in 

downregulation.207 In the lungs, excess catecholamine stimulation has been shown to 

lead to β-AR downregulation and decreased membrane binding affinity.208,209 However, 

studies have shown an upregulation of β-AR in the lung after chronic exposure to 

hypoxia76,77 which does not seem congruent with the findings of increased pSNA 

observed in this study. A possible explanation lies in the regulatory role of 

glucocorticoids in β-AR expression. Glucocorticoids have been shown to upregulate 
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β-AR in the lung210,211 due to the presence of a glucocorticoid response element in the β-

AR gene promoter.212-214 In addition, glucocorticoids increases sensitivity of β-AR 

signalling by reducing the production of IL-1β, which uncouples β-AR from 

downstream effectors.215,216 Long-acting β2-AR agonists used in the treatment of 

asthma has also been shown to improve sensitivity to glucocorticoid stimulation.217 

Interestingly, upregulation of β-AR was not observed in the heart.211 Although chronic 

hypoxia does not increase the levels of glucocorticoids,218 hypoxia has been shown to 

lead to an upregulation of glucocorticoid receptors219 which has been correlated with a 

potentiation of glucocorticoid stimulated activity.219 Therefore, the synergistic 

relationship between β2-AR and glucocorticoid receptor signalling, particularly in 

chronic hypoxia provides a potential explanation of how both increased pSNA and 

increased β-AR density can be observed in chronic hypoxia induced PH.  

 

In obesity, increased pSNA appears to translate into a greater vasodilatory effect 

during HPV, suggesting that the expression or signalling integrity of β-AR in obesity 

is not significantly decreased. However, the expression or signalling integrity of 

pulmonary β-AR in obesity has yet to be characterised and is therefore an important 

future direction in this research field.  



Discussion 

111 

5. Clinical implications of this research 

 
In a clinical setting, β-AR blockers can be administered to PH patients with other 

comorbidities such as systemic hypertension, atrial fibrillation and coronary arterial 

disease.220 Although the number of studies examining the effect of β-AR blockers on 

PH is rather limited,220,221 it has been suggested that β-AR blockers could theoretically 

negate the beneficial effect of β-AR mediated vasodilation.220 However, in the largest 

prospective cohort study assessing the effect of β-AR blockers on PH,220 non-selective 

β-AR blockers were shown to have no significant detrimental effects on functional, 

haemodynamic and clinical outcomes in patients with PH. Notwithstanding this, the 

authors also astutely concluded that the decision to give β-AR blockers should be 

made by assessing the individual’s risk/benefit profile.  

 

In this present study, the differential sympathetic regulation of pulmonary vascular 

tone in obesity and PH further highlights the importance of considering 

administration of β-AR blockers on a case-by-case basis. The findings from this study 

suggest a possibility that β-AR blockers in obese PH patients may lead to more 

pulmonary vasoconstriction compared to lean PH patients. Since the SNS appeared 

to also have an increased vasodilatory effect in obese animals without PH, it is also 

possible that administration of β-AR blockers in obese patients without PH may 

increase the risk of developing PH.  However, it is also important to note that 

increased SNA is not necessarily beneficial in all organ systems. For example, 

increased cardiac SNA is associated with more myocardial remodeling and a poorer 

prognosis.253 Interestingly, more favourable long term and short term prognoses has 

been noted in overweight and obese patients with heart failure, a condition which is 

commonly treated with β-AR blockers.125 The differential effects of SNA on different 

body systems along with the differences in pSNA between lean and obese states 
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demonstrated in this study highlights possible significant clinical implications that 

certainly warrant further investigation in animal and human studies. 

 

6. Limitations 

6.1. Animal models used in this study 

The Zucker obese rat develops increased adiposity from a young age due to the 

absence of the leptin signaling pathway.151-153,222 The aim of this study was to assess 

sympathetic regulation of the pulmonary vasculature in obesity, without the 

presence of any other confounding factors. A downside of using human PH subjects 

is the inevitable heterogeneity of any study population. In contrast, the young 

Zucker obese rats (12 – 14 weeks) have not been previously reported to develop key 

obesity related health complications, making them ideal candidates for studying the 

relationship between the obese state and PH.  However, the absence of the leptin 

signalling pathway is an unlikely cause of obesity in humans and is therefore a 

limitation of this model. Nevertheless, the use of the Zucker obese rat is widely used 

to study obesity related health complications.133,223-229 

 

The use of the chronic hypoxia induced PH model is an extremely well established 

and well-characterised model of PH,230 as previously described in the introduction 

chapter (Section 4.2.1). Although the amount of vascular remodelling is not as 

extensive as in the MCT model,99 the increased persistent vasoconstriction in the 

chronic hypoxia model,99 makes it ideal for studying the counter-constrictive effects 

of β-AR stimulation.  
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6.2. Recording of pulmonary sympathetic nerve activity 

Direct recording of SNA is one of the most crucial techniques employed to assess the 

sympathetic regulation in the cardiovascular system. However, one of the limitations 

of in vivo electrophysiology is the fact that the microvolt recordings can vary 

depending on the contact between the isolated nerve and electrode. Only signals 

from nerve bundles in close proximity with the electrode will translate into a 

measurable microvolt recording. This can contribute to intra-group variation in the 

amplitude of the recorded signal, making it more difficult to detect small changes in 

