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Abstract

Cardiac-Sympathetic Dysfunction in Hypertension
Thesis presented for the degree of Doctor of Philosophy at the University of Oxford.
Emma Nicole Bardsley, Merton College, Trinity Term, 2018.

The work presented in this thesis examined the cellular and molecular phenotypes associated
with sympathetic over-activity in the initiation and progression of hypertension in the
prehypertensive spontaneously hypertensive rat (preSHR) and spontaneously hypertensive rat
(SHR), with validation of key molecular pathways in human stellate ganglia.

Chapter One provided an overview of the short and long-term regulation of arterial blood
pressure. This chapter focussed specifically on the role of the sympathetic nervous system as
a primary causative factor in the aetiology of hypertension, and presented evidence highlighting
a critical role for impaired cyclic nucleotide signalling in sympathetic over-activity.

Chapter Two detailed the methodology utilised in each chapter of this thesis. Specifically,
sympathetic neuronal culturing and Férster Resonance Energy Transfer (FRET) were used to
measure intracellular cyclic nucleotide generation and protein kinase activity. This chapter also
included a comprehensive description of an RNA sequencing analysis pipeline, intracellular
Ca?* imaging, immunofluorescence, protein assays, enzyme activity assays, electrical field
stimulation and high-pressure liquid chromatography with electrochemical detection.

Chapter Three examined the transcriptome of the stellate ganglia from the SHR compared to
its normotensive Wistar counterpart. Differentially expressed genes were reported and
individual genes were grouped into gene families and enriched pathways to provide functional
relevance. The over-represented molecular function gene ontology families included ligand-
gated ion channels and regulation of phosphodiesterase signalling. The expression of key
genes was confirmed in human stellate ganglia for physiological context.

Chapter Four investigated the role of presynaptic beta-adrenergic signalling as a mediator of
elevated neurotransmission in the preSHR stellate ganglia. Neuronal cAMP-PKA-Ca?*
signalling pathways coupled to beta-adrenergic receptors were measured and found to be
elevated in prehypertension. The beta-2-adrenoceptor was shown to play a dominant role. The
expression of presynaptic beta adrenoceptors was also observed in human stellate ganglia.

Chapter Five examined the profile of catecholamines synthesised in the cardiac-sympathetic
stellate ganglia of preSHR and their healthy counterparts. Noradrenaline released from the
preSHR ganglia was elevated compared to Wistar. Moreover, the synthesis of adrenaline was
observed, where the concentration of adrenaline released from the preSHR ganglia was also
elevated. The enzyme involved in adrenaline synthesis was observed in human stellate ganglia.

Chapter Six highlighted a role for intracrine angiotensin synthesis in the cardiac-sympathetic
stellate ganglia of preSHR and SHR alongside their healthy counterparts. The receptors for
Angll and Ang1-7 were identified on rat and human stellate ganglia. In preSHR stellate ganglia,
the synthesis of Angll and Ang1-7 were elevated, whereas in young preSHR stellates,
electrically-evoked concentrations of Angll were not elevated compared to Wistar. In adult SHR
stellate ganglia, the synthesis of Angll was elevated, however, the synthesis of the Ang1-7
peptide was no longer increased. This occurred alongside a concomitant elevation in
electrically-evoked Angll from adult SHR stellate ganglia.

Chapter Seven provided a concluding discussion and summarised the main observations in
this thesis with a focus on wider physiological context. Chapter seven also discussed the
implications of the findings described, with an emphasis on the potential future avenues of
research within the field of neurogenic hypertension.
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Chapter 1. Introduction

1.1 Hypertension: Prevalence and Cause

Primary (essential, idiopathic) hypertension is the most prevalent chronic disease in the
Western world and affects over one billion adults worldwide'-5. Hypertension is clinically defined
as a sustained increase in arterial blood pressure (>130/80 mmHg)®7 and is a primary risk factor
for adverse cardiovascular events® including ischaemic heart disease®, stroke and
cerebrovascular disease®'% heart failure '3, myocardial infarction81415 type 2 diabetes®16-18
and chronic kidney disease®'®. The significant increase in all-cause mortality that results®
places a significant economic burden on global health-care systems2. The management of blood
pressure is associated with beneficial outcomes and clinical prognosis in patients with
cardiovascular co-morbidities?’; however, due to the absence of obvious symptoms, the majority
of adults are unaware of their blood pressure status®2'22, Thus, there is a clear requirement for
advancements in hypertension diagnostic technologies and prophylactic interventions that is
illustrated by the increasing number of cardiovascular disease (CVD) publications. Indeed, a

literature search on PubMed for ‘hypertension’ since 2008 produces 446,117 results.

1.2 Essential Hypertension: Origins and Risk Factors

Essential (idiopathic) hypertension has no clear cause and accounts for 90-95 % of all cases,
whereas secondary hypertension (5-10 %) is caused by identifiable factors such as renal or
adrenal disease or occurs as a side-effect of some therapeutics*. The origins of essential
hypertension are multifactorial and involve the vasculature®25, kidneys®® and autonomic
nervous system?7-2°, where a complex interplay between genetic and environmental factors
influences an individual’s susceptibility to developing hypertension3%3! in a model sometimes
described as the ‘Mosaic Theory of Arterial Hypertension’ 3233, Environmental risk factors
include high salt intake34, obesity3®5-37, smoking?8-39, alcohol consumption, diet®', aging?*, lack of
physical activity*>4!, and stress*5. Epidemiological studies have also highlighted a greater
incidence of hypertension in certain ethnic groups*?, and in males*® and substantial evidence
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suggests that the susceptibility for hypertension may be heritable. Indeed, familial studies have
identified an increased risk for the development of hypertension in progeny from hypertensive
parentss6.44-47_Moreover, Genome Wide Association Studies (GWAS) have identified numerous
genetic mutations as risk factors for hypertension*8-50, myocardial infarction*85' coronary artery

disease?8:50-52 stroke®0:53.54 gnd arrhythmia53-5.
y

1.3 Arterial Blood Pressure Regulation and Hypertension

1.3.1 Acute Blood Pressure Regulation

The acute regulation of arterial blood pressure is critical for maintaining adequate perfusion of
distal tissues in proportion to their metabolic requirements, where short-term fluctuations in
blood pressure occur in response to changes in physical activity®6-57, emotional stressors®7-%8,
or environmental influences®€. The first accurate description of the mechanisms of the
circulatory system and the motion and function of the heart may be attributed to the English
physician William Harvey (1578-1657)%'. Harvey’s account of a closed-loop one-way
mammalian system for vascular blood flow was described as “...blood passes from the right
ventricle of the heart through the pulmonary artery to the lungs, from there through the
pulmonary vein into the left auricle, and then into the left ventricle’. Moreover, Harvey also
documented the notion of rhythmic contraction of the heart “.from these points it is reasonable
to conclude that the heart at the moment it acts, becomes constricted all over, thicker in its walls
and smaller in its ventricles, in order to expel its content of blood...”%2. These observations were
revolutionary for the field of physiology. Since the 1600°’s, many advancements have contributed
towards our understanding of cardiovascular physiology and it is now clear that arterial blood
pressure, a function of cardiac output (CO) and peripheral vascular resistance®64, is critically
regulated by the autonomic nervous system (Fig 1.1). Several layers of integrated feedback
regulation enable rapid physiological adaptations to behaviour?”-65, where acute increases in

noradrenergic transmission facilitate vascular constriction and raise CO®%. Two primary
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mechanisms, namely the baroreceptoré”-¢¢ and chemoreceptort® 70 feedback systems play a

critical role in autonomic reflex activity (Fig’s. 1.2, 1.3), and as such, have a profound influence

on blood pressure regulation671-73,
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Figure 1.1. The Autonomic Nervous System and Peripheral Innervation

The parasympathetic and sympathetic branches of the Autonomic Nervous System (ANS)
innervate a large number of organs to regulate and control functional processes.
Parasympathetic and sympathetic divisions often work in a complementary manner to
regulate and maintain homeostasis. The sympathetic stellate ganglia (cervicothoracic
ganglia) are located alongside vertebrate T1 to T4. They are the primary sympathetic ganglia
that innervate the heart and as such exert the greatest control over increases in heart rate
and contractility. This figure was reproduced from: http://droualb.faculty.mjc.edu/
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Neural Pathways involved in the Baroreceptor Reflex
Autonomic Control of the Cardiovascular System
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Figure 1.2. Baroreceptor Reflex Control of Autonomic Outflow

The baroreceptor reflex describes a regulatory process where mechanoreceptors in the
carotid sinus and aortic arch are stimulated by stretch activation of the vascular walls. An
acute elevation in blood pressure activates baroreceptor afferents that terminate in the NTS.
excitation of the NTS facilitates activation of inhibitory interneurons in the CVLM, where the
release of gamma-amino butyric acid (GABA) inhibits tonic RVLM activity. This in turn
reduces sympathetic outflow from the IML, reducing activity of sympathetic efferents that
regulate the myocardium and arterioles. In addition, excitation of the NTS also stimulates the
NA that raises vagal tone to the heart. NTS, nucleus tractus solitarius; RVLM, rostral
ventrolateral medulla; CVLM, caudal ventrolateral medulla; IML, intermediolateral column of
the spinal cord; NA nucleus ambiguus; Xn, vagus nerve. This figure was adapted from:
http://what-when-how.com/neuroscience/the-autonomic-nervous-system-integrative-
systems-part-5/
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Neural Pathways involved in the Chemoreceptor Reflex
Autonomic Control of the Cardiovascular System
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Figure 1.3. Chemoreceptor Reflex Control of Autonomic Outflow

The chemoreceptor reflex describes a feedback regulatory process where chemoreceptors
in the carotid and aortic bodies are primarily stimulated by acidosis, hypoxia (low Oy),
hypercapnia (high CO-) and hyperkalaemia (high K*), that change alongside physical activity.
Depolarisation of the carotid bodies leads to increased afferent firing of the glossopharyngeal
nerve that terminates in the NTS resulting in three primary effects. 1. Elevated sympathetic
outflow via RVLM stimulation of the IML that increases arteriole constriction. 2. Respiratory
activation via stimulation of rostral ventral respiratory neurons activates phrenic motor
neurons that innervate the diaphragm, thus triggering inhalation. The activation of pulmonary
stretch receptors provides negative feedback signals to the NTS that inhibits firing. 3. Cardiac
response via NTS activation of the NA that elevates vagal cardiac tone and leads to
bradycardia. The overall integrated cardiovascular outcome depends on the individual
strength of the afferent reflexes. NTS, nucleus tractus solitarius; RVLM, rostral ventrolateral
medulla; rVRG, rostral ventral respiratory group; IML, intermediolateral column of the spinal
cord; NA nucleus ambiguus; Xn, vagus nerve. This figure was adapted from: http://what-
when-how.com/neuroscience/the-autonomic-nervous-system-integrative-systems-part-6/
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1.3.2 Long-term Blood Pressure Regulation

The long-term control of blood pressure is dependent on a number of processes that are
involved directly or indirectly in fluid volume homeostasis. Reductions in arterial blood pressure
facilitate the kidney pressure-natriuresis response’75, where decreased renal perfusion
pressure, baroreflex-stimulated elevations in renal sympathetic nerve activity (RNSA) and
reductions in in NaCl concentration stimulate juxtaglomerular renin secretion. This in turn
initiates the classical Renin-Angiotensin-Aldosterone system (RAAS) signalling cascade’ 77,
RAAS signalling plays a critical role in blood pressure elevation where activation of the Gq-
coupled angiotensin 1l (Angll) receptor (AT:R)7® facilitates vasoconstriction”, augments
sympathetic outflow and peripheral sympathetic nerve activity®?8! and stimulates aldosterone
secretion from the adrenal cortex”82, thus promoting Na+ and HxO retention and elevation in

blood volume?g2-84,

1.3.3 Clinical Anti-hypertensive Agents and Therapeutic Strategies

Reductions in arterial blood pressure may be achieved by reducing peripheral vascular
resistance and / or CO, and compounds that reduce peripheral resistance may also improve
vascular compliance. Due to the different mechanisms of action, drugs of this class differ
structurally and pharmacologically, and thus confer different therapeutic advantages, side-effect
profiles and contraindications. Anti-hypertensives may be classified into five main
pharmacological classes including (-adrenergic receptor (BAR) inhibitors (B-blockers),
diuretics, angiotensin converting enzyme inhibitors, angiotensin Il receptor antagonists and
calcium channel blockers. Other additional classes include alpha-1 adrenergic receptor (a1AR)

antagonists, renin inhibitors and less commonly centrally acting agents.
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1.3.3.1 B-Adrenergic Receptor Blockers

B-blockers are a large class of antihypertensive therapeutics including a range of different
compounds with varying pharmacokinetic and pharmacodynamic profiles. Various mechanisms
of action are thought to contribute to the anti-hypertensive action of B-blockers. Initially, B-
blockers reduce CO as a result of bradycardia and although this can lead to a reflex increase in
peripheral resistance, the resetting of the baroreflex attenuates this effect. Indeed, B:1AR-
blockers significantly reduce myocardial conduction velocity and cardiac automaticity, inducing
a depressor effect on the heart that decreases inotropy and chronotropy®. B-blockers also
reduce sympathetic activity though central actions and via inhibition of presynaptic BARs that
reduces NA release, that inhibits vasoconstriction, renin secretion from kidneys, and decreases
heart rate and contractility®>8. B1AR selective inhibitors (atenolol) in particular are thought to
lower blood pressure though preferential action on cardiac BARs and via unopposed [2AR-
mediated arterial vasodilation. Moreover, some BAR antagonists have been synthesised to
confer partial agonism at B2ARs, antagonist activity at aiARs in addition to NO potentiation, that
enhances small artery. Conversely, in some studies $1AR selective antagonists have not been
found to reduce sympathetic tone and drugs of this class are often associated with a high side
effect profile, including insomnia, hallucinations and depression. Moreover, contraindications

include patients with asthma, atrioventricular block and glucose intolerance.

1.3.3.2 Diuretics

Thiazide diuretics and loop diuretics increase natriuresis and diuresis via different mechanisms.
Thiazide diuretics (e.g. hydrochlorothiazide) act in the kidney within the early distal tubule to
inhibit the Na* / CI- symporter, preventing the reabsorption of Na* and CI- and raising H2O
excretion thus lowering extracellular fluid volume reducing cardiac preload to reduce CO#.
Conversely, loop diuretics (e.g. furosemide and bumetanide) inhibit the Na+ / K+ / 2CI-

cotransporter by competing with CI- binding within the loop of Henle. Loop diuretics reduce blood
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pressure by decreasing plasma volume that decreases venous return thus lowering cardiac

preload and CO.

1.3.3.3 Angiotensin Converting Enzyme Inhibitors

Angiotensin Converting Enzyme Inhibitors (ACEls, e.g. enalapril) inhibit the conversion of
Angiotensin | to Angll peptide. By reducing concentrations of the vasoconstrictor peptide Angll,
ACEls facilitate vasodilation particularly within small resistance arteries. Consequently,
peripheral resistance is decreased thus underpinning the blood pressure lowering properties of
these drugs, although CO remains unchanged®38. Nevertheless, ACEls do not inhibit the
synthesis of Angll via other alternate pathways that may upregulate with chronic suppression

of Angll production.

1.3.3.4 Angiotensin Il Receptor Blockers

Angiotensin Il receptor blockers (ARBs, e.g. valsartan) inhibit the activation of the Angll type |
Receptor (AT1R) with a high level of affinity. In a similar manner to ACEIs, ARBs attenuate the
vasoactive effects of Angll and also attenuate the effects of upregulation of Angll via alternative
enzymatic pathways that is common following administration of ACEls. The haemodynamic
effects of ARBs include vasodilation of small resistance arteries, reduction in vascular
resistance, and blood pressure lowering although CO and heart rate remain unchangedsése,
Moreover, in addition to blood pressure lowering, evidence now suggests that ARBs may play
a role in reverse remodelling of arteries, decreased left ventricular hypertrophy and attenuated
arterial stiffness compared with other anti-hypertensive therapies. Angll antagonists may also
confer additional efficacy by reducing sympathetic transmission, inhibition of acute pro-

inflammatory processes and oxidative stress®s.
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1.3.3.5 Calcium Channel Blockers

Calcium channel blockers (CCBs) are a large class of drugs including dihydropyridines,
phenylalkylamines and benzothiazepine that have different mechanisms and sites of action.
Dihydropyridines (DHPs e.g. nifedipine) primarily act on voltage-gated L-type (long-lasting) Ca?+
channels; a group of calcium channels that open at less negative voltages, or at later stages of
depolarisation®-9', They bind to a specific site on the a; subunit of the Ca?* channel pore and
reduce the rate at which Ca?* ions enter the cell. DHPs have a greater vascular compared with
cardiac selectivity and have little effect on nodal tissue (sinoatrial and atrioventricular) therefore
are not negatively inotropic®2. The vascular selectivity of DHPs is thought to be due to the
depolarised resting membrane potential of smooth muscle cells compared to myocytes because
DHPs bind with high affinity to inactivated states of the channel®3. Conversely, non-DHPs such
as phenylalkylamines (diltiazem) and benzothiazepines (verapamil) show greater selectivity for
cardiomyocytes rather than vascular smooth muscle cells. This is due to the fact that non-DHP
display high use-dependency i.e. bind with greater affinity to L-type Ca?* channel with repeated
opening of the channel that occurs upon cellular depolarisation®. As such, non-DHPs such as
verapamil and diltiazem are known as negative inotropes and lower heart rate due to actions

on nodal tissue.

1.3.3.6 a; Adrenergic Receptor antagonists

Three aiAR antagonists are clinically available for the treatment of hypertension (prazosin,
terazosin and doxazosin) where significant reductions in blood pressure are mediated via
decreases in total peripheral resistance. Vasodilatation is mediated as a result of inhibition of
Gq-phospholipase C (PLC) mediated increases in inositol triphosphate (IPs) and [Ca%)
liberation in vascular smooth muscle cells®. Unfortunately, a major limitation to the use of a;AR

antagonists is sudden severe orthostatic hypertension that often occurs on first dose of the day.
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A list of the common anti-hypertensive agents is included in Table 1.1 and the sites of actions

are depicted in Figure 1.4.

Table 1.1 Common Anti-hypertensive Therapeutics Categorised by Class

Class Compound
Decreased Vascular Resistance
Calcium channel blockers (dihydropyridine) Nifedipine
Alphai adrenergic receptor antagonists Prazosin
Decreased Cardiac Output
Loop diuretics Furosemide
Thiazides Hydrochlorothiazide
Potassium sparing diuretics Amiloride

Aldosterone inhibitors

Calcium channel blockers (non-dihydropyridine)

Beta adrenergic receptor antagonists
Combined Effects
Angll receptor antagonists

ACE inhibitors
Directrenin inhibitors

Spironolactone
Verapamil, Diltiazem
Metoprolol

Valsartan
Captopril
Aliskiren

Arterial Blood Pressure Regulation

AR

Contractility Heart rate Preload
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Figure 1.4. Primary sites of action for common anti-hypertensive therapeutics

This figure was reproduced from Zamponi et al.,?’.
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Sustained impairments in one or several blood pressure regulatory processes may directly
contribute to a chronic elevation in blood pressure, yet it is difficult to dissociate the primary
causative events from secondary consequential factors as patients are usually diagnosed at
various stages of established disease®. Sympathetic over-activity is a key feature of human
hypertension measured by microneurography and NA spill techniques that is also observed in
animal models of CVD®9. In the Goldblatt two-kidney one-clip model (2K1C)%7, impaired
baroreflex sensitivity and cardiac-sympathetic nerve over-activity occur prior to elevations in
arterial blood pressure®’. Moreover, elevated sympathetic nerve activity and vagal depression
are also observed in the spontaneously hypertensive rat (SHR)%-19 as well as in patients with
hypertension2%101 arrhythmia'® and heart failure'93.104 demonstrating the importance of
autonomic balance in cardiac regulation. Nevertheless, interventions that target this
sympathetic phenotype are problematic to develop, due to the anatomical location of the
cardiac-sympathetic ganglia’® and the complex pathophysiological mechanisms involved in
sympathetic over-activity. Surgical approaches such as renal or carotid chemoreceptor
denervation, sympathectomy, and baroreceptor or vagal nerve stimulation provide symptomatic
relief and lead to fewer cardiovascular co-morbidities in hypertension'% as well as reducing the
incidence of ventricular arrhythmia®7.1%, Success following the application of these techniques
underpins the role of dysautonomia in the maintenance of high blood pressure. Nevertheless,
surgical interventions are not without risk'%?, and when introduced clinically have often failed to
reach primary therapeutic endpoints due to heterogeneity in patient populations and patient-
patient variations in responses. An example of this was seen in the SIMPLICITY HTN-1, HTN-
2 and HTN-3 trials for renal denervation in the treatment of resistant hypertension'%®. Outcomes
of the trial suggested that when carried out correctly renal denervation may be beneficial in the
appropriate patient population, although the precise mechanisms that underpin the sustained
reductions in blood pressure remain unclear'0%:110, Currently, the National Health Service (NHS)
cannot routinely recommend surgical interventions such as renal denervation for hypertension

due to the lack of conclusive evidence, although research in this field is ongoing '''. Approaches
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that aim to modulate sympathetic over-activity may have both a therapeutic and physiological
advantage to high risk surgical interventions. Neuromodulation of sympathetic tone will
counteract hypertension-induced cardiovascular damage, whilst retaining sympathetic reserve
to enable cardiac performance during physical exertion. Genetic manipulations that alter cyclic
nucleotide (cN) activity have had some success in attenuating sympathetic over-activity in
hypertensive models, and advances in the field of genetic interventions can only be
advantageous for enabling precise therapeutic targeting'2'13. Moreover, the application of
bioinformatics techniques to primary research observations may help to clarify some the
complex interactions between pathways and their associated cellular and molecular
processes''4119 to enhance our understanding of the underlying pathophysiological processes
that underpin disease initiation and progression'?0-123, However, the question that remains
unanswered; does sympathetic impairment follow the disease itself, or does it actively contribute

to the aetiology and progression of hypertension?

1.4 Animal Models of Hypertension

Throughout history, the application of animals for research purposes has provided anatomical
insight and underpins our current knowledge and understanding of fundamental physiological
concepts’?*. Alongside the expansion of an aging population, societies are now encountering
the emergence of a wide number of problematic and debilitating illnesses. The primary use of
animals in research is to provide physiological context to human pathological observations and
to develop efficacious therapeutics for tackling and preventing disease. In order to develop
relevant models for accurate experimental outcomes, animal models should mimic human
disease pathology and progression with quantifiable characteristics, develop predictable
symptomatic phenotypes that are sensitive to relevant therapeutic interventions and fulfil
economic and animal welfare parameters'?5. However, modelling human disease phenotypes

is often complicated by the multi-factorial nature of disease as well as species-related
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physiological characteristics, comorbidities and differential life-spans. Hypertension is thought
to be both polygenic and multifactorial, thus, a wide-range of animal models have been
developed to study hypertension and the related pathophysiological phenotypes (Fig. 1.5).
These models may be broadly classified as genetic or non-genetic models, and subsequently
categorised by the root mechanism of hypertension inducibility. Of the non-genetic models, the
Goldblatt two-kidney one-clip (2K1C) model of hypertension developed by Harry Goldblatt in
1934 is perhaps the most commonly used model for studying secondary hypertension'?6. The
development of renal ischaemia leads to elevations in RAAS production and decreased diuresis
causing vasoconstriction and increased blood pressure'?”-129. Elevations in renal and cardiac
sympathetic nerve activity'3%-132 and increased chemoreflex sensitivity'33 are also observed. Yet,
the variation in kidney collateral vasculature between species, leads to vast differences in the
duration of blood pressure elevation'?. Transgenic animal experiments are most commonly
conducted in mice due to the wide number of readily available models, however, these models
display a wide range of characteristics and phenotypes depending on the specific mutation'34.
Although transgenic models are considered a model of primary hypertension and commonly
display clinical CVD phenotypes, there are very few clinical cases of hypertension caused by
single gene mutations, therefore the translational relevance for monogenic mutations in mice

and human hypertension may be limited.

The SHR'% is a genetic model of hypertension that was derived from the normotensive Wistar
colony'35, The SHR is one of the most widely utilised models for experimental hypertension?26.136
as the disease progression reflects a typical clinical hypertensive phenotype'® and is also
attenuated by clinical therapeutics. Both Wistar and the inbred Wistar-Kyoto (WKY) are deemed
relevant controls for the SHR since both strains display similar hemodynamic profiles at all ages
as measured using multiple methods including tail cuff and telemetric measurements 97.100,133,137-
141, The SHR displays normal blood pressure at four-weeks of age?3:100.125.139,142-147 jth the early
development of hypertension occurring from five- to six-weeks of age'25139.143,144.147-150  Thjg
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prehypertensive phase enables investigation of the pathophysiological phenotypes prior to the
development of arterial hypertension. Moreover, an autonomic phenotype progressively
develops, mirroring the early clinical phenotype3644-47. Established hypertension develops after

12-weeks in almost 100 % of rats!25139,143,145,147-149,151,152 gnd coincides with the development of

secondary pathologies including impaired baroreflex sensitivity and control of heart rate?3.154,

elevated chemoreceptor sensitivity®5, ventricular hypertrophy'?6.142. cardiac arrhythmia®® and

vascular dysfunction?3.142,146,148,149,151  These phenotypes are also sensitive to clinical blood

pressure lowering interventions'?, making the SHR a highly relevant model for the study of

hypertension (Fig. 1.5).

Animal Models of Hypertension
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l
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Benefit: Essential hypertension is multifactorial
with a genetic component.

l l l

Phenotype Driven Genotype Driven Intervention Driven
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strain. double point mutation.

Surgical methods to
induce renal or neuro
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SHR RAAS genes 2K1C
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associated with renal dysfunction or metabolic
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Endocrine Models

RAAS infusion
DOCA-salt sensitive
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High salt
High-fat / Western diet

Vasoactive Models
Chronic NOS inhibition

Figure 1.5. Animal Models of Hypertension

Animal models of hypertension can be broadly classified into genetic and non-genetic models.
Genetic models may be used as surrogates for modelling primary hypertension and may be
subclassified into phenotype driven or genotype driven models. Alternatively, non-genetic
models provide a surrogate for investigating secondary hypertension and may be
subclassified as surgical (intervention) or endocrine driven. This schematic was modified from

Lerman et al., 129,
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1.5 The Autonomic Nervous System

1.5.1 Overview of Autonomic Regulation

The ‘autonomic nervous system’ coined by Langley in 189857, comprises parasympathetic and
sympathetic branches that provide a reciprocal regulatory link between the central nervous
system (CNS), myocardium, and other peripheral organs® (Fig. 1.1). The regulation of
autonomic tone is dependent on the integration of peripheral afferent signals with higher cortical
inputs that determines the dominance of sympathetic or parasympathetic outflow. Increases in
pressure (baroreflex) or changes in the chemical composition of blood (O, CO., pH, K+, ions;
chemoreflex) activate peripheral afferents that project to the nucleus tractus solitarius (NTS).
Increased transmission from the NTS raises rostral ventrolateral medulla (RVLM) activity, that
elevates sympathetic outflow from the intermediolateral column (IML)'%8.159,  Autonomic outflow
is also influenced by supramedullary nuclei inputs including the paraventricular nucleus (PVN),
periaqueductal gray (PAG) and hypothalamus'®, where the integration of these signals

underpins acute regulation of sympathetic and parasympathetic balance (Fig. 1.6).