SNA with small sample sizes. Although the aforementioned limitation holds true in 

all peripheral recording of SNA, the differences between pSNA were large and 

relatively uniform enough to show significant, reproducible differences, as 

exemplified in the difference between pSNAint in lean-C (0.5 ± 0.1 μV.s, n = 7) and 

obese-C (2.4 ± 0.4 μV.s, n = 8, P < 0.001). Despite the technical limitations of in vivo 

electrophysiology, direct recording of multi-unit efferent sympathetic nerve activity 

by microneurography is still the best method for quantifying sympathetic nerve 

activity in humans and experimental animal models.231  

6.3. Resolution limitations of synchrotron radiation 

microangiography  

Vessel resolution limitations have been previously reported in 2009 and 2013 reviews 

by Shirai et al.144,232 In short, SR microangiography enables visualisation of vessels < 50 

μm.233-237 However, this resolution capacity is only possible in static images, as multiple 

images can be summated before and after the contrast medium injection in order to 

define a clear vessel margin. However, the vessels in the pulmonary circulation are 

in constant motion due to vibrations from the heartbeat. Therefore, only one 

microangiography frame with contrast medium can be selected for enhancement, as 
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summating multiple images would result in a blurred vessel border. Therefore, only 

vessels > 80 μm could be accurately measured in this study, a limitation previously 

reported by other studies using SR microangiography.65,145,238,194 As a consequence of this, 

only vessels with a resting baseline ID of > 100 μm were analysed as vasoconstriction 

in vessels < 100 μm could constrict down to an ID below the resolution capabilities of 

SR in moving vessels. This resolution limitation means not all vessels that contribute 

to the overall increase in pulmonary vascular resistance can be imaged, as vessels < 

70 μm that lack complete circumferential muscular media have been shown to 

constrict in response to hypoxia.239,240 However, many resistance arterioles susceptible 

to pathological changes in PH are > 100 μm140,241,242 and therefore fall within the 

resolution capabilities of this study.  

6.4. Use of anaesthetics 

It is well accepted that general anaesthesia will unavoidably influence 

haemodynamic parameters and neurological reflexes. Although the effects of 

anaesthetics have not been specifically studied in the context of pSNA, the effect of 

anaesthetics on renal SNA have been investigated and were shown to vary between 

species.243-245 In rats, pentobarbital increased systemic arterial resistance and MABP, 

caused a transient decrease in HR, had no effect on baseline renal SNA but had an 

inhibitory effect on the baroreceptor renal SNA reflex.243 Urethane had similar effects 

as pentobarbital on MABP, but caused an increase in HR and baseline renal SNA.243 

Urethane does not affect the renal SNA baroreflex.243 In spite of these limitations, the 

use of anaesthetics was essential, given the invasive nature of the surgical procedures 

performed in this study. In addition, the anaesthetics used in this study are also 

commonly used in other in vivo electrophysiology163,246-249 and SR microangiography 

experiments.65,113,140,145,237 The dose of anaesthetic administration was uniform across all 
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experimental groups and therefore any effects due to anaesthetics would also be 

similar in all experimental groups.  
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7. Conclusion 

The regulation of pulmonary vascular tone is intricate and complex. Despite the 

importance of the SNS in regulating pulmonary vascular tone, few studies have 

directly recorded pSNA and none have explored this activity in the context of obesity 

and PH. This study shows, for the first time, direct evidence that the sympathetic 

nervous stimulation of the pulmonary vasculature is greater in obesity and 

furthermore in PH. This study was able to measure the dynamic vascular reactivity 

at rest and during acute hypoxia, both before and after a stepwise blockade of the 

SNS. Perhaps the most novel finding of this study is the demonstration that pSNA 

plays a larger role in protecting pulmonary arteries from constriction during acute 

hypoxia exposure. This fascinating result provides a potential explanation for the 

observed obesity paradox and more importantly, brings us one step closer to fully 

understanding the complexity behind the regulation of pulmonary vascular tone.  
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Future directions 
The key findings from this study highlight several issues that warrant further 

investigation. 

 

Firstly, given that β-AR density is regulated by other hormonal factors210,211 which may 

vary with weight or disease state, assessing the effect of increased pSNA on the 

expression and signal integrity of β-AR, specifically in obesity and PH, would 

contribute to our understanding of how increased pSNA modulates pulmonary 

vascular tone in these states.  

 

Secondly, findings in this study in contrast with existing literature65,113 suggest the 

increased magnitude of β-AR mediated counter-constriction may be positively 

correlated with the severity of PH. Therefore, studying pSNA regulation of 

pulmonary vascular tone in different severities of PH is certainly another future 

direction in this research field.  

 

Finally, the exploration of pSNA regulation of the pulmonary vasculature in an adult 

and elderly population of rats would provide interesting insights into pulmonary 

sympathetic nerve regulation changes in response to age. This is of particular 

importance as PH can occur in neonates250 through to adults251 and the elderly.252 

Quantifying pSNA over a full life cycle and the effects on pulmonary vasculature 

tone would further elucidate the relevance of sympathetic hyperexcitation as a 

potential mechanism to explain the obesity paradox.  
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