1.5.2 Key Milestones in Neuroscience Research: A Brief Historical Perspective

During the last 10 years, the development of progressive technologies has led to exponential
advancements in the field of neuroscience, yet our understanding of the fundamentals and
principles of modern-day neuroscience are underpinned and shaped by two millennia of
discoveries and observations. The Greek physician Herophilus of Chalcedon may be
championed with the first anatomical identification of the nervous system in 335-280 BC'63. By
dissecting the spinal cord, Herophilus observed a physical and communicatory connection
between the brain and peripheral organs. Two types of nerves were correctly described as
motor neurons that could induce “voluntary motion” and sensory nerves “capable of

sensation”'4.165, This work was subsequently supported by Galen and others, but the discovery
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was not appreciated until 1822, when Sir Charles Bell reported the differentiation between motor

and sensory neurons?68,

Forebrain Control Telencephalon

Hypothalamic Control Hypothalamus

Efferent Systems Afferent Systems Level 3

Lower Brainstem Reflexes Nodose

ganglia

Spinal Reflexes

Intrathoracic Reflexes Level 2
Sympathetic
Parasympathetic

Heart Level 1

Cardio-cardiac Reflexes

Intrinsic Cardiac
Nervous System

Figure 1.6. The Neuro-Cardiac Axis

Multiple levels of the neural-axis are involved in cardiac regulation. Autonomic control of the
heart is comprised of several feedback loops including intracardiac neural feedback (level 1),
intrathoracic extracardiac ganglia integration (level 2) and CNS feedback regulation (level
3)'6'. DRG, dorsal root ganglia. This figure was adapted from Hanna et al.,'®" and Shivkumar
et al.,’62,

The birth of modern-day electrophysiology was defined by the observation of electrical signalling
in tissues by Julian Bernstein and Emil du Bois-Reymond’s. In 1865, the first recordings for the
duration and nature of an electrical nerve impulse demonstrated that “an action potential is a
wave that travels along the nerve in both directions away from the stimulus” 67.168. Two decades
later, in 1888, Sydney Ringer inadvertently recognised the fundamental importance of solutions
containing Ca?* ions for maintaining frog heart contractility’®® and identified the close

relationship between Ca?+ and the electrical excitability of cells'. These discoveries proved
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critical, and paved the way for the physiologist John Scott Burdon Sanderson who characterised
and recorded the rate of electrical conduction and propagation throughout the heart'”'. In the
closing decades of the 19t Century, Emil du Bois-Reymond proposed the notion of chemical
transmission, stating “Of known natural processes that might pass on excitation...either there
exists at the boundary of the contractile substance a simulative secretion... or some other
powerful stimulatory substance, or the phenomenon is electrical in nature”72. Subsequently, in
1935 the Nobel Prize in Physiology or Medicine was awarded to Henry Dale and Otto Loewi for
their discoveries relating to neurotransmission, where seminal experiments demonstrated the
role of neurotransmitters in synaptic communication'”2. The field of chemical neurotransmission
was advanced by Ulf von Euler who reported the discovery of noradrenaline (NA) in 1946, for
which he was awarded the Nobel Prize in Physiology or Medicine with Bernard Katz and Julius

Axelrod in 1970.

The field of neuroscience advanced rapidly throughout the 20" Century. In 1952, Alan Hodgkin
and Andrew Huxley'”® discovered that the initiation and propagation of neuronal action
potentials are facilitated by the transition in membrane permeability from potassium ions at rest,
to sodium ions during depolarisation'’4177. This breakthrough led to the realisation that changes
in neuronal voltage underpin ionic changes that facilitate Ca2*-dependent synaptic transmission
and in 1963, Hodgkin and Huxley along with J. C. Eccles were awarded the Nobel Prize in
Physiology or Medicine for their discoveries. The precise mechanisms responsible for
presynaptic neurotransmitter release, however, remained unclear until 1993 where Thomas
Sudhof demonstrated that the fusion of transmitter-containing synaptic vesicles with the
presynaptic membrane depended on the association of a multi-protein complex triggered by
Ca?+, In 2013, Sudhof, J.E Rothman and R.W Schekman were awarded the Nobel Prize in
Physiology or Medicine for their discovery of the molecular machinery and mechanisms involved
in neurotransmitter release, which define our understanding of synaptic transmission
today'78.179,
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1.5.3 Autonomic Dysfunction in Hypertension

The regulation of sympatho-vagal balance plays an integral role in cardiovascular homeostasis
and cardiac responses to physical or emotional disturbances®6.180-182_ The relationship between
the brain and the heart has been observed by many scientists throughout history, but it was
perhaps first recorded in 30 AD by the Roman physician Aulus Cornelius Celsus, who wrote
“fear and anger and any other state of mind may often be apt to excite the pulse” 8. Yet, the
physiological mechanisms responsible for the mind-body connection remained elusive until the
19t Century, whereupon it was discovered that heart rate could be accelerated or decelerated
by stimulation of two antagonistic systems: sympathetic or parasympathetic nerve fibres?57.184-
187 A chronic alteration in sympathetic / parasympathetic balance (dysautonomia) is a well-
established contributor to many CVDs and is strongly linked to clinical outcome and
prognosis?8:101.188-190_ Clinical techniques including microneurographic measurements of human
muscle sympathetic nerve activity?8.191-193 and radiolabelled NA spill-over measurements within
coronary arteries and arterial blood?8:101.130,131.193 consijstently support preclinical observations

that sympathetic activity is elevated in hypertension30:131.190,192,194 gnd other CVDs191.195,

What underpins elevated neurotransmission from sympathetic nerves in hypertension? The
precise mechanisms that initiate and sustain sympathetic over-activity are not clear. Evidence
suggests a potential role for reduced baroreflex sensitivity?”28, elevated chemoreceptor
sensitivity1870.133,196-199 a5 well as impaired afferent reflex sensitivity200-201, Moreover, elevated
sympathetic activity is repeatedly observed using non-invasive microneurography techniques in
young normotensive offspring of hypertensive patientss36:44-46.137.202-208 highlighting a potential
causative role and genetic basis'42209210 for autonomic dysfunction in the aetiology of
hypertension. Nevertheless, it is well-established that SNA is not uniformly altered within each
ganglionic site, where differential sympathetic outflow from regional sympathetic ganglia is

observed?9.95.144,193.211-213 |n primary human hypertension, it has been estimated that 50 % of
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the increase in whole body NA spill-over may be attributed to increased overflow of NA from the
kidneys and heart, where no increase in sympathetic nerve activity has been observed from
ganglia innervating lungs, skeletal muscle or hepatomesenteric arteries?'!. Increased cardiac-
sympathetic nerve activity (cSNA) specifically, is significantly elevated in younger patients that
underpins early elevations in heart rate and CO?'! leading to the development of secondary
pathologies such as hypertrophy?'# cardiac arrhythmia'® and heart failure!04.194,195215216,
Moreover, in a recent sheep model of surgical renovascular hypertension, cSNA was shown to
actively increase during the development of hypertension, where no increase in renal
sympathetic nerve activity (rSNA) was observed'32. Together, preclinical and clinical reports
highlight a critical role for elevated cSNA, specifically, in the initiation and maintenance of
hypertension96:100.130,132,185.217 = \Whether sympathetic over-activity is underpinned by a
combination of impaired reflex pathways that are inappropriately regulated by altered higher
centres inputs or, alternatively, whether pathology arises within peripheral sympathetic ganglia

themselves is not known?g,

1.5.4 Cardiac-Sympathetic Over-Activity in Hypertension

The cervicothoracic sympathetic stellate ganglion located adjacently to T1-T4 of the spinal cord
(Fig. 1.1) preferentially innervates the heart'84218 and as such, exerts the greatest control over
heart rate acceleration, contractility and conduction velocity at the atrio-ventricular node
(AVN)'62, Within the cardiac-sympathetic axis, intrinsic electrical pacemaker activity dictates
resting heart rate and contractility that is increased via sympathetic NA and activation of
myocardial Gas-coupled BARs. Within the sinoatrial node (SAN) the I; or pacemaker current
flows through the hyperpolarisation-activated cyclic nucleotide-gated (HCN) channel. HCN
channels are often described as pacemaker channels as they generate rhythmic activity within
the cells that they are expressed and are highly regulated by cNs2'°. The binding of CAMP to

HCN channels expressed within the SAN lowers the threshold potential of these channels
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required for activation and leads to cellular depolarisation; therefore, elevated levels of NA that
increase myocardial CAMP, lead to increased rates of depolarisation of the SAN subsequently
raising heart rate 220. Conversely within the myocardium, PKA primarily mediates the effects
caused by increased concentrations of BAR-evoked cAMP, and in particular plays a key role in
regulating [Ca?*]; concentrations. A sustained elevation in ventricular myocyte cAMP-PKA
activity when measured by Forster Resonance Energy Transfer (FRET) microscopy??' and / or
reductions in cardiac NO-cGMP signalling?>224 have been shown to enhance Ca?* influx
through L-type Ca?* channels??5-227 and augment Ca2*-induced Ca?* release from sarcoplasmic
reticulum (SR) stores2?8. Greater increases in [Ca?*] leads to larger ventricular contractions,
however sustained elevations in [Ca?*] can also delay repolarisation leading to early after
depolarisations and arrhythmia. Increases in cAMP or decreases in cGMP signalling are now
though to play a key role in the aetiology of hypertension00.130.132,155.217.229 " cardiac remodelling

and hypertrophy?221:230, cardiac arrhythmia'®? 23! and heart failure03.104232 104,194,195,215,216,

1.5.5 Intrinsic Excitability: Regulators of Cardiac-Sympathetic Activity

The N-type Ca?* channel is the primary neuronal voltage gated Ca2* conductance 233234 and as
such, plays a key role in determining cytosolic Ca?* concentrations during an action potential in
sympathetic neurons®:-216235-238 Emerging evidence suggests that N-type Ca?* channel activity
is elevated in cardiac sympathetic ganglia of the preSHR (Fig. 1.7)% and in heart failure2's,
augmenting [Ca?*]; and raising the intrinsic excitability of these nerves?3°. Voltage-gated Ca?+
channel conductance is differentially regulated by kinase phosphorylation9:240.241° where
processes that decrease cGMP-PKG signalling or elevate cAMP-PKA signalling result in a net
increase in Ca?* channel conductance, when measured by voltage clamp in single cell
experiments227.240-245 Thus, processes that selectively modulate the strength of CAMP or cGMP

signals effectively regulate neuronal transmission?227,236-238,246-248
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Figure 1.7. Elevated Calcium Conductance in preSHR Sympathetic Neurons

Whole cell voltage clamp was performed on cardiac sympathetic stellate neurons to
investigate whole cell calcium properties (a). The whole cell Ca?* current is larger in young
preSHR sympathetic nerves compared to age-matched WKY cells (b). -Conotoxin GVIA (1
M) that selectively blocks N-Type Ca2+ Channels (ICso = 0.15 nM)249, significantly reduced
the current N-type Ca?* current to similar levels in both strains. A 75 % reduction was
observed in cells cultured from WKY stellate ganglia and an 83 % reduction was measured
in neurons cultured from preSHR ganglia (b). Solid lines represent the mean of the WKY
(black) and preSHR (red) control data. Dashed lines represent the mean of WKY (black) and
preSHR (red) in the presence of m-Conotoxin GVIA. Data are represented as mean + SEM.
This figure is adapted from Larsen et al.,.

Nitric oxide (NO) plays a critical role in regulating cardiovascular haemodynamics, however, the
discovery of an endogenous role for NO has a long history. In 1859, Fredrick Guthrie found that
the inhalation of amyl nitrite had significant cardiovascular modulating properties “...one of the
most prominent of its properties is the singular effect of its vapour, when inhaled, upon the
action of the heatrt... after about 50 seconds, a sudden throbbing of the arteries of the neck is
felt...”250, Subsequently, in the late 1860’s, the haemodynamic effects produced by amyl nitrite

were explored and described by Thomas Lauder Brunton “The diminished blood-pressure might
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be due to either a lessened power of the heart, or a dilatation of the arteries and a consequently
diminished resistance”251.2%2_ 1t took almost a whole century, however, until a physiological role
for NO was described. Indeed, NO was found to induce significant vasorelaxation when applied
to cultured cells that was shown to be dependent on the activation of soluble guanylyl cyclase
(sGC) and 3',5'-cyclic guanosine monophosphate (cGMP)2%3. This discovery by Ferid Murad
raised the question as to whether NO might serve as an endogenous signalling molecule.
Concurrently, during the 1980’s Robert Furchgott and John Zawadski made the serendipitous
observation that only blood vessels with an intact endothelium would relax in response to
acetylcholine, leading to the proposition of an endogenous ‘Endothelial-derived Relaxing Factor’
(EDRF) released from endothelial cells onto the underlying smooth muscle layer254.255, In 1988,
Salvador Moncada?%¢ and Louis Ignarro?%” united these ideas independently, and each reported
that EDRF was in fact NO, and that NO was released endogenously from endothelial cells onto
smooth muscle cells of blood vessels, facilitating vasodilation2%6 257, Subsequently, the Nobel
Prize in Physiology or Medicine was awarded to Murad, Furchgott and Ignarro in 1998 for their
contributions towards the discovery of NO as an endogenous signalling molecule?%. It is now
well established that NO is synthesised constitutively in a wide range of tissues by the action of
NO synthase enzymes (NOS) for which three isoforms have been identified: neuronal (hNOS,
NOS1), endothelial (eNOS, NOS3) and inducible (iINOS, NOS2)%. The NOS enzymes are
preferentially expressed in a distributed number of organs and tissues and NO plays a key role
in cardiovascular regulation, relaxing vascular tone and modulating sympatho-vagal

activity?259.260,

23



Chapter 1. Introduction

a. WKY b. preSHR
Membrane Voltage (mV) Membrane Voltage (mV)

-50-40-30-20-10 | 10 20 30 42/5}9 -50-40-30-20-10 | 10 20 30 40 50

i

Normalised Current (pA/pF)

1150
C. Peak Current (-10 mV) d.
™ WKY SHR
o 0 : E : 3 cAMP
< : : i : «
S PKA/ ! Acﬁ
B osoii
3> : i ]
O : 5 ~—— cGMP
ks P = PKG ™~
@ -1007 | o / sGC AP
: (=1 veece \
g / 2 NO

-150-
50 Caz2.2 B / _4_ @
— WKY (n=10) NA) AP

..... WKY 8b-cGMP (n=7) X
— preSHR (n=10)
..... preSHR 8b-cGMP (n=7)

Figure 1.8. cGMP Reduces Calcium Conductance in preSHR Neurons

To ascertain whether cGMP signalling inhibits Ca?* currents, whole cell voltage clamp was
performed on WKY (a) and SHR (b) sympathetic neurons in the presence of a cGMP
analogue 8-bromo-cGMP (8b-cGMP, 100 uM). 8bcGMP significantly reduced the elevated
preSHR calcium currents to levels that were no longer greater than WKY calcium currents.
Moreover, 8b-cGMP had no significant effect on the WKY calcium current (c). Solid lines
represent the mean of the WKY (black) and preSHR (red) control data. Dashed lines
represent the mean of WKY (black) and preSHR (red) in the presence of 8b-cGMP. Data are
represented as mean + SEM. Panels a-c are adapted from%. Model diagram represents N-
type Ca?+ channel control by PKA and PKG; where PKA augments and PKG inhibits channel
conductance. A model figure is depicted in (d) where NO-cGMP signalling pathways are
decreased (blue) and cAMP-PKA signalling pathways are increased (pink) in disease. VGCC,
voltage-gated calcium channel.
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Within the vasculature NO is known to play a key role in regulating vascular blood flow, where
NO released from endothelial cells acts on neighbouring vascular smooth muscle cells leading
to vasorelaxation of large arteries. Unsurprisingly, impaired NO bioavailability is now known to
be a key feature of endothelial dysfunction and also plays a key role in hypertension. The role
of eNOS in regulating endothelial-dependent vasodilation is well known, however, more recently
the importance of NNOS in the regulation of blood pressure maintenance has been recognised
and. Preclinical studies have demonstrated that nNNOS-dependent NO plays a key role in blood
pressure regulation via reductions in sympathetic outflow from the CNS, alterations in baroreflex
responses and attenuated BAR-evoked responses within the myocardium. Recently these
findings have been confirmed in humans thus supporting preclinical evidence for the importance

of nNOS in the regulation of blood pressure and peripheral resistance.

NO generated from nNOS is also a key player in sympathetic nerve activity regulation. In the
SHR, impaired NO generation via nNOS99.113.260-263 and downregulation of sGC''3 leads to
significant reductions in cGMP production and PKG activity®.113.262 that is critically linked to
elevations Ca?* conductance (Fig. 1.8)% contributes to the increased firing rate and spike
amplitude observed in models of hypertension2'6239.264.  Consequently, it appears that
processes coupled to NO-cGMP are critically impaired in cardiac sympathetic nerves early in
disease, thus exacerbating or underpinning the observed Ca?* phenotype in models of
hypertension 96113262 Whether adaptations in up-stream mediator reactivity (e.g. changes in
GPCR membrane expression or alternate AC isoform activity) play a significant role in impaired
cAMP and/or cGMP signalling in sympathetic neurons in hypertension remains to be

established.
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1.5.6 Phosphodiesterase Enzymes: Regulation of Cyclic Nucleotides

Phosphodiesterase enzymes (PDESs) regulate ion channel activity through selective termination
of either cAMP and/or cGMP signals?25226.248; therefore, the acute spatial and temporal
regulation of cN levels by PDEs is critical for maintaining a fine-balance between PKA- and/or
PKG-mediated effects 265266, PDEs are a superfamily of enzymes (PDE1-11) that may be
categorised by their specificity for either cAMP, cGMP or both cNs?267:268, Five PDE isoforms
(PDEs: 1, 2, 3, 10, 11) possess affinity for both cAMP and cGMP?266269 (Table 1.2) acting as a
point of convergence for CAMP/cGMP signalling cascades?7%27! (Fig. 1.9). As such, impairment
of one of the cN signalling arms may correlate with defective signals in the alternative
cascade?”2. Mutations in genes encoding PDEs have been observed in preclinical models and
several human CVDs ?224230266270273-279 gnd these data provide compelling evidence for a
significant role of impaired PDE activity in the pathophysiology of hypertension2. In human and
rat stellate sympathetic ganglia, PDE2A activity is reportedly elevated in hypertension262280 and
previous reports indicate that this elevation results in preferentially diminished cGMP-PKG
signalling®6-262, Moreover, genetic over-expression of PDE2A in neuronal stellates has been
shown to recapitulate the sympathetic Ca?* phenotype seen in disease?%?. Which specific PDE
isoforms are present in the sympathetic stellate ganglia and the relationship between the PDE

superfamily and sympathetic over-activity remains to be established.

Table 1.2. Phosphodiesterase Isoforms and Cyclic Nucleotide Substrates

Substrate Specificity PDE Subtype
cAMP 4,7,8
cGMP 56,9

Dual Specificity (CAMP / cGMP) 1,2, 3,10, 11
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Figure 1.9. Voltage-gated Calcium Channel Regulation by Cyclic Nucleotides

PDEs reduce cN activity, and are also regulated by cNs themselves, forming a point of
convergence between the two cN signalling pathways. Signalling via cAMP and cGMP leads
to activation of the protein kinases, PKA (isoforms PKA-I and PKA-Il) and PKG (PKG-I)
respectively. cAMP-PKA signalling has a stimulatory effect on voltage-gated calcium
channels, where PKG has an inhibitory effect on calcium conductance. GPCR, G-Protein
Coupled Receptor; GRK, GPCR Kinase; AC, adenylyl cyclase; NO, nitric oxide; sGC, soluble
guanylyl cyclase. This figure was adapted from Zhao et al., 226
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1.6 Conclusion

Several key sympathetic adaptations are reported in models of neurogenic hypertension,
including increased neuronal firing rate and burst frequency?3928!, elevated and aberrant
regulation of [Ca?*]; that facilitates exocytosis''3282, decreased transmitter reuptake?83-287 and
alterations in inhibitory feedback systems coupled to intracellular signalling cascades?00288,
Establishing which molecular and biochemical alterations occur in rat and human sympathetic
ganglia prior to elevations in blood pressure may be considered critically important for
advancing our understanding of the pathophysiology of hypertension and the development of
new diagnostic technologies as a way to facilitate precise therapeutic targeting. The overall
objective of this thesis was to establish which gene transcripts are altered in hypertensive rat
stellate ganglia and to confirm the presence of these genes in stellate ganglia from human
donors to give this work translational relevance. Using this transcriptomic dataset, | have aimed
to identify targets that may be functionally impaired in the hypertensive model and to test these
hypotheses using a combination of fluorescence microscopy and cellular and molecular

biochemistry techniques.

28



Chapter 1. Introduction

1.7 Thesis Aims

My specific aims were:

1.

To establish whether the observed Ca?* phenotype in the stellate ganglia may be
underpinned by changes in gene transcription in rat models of hypertension.

To assess whether changes in gene transcription correlate with physiological alterations
in protein expression and / or the activity of intracellular signalling pathways.

To determine whether receptor pathways coupled to cN generation are altered in the
SHR stellate ganglia and to ascertain whether these pathways influence exocytosis.

To quantify catecholamine release and to gain an overview of neurotransmitter/co-
transmitter profiles from healthy and diseased sympathetic stellate ganglia.

To confirm key observations in human donor stellates for contextual relevance i.e. are

our a priori transcripts conserved?
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General Methods
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2.1 Introduction

This chapter examines the methods used to investigate the sympathetic stellate ganglia
phenotypes in adult hypertensive SHR, young prehypertensive SHR (preSHR) and age
matched normotensive Wistar control rats. First, | present an overview of the surgery required
for sympathetic stellate ganglia dissection and describe the techniques required for culturing
sympathetic stellate neurons. Secondly, | describe a protocol for immunocytochemistry and
confocal imaging. Thirdly, | describe the optimisation and experimental techniques employed to
measure intracellular cAMP, PKA using FRET microscopy and [Ca2*]i using live Ca?* imaging.
Fourthly, | describe the techniques and optimisation parameters for RNA extraction. Fifthly, |
describe the differential expression, gene ontology and pathway analyses for RNA sequencing
(RNA-seq) data between hypertensive and normotensive rats. Finally, | explain the methods for
quantitative real-time polymerase chain reaction (qRT-PCR), in addition to the biochemical

approaches for measuring protein levels and enzyme activity.

2.2 Animals

Three- to five-week-old male young SHR (preSHR; 70-120 g), 12- to 14-week-old (300-3409),
and 16- to 20-week-old male SHRs (340-380 g) with established hypertension, and age-
matched normotensive Wistar control rats were obtained from Envigo, UK. At this age, the SHR
are classified as prehypertensive as blood pressure is not elevated relative to control rats until
six-weeks of age'?, but sympathetic activity is already increased'. All rats were housed in
standard plastic cages and artificial lighting was fixed to a natural 12-hour light/dark cycle. Food
and water were available ad libitum. All experiments were performed in accordance with the UK
Home Office Animal Scientific Procedures Act 1986 (ASPA) and approved by the University of
Oxford (PPL 30/3131; David J. Paterson). Rats were anaesthetized in an induction chamber (3-
5 % isoflurane) and humanely killed by a Home Office approved Schedule 1 method: overdose
of pentobarbital (Euthatal, 200 mg/ml) and exsanguination.
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2.3 Isolation of Rat Sympathetic Stellate Neurons

Cardiac-sympathetic stellate ganglia were cultured into a single cell preparation to investigate
the cellular and molecular properties of stellate neurons from hypertensive and prehypertensive

rats compared with stellate neurons from healthy control rats.

2.3.1 Cardiac-Sympathetic Stellate Ganglia Dissection

The sympathetic stellate ganglia (cervicothoracic ganglia) are located alongside vertebrate T1
to T4 (Fig. 2.1,a). The stellate ganglia are the primary sympathetic ganglia that innervate the
heart'®?, and as such exert the greatest control over increases in heart rate and contractility.
Cardiac stellate ganglia were identified by their anatomical location and distinct morphology
(Fig. 2.1,b). Ganglia were removed and dissected from the right and left sides of the spinal
column, and combined for culturing to increase cell yield. The dissected were ganglia were

placed in ice-cold Hank’s Balanced Salt Solution (HBSS).

2.3.2 Neuronal Isolation from Rat Sympathetic Cardiac-Stellate Ganglia

Stellate ganglia dissociated into single cell neurons using a previously described method 28°.
Stellate ganglia were de-sheathed from surrounding connective tissue and sub-dissected into
small (1 mm3) pieces. Stellates were enzymatically digested with collagenase (Type IV, 1 mg/ml,
Worthington) in Ca?+ and Mg?+-free Dulbecco’s phosphate-buffered saline (dPBS) in a shaking
water bath (37 °C , 18-30 mins) with the duration of digestion determined by the age of the
animal and size of the ganglia. Collagenase was removed and replaced with trypsin (TRL3, 1
mg/ml) in dPBS without Ca?+ and Mg?* (37 °C , 18-30 mins). Following trypsin incubation, the
stellates were washed with neuronal blocking medium (Table 2.1) that was temperature-
equilibrated prior to use (37 °C), to inhibit enzyme activity. The ganglia were dissociated into a
single-cell suspension in a 15 ml falcon tube via manual trituration using fire-polished Pasteur

pipettes in a temperature equilibrated (37 °C) neuronal plating medium (Table 2.1). The cell
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suspension was left for 2-3 minutes for large debris to settle at the base of the tube, and the top
0.5 ml of solution removed and placed in a plastic petri dish (6 cm diameter). Fresh temperature-
equilibrated (37 °C) neuronal plating medium (0.5 ml) was added to the tube and this process
was repeated five to six times until an appropriate number of cells were collected in the petri
dish. The cell suspension was added to 4-well plates (10 mm diameter) containing poly-D-lysine
/ laminin-coated glass coverslips (6 mm, VWR International) and the cells were incubated in

neuronal plating medium (37 °C , 95 % O2/ 5 % COy) for 2-3 days until required for use.

2.3.3 Preparation of Culturing Media

The media used for the isolation and culturing of isolated sympathetic neurons was based on
methods previously described?®. Modified Leibovitz’s L-15 neuronal blocking medium
contained: 96.8 % L-15 medium supplemented with 0.6 % D-(+)-glucose solution, 2 mM L-
glutamine, 100 units/ml penicillin, 100 ug/ml streptomycin, 10 % foetal bovine serum (FBS).
Modified Leibovitz’s L-15 plating medium contained: L-15 medium (90 %) supplemented with
24 mM NaHCOs, 38 mM glucose, 50 units/ml penicillin and 50 pg/ml streptomycin, 50 ng/ml
Nerve Growth Factor (NGF), 10 % FBS. The solution was adjusted to pH 7.6 and all media were
filter sterilised (0.2 um filter) before storage at -20 °C. A list of the media constituents are

included (Table 2.1).

Table 2.1. Neuronal Blocking and Plating Media

Neuronal Blocking Medium Neuronal Plating Medium
96.8 % L-15 Medium 90 % L-15 Medium
2 mM L-glutamine 24 mM NaHCOQO,
0.6 %D-(+)- Glucose solution 38 mM Glucose
0.5 % penicillin/streptomycin 1 % penicillin/streptomycin
10 % FBS 50 ng/ml NGF
10 % FBS
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Figure 2.1. Anatomical and Morphological Characteristics of Stellate Ganglia

The cervicothoracic stellate ganglia are located bilaterally, and are localised adjacently to the
spinal cord vertebrate T1-T4 (a). The stellate ganglia project to different anatomical sites via
distinct ganglionic projections (b). These include Cr.B that represents the cranial branch of
the subclavian loop, Caud. B that projects to the caudal branch of the subclavian loop. CCN
corresponds to the caudal cardiac nerve. T; and T, are connecting branches to the spinal
nerves. VN represents the vertebral nerve and ST is the inter-ganglionic branch of the
sympathetic trunk. The size of the stellate ganglion increases during the first 2 months from
birth. Based on the observations in this thesis and previously reported observations?'®, the
size of the rat stellate ganglia ranges from ~2-3 mm in young 3- to 6-week-old rats, to ~4-6
mm in adult 12- to 20-week-old rats. Human stellate ganglia are characterised by three major
morphological groups including fusiform-rounded (c./), fusiform elongated (c.ii) and bi-lobed
(c.iii). No fusiform-rounded ganglia were observed on the right-side in human. Scale bar 1 cm.
Panels are adapted from htip://www.brainkart.com/article/Sympathetic-Trunk 14914/ (a),
Korzina et al., (b) 2'8 and Kwon et al., (c) 105,
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2.3.4 Preparation of Poly-D-Lysine / Laminin Coated Coverslips

Poly-D-lysine was prepared to a stock solution (1 mg/ml) in double distilled H>O (ddH-0) with
borate buffer (borax, 4.75 mg/ml) and boric acid (3.1 mg/ml) and stored at -20 °C. Glass
coverslips (6 mm, VWR International) were coated in poly-D-lysine solution (0.1 mg/ml) over-
night at room temperature before washing with ddH>O. Coverslips were dried and kept in the
refrigerator (4 °C) for one month. On the day of use, poly-D-lysine-coated coverslips were
placed in a laminin solution (30 I laminin with 720 pl Leibovitz’s L-15 solution) and incubated

for three to four hours, before removal of the solution prior to cell plating.

2.4 Immunocytochemistry

Immunofluorescence was carried out to identify the expression of receptors of interest on
tyrosine hydroxylase (TH) positive sympathetic neurons. Sympathetic stellate neurons were
cultured from three- to five-week preSHR and age-matched Wistar control rats as described,
and cells were plated on poly-D-lysine / laminin pre-coated coverslips (12 mm; BD Bioscience).
Stellate neurons were fixed with paraformaldehyde (2 %, 5 mins) before blocking and
permeabilising with a solution containing goat serum (10 %), bovine serum albumin (0.3 %) and
Triton X-100 (0.1 %) in dPBS without Ca?* and Mg?*+ (1-hour, room temperature). Cells were
washed thoroughly with dPBS (3 x 10 min) and incubated in primary antibodies (1-hour, 37 °C).
The antibodies used in this thesis and their concentrations are listed in Table 2.2. Cells were
incubated with the appropriate secondary antibodies (Table 2.2) for 2 hours (37 °C) before they
were mounted on microscope slides using DAPI-containing medium to label nucleii
(Vectashield, Vector Laboratories). The slides were sealed with nail polish and kept refrigerated
in the dark (4 °C) until required. For negative control experiments, no primary antibodies were
used. Cells were imaged using 40X or 60X objectives on a confocal microscope (Zeiss LSM
880 Airy Scan Upright Confocal) and data were captured using Zen Black software. Z-stack

images were combined into stacks and cell sizes measured using Fiji software (ImagedJ)2912%2,

35



Chapter 2. General Methods

Table 2.2. List of Primary and Secondary Antibodies and Optimal Dilutions

Reactivity Antibody Derivation Catalogue Dilution
™ Anti-Tyrosine Hydroxylase Monoclonal Mouse IgG1 T1299, Sigma 1:250
B,AR Anti-beta 1 Adrenergic Receptor Rabbit polyclonal IgG Ab3442, Abcam 1:100
B,AR Anti-beta 2 Adrenergic Receptor Rabbit monoclonal IgG [EPR707(N)] Ab182136, Abcam 1:200
a,,AR Anti-alpha 2a Adrenergic Receptor Rabbit polyclonal IgG Ab92650, Abcam 1:100
AT,R  Anti-Angiotensin Type 1 Receptor Goat polyclonal IgG sc-31181, Santa Cruz  1:100
Mouse Secondary AlexaFluor A488 Goat Invitrogen general 1:1000
Rabbit Secondary AlexaFluor A647 Goat Invitrogen general 1:1000
Goat Secondary AlexaFluor A647 Donkey Invitrogen general ~ 1:1000

2.5 Forster Resonance Energy Transfer (FRET)

2.5.1 FRET Overview

Cyclic nucleotide signalling is a rapidly expanding field of research. With the development of
improved methods for detecting cAMP and cGMP signalling, cNs are now known to be involved
in the amplification and regulation of a wide-range of cellular effects, where impaired signalling
plays a key role in the pathophysiology of several diseases 266278293, As mentioned in Chapter
One, cNs play a critical role in regulating [Ca?*]i through activation of protein kinases that
modulate voltage-gated ion channel activity??6234. Emerging evidence suggests that cN
cascades may play a role in sympathetic over-activity through altered phosphorylation of voltage
gated N-type Ca?* Channels that results in elevated Ca?* conductance®. In this thesis, FRET
microscopy was utilised to measure real-time cAMP generation and PKA activity in sympathetic
stellate neurons in response to pharmacological stimuli. FRET microscopy is a reliable and
sensitive method that has been developed for the investigation of real-time intracellular
signalling dynamics, and is most commonly used for the measurement of cNs and their effectors
(protein kinases)?265266:294  Prior to the development of FRET sensors and advancements in
fluorescence microscopy techniques, radioimmunoassays2% or protein-binding assays2%¢ were
the primary techniques for measuring cN activity within tissues, yet these assays were limited

by their lack of sensitivity (i.e. measurements were conducted in tissues rather than single cells)
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and their inability to measure fast, dynamic changes in cN generation and inhibition. In the last
20 years, significant advances in technology have led to the development of genetically-
encoded FRET probes that are able to successfully measure rapid changes in cN signalling

with high spatiotemporal resolution in single cells 2°7:298,

2.5.2 cAMP FRET Sensors

CcAMP is a ubiquitous second messenger protein that regulates physiological processes on a
millisecond scale, via acute targeting of several downstream proteins?®. These include PKA
that phosphorylates a plethora of intracellular targets, cN-gated ion channels (CNCG) 2%, two
isoforms of Exchange Protein directly activated by cAMP (Epac1, Epac?2) 3% and the Popeye
domain-containing (POPDC) family of proteins3'. The first FRET sensors designed to measure
cAMP were developed in the early 2000’s 297:302 and were based on the structure of PKA. FRET
describes an energy transfer process, where electrons are transferred from a donor to an
acceptor fluorophore when the fluorophores are in close proximity (<10 nm). This transfer of
energy changes the emission wavelengths of the sensor fluorophores, which can be used as a
surrogate for the molecule of interest. The first improvements in the development of cAMP
indicators were achieved by modifying the structure of the FRET backbone to mimic the high
affinity, CAMP-binding domain of Epac1 303305, This new generation of Epaci-based cAMP
FRET sensors 2526 exhibited several advantages over the initial PKA-based FRET sensors by
the incorporation of a single cAMP-binding domain and backbone mutations that prevented
catalytic activity 393-305. The cAMP FRET sensors Epac1-H30 and Epac1-H187 cAMP were used
in this thesis. Epaci1-based FRET sensors are described as loss-of-FRET sensors because in
its native structure (i.e. low cAMP) the donor and acceptor fluorophores are in close proximity
(~10 nm), whereas the binding of cAMP relieves Epac1 from its closed conformation driving the
fluorophores further apart 303, Secondary improvements to the Epac1 sensor construct were

made by the development of a cytosolic-localised, catalytically inactive sensor with a greater
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dynamic range than previous sensors3%, This was achieved through the mutation of the catalytic
sequence Dishevelled-Egl-10-Pleckstrin (DEP) into a catalytically dead variant, to generate the
cyan fluorescent protein (CFP) and yellow fluorescent protein (YFP) labelled FRET sensor

(CFP-Epaci1-(dDEP-CD)-YFP), known as Epac1-H30 (Fig. 2.2).

Epac1-H30 Sensor

CFP . Epac1 (5DEP-CD) YFP

b. FRET Loss-of-FRET

ex. 430 nm em. 480 nm

ex. 430 nm
"

AC Activity
>

" PDE Activity
Epaci

Epac1

Figure 2.2. Epac1-H30 FRET Biosensor Construct and Mechanism

The Epac1-H30 FRET sensor construct is based on the native Epaci structure. Mutations
were made in the Dishevelled-Egl-10-Pleckstrin (DEP) to obtain a catalytically dead variant
(6DEP-CD). Two fluorophores cyan fluorescent protein (CFP) and yellow fluorescent protein
(YFP) are attached to the Epac1 backbone3% (a). At low cAMP concentrations, Epac1-H30
resides in a closed conformation, enabling electron transfer (i.e. FRET) between the
fluorophores. When concentrations of cAMP increase, a cAMP molecule binds Epaci,
relieving the sensor of its closed structure driving the fluorophores further apart preventing
electron transfer (i.e. loss-of-FRET) shifting the emission wavelength preferentially from a
yellow towards the blue spectra. AC, adenylyl cyclase; PDE, phosphodiesterase. Panel b was
adapted from Zaccolo, 2015 306,
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Epac1-H187 (classified Epac-SH'87 by the developers®®?) is a modified 4" generation loss-of-
FRET sensor generated by Jalink et al., 397 that was incorporated into a viral vector by Dr.
Lefkimmiatis for improved transduction into mammalian cells®%. The development of Epac1-
H187 FRET biosensor incorporated a superior donor fluorophore (mTurquoise2) and two copies
of an optimised acceptor fluorophore, the circular permutated Venus (cp'”3Venus) which is pH
and UV insensitive and more efficient in energy absorption than YFP (Fig. 2.3) 308. A point
mutation introduced into Epac1 (Q270E) also increased the affinity for of the cAMP-binding
domain by more than 2.5-fold307. Accordingly, Epac1-H187 has a vastly improved dynamic

range, increased brightness and photostability compared with Epac1-H30 307

Epac-S"'®” Sensor

mTurquoiseZ. Epaci (Q270E 6DEP-CD) cp'Venus cp'”®Venus
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Figure 2.3. Epac1-H187 FRET Biosensor Construct and Mechanism

The Epac1-H187 FRET sensor construct is based on the native Epaci1 structure. Mutations
were made in the Dishevelled-Egl-10-Pleckstrin (DEP) to obtain a catalytically dead variant
(6DEP-CD). The point mutation in Epac1 (Q270E) to increase the affinity of the cAMP-binding
domain. The addition of an improved donor fluorophores mTurquoise2 (mTurg2) and two copies
of the circular permutated Venus (cp'73Venus) increased the dynamic range and stability of the
Epac1-H187 FRET sensor compared to previous variants 397 (a). At low cAMP concentrations,
Epac1-H187 resides in a closed conformation, enabling electron transfer (i.e. FRET) between
the fluorophores. Increasing concentrations of CAMP prevent electron transfer between the
fluorophores (i.e. loss-of-FRET) shifting the emission wavelength preferentially from yellow
towards the blue spectra. AC, adenylyl cyclase; PDE, phosphodiesterase. Panel b was adapted
from Zaccolo, 2015 308,
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2.5.3 PKA FRET Sensor

To detect subtle changes in PKA activity, sympathetic neurons were transduced with the
cytosolic A kinase Activity Reporter 4 (AKAR4) FRET sensor. The AKAR4 construct was
generated by Depry et al.,3% by placing a substrate for PKA (phosphorylation sensing domain,
PSD) and a ‘molecular switch’ between the donor (Cerulean) and acceptor (cp'”3Venus)

fluorophores3%°,

AKAR4 Sensor

a.

Cerulean . FHA1 LRATTLVD |  cp'@Venus
b. No FRET Gain-of-FRET
ex. 430 nm em. 480 nm ex. 430 nm

N/

Z

3

5
=

& PKA Act|V|ty:

<

PP Activity

& &

FHA1 LRATTLVD FHAY  LRATTLVD

Figure 2.4. AKAR4 FRET Biosensor Construct and Mechanism

The cytosolic A kinase Activity Reporter 4 (AKAR4) 3%° was generated by placing a substrate
for PKA (phosphorylation sensor, LRATTLVD) and a high affinity ‘molecular switch’ (FHA1)
between the donor (Cerulean) and acceptor (cp'3Venus) fluorophores. with low PKA activity,
the FRET sensor resides in an open conformation preventing electron transfer between the
fluorophores (i.e. no FRET). When PKA activity increases, the phosphorylation of the
phosphorylation sensor (LRATTLVD) enables its binding to FHA1 resulting in a
conformational change in the FRET sensor that brings the fluorphores in close proximity
enabling electron transfer (i.e. gain-of-FRET). This shifts the emission wavelength
preferentially from a blue towards the yellow spectra. PKA, protein kinase A; PP,
phosphatase. Panel b was adapted from Zaccolo, 2015 306,
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Phosphorylation of the phosphorylation-sensing domain (LRATTLVD) by PKA, enables the PSD
to bind a phospho-amino acid binding sequence, initiating a conformational change that
facilitates close proximity of the two fluorophores (Fig. 2.4). The phospho-amino acid binding
domain selected for AKAR4 was a phospho-threonine binding Forkhead Associated Domain |
(FHA1) due to its high affinity to the PSD sequence3®. As AKAR4 is a surrogate substrate for
PKA, activation of the sensor reflects the activity of PKA, therefore, when pharmacological
agents activate targets upstream of PKA (e.g. Gas-coupled G-protein Coupled Receptor
(GPCR) agonists or AC activators) the FRET change observed reflects the amplification of the

CcAMP second messenger signalling systems310

2.5.4 Generation and Amplification of FRET Sensors

2.5.4.1 Epac1-H187

The Epac1-H187 vector was made by Dr. Lefkimmiatis. The mammalian expression vector
pcDNA3 encoding Epac-SH'87 developed by Klarenbeek J et al.,37 was digested with the
restriction enzymes EcoRI and Hindlll yielding the complete Epac-SH'87 open reading frame and
introduced in the pDual vector. Ad-CMV-Epac1-H187 was generated, amplified, purified and

titrated to stock containing 3.2 x10'° viral particles/ml (PFU / ml) by Vector Biolabs.

2.5.4.2 AKAR4

Ad-CMV-AKAR4 was amplified, purified and titrated to stock containing 8.4 x 1010 viral particles

(PFU/mI) by Vector Biolabs.

2.5.4.3 Epac1-H30

Ad-CMV-Epac1-H30 stock (sourced from Vector Biolabs) was amplified in HEK293T cells. The
Ad-CMV-Epac1-H30 virus was purified and titrated to a final concentration 7.9 x 10" PFU / ml

using an adenovirus purification kit (Puresyn, Inc., US).
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2.5.4.4 HEK293T Cell Culture

Human Embryonic Kidney (HEK293T) cells were placed in a pre-heated water-bath for two
minutes (37 °C) to defrost from storage (-80 °C). Cells were added to a 15 ml falcon tube
containing pre-warmed growth medium (10 ml, 37 °C) and centrifuged for three minutes (1000
xg). The supernatant was removed and the cell pellet was resuspended in 14 ml fresh growth
medium (Table 2.5). Cells were transferred to a 25 cm? culture flask (T25) and incubated for
two- to three-days (37 °C, 5 % CO.) before expansion into 175 cm? culture flasks (T175).
HEK293T cells were passaged at 70% to 80 % confluency. The medium was replaced every
two- to three-days days as required. During passage, growth medium was carefully aspirated
from the cells before rinsing with dPBS. Trypsin-EDTA (0.05 %, 3 ml T25 Gibco) was added for
three- to five-minutes to release the cells from the flask and the HEK293T cells (10 ml) were
resuspended in growth medium (40 ml, T175) before mixing carefully. The cell suspension was
divided equally between 175 cm? sterile flasks and additional growth medium was added to

each T175 flask to make a final volume of 50 ml.

2.5.4.5 Ad-CMV-Epac1-H30 Amplification

To amplify the Epac1-H30 adenovirus, five 175cm3 culture flasks containing confluent HEK293T
cells (70 % to 80 %) were transfected with Epac1-H30 viral stock (3 uL / flask) diluted in fresh
(40 ml) infection medium (Table 2.3). Cells were incubated (37 °C , 5 % COy) for three- to five-

days days until a complete cytopathic effect was evident in 70% to 80 % of HEK293T cells.

2.5.4.6 Ad-CMV- Epac1-H30 Harvest and Purification

The cell fragments and lysate were harvested from T175 flasks and centrifuged for 10 minutes
(500 xg, 4 °C). The pellet was resuspended in infection medium (5 ml) and lysed by three rapid
freeze-thaw cycles in liquid nitrogen. The lysate was centrifuged (10 minutes, 500 xg, 4 °C) and

the cell debris in the pellet was discarded. The supernatant was collected and filter sterilised
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(0.2 um). An adenovirus purification kit (Puresyn) was used to elute the viral stock as per the
manufacturer’s instructions. Benzonase (25 U / pl) was added to the virus lysate, incubated for
30 minutes (37 °C) and the solution was diluted with 10X Dilution Buffer. An ‘Adenopump’
(Puresyn) was equilibrated using equilibration buffer and the diluted lysate was loaded onto a
virus-binding module. The virus-loaded module was washed with equilibration buffer before the

virus was eluted with elution buffer and filter sterilised with a vacuum pump (0.2 pm).

2.5.4.7 Ad-CMV-Epac1-H30 Titration and Quantification

Spectrophotometer measurements were used to quantify the virus RNA in the samples. A blank
sample of elution buffer was used to calibrate the spectrophotometer. The absorbance in the
adenovirus stocks (10 %, 20 % in elution buffer) were measured (two repeats). A 260/280 nm
ratio was obtained and the background (blank sample) was subtracted from these values. For
RNA, a ratio between the range 1.17-1.35 was required. Equation 1 was used to calculate the
concentration of the number of virus particles capable of forming plaques (plaque forming units;

PFU) per unit volume. The final Epac1-H30 concentration was calculated as 7.9 x 10"" PFU/m.

Equation 1.

Viral Stock (PFU/ml) = Value at 260 nm x 10 x dilution factor x 1.1 x 1012

2.5.4.8 HE293T Cell Media

The media used for HEK293T cell culture and infection are included in Table 2.3. Growth
Medium for HEK293T cells contained: 89 % Dulbecco’s Modified Eagle Media (DMEM, Gibco)
supplemented with 2 mM L-glutamine, 10 % heat inactivated FBS, 1 % Penicillin-Streptomycin.
Infection Medium for HEK293T cells: 97 % DMEM with 2 mM L-glutamine, 2 % heat inactivated

FBS, 1 % Penicillin-Streptomycin. Cell media were filter sterilised (0.2 um) and stored at -20°C.
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Table 2.3. HEK293T Growth and Infection Media

HEK293T Growth Medium HEK293T Infection Medium

89 % DMEM 97 % DMEM
2 mM L-glutamine 2 mM L-glutamine
1 % penicillin/streptomycin 1 % penicillin/streptomycin

10 % Heat Inactivated FBS 2 % Heat Inactivated FBS

2.5.5 FRET Experimental Setup
2.5.5.1 FRET Sensor Expression

For FRET measurements of cytosolic CAMP generation and PKA activity, sympathetic stellate
neurons were transduced with the relevant FRET biosensor in neuronal plating media at the
following concentrations Epac1-H30: 6.3 x 10° PFU/ml, Epac1-H187: 5.1 x 108 PFU/ml, AKAR4:
1.3 x 10° PFU/mI. After 24-hours, the media was replaced with virus-free neuronal plating media
and the neurons were incubated for a further 24-36 hours (37 °C , 5 % CO.) to obtain an

appropriate level of biosensor expression for FRET imaging as previously described®-:311,

2.5.5.2 Microscope Setup for FRET Imaging

FRET biosensor-expressing neurons were imaged on an inverted Nikon microscope connected
to an OptoLED fluorescence imaging system (Cairn Research Ltd., UK). Cells were imaged on
a 40X or 60X oil-immersion objective and images were captured with a CoolSNAP HQ2 digital
CCD camera (Photometrics). A dual-view beam splitter (DV2 multichannel imaging system,
Photometrics) with a dichroic mirror at 505 nm (505DCXR) was used to split the fluoresce
emission into two channels with 480/30 nm and 535/40 nm band pass filters for CFP and YFP
respectively (Et480/30M, ET535/40M). Accurate alignment of the DV2 beam splitter was
ensured prior to imaging to prevent emission cross-over and to ensure parallel apertures. When
alignments were required, OptoFluor software adjustments (Cairn Research Ltd., UK) or
manual DV2 manipulations were made as per the Photometrics DV2 alignment guidelines.
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2.5.5.3 FRET Imaging Protocol

During imaging, cells were excited at 430 nm for 100 ms every 15 s. The emission intensities
for CFP and YFP were measured at 480 nm and 535 nm and were acquired using OptoFluor
software (Cairn Research Ltd., UK). For Epac1-H30 and Epac1-H187 loss-of-FRET sensors,
CFP / YFP ratios were calculated. For AKAR4, a gain-of-FRET sensor, YFP / CFP emission
intensity ratios were calculated. Background fluorescence was subtracted from all emission
intensity ratios and the data were expressed as intensity per unit time. For all experiments, the
baseline emission intensity was recorded and averaged over a 30 second period. Emission
intensities were converted to FRET ratios (R) and expressed as a percentage FRET change

(%) from baseline using Equation 2.

Equation 2.
AR
FRET Change = —
Ro

Where:
AR=R-R,
R, = The CFP/YFP* intensity ratio recorded at baseline (T = 0-30 seconds)

R = CFP/YFP* intensity recorded at any time-point in the experiment (T = seconds)
*A CFP/YFP ratio was calculated for Epaci-based FRET sensors. A YFP/CFP ratio was

calculated for the AKAR4 FRET sensor.
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2.5.6 Establishing the Dynamic Range of the FRET Sensors
2.5.6.1 Dynamic Range of Epac1-H30

To determine the dynamic range of Epac1-H30 in sympathetic stellate neurons, cells expressing
the FRET sensor were stimulated with increasing concentrations of an adenylyl cyclase (AC)
activator forskolin (0.1-75 uM) to generate cAMP. Maximal FRET changes of 30 % + 3 % have
been previously demonstrated in HEK293 cells during stimulation with forskolin (25 uM) and a
non-specific PDE inhibitor 3-isobutyl-1-methylxanthine (IBMX,100 uM)3°5, where the Epaci-
H30 sensor itself has a reported Kd of 50 uM for cAMP 305, As can be seen in Figure 1, there
was a slight but non-significant increase in FRET change following the application of 20-75 uM
forskolin (Fig. 2.6). Near-complete Epac1-H30 saturation (30.4 % + 5.7 %) was achieved with
25 uM forskolin and 100 uM IBMX, similar to values reported previously 3%. This combination
of forskolin (25 uM) and IBMX (100 pM) was selected to maximally stimulate cells at the end of
each subsequent experiment for internal standardisation of Epac1-H30 sensor activity and as

a marker of cell viability.

2.5.6.2 Dynamic Range of Epac1-H187

Maximal FRET changes of 163.9 % + 10 have been demonstrated previously in Epac1-H187
expressing HEK293 cells exposed to forskolin (25 uM) and IBMX (100 uM) 207, To validate the
dynamic range of Epac1-H187, a Chinese Hamster Ovary (CHO) cell line and sympathetic
stellate neurons were transduced with the Epac1-H187 virus. The percentage FRET changes
to forskolin (25 uM) and IBMX (100 uM) were measured as 245.2 % + 7.0 % in the CHO cell
line, whereas in sympathetic stellate neurons the maximal FRET response was recorded as

153.7 % + 17.0 % (Fig. 2.6).
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Figure 2.5. Epac1-H30 FRET Sensor Dynamic Range

Stellate neurons from healthy rats were transduced with Epac1-H30 and the emission
wavelengths for CFP and YFP were recorded in response to increasing concentrations of
forskolin (0.1, 1, 10, 25 uM) and forskolin (25 uM) with IBMX (100 uM). The administration of
forskolin is represented by arrows (a, b). The ratio (CFP/YFP) normalised to baseline was
calculated (R/Ro; b). Percentage FRET changes in response to increasing concentrations of
forskolin are depicted (n=8-37) (c). There was no difference in the peak cAMP generated by
top concentrations of forskolin (50-75 uM) or a combination of forskolin (25 uM) and IBMX
(100 uM) where Epac1-H30 saturation lead to a maximal FRET change of 30.4 % + 5.7 %.
An example stellate neuron is shown in phase contrast and the emission channels for CFP
and YFP. A ratio of the CFP/YFP emission wavelengths is shown at baseline and with
maximal forskolin/IBMX stimulation, where loss-of-FRET is observed (d).
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Figure 2.6. Epac1-H187 FRET Sensor Dynamic Range

To validate the dynamic range of Epac1-H187, Chinese Hamster Ovary (CHO) cells (n=17)
transduced with the Epac1-H187 virus and FRET changes to forskolin (25 uM) and IBMX
(100 uM) were measured as 245.2 % = 7 (a). In sympathetic stellate neurons (n=5), the
maximal FRET response was measured as 153.7 % + 17.0 (b). Example traces are shown
depicting the emission wavelengths of CFP and YFP (c). A brightfield image of two stellate
neurons and the emission channels for CFP and YFP are shown. A ratio of the CFP/YFP
emission wavelengths is shown at baseline and with maximal forskolin/IBMX stimulation,
where loss-of-FRET is observed (d).
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2.5.6.3 Dynamic Range of AKAR4

PKA is a promiscuous heterotetrametric enzyme that comprises a catalytic and a regulatory
domain each formed of two subunits®'2. The binding of cAMP to the PKA regulatory subunits
releases the PKA catalytic subunits into the cytosol that catalyse the transfer of a phosphate
from ATP to substrate proteins, leading to changes in protein and cellular function. The cAMP
signal is acutely maintained by PDEs that regulate the localisation, duration and amplitude of
cAMP signals within subcellular compartments to acutely regulate effector responses294.
Moreover, cAMP is localised in close proximity of its effectors and regulators where PKA, PDEs
and phosphatases (PPs) are tethered to A Kinase Anchoring Proteins (AKAPs) forming
signalosomes that restrict the duration and magnitude of the cAMP-PKA signal within specific
subcellular domains?®. Sustained elevations in cAMP generation or alterations in PDE activity,
underpin several cardiovascular pathologies including cardiac hypertrophy??1230266 and
sympathetic over-activity in hypertension 9280 where it is thought that cAMP signals saturate
the available PDEs and diffuse into neighbouring subcellular compartments leading to aberrant

effector activity®6.226,

In this thesis, the AKAR4 FRET sensor was used to identify whether global cytosolic PKA
activity is altered in stellate neurons from prehypertensive or hypertensive rats. Previous reports
have demonstrated a dynamic range of 58 % + 2 % in AKAR4-expressing HEK293 cells in
response to isoprenaline (ISO, 1 uM) 3%, therefore, to test the dynamic range of AKAR4 in
sympathetic post-ganglionic neurons, cells expressing the FRET sensor were stimulated with
forskolin (25uM) and IBMX (100 uM). Complete AKAR4 saturation was measured as 37.5 % +
7.6 % (Fig. 2.7). There was no further increase with administration of 25 uM forskolin and 500
uM IBMX, therefore the former was selected to maximally stimulate cells in subsequent

experiments.
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Figure 2.7. AKAR4 FRET Sensor Dynamic Range

To validate the dynamic range of AKAR4, sympathetic neurons (n=4) from healthy rats
were transduced with the AKAR4 virus and percentage FRET changes were measured in
response to two concentrations of forskolin (10 uM, 25 uM) as well as forskolin (25 uM) in
the presence of IBMX (100 uM, 500 uM). The maximal FRET change was determined as
as 37.5 % + 7.6 % (a). Example traces are shown depicting the emission wavelengths of
CFP and YFP in response to forskolin (25 uM) and IBMX (100 uM) are shown (b). The
administration of forskolin is represented by arrows (a-c). An example trace representing
the emission ratio (YFP/CFP) normalised to baseline is depicted (R/Ro; c). A brightfield
image of two stellate neurons and the emission channels for CFP and YFP are shown. A
ratio of the YFP/CFP emission wavelengths is shown at baseline and with maximal
forskolin/IBMX stimulation, where gain-of-FRET is observed (d).
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2.5.7 FRET Experimental Protocol

During FRET experiments, cells were perfused continuously with HEPES-buffered Tyrode’s
solution at room temperature via a gravity-fed perfusion system and the flow rate was controlled
at 2-3 ml/min. A list of the buffer constituents is included in Table 2.4. A stable baseline was
recorded at the start of each experiment for at least two minutes. Pharmacological agents were
diluted in Tyrode solution and the duration of administration was optimised for each compound
until cAMP signals reached an equilibrium. In all experiments, the maximal FRET change of
each cell was recorded by exposing the cells to saturating concentrations of the AC activator
forskolin (25 uM) and the non-specific PDE inhibitor IBMX (100 uM) to ensure that the cells

responded similarly to the sensor.

2.5.8 FRET Statistical Analysis

Data were analysed using GraphPad Prism software (v6/7). When the data passed normality
tests (D'Agostino-Pearson omnibus test or Shapiro-Wilk3'3) unpaired two-tailed Student’s t-tests
were used to compare the peak FRET change (%) in response to a stimulus. A one or two-way
analysis of variance (ANOVA) was used if there were multiple groups or a time comparison was
desired. When the data were not normally distributed, the appropriate nonparametric tests were
used with the specific statistical test reported in the figure legend. All data are expressed as the

mean + SEM. Statistical significance was accepted at p<0.05 unless otherwise described.
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2.6 Intracellular Calcium Imaging

2.6.1 Calcium Imaging Protocol

Intracellular Ca?* measurements were acquired in cells loaded with the membrane-permeable,
leakage-resistant Ca?* binding dye Indo-1 acetoxymethyl (AM) ester. Cells were imaged on an
inverted Nikon Diaphot 200 microscope (Nikon, Tokyo, Japan) and Indo-1AM was excited at
340 nm with a 100 W Xenon bulb (Nikon, Tokyo, Japan). The emission was split by a dichroic
mirror (450 nm) and fluorescence was detected at 405 nm (Ca2*-bound) and 495 nm (Ca2*-free)
by two tri-alkali photomultiplier tubes (PMTs, ET Enterprises Ltd., UK) each housed in air cooled
enclosures (FACT50, ET Enterprises Ltd., UK) to maintain PMT temperatures at -20 °C. The
output from each PMT was integrated in a current-to-voltage converter and digitized at a
sampling frequency of 250 Hz (CED 1401). The emission signals at 405 nm and 495 nm were
acquired with Spike2 software and automatically converted into a ratio (405/495 nm). The
emission ratio is calculated by Equation 3. The recorded values were averaged at 0.5 s intervals
providing a sampling rate of 2 Hz. Ratiometric data were obtained by the conversion of raw data
into text files. Indo-1AM is a ratiometric indicator where the Ca2+*-bound (405 nm) and Ca2?*-free

(495 nm) forms of the dye display peaks at different emission wavelengths.

Equation 3.

Emission at 405 nm

Emission Ratio =
Emission at 495 nm

Where:
Maximum fluorescence obtained at 405 nm is yielded with high intracellular Ca?-.

Maximum fluorescence obtained at 495 nm is yielded with low intracellular Ca?.
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2.6.2 Calcium Imaging Experimental Protocol

Sympathetic stellate ganglia from three- to four-week-old preSHR and age matched Wistar rats
were dissociated into single cells and incubated for four- to six-hours on the day of culture (37
°C, 5% CO2). When neurons were fully adhered to poly-D-lysine / laminin-coated coverslips,
cells were incubated in plating media with the Ca?* dye Indo-1 acetoxymethyl ester (Indo-1AM,
ThermoFisher; 2 mM, 45 mins, room temperature). During Ca?* imaging experiments, cells were
perfused continuously via a gravity-fed perfusion system with bicarbonate-buffered Tyrode’s
solution that was buffered with 95 % Oxygen and 5 % CO.. The flow rate was controlled at 2-3
ml/min. A stable baseline was recorded at the start of each experiment for at least 30 seconds.
Pharmacological agents were diluted in Tyrode’s solution. All Ca%+ experiments were conducted
at 37 °C. Cells were challenged with 50 mM KCI (with an equimolar reduction in NaCl at the end
of each experiment. In the absence of a KCl response, cells were excluded from analysis. A list

of the buffer constituents is included in Table 2.4.

2.6.3 lonomycin Calibration of Indo-1AM

lonomycin calibrations were carried out to transform fluorescence values to [Ca?;
concentrations using Equation 4 derived by Grynkiewicz et al.,3'4: Cells were pre-incubated with
Indo-1AM (2 uM, 1 hr, 37 °C , 95 % air / 5 % CO2). When the cells were fully loaded with the
Ca?* dye, the cells were incubated in ionomycin (10 uM) to perforate the cells with ethylene
glycol-bis(B-aminoethyl ether)-N,N,N’,N’-tetraacetic acid (EGTA) to chelate [Ca?*] (2 mM, 1hr,
room temperature). To obtain a value for Rmin cells were placed onto the microscope chamber
and perfused with a modified zero Ca>* HEPES-buffered Tyrode solution containing ionomycin
(1 uM), and EGTA (2 mM) until a stable baseline was recorded. To obtain a value for Rmax cells
were perfused with a modified high Ca?+ HEPES-buffered Tyrode solution containing ionomycin

(1 M) and CaClz (2 mM) until equilibrium (i.e. plateau) was reached (Fig. 2.8). A list of the
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buffer constituents is included in Table 2.4. The constants Rmin and Rmax were determined as
1.081 and 5.222, respectively.
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Figure 2.8. Emission Ratio from Cells Loaded with Indo-1AM

Cells were pre-incubated with Indo-1AM (2 uM, 1 hr, 37 °C , 95 % air / 5 % COy). To obtain
a value for Rmin (minimal Ca?+), cells were incubated in ionomycin (10 uM) to perforate the
cells and EGTA to chelate intracellular Ca2+ (2 mM, 1hr, room temperature). Cells were
perfused with a modified zero Ca?* HEPES-buffered Tyrode solution (t=0-100 s). To obtain a
value for Rmax (maximal Ca?+), cells were perfused with a modified high Ca?+ HEPES-buffered
Tyrode solution (black arrow) containing ionomycin (1 uM) and CaCl. (2 mM) until equilibrium
(i.e. plateau) was reached. Figure depicts a raw emission ratiometric signal (405/495 nm).

Equation 4.

(R- Rmin)

(Rmax - R) }

[Ca?*]; = Kd X {S—f} x {
sb

Where:

Kd is the dissociation constant for Indo-1AM (Kd: 224 nM under standard conditions)
Sf is the emission intensity at 495 nm in Ca2*-free media (i.e. unbound)

Sb is the emission intensity at 495 nm in high Ca?* solution (i.e. bound)

R is the measured Indo-1AM emission ratio (405 nm / 495 nm) at baseline

Rmin is the Indo-1AM emission ratio in Ca?*-free media

Rmax is Indo-1AM emission ratio obtained at saturating Ca?* conditions
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2.7 Buffers and Solutions

2.7.1 HEPES-buffered Tyrode’s Solution

In millimolar (mM): 135 NaCl, 4.5 KCI, 11 glucose, 1 MgCl,, 2 CaCl,, 20 HEPES, adjusted to

pH 7.4.

2.7.2 Carbon Dioxide / Bicarbonate-buffered Tyrode’s Solution

In millimolar (mM): 117 NaCl, 4.5 KCI, 11 glucose, 1 MgCl,, 2.5 CaCl,, 23 NaHCOs. Equilibrated

to pH 7.4 with 95 % air / 5 % COzat 37 °C.

2.5.3 High K* Carbon Dioxide / Bicarbonate-buffered Tyrode’s Solution

In millimolar (mM): 71.5 NaCl, 50 KCI, 11 glucose, 1 MgCl,, 2.5 CaCl,, 23 NaHCOs. Equilibrated

to pH 7.4 with 95 % air / 5 % COzat 37°C.

2.5.4 Zero Ca%* HEPES-buffered Tyrode’s Solution

In millimolar (mM): 150 KCI, 10 HEPES, 10 glucose, 2 EGTA. Adjusted to pH 7.55 at room

temperature to reach a final pH 7.4 at 37 °C .

2.5.5 High Ca?* HEPES-buffered Tyrode’s Solution

In millimolar (mM): 150 KCI, 10 HEPES, 10 glucose, 2 CaCl.. Adjusted to pH 7.55 at room

temperature to reach a final pH 7.4 at 37 °C .

Table 2.4. Buffers and Solutions

HEPES-buffered Bicarbonate-buffered High K*bicarbonate- Zero Ca?* Tyrode’s High Ca?* Tyrode’s

Tyrode’s (mM) Tyrode’s (mM) Tyrode’s (mM) (mM) (mM)
135 NaCl 117 NaCl 71.5 NaCl
4.5 KClI 4.5 KCI 50 KCI 150 KClI 150 KCI
11 glucose 11 glucose 11 glucose 10 glucose 10 glucose
1 MgCl, 1 MgCl, 1 MgCl, 10 HEPES 10 HEPES
2 CaCl, 2.5 CaCl, 2.5 CaCl, 2 EGTA 2 CaCl,
20 HEPES 23 NaHCO, 23 NaHCO,
Adjustto pH 7.4 95 % air /5% CO, 95 % air/5% CO, Adjustto pH 7.4 = Adjustto pH 7.4
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2.8 RNA Sequencing

The development of high-throughput next-generation sequencing techniques and the expansion
of bioinformatics tools have led to rapid progress in our understanding of transcriptomics and
its potential applications in understanding genetic influences in health and disease. The
transcriptome is defined as ‘the array of RNA transcripts in a particular cell or tissue type’, and
in contrast to the genome, changes dynamically in response to cell signals derived from a
complex interaction of environmental, behavioural and developmental influences®'s. The
technology for transcriptome expression profiling includes RNA-seq and microarray. RNA-seq
is now the preferred method of choice due to the rapid and regular improvements in the lllumina
Sequencing platform that increase the depth and accuracy of the RNA-seq data. In this thesis,
RNA-seq was carried out to profile the transcriptome of the sympathetic stellate ganglia from
adult normotensive and hypertensive adult rats to identify changes in RNA that may be involved

in sympathetic over-activity.

2.8.1 Stellate Ganglia Tissue Preparation for RNA Extraction

Left and right stellate ganglia were dissected from three- to five-week-old and 16-week Wistar
and age-matched SHR rats. Stellates were placed immediately in a plastic petri dish (5 cm
diameter) and de-sheathed from connective tissue in ice-cold HBSS without Ca?+ and Mg?+.
Human stellate ganglia (n=5 patients, left or right stellates) were extracted at UCLA. The human
study was approved by an institutional committee, the UCLA Institutional review board, approval
# 12-000701, and informed consent was obtained from all subjects. The characteristics of the
human donor patients is outlined in Table 2.5. Human stellate ganglia were shipped on dry ice
in RNA/ater® RNA Stabilization Solution (ThermoFisher) to preserve the integrity of the RNA
and to prevent degradation of the tissue. Stellate ganglia were defrosted in a plastic petri dish
(6 cm diameter) and submerged in ice-cold HBSS without Ca?+ and Mg?+. Stellate ganglia were

thoroughly cleaned and dissected from blood vessels, debris and connective tissue. Ice-cold
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HBSS was replaced regularly during the preparation until the stellates were clean. Tissue was
weighed (~80 mg) for the RNA extraction procedure and the remaining stellate was snap frozen

for subsequent experiments.

Table 2.5. Human Stellate Donor Characteristics

Donor Gender Age Complications

Non-ischaemic cardiomyopathy, ventricular

#19 Male " fibrillation, LVEF 30-35%
401 Femnale 34 Excessive tachycardia, normal heart, LVEF
presumed normal
Ischaemic cardiomyopathy, ventricular

#22 Male 70 tachycardia, coronary artery disease, LVEF 30%

Healthy, normal heart size, and chamber, LVEF
#23 Male 19 55-60%
404 Male 62 Non-ischaemic cardiomyopathy, polymorphic

ventricular tachycardia/fibrillation, LVEF 30- 50%

2.8.2 Rat and Human Stellate Ganglia RNA Extraction Protocol

Rat stellate RNA was extracted from single stellates using an RNeasy Mini RNA Extraction Kit
(Qiagen). 10 ul B-mercaptoethanol (3-ME) was added to 990 ul buffer RLT (supplied) to make
a working stock of RLT lysis buffer. Rat stellates were placed in a 1.5 ml Eppendorf tubes
containing RLT lysis buffer (350 ul), chopped into small pieces (1 mm3) under a dissection
microscope and manually triturated using fire-blown Pasteur pipettes. Human RNA was
extracted from approximately 150 mg tissue using an RNeasy Maxi RNA Extraction Kit
(Qiagen). 10 ul B-ME was added to 990 pl buffer RLT (supplied) to make a working stock of
RLT lysis buffer. The human stellate sections were chopped with scissors in ice-cold HBSS
without Ca2+ and Mg?+ under a dissection microscope. The stellate pieces were transferred into
a falcon tube (supplied) for homogenisation in RLT lysis buffer (5 ml) using a tissue disrupter.
The human stellate lysate (5-6 ml) was centrifuged at room temperature (5000 xg, 10 min). For

human and rat RNA extraction protocols, the stellate lysate was vortexed and transferred to an
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RNA extraction spin column. An equal volume of 70 % ethanol was added to the homogenised
lysate in each spin column to allow the RNA to bind the membrane. Human and rat RNA was
extracted following a series of centrifugal spins at room temperature outlined in Tables 2.6a, b.
When the RNA sample was eluted, the samples were divided for quality validation (3 ul) and for

RNA-seq (27 pl) or gRT-PCR (27 ul) before snap freezing in liquid nitrogen and storage at -80

°C.

Table 2.6. RNA Extraction Protocols for Rat and Human Stellate Ganglia

a. RNEasy Mini
Rat RNA Extraction Protocol
Solution Volume Centrifuge Time
RLT / EtOH 700 8800 G 30s
RW1 700 8800 G 15s
RPE 500 8800 G 15s
RPE 500 8800 G 2 min
nuclease-free H,0 30 8800 G 1 min
b. RNEasy Maxi
Human RNA Extraction Protocol
Solution Volume  Centrifuge Time
RLT /EtOH 5 5000 G 5min
RW1 7.5 5000 G 5min
RPE 5 5000 G 2 min
RPE 5 5000 G 10 min
nuclease-free H,O 150 5000 G 1min
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2.8.3 RNA Integrity Validation

To assess the quantity and purity of the extracted stellate RNA, the samples were analysed by
automated electrophoresis using an Agilent 2100 Bioanalyzer Instrument using an RNA 6000
Pico Assay (Agilent) as per the manufacturer’s guidelines. In preparation for RNA sample
analysis, the Bioanalyzer electrodes were cleaned to prevent sample contamination by inserting
an electrode cleaning chip loaded with RNase-free water for 5 min (Ambion, Inc). The electrode
cleaning chip was removed and the electrode pins left to dry (30 s). Reagents were equilibrated

at room temperature for 30 minutes prior to use.

In preparation, an RNA 6000 Pico ladder (Agilent) was heat denatured (70 °C , 2 min) and
diluted from stock in ice-cold RNase-free HO (90 pl). Ladder aliquots were stored at -80 °C
until required for use. To prepare the electrophoresis gel, the RNA 6000 Pico gel matrix (550
pl) was added to a spin filter, centrifuged (1500 G, 10 min) and refrigerated at 4 °C for a month
until required. On the day of analysis, all required reagents were brought to room temperature.
A gel-dye mix was prepared for electrophoresis as per the manufacturer’s instructions. Briefly,
the RNA 6000 Pico dye concentrate (Agilent) was vortexed (10 s) spun down and the dye (1 pl)
was added to the prepared Pico gel matrix (65 ul). The gel-dye mix was vortexed and
centrifuged (13000 G, 10 min, room temperature) with care taken not to expose the dye to light.
The gel-dye mix was loaded (9 ul) on an RNA 6000 Pico chip into an allocated well (gel, G). To
prime the RNA Pico Chip, the chip was placed on a priming station and the plunger was
positioned at the 1 ml position. The priming station was closed, the syringe plunged until it was
clipped into place, and held for 30 s before release. After a further 5 s the plunger was
repositioned slowly to the 1ml position. The gel-dye mix was loaded (9 ul) into two other

allocated wells (g) on the chip.
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Figure 2.9. RNA Integrity and Quantity Validation

To assess the quantity and purity of the extracted stellate RNA, the samples were analysed
by automated electrophoresis using an Agilent 2100 Bioanalyzer Instrument using an RNA
6000 Pico Assay (Agilent). The concentrations of each sample were quantified using an RNA
6000 Pico Ladder (a). An example of the automated electrophoresis run summary depicting
the ladder (L) and samples in the lanes 1-7. No samples were run in lanes 8-9. The run was
terminated prior to running lanes 10-11 (b). An example RNA sample run over a 65 second
electrophoresis run. Two chromatogram peaks are seen at 40s-42s and 45s-50s, that
correspond to the ribosomal RNA subunits (18S and 28S). The rRNA's are labelled with a
fluorescent dye and are separated by electrophoresis passing the detector at different rates
during the run. The software identifies the 18S/28S subunits by comparing against the ladder
and calculates area under the curve for each of the peaks. The size of the peaks and
contaminants in the sample influence the Bioanalyzer algorithm that determines RNA integrity
(RIN). In this sample RNA integrity was determined as 9.1.
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RNA conditioning solution (9 pl) was loaded into the well (CS) and RNA marker (5 ul) was
distributed into all sample wells and the ladder well. The prepared heat-denatured ladder (1 pl)
and the RNA samples (1 ul) were loaded into the sample wells and appropriate ladder well.
RNA marker was added to the remaining wells in the absence of sample (1 ul). The chip was
vortexed (IKA Vortexer, 2400 rpm, 1 min) and placed into the Agilent 2100 Bioanalyzer
instrument within 5 minutes for the electrophoresis run. Rat samples with an RNA integrity
number (RIN) less than 8.5 were discarded (Fig. 2.9). Due to difficulties with fast shipping of
human samples human RNA samples with RINs above 5.7 were accepted. RNA concentrations
were determined using a Qubit RNA High Sensitivity Assay Kit (Molecular Probes, Life
Technologies) and a Qubit® 2.0 Fluorometer as per the manufacturer’s instructions (Invitrogen,

Life Technologies).

2.8.4 Optimisation of Stellate Tissue Preparation and RNA Extraction

To establish the optimal protocol and techniques required for good-quality RNA extraction,
several parameters were tested. Firstly, the aim was to ascertain whether detectable differences
were observed between RNA vyield and RNA integrity (RIN) and between fresh and frozen
stellate ganglia. Secondly, to determine whether de-sheathing and cleaning of stellates was
required prior to freezing, and thirdly, to establish whether stabilisation reagents were required
to improve the yield and quality of RNA in the samples. To test these parameters, RNA was
extracted from (a) freshly dissected stellates; clean de-sheathed stellates that were frozen and
stored at -80 °C in (b) RNA later stabilisation solution or (c) in dPBS without Ca?+ and Mg?+.
Alternatively, stellates were frozen and stored at -80 °C prior to cleaning in (d) RNA later
stabilisation solution, or (e) in dPBS without Ca?* and Mg?+. The parameters for this optimisation
are summarised in Table 2.7. The concentrations and RINs were ranked 1-5, where 5
represented the highest concentration and highest RIN, and 1 represented the lowest

concentration and lowest RIN. Ranks were summed for both variables to establish the best
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extraction parameters. It was concluded that RNA extracted from fresh tissue yields the highest
concentrations and best RNA integrity as validated using the 2100 Bioanalyzer instrument
(Agilent). RNA was also found to be better preserved if ganglia were cleaned before snap
freezing, whereas storage in RNA later or dPBS appeared to have little effect on yield or quality
of the RNA (Fig. 2.10). For all subsequent RNA extractions, fresh stellates were extracted and

RNA was extracted immediately.

Table 2.7. Stellate RNA Extraction Optimisation Parameters.

Storage Freezing Solution Preparation Concentration Rank RIN Rank Sum
(pg/ml)  concentration RIN rank
fresh Fresh stellate cleaned 20350 5 8.6 4 9
frozen RNA later cleaned 17100 4 8.5 3 7
frozen RNA later dirty 12350 3 7.6 1 4
frozen dPBS, 0 Ca?+, 0 Mg** cleaned 10800 2 8.9 5 7
frozen dPBS, 0 Ca?, 0 Mg* dirty 9520 1 8.1 2 3
107
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Figure 2.10. Stellate RNA Extraction Optimisation Parameters

RNA was extracted, and the integrity and concentration were calculated and ranked 1-5 (worst
to best). The ranks were summed for both variables to establish the best extraction
parameters. RNA extracted from fresh tissue yielded the highest concentrations and RNA
integrity (RIN). RNA was better preserved if ganglia were cleaned before snap freezing. The
storage solution (RNA/ater® or dBPS) appeared to have a minimal effect on RNA yield or
quality.
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2.8.5 RNA Extractions for RNA Sequencing and qRT-PCR

For RNA-seq library construction and sequencing, four replicate samples containing total RNA
extracted from the right sympathetic stellate ganglion of 16-week-old male SHR (n=4) and age-
matched Wistar (n=4) were sent to the High-Throughput Genomics Group at the Wellcome Trust
Centre for Human Genetics (WTCHG). Left stellate ganglia were used for qRT-PCR
experiments. The RNA-seq libraries were prepared by WTCHG using a SMARTer (Switching
Mechanism at 5 End of RNA Template, lllumina) Low RNA Input Kit (Clontech Laboratories,
Inc.) that was selected for its low starting RNA concentration requirements. The steps carried
out to obtain double stranded cDNA with adapter sequences are highlighted in Figure 2.11.
Briefly, a modified oligo(dT 30) primer (SMART CDS) was added to each RNA sample to initiate
the first-strand cDNA synthesis and to incorporate a poly T-tail at the 5 end of the newly
synthesised anti-sense strand. The addition of a modified reverse transcriptase (RT) enzyme
(SMARTScribe) also facilitated the addition of a sequence of oligonucleotides (mostly
deoxycytidine, CCCCC) to the 3’ end of the newly synthesised anti-sense strand. These bases
provided a complementary anchoring site (rGrGrG) for a modified oligonucleotide (SMARTer)
to bind, enablling replication of the entire sequence including the full 5’ end 3'6. The SMARTer
sequence (5’) and the T-tail (3’) act as universal priming sites for end-to-end cDNA amplification,
where contaminating genomic DNA, or ribosomal RNAs that lack these sequences will not be
amplified. Samples were prepared for 75 base pair, paired-end sequencing that enables higher
and more accurate mapping than shorter sequences or single-end sequencing as the primers
bind with higher accuracy to both ends of the cDNA fragment. Each sample was sequenced on
two separate lanes to minimise technical error and to increase the sequencing depth (~15-25
million reads per lane) using an lllumina HiSeq 4000 platform (lllumina, Inc., San Diego, USA).
The RNA-seq library preparation pipeline is outlined in Figure 2.11. The number of replicates
and the sequencing parameters were based on recommendations from WTCHG and those

published by Conesa et al., 2016317,
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Figure 2.11. RNA-seq SMARTer cDNA Library Preparation

The fragmented RNA was converted to single-stranded cDNA using CDS randomized
primers that anneal to the 3’ end of the RNA sense strand. A second SMARTer
oligonucleotide oligo containing a riboguanosine sequence (rGrGrG) adheres to the 5’ end of
the RNA sense strand. A modified reverse transcriptase (SMARTScribe RT) adds additional
base pairs (mostly deoxycytidine, CCCCC) onto the 3’ end of the newly transcribed anti-sense
strand. PCR primers then copy from both strands of RNA and include full transcripts of RNA
without losing bases that also includes. This figure was reproduced from the SMARTer Low
Input RNA-seq Kit User Manual (Clontech Laboratories, Inc.)
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Figure 2.12. RNA to cDNA Library Preparation for RNA Sequencing

RNA samples were obtained from 16-week rat stellate ganglia. The RNA integrity was
validated using an Agilent 2100 Bioanalyzer. Samples with an RNA integrity number (RIN) >
8 were sent to the Wellcome Trust Centre for Human Genomics (WTCHG), Oxford University
for library preparation and RNA-seq. The SMARTer cDNA amplification protocol was chosen.
The RNA was fragmented during first-strand cDNA synthesis. The cDNA libraries were
purified and amplified by gRT-PCR. The DNA integrity was validated using an Agilent 2100
Bioanalyzer. Samples were sequenced (paired-end reads, 2 x 75 base pairs) on an lllumina
HiSeq 4000 RNA Sequencer.
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2.8.6 Transcript Mapping

A wide range of statistical analysis tools are available to accurately align sequencing data to a
known transcriptome. Recent alignment tools such as HISAT2 38 have made the rapid
alignment of sequence reads possible and require only moderate computer processing power.
However, alignment techniques become problematic when a single sequencing read aligns to
multiple reference sequences, as it influences transcript abundance estimations and
misalignment interferes with subsequent analysis®'5319, Recent evidence suggests that the
classical method of aligning reads to the reference transcriptome is not necessary to quantify
the abundance of transcripts. Instead, rather than aligning base-to-base with the reference, a
new method implementing ‘quasi-mapping’ has been developed, that reports the loci where the
sequencing read originated and subsequently maps the reads to high probability positions on
the reference transcriptome. The quasi-mapping method provides accurate estimates of

transcript abundance and is much faster than base-by-base alignment tools 32°.

In this study the Salmon package (version 0.8.2) was used in the quasi-mapping mode32! 322,
The transcript index used during quasi-mapping was derived from the UCSC refseq rn6.0
mRNA library available at the following URL:

http://hgdownload.soe.ucsc.edu/goldenPath/rn6/bigZips/refMrna.fa.gz.

The transcriptome was indexed using the Salmon indexer:
salmon index -t/path_to/rattus6.fa.gz -i transcripts_index --type quasi -k 31

Where -k defined the minimum acceptable length for a valid match to the reference and was

selected based on parameters in the Salmon guidelines.

66



Chapter 2. General Methods

Transcripts were quantified using the transcriptome-based (non-alignment) quasi-mapping
mode that compares the paired-end reads against the indexed transcriptome using the Salmon
‘guant’ command. The following commands were used in accordance with the Salmon

guidelines for paired-end reads:

salmon quant -i /path_to/transcripts_index -1 ISR -1 /path_to/sampleX_lane1_mate1.fastq.gz
/path_to/sampleX_lane2_mate1.fastq.gz -2 /path_to/sampleX_lane1_mate2.fastq.gz
/path_to/sampleX_lane2_mate2.fastq.gz -o transcripts_quant/sampleX --dumpEq -- posBias --

gcBias --WriteUnmappedNames

Where:

ISR (inward stranded reverse) dictated the library type3' (Fig. 2.13).

--dumpEq flag was included to remove reads of equivalent classes323.

--posBias and --gcBias flags correct for 3' 5’ positional bias and GC biases?3?!.
—WriteUnmappedNames flag makes a file containing the names of reads that do not map to the

transcriptome that can be retrospectively independently mappeds?!.
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Figure 2.13. Directional RNA Sequencing Library

Our library preparation was carried out with the SMARTer Low Input RNA Kit (Clontech
Laboratories, Ltd.). During sequencing read 1 was derived from the anti-sense strand of the
input RNA and read 2 corresponded to the sense strand 324325, This is defined as inward
stranded reverse (ISR). An alternative example, inward stranded forward (ISF) is also
illustrated. This image is reproduced from the Salmon documentation by Patro et al.,3?!
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2.8.7 Differential Expression Analysis

Once each sample was quantified, the data were imported into R and summarised from
transcriptome ID’s to gene ID’s using the ‘tximport’ function (v1.6.0) as per the vignette3?6. The
differential expression analysis between Wistar and SHR samples was performed using the
DESeg2 command in DESeq2 (v1.18.1)327. The full script used for the DESeqg2 analysis is
included in the Appendix Table 8.1. Significance for the differentially expressed transcripts was
accepted at the Benjamini-Hochberg adjusted p<0.05 level. The ‘LFCshrink’ function was used
to shrink log fold changes after analysis as per the DESeq2 vignette3?”. The mapping rates are

shown in Figure 2.14.

Table 2.8. Salmon-Quasi Mapping Rates

Sample Strain Age Stellate Reads Mapping Rate
1 Wistar 16wk RS 35509076 78.66%
2 Wistar 16wk RS2 30112270 75.57%
3 Wistar 16wk RS3 34634784 78.38%
4 Wistar 16wk RS4 33764576 75.18%
5 SHR 16wk RS1 31194868 70.63%
6 SHR 16wk RS2 25820298 78.47%
7 SHR 16wk RS3 32573670 68.50%
8 SHR 16wk RS4 34026720 72.60%

Mapping rates indicates the number of assigned reads relative to the total number of reads.
The total number of reads is also shown. RS, right stellate.

2.8.8 Gene ontology and KEGG Pathway Analysis

To assess the relevance of the observed differentially expressed genes, the significantly
different transcripts at the Benjamini-Hochberg p. adjusted (p. adj)<0.05 level, were grouped

into Gene Ontology (GO) families®?® using The Database for Annotation, Visualization and
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Integrated Discovery (DAVID v6.8) tool suite 322330, The database functional annotation tool first
identified the over-represented gene families in the three parent groups: biological processes
(BP GO), cellular component (CC GO), and molecular function (MF GO). The filter
GOTERM_FAT was applied to the gene-set to remove very broad GO groups from the dataset.
A Kyoto Encyclopedia of Genes and Genomes (KEGG) 33! analysis was also performed using
DAVID (v6.8) to provide information about pathway mapping. The over-represented GO and
KEGG groups were filtered to exclude groups with <10 genes. An EASE score (a modified
Fisher Exact statistical test) was implemented to determine the statistical probability of a
differentially expressed group of genes belonging to a particular family or probability, rather than
occurring by random chance. A conservative EASE score was applied (p<0.01) to both the GO
and KEGG analyses as per the DAVID recommendations®?°. The final GO and KEGG families

presented in this thesis were significant at the Benjamini-Hochberg p. adj<0.05.

2.9 Validation of the RNA-seq Dataset

2.9.1 cDNA Library Preparation

Rat and human stellate RNA were used to construct cDNA libraries. For rat stellate library
synthesis, the SuperScript™ Il VILO™ (ThermoFisher) protocol was followed, according to the
manufacturer’s instructions. Rat stellate RNA (50 ng, variable volume) was added to the
SuperScript™ [l VILO reaction mix (10 pl), enzyme mix (1 ul) and nuclease-free H-O (up to a
total of 20 pl). The samples were vortexed and incubated in a thermocycler (GStorm) at 25 °C
(10 mins), 42 °C (60 mins), 80 °C (5 mins). For human stellate library synthesis, the
SuperScript™1V VILO™ (ThermoFisher) protocol was followed according to the manufacturer’s
instructions. Human stellate RNA (50 ng, variable volume) was added to ezDNAse buffer (1 pl),
exDNAse enzyme (1 pl) and nuclease-free H>-O (up to a total of 20 pl).. The samples were
mixed and incubated (37 °C , 2 min). SuperScript™™ IV VILO™ master mix was added to each

sample with nuclease-free H>O. For controls, no reverse transcriptase was added to the RNA.
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The samples were incubated in a thermocycler (GStorm, GS4822) at 25 °C (10 mins), 50 °C
(10 mins), 85 °C (5 mins). The concentrations of cDNA in each sample were calculated
(NanoDrop Lite) and 260/280 ratios were calculated to detect the presence of contaminants.
Samples with an abnormal 260/280 ratio (<1.7 and >1.95) were discarded. Samples were

aliquoted and frozen at -80 °C for long-term storage or refrigerated at 4 °C for immediate use.

2.9.2 Two-Step Quantitative Real-Time Polymerase Chain Reaction

The presence of the transcripts identified in the RNA-seq dataset were confirmed by qRT-PCR.
The control genes beta-2-microglobulin  (B2m) and glyceraldehyde-3-phosphate
dehydrogenase (Gapdh) were selected from the RNA-seq dataset as appropriate control genes,
as they were not differentially expressed between strains. The primers used in this thesis and
the dilutions of samples and primers used are listed in Table 2.7. Data displayed in the results
sections represents the genes normalised to B2m; however, each primer was analysed against
the two housekeeping genes B2m and Gapdh for validation and accuracy of qRT-PCR data.
TagMan® Gene Expression Master Mix (ThermoFisher) was added to each cDNA sample in
addition to the selected primer conjugated to a FAM dye and nuclease-free H-O. cDNA samples
or no reverse transcriptase controls were diluted for optimal PCR reactions. A 96-well plate with
20 pl samples (3 repeats) was run on a qRT-PCR thermocycler (ABI, PRISM). During PCR,
temperatures were held at 50 °C (2 min) and 95 °C (10 min) before thermal cycling (40 cycles)
under the following conditions 95 °C (15 s), 60 °C (1 min). The relative amount of each
transcript was calculated using the comparative (Ct) method (AA Cr, rat; A Cr, human) as

described as Schmittgen et al.,3%2.
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Table 2.9. List of Primers and Dilutions for Optimal gRT-PCR Reactions

Gene Rat primer (T‘DNA Plrimer Human primer QDNA P_rimer
dilution diluton dilution diluton
B2m Rn00560865_m1 Varies Varies Hs00187842_m1 Varies Varies
Gapdh Rn99999916_s1 Varies Varies Hs02786624_g1 Varies Varies
Chrnb4 Rn00583822_m1 1:200 1:20 Hs00609523_m1 1:200 1:20
Gabrat Rn00788315_m1 1:200 1:20 Hs00971228_m1 1:200 1:20
Gabra2 Rn01413643_m1 1:200 1:20 Hs00168069_m1 1:200 1:20
Girb Rn00583966_m1 1:200 1:20 Hs00923871_m1 1:200 1:20
Griat Rn00709588_m1 1:200 1:20 Hs00181348_m1 1:200 1:20
Gria2 Rn00568514_m1 1:200 1:20 Hs00181331_m1 1:200 1:20
Gria3 Rn00583547_m1 1:200 1:20 Hs01557466_m1 1:200 1:20
Grik1 Rn01458414_m1 1:200 1:20 Hs00543710_m1 1:200 1:20
Grik2 Rn00570853_m1 1:200 1:20 Hs00222637_m1 1:200 1:20
Grin2b Rn00680474_m1 1:200 1:20 Hs01002012_m1 1:200 1:20
Htr3a Rn00667026_m1 1:200 1:20 Hs00168375_m1 1:200 1:20
Htr3b Rn00573408_m1 1:200 1:20 Hs01573423_m1 1:200 1:20
P2rx3 Rn00579301_m1 1:200 1:20 Hs01125554_m1 1:200 1:20
P2rx4 Rn00580949_m1 1:200 1:20 Hs00902156_g1 1:200 1:20
P2rx6 Rn00562354_m1 1:200 1:20 Hs01003997_m1 1:200 1:20
Adrb1 Rn00824536_s1 1:200 1:20 Hs02330048_s1 1:200 1:20
Adrb2 Rn00560650_s1 1:200 1:20 Hs00240532_s1 1:200 1:20
Adra2a Rn00562488_s1 1:200 1:20 Hs01099503_s1 1:200 1:20
Pah Rn00561708_m1 1:200 1:20 - - -
Th Rn00562500_m1 1:200 1:20 Hs01002182_m1 1:200 1:20
Ddc Rn01401189_m1 1:200 1:20 - - -
Dbh Rn00565819_m1 1:200 1:20 - - -
Pnmt Rn01495589_g1 1:200 1:20 Hs01557113_g1 1:200 1:20
Agt Rn00593114_m1 1:100 1:20 Hs01586213_m1 1:200 1:20
Ren Rn00561847_m1 1:5 1:5 Hs00982555_m1 1:4 1:10
Ace Rn00561094_m1 1:200 1:20 Hs00174179_m1 1:200 1:20
Ace2 Rn01416293_m1 1:10 1:20 Hs01085333_m1 1:200 1:20
Agtria Rn02132799_s1 1:100 1:20 - - -
Agtrib Rn02132799_s1 1:100 1:20 - - -
Agtr1 - - - Hs00258938_m1 1:200 1:20
Agtr2 Rn01416293_m1 1:10 1:20 Hs02621316_s1 1:200 1:20
Mas1 Rn00562673_s1 1:50 1:20 Hs00267157_s1 1:200 1:20
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2.9.3 qRT-PCR Statistical Analysis

Data were analysed using GraphPad Prism software (v6/7). When the data passed normality
tests (D'Agostino-Pearson omnibus test or Shapiro-Wilk3'3) unpaired two-tailed Student t-tests
or one-way ANOVA with Bonferroni post-hoc tests were used. To compare human stellate gene
counts, paired t-tests were used to compare samples from the same patients, run on the same
96-well plate. When the data were not normally distributed, the appropriate nonparametric tests
were used with the appropriate statistical test reported in the figure legend. Statistical

significance was accepted at p<0.05.

2.10 Measurements of Proteins and Neurotransmitters

2.10.1 Evoked-Release Field Stimulation

Evoked-release field stimulation of rat stellate ganglia was conducted to investigate whether
neurotransmitters or peptides released from the sympathetic stellate ganglia are altered in
prehypertensive or hypertensive states. Whole fresh ganglia were dissected from three- to four-
week-old preSHR and Wistar rats, and 14- to 15-week-old SHR and Wistar rats. In each
experiment, a single ganglion was cleaned, de-sheathed and allowed to recover in pre-
equilibrated bicarbonate-buffered Tyrode’s solution (5 min, 37 °C , 95 % 02/ 5 % COy). The

buffer constituents are listed in Table 2.4.

For catecholamine measurements, perchloric acid (PCA, 0.1 M) was added at each step to
prevent the oxidation of catecholamines. Desipramine, a norepinephrine transporter (NET)
inhibitor (100 pM) was added for 10 minutes prior to electrical stimulation to prevent
catecholamine reuptake. Stellate ganglia were electrically stimulated (5 Hz, 3mA, 5 minutes)
using a DS3 constant current stimulator (Digitimer Ltd.) based on previous stimulation
parameterss3. The perfusate samples were kept on ice before freezing at -80 °C. At the end of

each experiment, whole stellate ganglia were homogenised in bicarbonate-buffered Tyrode’s
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solution containing PCA (0.1 M). The homogenate was centrifuged (15,000 G, 15 min, 4 °C)
and the supernatant stored at -80 °C for detection and quantification by high-pressure liquid

chromatography coupled to electrochemical detection (HPLC-EC).

For Angll measurements, stellate ganglia were incubated in fresh bicarbonate-buffered
Tyrode’s containing an ACE2 inhibitor (DX600 100uM; BioVision) prior to stimulation to prevent
degradation of Angll (5 min, 37 °C). Ganglia were electrically stimulated (3 mA, 5 Hz, 30 s pulse
every 90 s, 7.5 minutes) using a DG2A train generator and DS3 constant current stimulator
(Digitimer Ltd.) using parameters that were adapted from a previous electrical stimulation
method3'" The perfusate was collected, snap frozen in liquid nitrogen and stored at -80 °C for

analysis by Enzyme-linked Immunosorbent Assay (ELISA).

2.10.2 High-Pressure Liquid Chromatography with Electrochemical Detection

HPLC-EC was used to quantify concentrations of NA or adrenaline (Adr) in preSHR and Wistar
stellate ganglia. Whole fresh ganglia were dissected from young four-week-old preSHR (n=4
rats) and age-matched Wistar (n=8 rats). For each experiment, a single ganglion was cleaned,
de-sheathed and allowed to recover in bicarbonate-carbogen buffered Tyrode’s solution (5 min,
37 °C, 95 % 02/ 5 % CO,). The ganglia were subsequently incubated in bicarbonate-buffered
Tyrode’s containing the NET-reuptake inhibitor, desipramine (1uM, 10 min, 37 °C). Ganglia
were electrically stimulated (3 mA, 5 Hz, 5 mins), parameters that were adapted from previous
electrical stimulation methods262. The perfusate was removed and perchloric acid (PCA, 0.1 M)
was added at each step to prevent the oxidation of catecholamines. Samples were kept on ice
before freezing at -80 °C. At the end of each experiment, whole stellate ganglia were
homogenised in bicarbonate-buffered Tyrode’s solution containing PCA (0.1 M), centrifuged

(15,000 G, 15 min, 4°C) and the supernatant was stored at -80 °C.
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For detection and quantification of NA and Adr, the samples were loaded into an autosampler
(JASCO, Model AS-2055/2057) and detected with an isocratic HPLC system. HPLC separation
was performed at the flow rate 1 ml/min, using a C18 reverse-phase column (CP30710
Microsorb 100-5 C18 S250 x4.6mm, Agilent). The mobile phase (pH 4.7) comprised methanol
(11.5 % v/v), NaH2PO4 (120 mM), EDTA (0.8 mM), and sodium octane sulfonate (OSA, 0.5
mM). Concentrations of NA and Adr were quantified using an LC-4B electrochemical detector
and a carbon working electrode maintained at +0.7 V versus an Ag/AgCl reference electrode
(Decade SDC, Antec). Chromatogram peaks were analysed (area under curve; CLARITY
software) and the concentrations of NA were calculated against a 50 mg standard of NA and

Adr dissolved in bicarbonate-buffered Tyrode’s containing PCA (0.1 M).

2.10.3 Protein Extraction

Protein was extracted from stellate ganglia obtained from three- to four-week, 12- to 14-week-
old or 16- to 20-week-old male SHR, as well as age-matched Wistar rats and human donors.
Rat stellate tissue (~100 mg) was pooled and homogenized in ice-cold dPBS without Ca?* or
Mg?+. In alternative experiments, tissue from human ganglia (~80 mg) was separately
homogenized (n=5) in ice-cold dPBS without Ca?* or Mg?*. The protein concentration in each
sample was quantified using a protein assay (BioRad DC) as per the manufacturer’s instructions

and the total protein concentration in each sample was normalised.

2.10.4 Protein Concentrations and Enzyme Activity Measurements

Sandwich ELISAs and Enzyme Immunoassays (EIA) were performed in 96-well plates to
establish the concentrations of the proteins of interest in human and rat stellate ganglia. Details
of each assay, the relevant protein dilutions and wavelengths for measurement are listed in
Table 2.8. To quantify the protein content in the electrically-evoked perfusate, no dilutions were

made. ELISA plates were purchased pre-coated with a capture antibody specific to the antigens
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of interest. After incubation and removal of the samples, a biotin-conjugated antibody with high
affinity for the antigen was added to each of the wells. Following a second incubation and a
wash to remove unbound antibody-antigen conjugates, a solution containing streptavidin-
conjugated Horseradish Peroxidase (HRP) was added to each well. Streptavidin has high
affinity to biotin, and HRP reacts with TMB substrate inducing a colorimetric signal. A stop
solution was added to each of the wells to terminate the reaction and absorbance values were
read on a plate reader (Infinite F500, TECAN) within 5 minutes. Background absorbance was
subtracted from the primary absorbance values. Concentrations of the relevant protein or
activity were quantified using a standard curve generated from the supplied standards. A

summary of the ELISA assay protocol is shown in Fig. 2.12.

Fluorometric assays were purchased to measure the activity of specific enzymes of interest in
rat and human stellate ganglia (Table 2.8). Enzyme activity assays measure the rate of
conversion of a substrate to a product, as an indicator of enzyme activity. For the enzyme
activity assays (ACE, ACE2, Ren), a substrate conjugated to a fluorescent peptide was added
to each sample well. Cleavage of the fluorescent peptide from the substrate peptide releases a
free fluorophore leading to an increase in fluorescence. Measurements for ACE, ACE2 and Ren
activity were made immediately after sample and substrate preparation, and the fluorescence
in each sample was recorded for 30 minutes to two hours. (Infinite F500, TECAN). Background
fluorescence was subtracted from the primary fluorescence values. Concentrations of the
relevant protein or activity was quantified using a standard curve generated from the supplied
standards. ELISAs, EIA and fluorometric assays are well-established protocols, therefore, in
this thesis all experiments (timings and temperatures for incubation) were performed in
accordance with the manufacturer’s instructions and optimisation of these assays was not

required.
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ELISA Assay Protocol Summary

Y

Prepare reagents, standards and samples

\ )
)\
Add standard or sample to each well
Incubate
\ )
Y

Remove the liquid.
Add Biotin-antibody to each well and incubate

\ )
Y

Aspirate and wash thoroughly (3-4x)

\ )
Y
Add HRP-avidin to each well
Incubate
\ )
Y

Aspirate and wash thoroughly (4-5x)

Y

Add TMB substrate to each well
Incubate and protect from light

Y

Add stop solution to each well
Read at 450 nm within 5 minutes

Figure 2.14. ELISA Protocol Summary

ELISAs were conducted using homogenised sympathetic stellate ganglia from human or rat
with normalised protein concentrations. Standards and reagents were prepared as per
manufacturer’s instructions. Each sample was incubated with biotin antibody, washed, and
re-incubated with horseradish peroxidase (HRP) conjugated streptavidin to bind to the
antigen in the sample. After further washing to remove non-specific binding, a TMB substrate
was added to induce a colorimetric signal. After the reactions were stopped, absorbance was
read at 450 nm using a plate reader (Infinite F500, TECAN).
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Table 2.10. List of Protein and Enzyme Assays and Optimal Sample Dilutions

. : Protein Wavelength
Protein Species Assay dilutor Catalogue (nm)
B,AR Rat ELISA 1:1 ESEEL 0! 391 iy 450

CusaBio
B,AR Human ELISA 1:1 el 450
CusaBio
B,AR Rat ELISA 1:1 CSB-ELOOT 392RA‘ 450
CusaBio
B,AR Human ELISA 111 SRS 450
CusaBio
TH Rat ELISA 1:1 CSB'E131.02R' 450
CusaBio
TH Human ELISA 24 CSB'EO%_G Ik, 450
CusaBio
PNMT Rat ELISA 1:1 LoB-ELO0 82,74RA‘ 450
CusaBio
PNMT Human ELISA 1:1 CSB'ELO182_74HU’ 450
CusaBio
AGT Rat ELISA 1:10 OKCD.O1237’ 450
Aviva
AGT Human ELISA 1:1 CSB_EO85_64H’ 450
CusaBio
Ang1-7 Rat ELISA 1:10 CSB-E14241R, 450
CusaBio
Ang1-7 Human ELISA 1:10 CSB-E142_42H’ 450
CusaBio
Angll Rat / Human EIA 1:10 RABO,m O-1KT, 450
Sigma
. Mak157-1KT Ex/Em:
Ren Rat Fl t 1:1 '
e a uorometric Sigma 540/590
Dren00
R H ELISA 1:3 ’ 450
en uman R&Dsystems
. K227-100 Ex/Em:
ACE Rat / H Fl t 8:10 '
BLEFAmEn = FerOmSie BioVision 330/430
LS-F3949
ACE H ELISA 1:10 ’ 450
G uman LifeSpan BioSciences
. K897-100 Ex/Em:
ACE2 Rat Fl t 1:10 ’
a vorometric BioVision 320/420
ACE2 Human ELISA 1:10 LE-FOREE, 450

LifeSpan BioSciences
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2.10.5 Statistical Analysis of Assays

Data were analysed using GraphPad Prism software (v6/7). When the data passed normality
tests, unpaired or paired two-tailed Student t-tests, or a one or two-way analysis of variance
(ANOVA) were used. When the data were not normally distributed, the appropriate
nonparametric tests were used with the specific statistical test reported in the figure legend. All
data are expressed as the mean = SEM. Statistical significance was accepted at p<0.05 unless

otherwise described.

2.11 Reagents

All compounds were purchased from Sigma unless otherwise stated.HBSS, Leibovitz’s L-15
medium, D-(+)-glucose solution (45 %), L-glutamine (200 mM), FBS, borax, and boric acid were
purchased from Sigma. Dulbecco’s Modified Eagle Medium (DMEM), Dulbecco’s Phosphate-
buffered Saline (dPBS), Nuclease-free water was purchased from Gibco by LifeTechnologies.
Penicillin 10,000 units/ml; Streptomycin 10,000 pg/ml, Murine nerve growth factor 2.5S (NGF)
was purchased from Millipore, Laminin from mouse Engebreth-Holm-Swarm (EHS) sarcoma (1
mg/ml) was purchased from ThermoFisher. Collagenase type IV and trypsin TRL3 were

purchased from Worthington.
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RNA Sequencing of Sympathetic
Stellate Ganglia
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3.1 Introduction

Sympathetic hyperactivity is a key feature of human hypertension® that is also seen in animal
models of CVD®. Cardiac-sympathetic over-activity is commonly observed in young
prehypertensive patients and correlates with elevated heart rate and CO, where chronic
elevations in noradrenergic transmission has detrimental effects on myocardial function.
Consequently, this neural phenotype is a powerful predictor of morbidity and mortality2°.188.189,
In the SHR, a genetic model of hypertension, sympathetic over-activity occurs prior to increases
in arterial blood pressure33433 and arises within distinct neuroanatomical sites, and is commonly

elevated within cardiac and renal sympathetic ganglia'!.

Within the cardiac-sympathetic stellate ganglia, neurons display increased [Ca2*]; ''3 as a result
of elevated N-type voltage-gated Ca?* (lcan, Cav2.2) channel conductance %216, What causes
increased neuronal excitability? Cyclic nucleotides and their effectors regulate Ca2*
conductance predominantly via phosphorylation of ion channels and endoplasmic reticulum
(ER) proteins 228282336 yet the relationship between cN second messenger signalling pathways
and abnormal [Ca?+]; is still poorly understood in disease®:334. Previous work suggests that in
young prehypertensive SHR, decreased bioavailability of NO leads to preferentially diminished
cGMP-PKG signalling, resulting in disinhibition of N-type voltage-gated Ca?* channel
activity%:334. Whether there is a genetic basis for increased cardiac sympathetic over-activity is
not known and evidence for genetic alterations linked to abnormal Ca?+ regulation in

hypertension is lacking.
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3.2 Chapter Aims

In this chapter, | aimed to carry out a non-biased hypothesis-neutral RNA-seq transcriptomic
analysis to identify the differential expression of cell-specific RNA transcripts that are expressed
in the sympathetic stellate ganglia from normotensive and hypertensive adult rats to provide a
framework for future work and targeted investigation. | also aimed to validate the RNA-seq
dataset by confirming the expression of key gene transcripts in stellate ganglia of human and
rat using gRT-PCR. Additionally, | aimed to assess whether the observation of differentially
expressed gene families leads to alterations in molecular function by applying fluorescence
microscopy techniques to test the activity of key proteins in real-time. | am the first author on a
manuscript describing this work that is published in Scientific Reports3¥’, and second author on
a manuscript published in The Journal of Neuroscience, for which | planned and conducted all

of the FRET experiments®.

The specific aims of this Chapter were to:
1. Identify differential expression transcriptomic profiles in sympathetic stellate ganglia
from adult normotensive and SHR with established hypertension.
2. Ascertain whether key gene transcripts identified in rat stellate ganglia are also
expressed in human stellate ganglia to provide wider physiological context.
3. Establish whether changes in gene expression in sympathetic neurons have functional

relevance and lead to impaired intracellular signalling.
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3.3 Methods

3.3.1 Animals

Four-week-old male prehypertensive SHR, 16-week or 20-week-old male SHR with established
hypertension and age-matched normotensive Wistar control rats were obtained from Envigo,
UK. All experiments were performed in accordance with the UK Home Office Animal Scientific
Procedures Act 1986 (ASPA) and approved by the University of Oxford (PPL 30/3131; David J.

Paterson).

3.3.2 Neuronal Isolation

Sympathetic stellate ganglia were dissected and enzymatically digested with collagenase (type
IV, 1 mg/ml, 37 °C) and trypsin (type I, 1 mg/ml, 37 °C). Stellates were washed with a modified
L-15 blocking medium that was equilibrated prior to use (37 °C , 5 % CO-) and the ganglia were
dissociated into a single-cell suspension via manual trituration in pre-equilibrated plating
medium (37 °C , 5 % COy). Neurons were plated on Poly-D-lysine/laminin-coated coverslips (6

mm, VWR International) and incubated in plating medium (37 °C , 5 % CO.) until required.

3.3.3 Forster Resonance Energy Transfer (FRET) Microscopy

For live-imaging of cAMP or PKA measurements, cells were incubated with adenovirus’
encoding the cAMP (Epacs-H30, Epac1-H187) or PKA (AKAR4) FRET sensors for 24-hours.
The media containing virus was removed and cells were incubated (37 °C , 5 % COy) in plating
medium for a further 24 hours for adequate viral load and FRET sensor expression. FRET
biosensor-expressing neurons were imaged 3-4 days post-culture, on an inverted microscope
(Nikon) connected to an OptoLED fluorescence imaging system (Cairn Research Ltd., UK).
During FRET experiments, cells were perfused continuously with Tyrode’s solution via a gravity-

fed perfusion system and the flow rate was controlled at 2-3 ml/min. A stable baseline of at least
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2 minutes was required at the start of each experiment. Forskolin, IBMX, and all other
compounds were diluted to relevant concentrations in HEPES-buffered Tyrode’s solution. To
measure cAMP or PKA activity and to assess PDE activity in the respective experiments,
forskolin (0.1-25 uM) or IBMX (1-100 uM) was administered in incremental concentrations over-
time. The maximal FRET change of each cell was recorded by exposing the cells to saturating
concentrations of forskolin 25 uM and IBMX 100 pM, to ensure that the cells responded similarly

to the FRET biosensors.

3.3.4 RNA Extraction from Sympathetic Cardiac Ganglia

Right and left post-ganglionic sympathetic stellate neurons were dissected from 16-week-old
male SHR and age-matched male Wistar rats. Right stellate ganglia were removed for RNA-
seqg and the left stellate ganglia were used for matched gRT-PCR experiments. Rats were
anaesthetised in an induction chamber (3-5 % isoflurane) and humanely killed by a Home Office
approved Schedule 1 method: overdose of pentobarbital (Euthatal, 200 mg/ml) and
exsanguination. For clinical samples, human ganglia were extracted at UCLA and shipped on
dry ice in RNA/ater® RNA Stabilization Solution (ThermoFisher). Human donor characteristics
are included in the general methods section. Rat and human stellate ganglia were cleaned and
de-sheathed and each sample contained RNA from one stellate. Rat RNA was extracted using
the RNeasy Mini RNA Extraction Kit (Qiagen) and human RNA was extracted using an RNeasy
Maxi RNA Extraction Kit (Qiagen) in accordance with the manufacturer’s instructions. RNA
samples were divided and aliquoted for gqRT-PCR and quality control experiments before snap
freezing in liquid nitrogen and storage at -80 °C. The RNA quality and integrity from each
sample, was confirmed using automated electrophoresis on a 2100 Bioanalyzer Instrument with
an RNA 6000 Pico Kit (Agilent), as described in Chapter Two. Rat samples with an RNA integrity
number (RIN) less than 8.5 were discarded. Due to difficulties with fast shipping of human

samples human RNA samples were accepted with RINs above 5.7. RNA concentrations were
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determined using a Qubit RNA High Sensitivity Assay Kit (Molecular Probes, Life Technologies)
and a Qubit® 2.0 Fluorometer (Invitrogen, Life Technologies). Regarding the removal of human
ganglia, all methods were carried out in accordance with relevant guidelines and regulations.
The human study was approved by an institutional committee, the UCLA Institutional review

board, approval # 12-000701, and informed consent was obtained from all subjects.

3.3.5 cDNA library preparation for RNA Sequencing

Four RNA samples extracted from the right sympathetic stellate ganglion of 16-week-old male
SHR (n=4) and age-matched Wistar (n=4) were sent to the High-Throughput Genomics Group
at the Wellcome Trust Centre for Human Genetics (WTCHG) for RNA-seq library construction
and sequencing using an lllumina HiSeq 4000 (lllumina, Inc., San Diego, USA). The sequencing
libraries were constructed using a SMARTer Low Input RNA Kit (Clontech Laboratories, Ltd.)
due to the low RNA concentrations obtained from a single stellate, and prepared for paired-end
sequencing (2 x 75 base pairs). Each sample was sequenced on two separate lanes to minimise
technical error and to increase the sequencing depth (~15-25 million reads per lane). Samples
were randomized and blinded to the experimenter. The sequencing parameters established,

were based on recommendations from WTCHG and those published by Conesa et al., 20163'7.

3.3.6 Quasi-mapping and Differential Expression Analysis

The transcripts were quantified via the Salmon (v0.8.2) package using the transcriptome-based
quasi-mapping mode?®2, The commands are summarised in chapter two. Data files were
assigned alternative names to blind the experimenter during the relevant stages of the quasi-
mapping analysis. Once each sample was quantified, the data were imported into R statistical
analysis program and summarised to a gene-level using the 'tximport’ function (v1.6.0) 326, Gene

level differential expression analysis between Wistar and SHR samples was performed using
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the DESeq2 command in DESeq2 (v1.18.1)%27. Significance for differential expression was

accepted at the Benjamini-Hochberg adjusted p (p.adj)<0.05 level.

3.3.7 Gene Ontology Analysis

To assess the relevance of the observed differentially expressed genes, the differentially
expressed genes were grouped into GO families®® using The Database
for Annotation, Visualization and Integrated Discovery (DAVID, v6.8)3%°. The differentially
expressed gene input was taken at the Benjamini-Hochberg p.adj<0.05 level. Significant GO
groups were subsequently determined using Benjamini-Hochberg correction p.adj<0.05. GO
groups were filtered to exclude groups with <10 genes. Very broad GO groups were
subsequently filtered out based on the measured specificity of each term identified, using the
GO_FAT filter. The parameters selected for DAVID were based on online recommendations

and are described in the general methods sections329.330,

3.3.8 cDNA Library Preparation and Quantitative Real-Time PCR

Stellate RNA (50 ng) was used for constructing the qRT-PCR cDNA libraries to confirm the
presence of the selected mRNA transcripts. For rat stellate samples, the SuperScript™ ll|
VILO™ cDNA synthesis protocol was followed according to manufacturer’s instructions
(ThermoFisher). For human stellate samples, the SuperScript™ [V VILO™ cDNA synthesis
protocol was followed according to manufacturer’s instructions (ThermoFisher). The
concentrations of cDNA in each sample and 260/280 ratios were calculated (NanoDrop Lite) to
detect the presence of contaminants. Samples with an abnormal 260/280 ratio (<1.7 and >1.95)
were discarded. Samples were aliquoted and frozen at -80 °C for long-term storage or kept at
4 °C forimmediate use. TagMan® Gene Expression Master Mix (ThermoFisher) was added to
each cDNA sample in addition to the selected primer conjugated to a FAM dye and diluted for

optimal PCR reactions. Primer information is included in the general methods section. Samples
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(three technical repeats, three to four biological repeats) were run on a real-time quantitative
PCR thermocycler (ABI, PRISM) using optimal gRT-PCR thermocycling parameters described
in the General Methods. Data displayed in the results section depicts gene counts normalised
to B2m; however, each primer was analysed against two housekeeping genes, B2m and Gapdh
for validation and accuracy of qRT-PCR data. The relative amount of each transcript was

calculated using the comparative (Ct) method (AA Cr, rat; A Cr, human)332,

3.3.9 Statistical Analysis and Data Availability

gRT-PCR data were analysed using GraphPad Prism software (v7). When the data passed
normality tests, an unpaired Student’s t-test was used. When the data were not normally
distributed, nonparametric tests were used with the specific statistical test reported in the figure
legend. All gRT-PCR data are expressed as Logz(fold change) + SEM. Statistical significance
was accepted at p<0.05, unless otherwise described. RNA-seq raw FastQ files were deposited
in the NCBI short reads archive under SRA number SRP132271 (NCBI Short Read Archive)
and the quasi-mapped data is available under Gene Expression Omnibus (GEO) accession

number (GSE110197).
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3.4 Results

3.4.1 Study Design

To study the rat stellate ganglia transcriptome, RNA was obtained from four 16-week-old male
SHR with established hypertension and four age-matched male Wistar control rats. Using the
HiSeq 4000 sequencing platform, ~345 million reads were generated from 75-bp paired-end
RNA-seq data. A comparative analysis of the stellate ganglia transcriptome was performed
between Wistar and SHR using a Salmon-DESeq2 analysis pipeline based on the protocol and
parameters described previously®??2 and in Chapter Two. The number of replicates (n=4
animals/group) and the sequencing parameters established were based on the
recommendations of the Wellcome Trust Centre for Human Genomics (WTCHG), in addition to
those published by Conesa et al., 20168'7. The limitations of this study are discussed in section

3.6.

3.4.2 Differential Expression Analysis

Transcript level quantification was performed using the quasi-mapping function of the Salmon
package, where inbuilt functions corrected for GC nucleotide and positional bias3?2. These data
were converted into quantitative gene level expression values, and the differential gene
expression between the strains was calculated and normalised using DESeq2%?7. An MA plot
was constructed for visual representation of the genomic data and a Principal Component
Analysis (PCA) plot with log normalisation demonstrates the variation within the samples (Fig.

3.1)%27,
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Figure 3.1. MA plot and PCA plot confirm validity of RNA-seq analysis.

The MA plot depicts the relationship between the number of counts per gene, the size of the
fold change and the significance of fold changes. Significance is indicated by red spheres
on a gene by gene basis. Non-significant transcripts are shown as grey spheres (a). A
Principal Component (PCA) plot demonstrates the variation of the stellate ganglia
transcriptome between strains (b).
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3.4.3 Overview of the Transcriptome of Wistar and SHR Stellate Ganglia

In confirmation of the expected neuronal phenotype, genetic markers consistent with
sympathetic neurons were among the most highly expressed genes in both strains (e.g.
Dopamine- hydroxylase, Dbh; and Neuropeptide Y, Npy). The most highly expressed

genes are displayed in Table 3.1.

Table 3.1. Highest Abundance Gene Transcripts in Wistar and SHR Ganglia

Wistar SHR
Gene Counts Gene Counts
Tubata 902254.5 Tubata 903662.8
Ubb 634608.5 Ubb 566905.8
Tubb3 505765.0 Tubb3 475576.0
Dbh 3763105 Dbh 292282.0
Aldoa 268873.4 Hspa8 239735.8
Thy1 258729.0 Actg1 234697.0

Ndrg4 255907.9 Aldoa 229129.0
Hspa8 252383.8 Ndrg4 2182745

Actg1 2484515 Actb 188417.0
Actb 235332.0 Thy1 187021.3
Ubc 172035.0 Npy 1851563.3
Npy 1719115  Hsp90ab1 164202.3
Fth1 171831.0 Gapdh 162569.0

Tuba1b 170766.3 Tubaib 162325.8
Gapdh 169646.5 LOC310926 160423.9
Uchl1 158139.3 Uchlit 132592.8
Hsp90ab1  155680.3 Stmn2 130962.3

Stmn2 143877.8 Pkm 126418.0
LOC310926 142530.5 Ubc 125959.8
Zwint 129453.3 Fth1 123169.5
Pkm 125560.5 Cyb561 121759.0
Cyb561 118581.3 Enot 118345.0
Enot 117333.7 Fxyd6 116652.5
Snap25 115665.7 Ppia 110293.8
Eeflat 115008.8 Tubb5 109262.5
Tubbs 114583.8 Zwint 107398.5
Sncg 113412.0 Sncg 107054.5
Th 109402.0 Eeftat 105872.3
Ppia 108746.8 Tubb4a 98589.5
Ap2m1 108245.3 Ap2m1 98564.3
Fxyd6 107218.1 Calm1 981328
Calm1 101187.8 Snap25 96320.1
Tubb4a 100285.5 Th 934520
Bcat1 95862.3 Sepw1 92354 .0
Atp6vOoc 89869.3 Afp6vOc 85477.0
Psap 89826.3 LOC257642 85169.0
Tubb2a 88907.6 Gpi 844035
Sepw1 86428.0 Bcat1 804024
Gpi 80323.8 Map1b 79939.0
LOC257642 776551 Tubb2a 79627.8

Table 3.1 includes a list of the top 40 genes and their mean counts in stellate ganglia obtained
from Wistar and SHR. Genetic markers of neurons with a sympathetic phenotype are
highlighted in bold. No significant difference was found in sympathetic or neuronal markers.
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3.4.5 Differential Expression in SHR Stellate Ganglia

The differential expression analysis identified 744 differentially expressed genes in the stellate
ganglia, where approximately 45 % of genes were upregulated and 55 % downregulated in the

SHR. The top 20 differentially expressed genes are displayed in Table 3.2 and Figure. 3.2.

Up Unchanged  Down
338 406

T 1

Figure 3.2. Differentially Expressed Genes in SHR Stellate Ganglia.

Venn diagram represents the total number of upregulated gene transcripts (338) and
downregulated transcripts (406) in the SHR stellate ganglia, identified by DESeq232” where
green and blue represent up- and downregulated genes respectively.

Table 3.2. Differentially Expressed Gene Transcripts in Stellate Ganglia

RNAseq

Gene Name Description Log, p.
Fold Change adjusted
Synpr synaptoporin -5.00 6.57E-81
Nudf17 nudix hydrolase 17 -4.21 7.95E-79
Pxmp4 peroxisomal membrane protein 4 2.98 8.39E-68
Gsta4 glutathione S-transferase alpha 4 2.78 8.12E-64
Nudi3 nudix hydrolase 3 2.02 4.76E-49
Lrsam1 leucinerich repeatand sterile alpha motif containing 1 -3.77 1.86E-46
LOC363337 similarto RIKEN cDNA 1700081022 -1.94 2.52E-43
Hiatl1 hippocampus abundanttranscript-like 1 2.04 1.87E-34
Perp PERP, TP53 apoptosis effector -2.64 1.27E-31
Camk2d calcium/calmodulin-dependent protein kinase Il delta -2.59 3.83E-31
Tnnit troponin I1, slow skeletal type -4.49 4.70E-31
Prlor? prostaglandin reductase 1 1.97 4.70E-31
LOC287167 hemoglobin alpha, adultchain 3 -8.81 5.63E-30
Fboxw8 F-box and WD repeatdomain containing 8 -1.79 3.12E-29
Fxydrz FXYD domain-containing ion transportregulator 7 -1.88 1.79E-28
Celat chymotrypsin-like elastase family, member 1 -3.39 7.58E-27
Selenbp1 selenium binding protein 1 11.90 151E-26
Badkrb2 bradykinin receptor B2 2.47 3.79E-26
Elk3 ELKS3, ETS-domain protein -1.74 1.79E-25

Table 3.2 depicts the top 20 differentially expressed transcriptomic changes in the stellate
ganglia between Wistar and SHR in order of Benjamini-Hochburg significance. The table
includes log: fold change values relative to Wistar and the associated Benjamini-Hochburg p.
adjusted value.
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3.4.6 Distinct Alterations in Gene Ontology in the SHR Stellate Ganglia

To assess the relevance of the observed differentially expressed genes, the differentially
expressed genes were grouped into GO families®® using The Database
for Annotation, Visualization and Integrated Discovery (DAVID, v6.8) 32°. Significant differences
between the SHR and Wistar transcriptome were identified within in the three broad GO
categories: Biological Processes (GO BP) Molecular Function (GO MF) and Cellular
Component (GO CC). The significantly over-represented GO CC (Fig. 3.3), GO BP (Fig. 3.4)
and GO MF (Fig. 3.5) families and their hierarchical structures are illustrated. Significant overlap
was found in genes in subcategories from parent groups, weighting the importance of these

families.

3.4.6.1 Cellular Component Gene Ontology

The CC GO category indicated 4 main differential themes between Wistar and SHR stellate
ganglia (Fig. 3.3). Significant over-representation was observed in gene families corresponding
to: neuron projections and the synapse (highlighted in blue), cell junctions (pink), vesicles
(orange), neuronal cell bodies (green), and perinuclear region of cytoplasm (purple). The most
over-represented branch within this CC GO category was neuronal projections, suggesting that
genes involved in axonal projections and synapse formation are altered in disease. The number
of genes in each CC GO family, fold enrichment and Benjamini-Hochburg significance values
are shown in Table 3.3. A list of CC GO genes corresponding to each group are included in the

appendix (Table 8.1).
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Cellular Component (CC) Hierarchy
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Figure 3.3. Over-represented Cellular Component Gene Ontology Group Hierarchy
Parent groups are represented at the top of the tree-diagram with branching child groups below.
Significant CC GO groups are coloured, non-significant groups are black. Distinct categories
are represented by colour.
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Table 3.3. Over-represented Cellular Component Gene Ontology Groups

Gene Ontology Cellular Component Count Fold p. adjusted
ID GO Description Enrichment
G0:0097458 Neuron Part 108 1.61 1.39E-04
G0:0043005 Neuron Projection 90 1.74 1.51E-04
G0:0030424 Axon 50 2.07 4. 24E-04
G0:0033267 Axon Part 34 2.49 4 38E-04
G0:0043195 Terminal Bouton 19 3.69 4.74E-04
G0:0043679 Axon Terminus 24 2.87 1.02E-03
G0:0043025 Neuronal Cell Body 52 1.92 1.12E-03
G0:0036477 Somatodendritic Compartment 67 1.73 1.14E-03
G0:0048471 Perinuclear Region of Cytoplasm 52 1.87 1.45E-03
G0:0044306 Neuron Projection Terminus 24 2.68 2.17E-03
G0:0044297 Cell Body 54 177 3.60E-03
G0:0045202 Synapse 60 1.64 9.47E-03
G0:0031988 Membrane-Bounded Vesicle 176 1.26 2.03E-02

The over-represented Cellular Component Gene Ontology groups are listed by order of
significance. The number of significant genes, the GO group enrichment and Benjamini-
Hochburg p. adjusted values are included. For a full list of genes see Appendix Table 8.2.

3.4.6.2 Biological Processes Gene Ontology

The BP GO category highlighted 13 differentially expressed themes between Wistar and SHR
stellate ganglia (Fig. 3.4). Over-representation was observed in gene families corresponding to
regulation of heart contraction and blood pressure (red), renal system processes (dark orange),
regulation of ion transport (orange), leukocyte chemotaxis (chartreuse), response to stress
(green), response to chemical (teal), cell communication and synaptic transmission (light blue),
signal transduction including receptor signalling pathways (dark blue), positive regulation of
developmental process (highlighted in dark purple), metabolic process including catabolic
processes and lipid metabolism (crimson), growth (light purple) and regulation of organismal
processes (pink). The most highly over-represented groups weighted by the number of gene
families was observed in the branches corresponding to circulatory system processes and cell-
cell communication, highlighting the relevance of cardiac-sympathetic neurons in regulating
myocardial function and their impairment in hypertension. The number of genes in each BP GO
family and their significance values are shown in Table 3.4. A list of BP GO genes corresponding

to each group are included in the appendix (Table 8.2).
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Table 3.4. Over-represented Biological Processes Gene Ontology Groups

Gene Ontology Biological Processes Count Fold p. adjusted
ID GO Description Enrichment
G0:0006629 lipid metabolic process 75 1.70 9.04E-03
GO:0010033 response to organic substance 160 1.39 9.58E-03
G0:0008217 regulation of blood pressure 22 3.05 1.17E-02
GO:0003013 circulatory system process 39 2.23 1.26E-02
G0:0042060 wound healing 36 2.23 1.30E-02
GO:0051051 negative regulation of transport 40 2.10 1.49E-02
G0O:0008015 blood circulation 39 2.25 1.54E-02
GO:0060047 heart contraction 21 2.97 1.54E-02
GO:0007267 cell-cell signaling 78 1.62 1.66E-02
GO-0070887 cellular response to chemical 136 139 1 67E-02
stimulus
GO:0044255  cellular lipid metabolic process 59 1.75 1.67E-02
G0O:0009611 response to wounding 43 2.01 1.71E-02
GO:0006952 defense response 80 1.58 1.75E-02
G0O:0099537 trans-synaptic signaling 44 1.94 1.77E-02
GO009s91e  anerograde rans-synaptic -, 194 1.77E-02
signaling
GO:0007268 chemical synaptic transmission 44 1.94 1.77E-02
G0:0099536 synaptic signaling 44 1.94 1.77E-02
GO:0003015 heart process 21 2.93 1.77E-02
GO:0044282 small molecule catabolic g 2.46 2.94E-02
process
GO0044712  Single-organismcatabolic o, 197 2.97E-02
process
G0O:0010038 response to metal ion 35 2.08 2.97E-02
G0:0043269 regulation of ion transport 43 1.87 4 14E-02
G0:0044057 regulation of system process 38 1.95 4 29E-02
GO:0006811 ion transport 81 152 4.40E-02

positive regulation of

G0O:0051094 73 1.56 4 52E-02
developmental process

G0:0030595 leukocyte chemotaxis 19 2.76 4 54E-02

G0:0040007 growth 63 1.62 4 58E-02

GO:0050900 leukocyte migration 25 2.32 4 59E-02

GO:0007166 cell surface receptor signaling 114 138 4 63E-02
pathway

G0O:0051049 regulation of transport 100 1.43 4.64E-02

GO:0008016  regulation of heart contraction 18 2.85 4.64E-02

G0:0003014 renal system process 14 3.48 4 65E-02

positive regulation of

G0O:0051240 multicellular organismal 88 1.47 4.66E-02
process

G0:0042330 taxis 37 1.93 4.68E-02

G0O:0097529 myeloid leukocyte migration 17 2.92 4.73E-02

The over-represented Biological Processes Gene Ontology groups are listed by order of
significance. The number of significant genes, the GO group enrichment and Benjamini-
Hochburg p. adjusted values are included. For a full list of genes see Appendix Table 8.2.
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Figure 3.4. Over-represented Biological Processes Gene Ontology Group Hierarchy.
Parent groups are represented at the centre of the tree-diagram with branching child groups.
Significant BP GO groups are coloured, non-significant groups are black. Distinct categories
are represented by colour.
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3.4.6.3 Molecular Function Gene Ontology

The Molecular Function (MF) GO category revealed 3 differentially expressed themes between
Wistar and SHR stellate ganglia (Fig. 3.5). Significant over-representation was observed in gene
families corresponding to excitatory extracellular ligand-gated ion channel activity (blue),
protein, anion and carboxylic acid binding (green), and phosphoric ester hydrolase activity
(purple). Strong enrichment was seen in the groups corresponding to ligand-gated ion channel
activity, suggesting a potential genetic basis for elevated sympathetic excitability in this model.
The number of genes in each BP GO family and their significance values are shown in Table
3.5 A list of MF genes corresponding to each group are included in the appendix (Table 8.3).
As the aim of this chapter was to assess the differences in the SHR stellate transcriptome that
may be linked to sympathetic over-activity, the subsequent work in this chapter will focus on the

over-represented MF GO groups.

Table 3.5. Over-represented Molecular Function Gene Ontology Groups

Gene Ontology Molecular Function Count Fold p. adjusted
ID GO Description Enrichment
GOooos231  xcitatory extracellulariigand- 6.89 1.58E-04
gated ion channel activity
Gogooseag oecelllariigand-gdiedion o 579 2.79E-04
channel activity

GO.004257g ~ Phosphoric esterydrolase 4 2.49 1.74E-03
activity

Go0015276 ~ l'gand-gatedionchannel -, 3.65 5.21E-03
activity

G0:0022834 ligand-gated channel activity 17 3.65 5.21E-083

G0:0042802 identical protein binding 78 1.59 1.09E-02

G0O:0043168 anion binding 26 2.48 1.13E-02

GO:0022836 gated channel activity 27 2.35 1.63E-02

GOOu2og3g ~ Substrate-specific channel o, 2.06 3.34E-02
activity

GO:0031406 carboxylic acid binding 18 2.77 4.02E-02

The over-represented Molecular Function Gene Ontology groups are listed by order of
significance. The number of significant genes, the MF GO group enrichment and Benjamini-
Hochburg p. adjusted values are included. For a full list of genes see Appendix Table 8.3.
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Figure 3.5. Over-represented Molecular Function Gene Ontology Group Hierarchy
Parent groups are represented at the top of the tree-diagram with branching child groups
below. Significant MF GO groups are coloured, non-significant groups are black. Distinct
categories are represented by colour.
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3.4.6.4 Extracellular Ligand-Gated lon Channel Activity

The transcripts that were found to be differentially expressed in the RNA-seq dataset within the
extracellular ligand-gated ion channel activity (GO:0005230) included transcripts encoding the
gamma-aminobutyric acid type A receptor (GABAaR) alphal and alpha 2 subunits (Gabral,
Gabra?2), the ionotropic glutamate receptors N-methyl-D-aspartate receptor (NMDA R) subunit
2B (Grin2b), a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPA-R)
subunits 1, 2, 3 (Grial, Gria2, Gria3), Kainate receptor subunits 1, 2 (Grik1, Grik2), the
ionotropic 5-Hydroxytryptamine (5-HT) serotonin receptor subunits 3A, 3B (Htr3a, Htr3b), the
ligand-gated purinergic receptors (P2XR) type 3, 4, 6 (P2rx3, P2rx4, P2rx6) the glycinergic
receptor beta subunit (Glrb) and the Nicotinic Acetylcholine Receptor (hAchR) Beta 4 Subunit
(Chrnb4) as depicted in Fig. 3.6 and Tables 3.6, 3.13. The expression of the 15 transcripts within
this GO group was confirmed in rat stellate ganglia using qRT-PCR and revealed similar trends
as that observed in the RNA-seq dataset; although only 4:15 genes reached significance in rat
by qRT_PCR (AAC+t comparative method)332 including Chrnb4, Grial, Grik1 and Grin2b (Fig.
3.6). Furthermore, to assess whether these genes are conserved, expression was validated in
stellate ganglia obtained from human donors (Fig. 3.6). Given the limited availability of human
tissue from patients, it was not possible to assess the role of these genes in human disease
itself. Importantly, however, the presence of glutamate (AMPA R, NMDA R, Kainate R) and
GABAAR subunits were detected within the human sympathetic stellate ganglia, supporting
previous evidence for the role of amino acids in regulating cardiac-sympathetic activity338-341,

The presence of purinergic, glycinergic and serotonergic receptors was also confirmed.
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a. RNAseq Dataset
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Figure 3.6. Extracellular Ligand-Gated lon Channel Activity (GO:0005230)

The differentially expressed genes in the MF GO group ‘extracellular ligand-gated ion
channel activity’ (GO:0005230) are listed, where green and blue represent up- and
downregulated genes respectively (a). The presence of these genes was validated using
gRT-PCR and the AACt comparative method was applied for analysis (SHR/Wistar); with
B2 microglobulin (B2m) selected as the housekeeping gene for comparison as there was no
difference in B2m expression between strains in the RNA-seq dataset. Log- fold change of
the differentially expressed genes in SHR stellates as identified by RNA-seq are represented
in red (b). Log2 fold change + SEM of qRT-PCR SHR data are also depicted (blue; b) relative
to Wistar. Significance is indicated above the relevant bars. The RNA-seq trends for up- or
downregulation of each gene was confirmed with gRT-PCR; however, only Chrnb4 (p<0.05),
Grial (p<0.001), Grik1 (p<0.05) and Grin2b (p<0.05) were significantly different than
expression levels measured in Wistar samples. The presence of these genes was confirmed
in human stellate ganglia samples; with Gabra1, Grik1 and P2xr3 falling below the limit of
detection (c). To quantify mRNA expression in human stellate samples, data were
normalised to the housekeeping gene B2m and the ACT method was applied for analysis.
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Table 3.6. Extracellular Ligand-gated lon Channel GO Group (GO:0005230)

RNAseq

l(\IESr?wee} Description Log, p.
Fold Change adjusted
Griat glutamate ionotropic receptor AMPA type subunit 1 -1.278 4 58E-12
Gabrat gamma-aminobutyric acid type A receptor alphal subunit 1.386 1.51E-09
Gabra2 gamma-aminobutyric acid type A receptor alpha2 subunit -1.366 3.47E-05
P2rx6 purinergic receptor P2X 6 -0.603 7.62E-04
Gria2 glutamate ionotropic receptor AMPA type subunit 2 -0.764 1.17E-03
Chrnb4 cholinergic receptor nicotinic beta 4 subunit -0.601 1.31E-083
Htr3a 5-hydroxytryptamine receptor 3A -0.635 2.28E-03
Grin2b glutamate ionotropic receptor NMDA type subunit 2B 1.132 2.82E-03
Grik 1 glutamate ionotropic receptor kainate type subunit 1 -1.121 3.06E-03
P2rx4 purinergic receptor P2X 4 0.72 1.94E-02
Glrb glycine receptor, beta -0.518 2.63E-02
P2rx3 purinergic receptor P2X 3 0.51 3.02E-02
Htr3b 5-hydroxytryptamine receptor 3B -0.536 3.84E-02
Grik2 glutamate ionotropic receptor kainate type subunit 2 -0.509 4.78E-02
Gria3 glutamate ionotropic receptor AMPA type subunit 3 0542 491E-02

The differentially expressed genes in the MF GO group ‘extracellular ligand-gated ion channel
activity’ (GO:0005230) are listed by order of significance (Benjamini-Hochburg p. adjusted).
Logo(fold change) are represented as SHR relative to Wistar.

3.4.6.5 Phosphoric Ester Hydrolase Activity

Within the MF category, 33 differentially expressed transcripts were identified within the

phosphoric ester hydrolase activity (GO:0042578) where 13 transcripts were upregulated and

20 were downregulated (Table 3.7, Fig. 3.7). The expression of 270 genes in this group was

unchanged. Within this family, most of the affected transcripts were found to encode

phosphatase related subunits that inhibit kinase activity, thus altering feedback inhibition of PDE

activity342,
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Figure 3.7. Phosphoric Ester Hydrolase Activity (GO:0042578)
The differentially expressed genes in the MF GO group ‘phosphoric ester hydrolase activity’
(GO:0042578) are listed, where green and blue represent up- and downregulated genes
respectively (a). Log» fold change of the differentially expressed genes of interest in SHR
relative to Wistar as identified by RNA-seq (b).
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Table 3.7. Phosphoric Ester Hydrolase Activity GO Group (GO:0042578).

Chapter 3. RNA-seq of Sympathetic Stellate Ganglia

Gene Name Description Milis- ool
Log, p.
Fold Change adjusted
Ptorn2 protein tyrosine phosphatase, receptor type N2 1.286 7.32E-11
Lpin2 lipin 2 -0.771 1.94E-09
Mtmr 1 myotubularin related protein 1 -1.372 8.57E-09
Pip4ai protein tyrosine phosphatase type IVA, member 1 0.736 9.41E-06
Pipn5 protein tyrosine phosphatase, non-receptor type 5 -1.317 9.63E-05
SmpdI3b sphingomyelin phosphodiesterase, acid-like 3B -1.121 1.76E-04
Sgpp2 sphingosine-1-phosphate phosphatase 2 -0.68 7.21E-04
Gdpd3 glycerophosphodiester plhgsphodiesterase domain 1097 2 78E-03
containing 3
Napepld N-acyl phosphatidylethanolamine phospholipase D -0.76 4.46E-03
Plexd? phosphatidylinositol—specifig phospholipase C, X domain 0543 5 16E-03
containing 2
StyxI1 serine/threonine/tyrosine interacting-like 1 0.721 8.38E-03
Prkl phosphofructokinase, liver type -0.464 9.83E-03
Pgap1 post-GPI attachment to proteins 1 0.658 1.07E-02
Ptpro protein tyrosine phosphatase, receptor type, O -0.738 1.14E-02
PdeZa phosphodiesterase 2A -0.497 1.34E-02
Pdella phosphodiesterase 11A -0.827 1.35E-02
Dusp15 dual specificity phosphatase 15 -0.619 1.57E-02
Pipn7 protein tyrosine phosphatase, non-receptor type 7 0.624 1.61E-02
Pgam2 phosphoglycerate mutase 2 0.704 1.74E-02
Pld3 phospholipase D family, member 3 -0.507 1.83E-02
Ptpdc1 protein tyrosine phosphatase domain containing 1 -0.707 1.92E-02
Fbp1 fructose-bisphosphatase 1 -0.738 2.06E-02
Ctdspl? CTD small phosphatase like 2 0.624 2.16E-02
Ppomif protein phosphatase, Mg?/Mn?* dependent, 1F -0.58 2.27E-02
Adorat adenosine A1 receptor -0.773 2.34E-02
Psph phosphoserine phosphatase 0.476 2.34E-02
Phospho1 phosphoethanolamine/phosphocholine phosphatase 1 -0.882 3.04E-02
Pde6b phosphodiesterase 6B 0.906 3.09E-02
Enpp3 ectonucleotide pyrophosphatase/phosphodiesterase 3 -0.585 3.43E-02
Hmox 1 heme oxygenase 1 0.431 3.80E-02
Acpp acid phosphatase, prostate 0.477 4.06E-02
Pdxp pyridoxal phosphatase 0.481 4 11E-02
Tmemb5b transmembrane protein 55B 0.41 4.48E-02

The differentially expressed genes in the MF GO group ‘phosphoric ester hydrolase activity’
(GO:0042578) are listed are listed by order of significance (Benjamini-Hochburg p. adjusted).
Logq(fold change) are represented as SHR relative to Wistar.
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3.4.7 KEGG Functional Enrichment Pathways are Impaired in SHR

A Kyoto Encyclopedia of Genes and Genome (KEGG) enrichment pathway analysis was
performed using DAVID (v6.8) to extend the GO analysis to functional enrichment pathways as
described in Chapter Two®®. The KEGG functional enrichment analysis links the observed
differences within the SHR stellate transcriptome to relevant intracellular signalling pathways.
The KEGG analysis identified ‘Circadian Entrainment’ (rno04713; p.adj=0.019), ‘Dopaminergic
Synapse’ (rno04728; p.adj=0.0150), ‘Retrograde Endocannabinoid Signalling’ rno04723;
p.adj=0.0124) and ‘Metabolic Pathways’ (rno04724; p.adj=0.0164) as the most over-
represented pathways in the SHR stellate ganglia (Table 3.8). Many of the same genes were
represented in each of these groups (Fig. 3.8), therefore the KEGG signalling pathways
(Circadian Entrainment, Dopaminergic Synapse and Retrograde Endocannabinoid Signalling)
were combined in a model diagram to identify the possible involvement of these transcriptomic

changes on intracellular signalling (Fig. 3.8).

Table 3.8. Over-represented KEGG groups

KEGG ID KEGG Description Count Fold p. adjusted
Enrichment

rmo04723 Retrograde endocannabinoid signaling 14 3.54 1.24E-02

rno04728 Dopaminergic synapse 16 3.23 1.50E-02

rmo01100 Metabolic pathways 74 1.49 1.64E-02

rmno04713 Circadian entrainment 14 3.76 1.99E-02

The over-represented KEGG functional enrichment pathways are listed are listed by order of
significance. A list of genes corresponding to each KEGG group is included in the Appendix,
Table 3.12

103



Chapter 3. RNA-seq of Sympathetic Stellate Ganglia
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Figure 3.8. KEGG Differentially Expressed Functional Enrichment Pathways

Three KEGG functional enrichment pathways were identified as particularly relevant to post-
synaptic post-ganglionic signalling (a). The KEGG analysis identified ‘Circadian Entrainment’
(rno04713; p.adj=0.019), ‘Dopaminergic Synapse’ (rno04728; p.adj=0.0150), ‘Retrograde
Endocannabinoid Signalling’ rno04723; p.adj=0.0124) and ‘Metabolic Pathways’ (rno04724;
p.adj=0.0164) as the most over-represented pathways in the hypertensive strain stellate
ganglia. The Venn Diagram depicts the upregulated genes (green) and downregulated genes
(blue) and highlights the overlap between each of the over-represented KEGG groups (b). A
model figure depicts the integrated KEGG enrichment diagram, combining signalling
pathways from the over-represented KEGG pathways ‘Circadian entrainment’, ‘Dopaminergic
synapse’ and ‘Retrograde Endocannabinoid Signalling’. The model figure highlights the
involvement of these transcriptomic changes on intracellular signalling pathways. This figure
is primarily based on the supplied rno04713 KEGG diagram.
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In confirmation of the GO analysis, the KEGG enrichment analysis indicated that RNA
transcripts associated with Ca?* signalling are differentially expressed within SHR stellate
ganglia. Glutamate receptor encoding genes are known to couple to [Ca?*] directly, where
differences in subunit composition of glutamate-activated ion channels affect Ca+ permeability.
KEGG functional pathway analyses also highlighted significant alterations in cN signalling
cascades; including downregulation of genes encoding sGC (Gucy1a3) and PKG Il subunits
(Prkg2), and upregulation of inhibitory G, G-proteins coupled to cAMP (Gnai3, Gng7, Gnb3) as
well as the PKA type la regulatory subunit (Prkaria) in SHR stellate ganglia. The generation of
cNs and their effectors directly influence the activity of many voltage-gated Ca?+

channels%:226.234,

3.4.8 Cyclic Nucleotide Signalling in Cardiac-Stellate Ganglionic Neurons

RNA-seq highlighted the differential expression of several transcripts involved in cN signalling,
yet whether cN signalling and PKA activity are affected in sympathetic nerves is not known. To
determine whether evoked cAMP generation or PKA activity is impaired in stellate neurons from
SHR or in hypertension, FRET was used to measure the levels of intracellular cAMP generated
by increasing concentrations of the AC activator forskolin (0.1-25 uM). Measurements for cAMP
and PKA were recorded from stellate neurons obtained from prehypertensive four-week-old
preSHR (n=16-33 cells), adult 16-week SHR with established hypertension (n=5-22 cells) and
normotensive controls at four-week (n=18-32) and 16-weeks of age (n=8-16). At the
concentrations tested, forskolin induced a dose-dependent increase in cAMP and PKA (Fig.

3.9).
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Figure 3.9. Cytosolic cAMP and PKA Activity are Not Altered in SHR Neurons
Sympathetic stellate nerves were obtained from 4-week Wistar (n=18-32) and preSHR
(n=16-33 cells )as well as 16-week Wistar (n=8-16) and SHR (n=5-22 cells). Neurons were
transduced with the Epac1-H30 or the AKAR4 FRET sensor to measure cAMP or PKA
activity respectively and challenged with forskolin (0.1-25 pM). Max represents a
combination of forskolin (25 uM) and IBMX (100 uM). There was no detectable difference
in evoked cAMP or PKA activity between strains or age groups (Kruskal-Wallace, peak
FRET responses). Data represents mean + SEM.
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There was no detectable difference in evoked cAMP or PKA activity between strains or age
groups (Kruskal-Wallace, peak FRET responses), although the lack of sensitivity of these FRET
sensors for detecting acute alterations in signalling cannot be ruled out, as perturbations would
be likely to occur within distinct subcellular compartments rather than as a global cytosolic

phenomenon?%4,

3.4.9 Phosphodiesterase Signalling in Cardiac-Stellate Neurons

RNA-seq identified the differential expression of three PDE transcripts: Pde2a, Pde6b and
Pde11a. PDE2A and PDE11A are dual-hydrolysing enzymes; i.e. capable of hydrolysing both
cAMP and cGMP and PDEG6 is cAMP specific. Whether PDE signalling is impaired in
sympathetic stellate ganglia from preSHR is not known. To assess whether the differential
expression of PDE-related transcripts has functional relevance for PDE activity, FRET was used
to measure the levels of intracellular cAMP generated by increasing concentrations of the non-
specific PDE inhibitor IBMX (1-100 uM). At all concentrations tested, IBMX administration led
to significantly greater CAMP generation in Wistar (n=6) compared with preSHR ganglia (n=15,
two-way ANOVA, p<0.0001). There was no detectable difference in forskolin evoked cytosolic
cAMP or PKA between strains, implying that the observed response to IBMX does not lie with
cAMP or PKA themselves but may reflect altered PDE activity in SHR stellate neurons (Fig.

3.10).
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Figure 3.10. Phosphodiesterase Impairment in preSHR Sympathetic Neurons.

FRET was used to measure the levels of intracellular cAMP generated by increasing
concentrations of the non-specific PDE inhibitor IBMX (1-100 pM, a, b). At all concentrations,
IBMX administration led to significantly greater cAMP generation in Wistar (n=6) compared
with preSHR ganglia (n=15, two-way ANOVA, p<0.0001). *p<0.05, **p<0.01, ***p<0.001,
****n<0.0001.
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3.5 Discussion

In this chapter, RNA-seq was used to obtain an overview of transcriptome of the sympathetic
ganglia from Wistar rats and SHR with established hypertension and a distinct sympathetic
phenotype. The aim of this study was to identify altered gene transcripts that might be related

to the elevated sympathetic phenotype observed in hypertension?10.214.281,343,344,

The main findings of this chapter are:

1. RNA-seq has highlighted alterations in the transcriptome of the SHR stellate ganglion
where key changes are involved in neurotransmission, cardiac regulation, ion channel
activity and phosphoric ester hydrolase activity.

2. The over-represented groups in the CC GO category correspond to families encoding
neuronal projections and synapses.

3. The over-represented groups within the BP GO category included families involved in
heart and blood pressure regulation, as well as synaptic transmission.

4. The over-represented groups within the MF GO category included families encoding
extracellular ligand-gated ion channels, phosphoric ester hydrolase activity, in addition
to and ion and protein binding.

5. Key transcripts involved in extracellular ligand-gated ion channel activity are also
expressed in human stellate ganglia.

6. Differentially expressed transcripts within the phosphoric ester hydrolase activity MF GO
group included PDEs in addition to protein phosphatase enzymes. Alterations in PDE
regulatory transcripts resulted in impaired PDE activity in preSHR sympathetic neurons
as measured by FRET.

7. Key transcripts involved in extracellular ligand-gated ion channel activity were also

expressed in human stellate ganglia.

109



Chapter 3. RNA-seq of Sympathetic Stellate Ganglia
3.5.1 RNA Sequencing Reveals Differences in the SHR Stellate Ganglia

Sympathetic markers including transcripts involved in pathways governing adrenergic synthesis
(e.g. Dbh, Th), neurotransmission (e.g. Snap25) and reuptake (e.g. NET, Sic6a2) were
identified (Table 3.1), supporting recently published profiles of stellate neurons345347. The
differential expression analysis identified 744 differentially expressed genes where
approximately 45 % of genes were upregulated and 55 % downregulated in the SHR (Fig. 3.2,

Table 3.2).

The RNA-seq dataset is categorised into three parent fields (CC GO, BP GO, MF GO), and then
sub-classified to reveal different themes within each parent category. The GO analysis revealed
five main differential themes in the CC GO category (Table. 3.3), and implied that families
involved in neuronal cell body compartments (GO:0043025, GO:0036477, GO:0048471,
G0:0044297) and axonal projections (GO:0097458, GO:0043005, GO:0030424, GO:0033267,
G0:0043195, GO:0043679, GO:0044306) are altered in stellate ganglia in hypertension (Fig.
3.3). These CC GO groups corresponded with the enriched GO families in the BP GO category
(Table 3.4), where transcripts involved in the regulation of developmental processes
(GO:0051094) and growth (GO:0040007) were differentially expressed in the SHR (Fig. 3.4),
suggesting that transcripts involved in neuronal structure and development are impaired in

disease.

3.5.2 Altered Transcripts Linked to Neurotransmission in the SHR

Other over-represented CC GO gene families (Table 3.3) included groups involving synapses
(GO:0045202, GO:0098793), cell junctions (GO:0030054) and membrane-bounded vesicles
(GO:0031988). Pronounced over-representation was also seen in families in the BP GO
category (Table 3.4) corresponding to cell-cell signalling (GO:0007267, GO:0099536,

G0:0099537, GO:0098916, GO:0007268) and responses to chemical stimuli (GO:0070887,
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G0:0010033, GO:0010038), highlighting a potential genetic basis for an impaired response to
feedback signals as well as elevated end-organ neurotransmitter release. Of interest, the
transcript encoding the pro-peptide Chromogranin A (CHGA, Chga) was significantly
downregulated in the SHR ganglia. Catestatin, the cleaved end product of CHGA is a
catecholamine co-transmitter and an endogenous inhibitor of catecholamine release, that
mediates its effects through potent inhibition of neuronal nicotinic acetylcholine receptor
activity38, Catestatin has been shown to play a vital role in regulating vascular tone34,
baroreflex sensitivity348350  sympathetic activity348351, cardiac inotropy and lusiotropy34°.
Impaired catestatin production linked to catestatin polymorphisms3®! has been strongly
implicated in human hypertension34-3%0 and left ventricular remodelling after myocardial
infarction352. Moreover, Chga knock out mice develop hypertension that is attenuated following
exogenous administration of catestatin 348. Whether downregulation of the Chga transcript in
SHR sympathetic neurons corresponds to deficits in SHR catestatin production is not
established, yet one might consider the possibility for sympathetic Chga gene transfer as a
novel therapeutic intervention for reducing sympathetic over-activity and opposing elevated

neurotransmission in hypertension.

3.5.3 Impaired Regulatory Cardiovascular Genes in SHR Stellate Ganglia

Highly enriched BP GO groups involved in cardiovascular regulation were also significantly
over-represented in the SHR cardiac-sympathetic ganglia (Table 3.4, Fig. 3.4). Differentially
expressed families included circulatory system and heart processes (GO:0003013,
GO0:0003015), regulation of blood pressure (GO:0008015, GO:0008217) and regulation of heart
contraction (G0O:0060047, GO:0008016), supporting a genetic basis for impaired cardiac
transmission in hypertension. Interestingly, the BP GO family encoding renal system processes
was also over-represented in disease, implying that the same neuronal processes might be

involved in elevated renal sympathetic nerve activity further supporting the evidence for a
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neurogenic basis in the aetiology of renovascular'®® as well as essential hypertension?8.353,
Moreover, BP GO families involved in stress responses and inflammation were also found to be
over-represented, where altered expression of transcripts encoding chemokines (Ccl2, Ccl7,
Ccl24, Chga, Cxcr4, S100a8, S100a9) and macrophage activating and platelet growth factors
(Mst1, Pdgfb, Pla2g7) were identified, underpinning a possible genetic link between enhanced

proinflammatory processes in diseases caused by sympathetic over-activity 3033145,

3.5.4 Altered Extracellular Ligand-Gated lon Channel Activity in SHR

Enriched GO groups in the MF category (Table 3.5, Fig. 3.5) included several families
representing channel activity (G0O:0022836, GO0:0022834, G0:0022838, GO:0015276,
G0:0005230, GO:0005231) that primarily comprised transcripts involved in ligand-gated ion
channel activity, phosphoric ester hydrolase activity (GO:0042578) and families involved in ion
and protein binding (GO:0043168 GO:0031406 G0O:0042802). Regarding the families encoding
channel activity, significant differences were found in the transcript expression of glutamate-
activated ion channel subunits (Table 3.6), supporting previous evidence for the role of amino
acids in regulating cardiac-sympathetic activity338-341. For example, the NMDAR NR2 subunit
(Grin2b) was upregulated in SHR ganglia, and is the binding site for glutamate and plays a
direct role in regulating the electrophysiological properties of the channel3543%. Moreover,
decreases in the AMPA subunit GluA2 (Gria2) have been associated with increased Ca2+
permeability in CA1 pyramidal neurons, where increased cAMP and PKA signalling shift
GluA2/3-containing AMPARs to a more conductive state357:3%8. There were also significant
changes in the transcript expression levels of purinergic receptors (P2rx3, 4, 6) and GABAaA R
subunits (Gabral, Gabra2). Significant downregulation of the ionotropic serotonin type 3 R
subunits (Htr3a, Htr3b), nicotinic acetylcholine R 34 subunit (Chrnb4) and the chloride (CI)-
permeable glycine channel B subunit (Girb) were also observed. The accuracy of the RNA-seq

in identifying differentially expressed transcripts was validated by gRT-PCR, where trends for

112



Chapter 3. RNA-seq of Sympathetic Stellate Ganglia

up- or downregulation of each transcript were confirmed (Fig. 3.6). The presence of each
transcript was also confirmed by qRT-PCR in human stellate ganglia to provide wider
physiological context (Fig. 3.6). Importantly, the differential expression of ligand-gated ion
channel subunits may have implications for ion permeability, channel activity and elevated
neuronal excitability in sympathetic ganglia in the SHR model and diseases associated with

sympathetic over-activity.

3.5.5 Altered Phosphoric Ester Hydrolase Activity Impairs PDE Function

Previous reports have demonstrated a preferential deficit in NO-cGMP signalling?'3288 and an
increase in the activity of specific PDEs (e.g. PDE2a) 9262334 These changes are involved in
the elevated Ca?* phenotype in sympathetic stellate ganglia in hypertension, yet whether
transcriptomic alterations underpin changes in cN signalling is not known. Within the MF GO
category, the family representing ‘Phosphoric Ester Hydrolase Activity’ was significantly over-
represented in established hypertension 337359, Thirty-three genes linked to the PDE superfamily
were found to be differentially expressed in the SHR stellate ganglia including downregulation
of Pde11a and Pde2a transcripts and upregulation of Pde6b. Yet the largest number of gene
transcripts observed in this family mapped to regulators of PDEs themselves3®” (Fig. 3.7)
including protein phosphatases that attenuate the effects of kinase activity®#?, thus altering the
systems involved in cN control?°8:360.361 These data support clinical reports that have highlighted
a role for impaired PDE activity in the pathophysiology of several CVDs113:230.232,262,270,273,275,362-
364 Indeed, recent evidence suggests that 1 % of the Swedish population carry a loss-of-function
mutation in PDE11a that is directly linked to hypertension, obesity and ischaemic stroke36s.
Moreover, a single nucleotide polymorphism (rs197163010) has been identified in PDE2A in
the SHR/Ola rat strain and reported in the NCBI dbSNP database3¢. A full overview of the

differentially expressed transcripts linked to PDEs are displayed in Table 3.7.
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The KEGG functional enrichment pathway analysis illustrated the relationships between the
altered transcripts and intracellular signalling pathways (Fig. 3.8) and highlighted differential
expression of several transcripts that have been previously associated with hypertension and
CVDs (Table 3.8). These include the class Ill metabotropic glutamate receptor 7 (Grm?7)367.368
G-protein B3 subunit (Gnb3)3%372 the voltage gated L-type Ca?* Cannel a subunit
(Cacna1ic)373374. Of particular relevance to this study is the observation that the PKA Regulatory
Type 1a subunit (Prkar1a) was found to be downregulated in the SHR stellate ganglia. Prkaria
transcription is integral for normal development of peripheral neurons including axonal sorting,
myelination and proliferation of neurons®75. Additional support for the importance of Prkaria in
peripheral neurons is found in patients with the inherited Carney Complex (CNC)
syndromes76:377, Notably, patients with global loss-of-function mutations in Prkaria develop
peripheral nerve tumours and display a wide range of cardiovascular comorbidities that are
often fatal, including dysregulated maintenance of blood pressure, cardiomyopathies and
arrhythmia®””. Indeed, in one study approximately 60 % of CNC patients died of cardiovascular
complications®76. Additionally, transcripts within the cGMP-PKG pathway were found to be
downregulated in the SHR stellate ganglia, including the expression of PKG Il (Prkg2) and the
a1-sGC subunit (Gucy1a3), supporting previous reports of decreased cGMP-PKG signalling in
the SHR stellate ganglia®-288.364, Furthermore, Genome Wide Association Studies (GWAS) have
revealed a critical link between mutations in loci containing the gene Gucy1a3 and clinical
hypertension50.378-381 . myocardial infarction382383 atherosclerosis 384385 and coronary artery
diseaseb2386:387 Nevertheless, changes in transcript expression do not necessarily translate to
changes in protein levels. For example, this RNA-seq data has revealed a decrease in Pde2a
expression3¥’, whereas PDE2A activity and protein levels are reportedly raised in SHR and
human stellates 262280, To ascertain whether the changes observed in the transcriptomic dataset
translated to functional alterations in cN activity, CAMP generation and PKA activity were
measured in response to an AC activator, forskolin. Evoked cAMP and PKA were not different

between strains (Fig. 3.9), yet, in response to PDE inhibition, cCAMP generation was found to be
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diminished in preSHR neurons(Fig. 3.10). These data support previous evidence for differential
PDE activity in preSHR stellate ganglia®%? suggesting that the dysfunction does not lie with the
cNs themselves. Rather, these results might correspond to higher levels PDE activity in Wistar
rat ganglia that chronically suppresses cAMP to prevent detrimentally elevated signals.
Alternatively, these results might also reveal distinct increases in the activity of PDE isoforms
insensitive to IBMX inhibition (PDE8 and PDE9) in preSHR cells. Whether this impairment is
caused by dysfunction of a particular PDE isoform (e.g. Pde2a, Pde6b or Pde11a), impaired
regulation of PDE activity, a mis-localisation of PDE isoforms within the intracellular
compartment?®® or as a result of altered pH, oxidative stress?®® and/or other cytosolic signals

remains to be established.

The N-type Ca?+ channel is the primary neuronal voltage gated Ca?*channel 233234 and plays a
critical role in determining cytosolic Ca?* concentrations during an action potential in
sympathetic neurons®:216.235-238  \/oltage gated Ca2* channel activity is differentially regulated
by kinase phosphorylation>748!, N-type Ca2* channel conductance is elevated in preSHR
neurons yet the causative mechanisms that underpin this phenotype are not known. In this
chapter, a global increase in cytosolic PDE activity was recorded in preSHR sympathetic
neurons, suggesting that PDE upregulation might occur as a compensatory protective
mechanism to limit [Ca2*].. Ascertaining the key mechanisms involved in PDE alterations may
have significance for attenuating the Ca?* phenotype and sympathetic over-activity in

hypertension.

3.6 Limitations

This RNA-seq study was a hypothesis neutral, non-biased approach to sequencing the
transcriptome of sympathetic stellate neurons of SHR and normotensive Wistar rats,

nevertheless there were several limitations to this approach. First, the stellate ganglion
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comprises a heterogeneous population of cell types. This was apparent in the analysis, as
several markers of fibroblasts and astrocytes were identified, including vimentin and glial
fibrillary acidic protein (GFAP) respectively, however; a high number of identified transcripts
were of neuronal phenotype. Further studies to fully uncover the transcriptome of post-
ganglionic sympathetic neurons will require single cell techniques, using tools such as in situ
hybridisation for nucleic acids. Secondly, stellates were obtained from male rats. While there is
a plethora of data regarding the sex differences in hypertension and CVD incidence388, in this
study the stellate transcriptome was investigated in the male rat stellate ganglia, given that the
prevalence for hypertension and CVD is significantly higher in males compared with
premenopausal women388, Thirdly, given the low concentration of RNA in our stellate samples,
samples were amplified during the library preparation using the SMARTer amplification protocol.
Low level transcripts may be under-represented in the amplification process and in our dataset
via this protocol. Moreover, since the transcriptome was sequenced from rats with established
hypertension, the observed transcriptomic changes may occur as compensatory rather than
causative factors. Finally, the gene profiling and ontology analyses are enabled yet limited by
the GO groups and KEGG enrichment pathways currently available. Notwithstanding these
limitations, RNA-seq transcriptomics has revealed differential gene expression profiles in
stellate neurons obtained from SHR with established hypertension and normotensive Wistar
rats that was confirmed using qRT-PCR. Leading transcripts were also present in human
stellate ganglia. Moreover, RNA-seq identified phosphoric ester hydrolase activity as a
significantly over-represented differentially expressed GO group in SHR. This had clear
functional relevance, as a PDE impairment was also identified using real-time live imaging of
cAMP and PKA. Taken together, these genes require further investigation for their role in
sympathetic hyperactivity and other diseases associated with autonomic dysfunction. With
regard to the FRET experiments, although global cytosolic cAMP concentrations were found to
be similar between control and diseased neurons, this does not in itself establish that localised
control within specifically regulated microdomains is normal in the diseased neuron. It is well-
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established that cNs and PDEs reside in distinct subcellular compartments 230,265,266
Specifically, there are three splice variants of PDE2A in rat?%6. PDE2A1 has a cytosolic
distribution, PDE2A2 is associated with mitochondrial membranes 26> whereas PDE2AS3 is
locaslised on synaptic membranes 389, although their exact roles remain to be established.
Similarly, the regulation of Ca?* channels by PKA/PKG occurs in distinct signalosomes,
conferring site-specific regulation of Ca2+ entry coupled to neurotransmission. Furthermore, the
rate of PDE hydrolysis is critically dependent on the concentration of both cAMP and cGMP that
is reported to be different between cell types 225. Site-specific targeted FRET sensors will be

required to resolve these questions.

3.7 Conclusion

Sympathetic over-activity is a well-established contributor to hypertension and CVD. Increased
[Ca2*]i augments neurotransmission early in disease, before increases in arterial blood pressure
develop. This Ca?* phenotype is underpinned by an impaired cAMP/cGMP balance that is
weighted in the favour of cAMP-PKA dependent signalling. The evidence in this chapter
suggests that changes in transcripts encoding ligand-gated ion channel activity and synaptic
signalling might play a role in the development of elevated sympathetic excitability and impaired
transmission. Pharmacological, surgical and genetic techniques aimed at reducing sympathetic
tone or raising vagal transmission have had reasonable levels of success reducing hypertension
and improving cardiac function47.98:106-108,162,390,391. nevertheless, no prophylactic strategies have
yet successfully entered the clinical arena, emphasising a critical need for translational
advancements in this field. Transcriptomics might provide a useful approach for effective
selection of novel targets for future validation and therapeutic targeting. These data highlight a
potential area for attenuating sympathetic over-activity for prophylactic benefit in diseases
associated with dysautonomia. RNA-seq is a useful tool for identifying novel targets that may

play a role in the pathophysiology of dysautonomias and other diseases.
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B-Adrenergic Signalling in

Sympathetic Stellate Neurons
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4.1 Introduction

Impaired neuro-hormonal regulation plays a critical role in the pathogenesis and progression of
CVDs?®, where patients with familial dysautonomia suffer from catecholaminergic super-
sensitivity, episodic hypertension and have a high propensity for fatal cardiac events392. Plasma
and tissue levels of NA, Adr, Angll and aldosterone are significantly altered in hypertension and
heart failure where elevated concentrations correlate with the severity of disease”6.80,193,214,393-
397 and elevated cardiac adrenergic activity, specifically, is a highly negative prognostic indicator
for clinical outcome3%. Sympathetic noradrenergic transmission plays a dominant role in
regulating cardiac output® via activation of Gas- coupled BARs that elevates intracellular cAMP
and PKA activity?®® thus regulating a large number of phospho-sensitive processes?®4.
Sustained myocardial BAR activation plays a pivotal role in the pathogenesis of many CVDs.
Chronic cardiac noradrenergic stimulation leads to prolonged elevations in myocardial cCAMP-
PKA activity??' that enhances Ca?* influx through L-type Ca?* channels??5-227, augments Ca?*-
induced Ca?*release from sarcoplasmic endoplasmic reticulum stores?28. Sustained cAMP-PKA
activity is involved in cardiac remodelling and hypertrophy?2'-230 myocyte apoptosis!08221.397,

hypertension0 19039 grrhythmia’0223! and heart failure!03.104.232,

B-blockers are a mainstay treatment strategy for many CVDs and stress-related events®, where
prolonged B-blocker therapy affords patients a wide-range of beneficial effects including B1AR
re-sensitisation and restoration of intracellular cN signalling pathways3%® improvements in
cardiac myocyte contractility 4% and reversal of ventricular remodelling'93397, The precise
mechanisms and anatomical sites, that mediate and sustain the beneficial effects of B-blockers
in disease is commonly thought to be via adrenergic post-synaptic sites yet the prices

mechanisms remain unclearg401,
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During 1970-1990, it was demonstrated that the activation of presynaptic -ARs on sympathetic
terminals, facilitates noradrenergic transmission within several peripheral ganglia in rat, guinea
pig, cat, rabbit, dog and human 402410 yet little is known about the precise anatomical sites nor
the physiological or pathophysiological relevance of these presynaptic receptors in

hypertension.

4.2 Chapter Aims

In this chapter, | used a combination of RNA-seq, qRT-PCR, protein assays and fluorescent
microscopy techniques to establish whether BARs are expressed on presynaptic post-
ganglionic sympathetic stellate neurons from human and rat. The aim of this study was to
assess whether presynaptic BARs play a functional role in cN signalling, and contribute to the
elevated sympathetic phenotype observed in hypertension. | am the first author on a manuscript

describing this work that is published in Hypertension3''.

The specific aims of this chapter were to:

1. Investigate whether sympathetic BARs are present on sympathetic stellate ganglia from
normotensive, prehypertensive and hypertensive rats.

2. Assess whether presynaptic BARs are also evident on human sympathetic stellate
ganglia, to provide physiological context.

3. Ascertain whether the activation of sympathetic presynaptic BARs couple to the
canonical cAMP-PKA intracellular signalling pathway.

4. Establish whether second messenger signalling pathways coupled to presynaptic BARs

contribute to the Ca?+ phenotype in prehypertensive states.
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4.3 Methods

4.3.1 Animals

Three- to four-week-old male prehypertensive SHRs, 16-20-week-old male SHRs with
established hypertension and age-matched normotensive Wistar control rats were obtained
from Envigo, UK. All experiments were performed in accordance with the UK Home Office
Animal Scientific Procedures Act 1986 (ASPA) and approved by the University of Oxford (PPL

30/3131; David J. Paterson).

4.3.2 Human Donor Stellates

For clinical samples, human ganglia were extracted at UCLA and shipped on dry ice in
RNA/ater® RNA Stabilization Solution (ThermoFisher). Human donor characteristics are

included in Chapter Two in the General Methods section.

4.3.3 Neuronal Isolation

Sympathetic stellate ganglia from three- to four-week-old Wistar and age-matched preSHR.
Stellates were dissected, de-sheathed, and dissociated into a single-cell suspension for FRET

microscopy, Ca?* imaging and immunocytochemistry experiments as described in Chapter Two.

4.3.4 RNA Extraction and RNA Sequencing

RNA was extracted from the left stellate from rat and left and right stellate ganglia from human
donors, and the same samples were used as described in Chapter Two. The RNA-seq dataset
described in Chapter Three, was used to identify the mRNA transcripts encoding adrenergic

receptors in 16-week-old rat stellate ganglia.

4.3.5 Quantitative Real-Time Polymerase Chain Reaction
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The presence of genes encoding adrenergic receptors identified by RNA-seq, was validated by
gRT-PCR in RNA extracted from stellate ganglia from four-week and 16-week-old normotensive
and hypertensive rats, as well as in human stellate ganglia. In this chapter, the RNA transcripts
encoding tyrosine hydroxylase (Th), alpha-2 adrenoceptors (a2AR, Adra2a), B1AR (Ardb1) and
B2AR (Ardb2) were validated by qRT-PCR. A full list of the primers used and the appropriate
dilutions are included in Chapter Two. Data displayed in the results section depicts the gene of
interest normalised to B2m, however, each primer was analysed against two housekeeping
genes (B2m and Gapdh) for validation and accuracy of qRT-PCR data. For qRT-PCR analysis,
the relative amount of each transcript was calculated using the comparative (Ct) method (AA

Cr, rat; A Cr, human)322,

4.3.6 Immunocytochemistry

Cardiac-sympathetic neurons were fixed onto glass coverslips and stained with the appropriate
antibodies for TH, B1AR, B2AR and a2AR. A full list of the antibodies used is included in Chapter
Two. Neurons were imaged using 40X or 60X objectives on a confocal microscope (Live Cell
Olympus Inverted Confocal or Zeiss LSM 880 Airy Scan Upright Confocal) as described in
Chapter Two. Z-stack images were edited and cell sizes were measured using Fiji software

(Imaged)?8.

4.3.7 Enzyme-linked Immunosorbent Assays

Protein was extracted from stellate ganglia obtained from four-week and 20-week male SHR,
age-matched Wistar rats and human donor stellates. 100 mg of rat stellate tissue was pooled
and homogenised in ice-cold dPBS without Ca?+ or Mg?*. In alternative experiments, 80 mg of
tissue obtained from three human stellate ganglia were separately homogenised in ice-cold
dPBS without Ca?+ or Mg?+. The protein concentration in each sample was quantified using a

protein assay (BioRad DC) as per the manufacturer’s instructions and the total protein

122



Chapter 4. B-Adrenergic Signalling in Sympathetic Stellate Neurons

concentrations in each sample were normalised. Protein concentrations of B1AR, B2AR and TH
were established using sandwich ELISAs in rat and human stellate ganglia. A full list of the
ELISAs and protein dilutions are included in Chapter Two. The concentration of proteins of

interest were quantified using a standard curve generated from the supplied standards.

4.3.8 Live-Cell Forster Resonance Energy Transfer (FRET) Microscopy

FRET microscopy was utilised to monitor real-time changes in intracellular cAMP generation
and PKA activity in post-ganglionic sympathetic neurons obtained from four-week preSHR and
Wistar rats. Cultured stellate neurons were transduced with adenovirus particles encoding the
FRET biosensors Epac1-H187 (5.1 x 108 PFU/ml) and AKAR4 (1.3 x 10° PFU/ml) for 24 hours
as described in Chapter Two. During FRET experiments, stellate neurons were perfused
continuously with Tyrode’s solution via a gravity-fed perfusion system and the flow rate was
controlled at 2—3 ml/min at room temperature. The following pharmacological compounds were
diluted in Tyrode solution a non-selective BAR agonist, isoprenaline (ISO, 10 nM to 10 uM), a
B1AR agonist dobutamine (DOB, 50 uM), a B1AR antagonist metoprolol (MET, 100 nM to 10
M) a B2AR agonist salbutamol (SAL, 10 uM) a B2AR agonist ICI-118,551 (ICI, 10 nM to 10 uM).
In all experiments, the maximal FRET change of each cell was recorded by exposing the cells
to saturating concentrations of forskolin (25 uM) and IBMX (100 uM) to ensure that the cells
responded similarly to the biosensors. In the absence of a forskolin/IBMX response cells were
excluded from analysis. A stable baseline of at least two minutes was required at the start of
each experiment. During analysis, the FRET changes to pharmacological stimuli were
normalised to the last 30 seconds baseline period. The duration of drug administration was

determined as the time until cAMP or PKA equilibrium (i.e. a recording plateau) was established.
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4.3.9 Intracellular Calcium Measurements

Stellate neurons from four-week-old preSHR and Wistar rats were dissected, dissociated and
incubated for four to six hours on the day of culture until fully adhered to Poly-d-Lysine / laminin-
coated coverslips (37 °C , 5 % CO.) as described in Chapter Two. Cells were incubated in
neuronal plating media with the Ca2+ dye Indo-1 acetoxymethyl ester (Indo-1AM, 2 uM, 45 mins,
RT, ThermoFisher). During Ca?* imaging experiments, stellate neurons were perfused
continuously with Tyrode’s solution via a gravity-fed perfusion system (37 °C) and a stable
baseline was recorded for 30 s prior to stimulation. Neurons were stimulated with 50 mM K+ in
bicarbonate-buffered Tyrode solution with an equimolar reduction in NaCl (S1, t = 0.25 mins,).
Upon return to baseline, cells were perfused with ISO (1 uM) for 4 minutes and re-stimulated
with 50 mM K+ (S2, t = 4 mins) in the presence of ISO (1 uM). For control experiments, no ISO
was administered. A list of the perfusion buffers and their constituents is included in Chapter
Two. The values obtained from the peak of each KCL stimulation were averaged and baseline
values were subtracted from absolute peak size. In the absence of a KCl response, cells were
excluded from analysis. To determine the effect of the compound on KCl-evoked [Ca?*]i the ratio
‘S2 / S1’ was calculated, where S2 was the response to stimulus in the presence of drug and
S1 was the response to stimulus prior to drug administration. Ratios were compared to time-
controlled experiments, where S1 and S2 were recorded in the absence of drug. Ratiometric
data were obtained through conversion of raw data sheets into text files and fluorescence values
were transformed to [Ca?*]iconcentrations using the equation derived by Grynkiewicz et al.,3'4

as described in Chapter Two.
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4.3.10 Compounds

Isoprenaline, a non-selective BAR agonist, (racemic (x)-isoproterenol hydrochloride, 1SO,
15627), dobutamine hydrochloride (DOB, Bi1AR agonist, D0676), salbutamol (SAL, B-AR
agonist, S8260), the metoprolol ((+)-Metoprolol (+)-tartrate, MET, B1AR antagonist, M539),
Dexmedetomidine hydrochloride ((+)-Medetomidine hydrochloride, DEX, a>AR agonist,
SML0956), forskolin (F6886) and 3-lsobutyl-1-Methylxanthine (15879) were supplied from
Sigma. ICI 118,551 (ICI 118,551 hydrochloride, B2AR antagonist, 72795-01-8) was purchased

from R&DSystems.

4.3.11 Statistical Analysis

Fluorescent microscopy, qRT-PCT and ELISA data were analysed using GraphPad Prism
software (v6/7). When the data passed normality tests (D'Agostino-Pearson omnibus test or
Shapiro-Wilk313), unpaired two-tailed Student’s ttests, one or two-way analysis of variance
(ANOVA) were performed. When the data were not normally distributed, the appropriate
nonparametric tests were used with the specific statistical test reported in the figure legend. All
data are expressed as the mean = SEM. Statistical significance was accepted at p<0.05 unless
otherwise described. RNA-seq data were analysed using a Salmon-DESeq2 protocol3?2327 gs

described in Chapter Two.
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4.4 Results

4.4.1 Stellate Ganglia Express mRNA Encoding B-Adrenergic Receptors

The transcriptome of the sympathetic stellate ganglia was sequenced using ganglia extracted
from 16-week-old male Wistar rats (n=4 stellates) and SHR (n=4 stellates) with established
hypertension and sympathetic hyperactivity'*°, as described in Chapter Two. Using the RNA-
seq dataset, the presence of adrenergic receptors was confirmed in adult rat stellate ganglia
(Fig. 4.1). Of the inhibitory G, -coupled a>,ARs, mRNA transcripts encoding three isoforms were
identified in the TH positive stellate ganglia, where both a2ARs and TH are indicative of a
presynaptic sympathetic phenotype*2. These represented a:,AR (Adra2a), a:sAR (Adra2b),
azxcAR (Adra2c). Transcripts encoding BAR isoforms including B1AR (Ardb1) and B2AR (Ardb2)
were also observed, where the transcript encoding Ardb2 had the highest expression (Fig.
4.1a). Data points represent raw counts + SEM. The RNA-seq differential expression analysis
using the DESeq2 tool 327 described in Chapter Two, highlighted a significant reduction in Adrb2

expression in SHR compared with Wistar ganglia (p.adj = 0.00945, Fig. 4.1b).

To validate the presence of adrenergic transcripts on rat stellate neurons, qRT-PCR was
performed using RNA from four-week Wistar and preSHR ganglia (n=3 rats/group, unpooled),
16-week Wistar and SHR stellates (n=4 rats/group, unpooled). To validate a>,AR expression,
the Adra2a transcript was selected in preference to Adra2b and AdraZc, based on the evidence
that the a2aAR isoform primarily regulates presynaptic sympathetic activity*2, whereas the
azsAR isoform has a preferential role within the vasculature*4. It was unexpected, however, that
the transcript abundance of Adra2b was an order of magnitude higher than that of Adra2a and
Adra2c. The qRT-PCR data were analysed using the AACt method described by Schmittgen et
al.,3%2, where raw counts were first normalised to a control housekeeping gene B2m, and SHR

data were subsequently normalised to Wistar qRT-PCR counts.
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Figure 4.1. RNA-seq Depicts B-Adrenergic Receptors on Rat Stellate Ganglia

RNA-seq identified the presence of 31AR (Ardb1) and B2AR (Ardb2) transcripts in addition to
mRNA encoding TH (Th) and a2aAR (Adra2a), markers of presynaptic sympathetic neurons.
Transcripts for Adra2b and Adra2c were also observed. Data points represent raw counts +
SEM (a). Ardb2 expression was significantly lower in SHR ganglia compared with Wistar (p.
adj=0.00945; Salmon-DESeq2 methods3?7). Data are represented as logx(fold change) + SEM
(b). *p<0.05, **p<0.01, ***p<0.001.

Using gRT-PCR, no significant difference was found in the expression of mRNA for Adrb1,
Adrb2, Adra2a or Th between strains or between age-groups in stellate RNA samples from four-
week or 16-week rats (Fig.4.2a). Nevertheless, similar trends representing up or downregulation
were observed in the qRT-PCR as in the RNA-seq dataset. Data are represented as loga (fold

change) + SEM. ACvalues are included in the appendix (Fig. 8.6).
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Figure 4.2. Human and Rat Stellate Ganglia Express f-Adrenergic Receptors

The presence of RNA transcripts was validated using qRT-PCR in RNA extracted from 4-
week (n=8/group) and 16-week SHR and Wistar rats (n=4/group). There was no significant
difference in mRNA expression for Adrb1, Adrb2, Adra2a or Th between strains (one-way
ANOVA) at 4wk (a) or 16wk (b). Data were analysed using the AACr method and
represented as logx(fold change) = SEM (a, b). The expression of mRNA encoding Adrb1,
Adrb2, Adra2a and Th was observed in human stellate ganglia (n=4) using qRT-PCR. Adrb1
expression was significantly lower than Th (p=0.002) and Adrb2 (p=0.0028). Adra2a
expression was shown to be significantly lower than Th (p=0.0123) and Adrb2 (p=0.0164).
Human data were analysed using a one-way ANOVA with Bonferroni’s correction. Data are
represented as ACt normalised counts + SEM (b). *p<0.05, **p<0.01, ***p<0.001.
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The transcripts encoding the adrenergic receptors a2aAR, B1AR, B2AR (Adrb1, Adrb2
and Adra2a) were also confirmed using qRT-PCR in four human stellate ganglia (two
left stellates, two right stellates, unpooled were obtained from 3 patients). The ganglia
were TH (Th) and a22AR (Adra2a) positive, indicative of a presynaptic sympathetic
phenotype. The qRT-PCR raw counts were normalised to a control housekeeping gene
B2m, using the ACt method described by Schmittgen et al.,®%2. It was observed that
Adrb1 expression was significantly lower than Th (p=0.002) and Adrb2 (p=0.0028).
Moreover, Adra2a expression was shown to be significantly lower than Th (p=0.0123)
and Adrb2 (p=0.0164). Data were analysed using a one-way ANOVA with Bonferroni’s
multiple comparisons test. Graphical data points represent ACt normalised counts +

SEM (Fig. 4.2c).

4.4.2 3-Adrenergic Receptors are Expressed on Human and Rat Stellate Ganglia

Immunocytochemistry confirmed the expression of B:1AR, B2AR and a:saARs on TH positive
neurons from three- to five-week-old control rats and SHR (Fig. 4.3). It was observed that 31ARs
and a2aARs primarily displayed a membrane localisation whereas the expression of AR
appeared cytosolic, at all levels of the Z-stack, possibly indicating internalisation of the AR

subtype, as has been well described 71.397.411.412,
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Figure 4.3. B- and a-Adrenergic Receptor Expression on Rat Stellate Neurons
Immunocytochemistry confirmed the expression of B1AR (a) B2AR (b) on TH positive stellate
from four-week-old rats. The presence of a:aARs confirms a presynaptic phenotype (c)
Images displayed are from Wistar (81AR, B1AR) and preSHR (a22AR). White arrows depict
the localisation of BARs on dendrites (a) and synaptic terminals (c). Negative controls with no
primary antibody are depicted (d).
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ELISAs were used to quantify the relative protein expression of B1AR and B2ARs in stellate
neurons obtained from young three- to five-week-old normotensive preSHR and Wistar rats (32
stellates, 16 rats/group, pooled stellates) or adult 19- to 20-week-old SHR and Wistar rats (20
stellates, 10 rats/group, pooled stellates). The concentration of B1AR protein in rat stellate
ganglia was calculated for young Wistar (869.1 pg/ml + 50.6), adult Wistar (674.1 pg/ml + 44.6),
young preSHR (114.2 pg/ml + 23.7) and adult SHR (489.4 pg/ml + 26.4, Fig. 4.4a). 32AR protein
expression in rat stellate ganglia was calculated for young Wistar (431.5 pg/ml + 18.5), adult
Wistar (348.1 pg/ml + 5.2), young preSHR (82.2 pg/ml + 19.6) and adult SHR (115.8 pg/ml =
2.2, Fig. 4.4b). The samples used in the ELISA assays contained protein from 20 or 32 stellates,
however, the stellates were homogenised and pooled into a single sample to obtain adequate
protein concentrations for the ELISA assays therefore no statistical tests were conducted. B1AR
(516.6 pg/ml = 60.11) and B2AR (340 pg/ml + 33.97) expression was also detected in human
stellate ganglia, in 3 pooled stellates obtained from two patients (Fig. 4.4c). Data points indicate

mean + SEM (3-4 technical replicates).
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Figure 4.4. Rat and Human Stellate Ganglia Express -Adrenergic Receptors

The protein expression of B1AR and B2ARs was confirmed by ELISA on three- to 5.5-week-
old young Wistar and age-matched young preSHR stellates (32 stellates pooled, 16
animals/group) and 20-week-old adult Wistar and SHR stellates (32 stellates pooled, 16
animals/group). The concentration of B1AR protein in rat stellate ganglia was calculated for
(a) young Wistar (869.1 pg/ml £ 50.6), adult Wistar (674.1 pg/ml +44.6), young preSHR (114.2
pg/ml + 23.7) and adult SHR (489.4 pg/ml + 26.4). The concentration of B2AR protein in rat
stellate ganglia was calculated for (b) young Wistar (431.5 pg/ml + 18.5), adult Wistar (348.1
pg/ml +5.2), young preSHR (82.2 pg/ml + 19.6) and adult SHR (115.8 pg/ml + 2.2). In human
stellate ganglia, expression of 31AR (516.6 pg/ml + 60.11) and 2AR (340 pg/ml + 33.97) was
also detected (c). Data points depict mean = SEM (3-4 technical replicates, pooled stellates).
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4.4.3 Enhanced BAR-evoked cAMP and PKA Activity in PreSHR Neurons

To determine whether the presence of presynaptic BARs on sympathetic ganglia play a
functional role in modulating intracellular cN signalling pathways, FRET was used to quantify

the relative levels of cAMP and PKA activity in response to a relatively non-selective BAR

agonist, ISO. The rank order of potency for agonists at BiARs has been previously

demonstrated as ISO >> Adr = NA 413. Conversely, at 32ARs the rank order of potency has been

determined as ISO = Adr >> NA where the binding affinities for ISO were shown to be 224 nM

at B1AR and 458 nM at .AR*13,

To assess whether BAR mediated-cAMP generation facilitated signalling via the canonical
cAMP-PKA pathway, neurons from four-week Wistar and preSHR were transduced with the
loss-of-FRET sensor Epac1-H187 to measure changes in [cCAMP]i. ISO administration at 10 nM
led to significantly greater cAMP generation in preSHR (55.6 % + 16.8) compared with that
measured in Wistar neurons (7.1 % + 1.4 %; 2-way ANOVA, p<0.0001) and was also observed
at higher concentrations of ISO (100 nM 2-way ANOVA, p<0.0001). Using the same
concentration of ISO (10 nM), PKA activity was found to be significantly higher in preSHR (26.1
% + 5.4 %) versus Wistar neurons (4.5 % + 1.1 %; 2-way ANOVA; p<0.0001), and was also
observed at 100 nM ISO (Fig. 4.5). Raw YFP and CFP fluorescence traces as emitted from the
cytosolic loss-of FRET sensor Epac1-H187 and the gain-of-FRET sensor AKAR4 in response

to ISO (10-100 nM) are displayed in Figure 4.6.
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Figure 4.5. BAR Stimulation Increases cAMP-PKA in PreSHR Neurons

Isoprenaline (ISO) generated significantly higher levels of cAMP at 10 nM (a) in preSHR (55.6
% + 16.8 %; n=12) compared with Wistar neurons (7.1 % + 1.4 %; n=8; 2-way ANOVA,
p<0.0001) and 100 nM (b) in preSHR (42.0 % =+ 8.2 n=8) vs. Wistar (16.8 % + 3.2 %, n=8; 2-
way ANOVA, p<0.0001). ISO increased PKA activity to a significantly greater extent at 10 nM
(c) in preSHR (26.1 % £ 5.5 %; n=13) vs. Wistar neurons (4.5 % + 1.1 %; n=8; 2-way ANOVA;
p<0.0001) and 100 nM (d) in preSHR (41.5 % + 5.5, n=8) vs. Wistar (18.8 % = 5.4 %, n=8, 2-
way ANOVA; p<0.0001). *p<0.05, **p<0.01, ***p<0.001.
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Figure 4.6. Raw Traces Representing CFP and YFP Emission Wavelength
CFP and YFP shown for Epac1-H187 (a) and AKAR4 (b) in response to ISO administration
(10-100 nM).

4.4.4 BAR Activation Elevates KCl-evoked Calcium in PreSHR Neurons

To ascertain whether 1ISO-dependent BAR activation enhances [Ca2*]i, the responses to KCI
were measured in the absence or presence of ISO (10 uM). Ca?+ recordings were obtained
using Indo-1AM labelled sympathetic neurons from four-week preSHR and Wistar rats. In
preSHR stellate neurons, KCI stimulation in the presence of ISO led to significantly higher [Ca?+];
than KClI stimulations alone (Fig. 4.7; p=0.0272). There was also significantly higher KCl-evoked
[Ca2*]i in the presence of ISO in preSHR neurons, compared with that recorded in control

neurons (p=0.0027).
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Figure 4.7. BAR Signalling Enhances Intracellular Ca2* in preSHR Neurons

Intracellular Ca?* imaging was conducted on neurons obtained from 4-week control and
preSHR with Indo-1AM. Wistar and preSHR neurons were exposed to two KCI challenges
(50 mM; stimulation S1 and S2) where S2 was conducted in the absence (Wistar, n=5;
preSHR n= 6; a) or presence (Wistar, n=8; preSHR n= 6; b) of ISO (1 uM). Example traces
(a, b) and S2 / S1 ratios are shown (c). There was significantly elevated [Ca?*]; evoked in the
presence of ISO in preSHR neurons than in the absence of ISO (p=0.0272), compared to
Wistar neurons (unpaired Student’s t-tests, p=0.0027). Bar charts represent mean + SEM.
*p<0.05, **p<0.01, ***p<0.001.
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4.4.5 Contribution of B1AR and B2AR to Neuronal cAMP Generation

To determine whether the observed increases in 1ISO-evoked cAMP occur predominantly
through either B1AR or B2AR activation, cells were challenged with administration of a 31AR
agonist (dobutamine, DOB, 50 uM) following B2AR blockade with ICI-118,551 (ICI, 10 nM); or
in alternative experiments, administration of a $2AR agonist (salbutamol, SAL, 10 uM) following
B1AR antagonism (metoprolol, MET, 100 nM). Administration of the 31AR agonist DOB, led to
significantly greater cAMP generation in preSHR (15.82 % + 2.8 %, n=5) compared with Wistar
neurons (-0.31 % + 2.4 %, n=10, 2-way ANOVA, p<0.0001; Fig. 4.8 a, c). Moreover, in Wistar

neurons, administration of DOB did not increase cAMP from baseline.

In alterative experiments, neurons were stimulated with a B2AR agonist salbutamol (SAL) that
also led to a significantly greater cAMP generation in preSHR (63.8 % = 16.6 %, n=12)
compared with Wistar neurons (38.6 % + 5.2 %, n=13, 2-way ANOVA, p<0.0001; Fig. 4.8 b, c).
There was significantly higher peak SAL-evoked cAMP compared with DOB-evoked cAMP in
Wistar (p<0.0001, Mann-Whitney, Fig. 4.8 c) and in preSHR neurons (p=0.0173, unpaired two-
tailed Student’s t-tests, Fig. 4.8 c), highlighting a greater contribution of 32AR versus $1AR in

generating CAMP, regardless of strain.

To support the evidence that ISO-evoked cAMP was acting through B1AR and B2ARs rather
than inducing off-target effects, ISO-evoked cAMP (ISO, 10 uM) was tested in the absence and
presence of a combination of 31AR (metoprolol, MET, 10 uM) and B-AR antagonists (IClI
118,551, ICI, 1 uM). The dual combination of f1AR and B2AR antagonists (MET, ICl) abolished
ISO-evoked cAMP generation entirely, in both preSHR (n=6) and Wistar neurons (n=6),
regardless of the high concentration of ISO used. This observation demonstrates that ISO-

dependent cAMP generation is dependent on selective 31AR and B2AR activation (Fig. 4.8d).
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4.4.6 B2AR Signalling Plays a Dominant Role in Neuronal cAMP

To support the observation suggesting a dominant role for B2AR in mediating cCAMP generation,
B1AR or B2AR were selectively inhibited with metoprolol (MET, 10 uM) or ICI 118,551 (ICI, 10
nM) respectively. The resulting cAMP generation in response to ISO (10 uM) was measured in
young preSHR (MET, n=14; ICI, n=6) and young Wistar stellate neurons (MET, n=13; ICI, n=7;
Fig. 4.9). The selectivity and specificity of the selected B1AR agonist dobutamine (DOB) and
B2AR agonist salbutamol (SAL) and the B1AR and B2AR antagonists (MET and ICI) have been

previously reported+14-416,

It was observed that B2AR blockade reduced ISO-evoked cAMP generation to a greater extent
than B1AR blockade in both Wistar and preSHR neurons, confirming the previous observations
for a preferential effect of B-AR versus B1AR mediated cAMP generation in stellate neurons,
regardless of strain (Fig. 4.9). Moreover, a slight but significantly greater 1ISO-evoked cAMP
generation was measured in preSHR versus Wistar neurons in the presence of either MET
(p=0.0472) or ICI (p< 0.001) using 2-way repeated measure ANOVAs; however, the peak FRET
responses themselves were not significantly different between strains (Fig. 4.9), illustrating a

slight elevation in B1AR-mediated cAMP generation in stellate neurons in disease.
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Figure 4.8. Contribution of B1AR and B2AR Signalling to Neuronal cAMP Generation
For measurements of cAMP generation, 4-week control and age-matched preSHR neurons
were transduced with the Epac1-H187 FRET biosensor. Cells were stimulated with a B1AR
agonist, dobutamine (DOB, 50 uM) following B2AR inhibition with a selective antagonist, ICI
118,551 (ICl, 10 nM) that led to a significantly greater increase in cAMP generation in preSHR
(15.82 % + 2.8 %; n=5) compared with Wistar neurons (-0.31 % + 2.4 %; n=10; 2-way ANOVA,
p<0.0001). In Wistar neurons, administration of DOB did not increase cAMP from baseline
(a). In alterative experiments, neurons were stimulated with a B2AR agonist salbutamol (SAL,
10 uM) following B1AR inhibition with a selective antagonist, metoprolol (MET, 100 nM). SAL
administration led to a greater increase in cCAMP generation in preSHR (63.8 % + 16.6 %;
n=12) compared with Wistar neurons (38.6 % = 5.2 %; n=13; 2-way ANOVA, p<0.0001, b).
The peak FRET change (%) evoked by DOB or SAL were calculated (c). SAL administration
induced significantly higher cAMP levels than DOB in Wistar (p<0.0001, Mann-Whitney) and
preSHR neurons (p=0.0173, unpaired two-tailed Student’s t-tests). B-blockers administration
abolished ISO-induced cAMP generation in Wistar (n=6) and preSHR (n=6) neurons (d).
*p<0.05, **p<0.01, ***p<0.001.

139



Chapter 4. B-Adrenergic Signalling in Sympathetic Stellate Neurons

a. cAMP Generation
Rat stellate
Selective B-blockade

— Wistar: Met (10 pM)
— preSHR: Met (10 uM)
-~ Wistar: ICI (10 nM)
-o- preSHR: ICI (10 nM)

0 2 4 6 8 10 12 14
Time (mins)

b. cAMP Generation
Rat stellate
Combined B-blockade
100
801
601

401

FRET Change (%)

20

O_

-20 ; ; . . . .

ISO (10 uM): + + + + + +
Met (10 pM): - - + + - -
ICI (10 nM): - - - - + +

Figure 4.9. B2AR Signalling Plays a Dominant Role in Neuronal cAMP Generation
For measurements of cAMP generation, 4-week control and age-matched preSHR
neurons were transduced with the Epac1-H187 FRET biosensor. To confirm that ISO-
evoked cAMP was acting downstream of BAR activation, ISO (10 uM)-evoked cAMP was
tested in response to selective blockade of either 31AR (MET, 10 uM) or B2AR (ICl, 10 nM)
in in 4-week preSHR (MET, n=14; ICl, n=6) and Wistar cells (MET, n=13; ICI, n=7). There
was significantly greater inhibition of cAMP following B-AR (ICl) compared with B1AR
inhibition (MET) in Wistar (p<0.0001; 2-way RM ANOVA) and preSHR PGSNs (p<0.0001;
2-way repeated measures ANOVA), suggesting that B-AR plays a predominant role in
cAMP generation, regardless of strain (a). *p<0.05, **p<0.01, ***p<0.001. Peak FRET
responses are depicted (b).
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4.5 Discussion

In this chapter, a combination of RNA-seq, qRT-PCR, protein assays and fluorescent
microscopy techniques were applied to ascertain whether BARs are expressed on presynaptic
post-ganglionic sympathetic stellate neurons from human and rat. The aim of this study was to
assess whether presynaptic BARs play a functional role in cN signalling, and contribute to the

elevated sympathetic phenotype observed in hypertension 96.239.311,

The main findings of this chapter are:

1. RNA-seq and qRT-PCR confirmed the expression of 31AR and 2AR mRNA transcripts
in stellate ganglia from human and rat.

2. The protein expression of 1AR and B-ARs was confirmed by immunocytochemistry and
concentrations were measured by ELISA in stellate ganglia from human and rat.

3. Inisolated sympathetic neurons, BAR agonists elevate cAMP and raise PKA activity.

4. BAR-mediated cAMP, PKA and [Ca?*]; were increased in preSHR compared with Wistar
neurons.

5. BAR-mediated cAMP generation was predominantly mediated by the B2AR isoform in

both strains, and was responsible for the cAMP elevation observed in disease.
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4.5.1 Sympathetic Stellate Ganglia Express 3-Adrenoceptors

The RNA-seq dataset described in Chapter Two was used to identify the presence of mRNA
transcripts encoding adrenergic receptors in stellate ganglia from 16-week Wistar and SHR
837417 The data highlighted the expression of transcripts encoding the B1AR (Adrb1) and B2AR
isoforms (Adrb2) (Fig. 4.1). While it has been previously reported that presynaptic BARs are
present and may be capable of facilitating NA release in several peripheral autonomic ganglia
in rat, guinea pig, cat, rabbit, dog and human402.406.409.410; the role of adrenergic signalling within
the sympathetic stellate ganglia remains unclear, particularly in disease. Given the well-
established role of B1AR and B2AR myocardial signalling in CVD, the presynaptic sympathetic

expression and function of the B1AR and 2AR isoforms were the focus of this study.

The mRNA expression of three isoforms of a2AR were also identified in the RNA-seq dataset
(Adra2a, Adra2b, AdraZ2c) that corresponded to the a2aAR, a28AR, a:cAR subtypes. While the
expression of the a:aAR and axcAR isoforms have been well-documented as important
regulators of neurotransmitter feedback inhibition*'8, the expression of the transcript encoding
azsAR and the high abundance of this transcript was somewhat unexpected, given its previously
reported role in the vasculature 418. Nevertheless, it is unlikely that vascular tissue was extracted
due to the extensive cleaning and de-sheathing protocol for the stellate ganglia under a high
magnification dissection microscope. In this study, for characterisation purposes, a focus was
placed on confirming the expression of the a:sAR isoform, given its predominant role in
protection against tachycardia*'®, hypertension, cardiac hypertrophy and myocardial fibrosis in
mice*?. The expression of the transcripts encoding B+1AR, B2AR, a2aAR and TH was confirmed
by qRT-PCR, immunocytochemistry and ELISA assays in rat stellate ganglia, where a22AR and
TH were indicative of a presynaptic sympathetic phenotype, respectively (Fig’s. 4.2-4.4). The
expression of B1AR, B2AR, a2aAR and TH mRNA transcripts were also identified by qRT-PCR

and ELISA in human stellate ganglia, providing physiological context and supporting a role for
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presynaptic BAR signalling in human cardiac-sympathetic ganglia (Fig’s. 4.3-4.4). What is the
relevance for the observation of presynaptic sympathetic BARs? Single or combinatorial
administration of B-blockers are a main-stay treatment strategy for CVDs and stress-related
events caused by sympathetic over-activity*?!, although the precise mechanisms that underpin
the long-term beneficial effects are not entirely clear®*. Most research has focussed on the
efficacy of BAR antagonists within the myocardium and vasculature, reducing cardiac work and
total peripheral resistance®. These findings suggest that the efficacy of clinical B-blockers may
be attributed, at least in part, to a reduction in sympathetic hyperactivity and neurotransmission

at the end-organ.

4.5.2 Elevated pB-Adrenergic Signalling in preSHR Sympathetic Neurons

What is the cause for increased sympathetic neurotransmission prior to the onset of neurogenic
hypertension? Emerging evidence suggests that impaired NO synthesis and reductions in
cGMP-PKG signalling lead to pathological increases in [Ca?] and NA release at the end
organ''3335 Recently, it has been demonstrated that decreased cGMP signalling leads to
enhanced N-type Ca?* channel (Ca,2.2) currents, and that this effect may be ameliorated by
artificially increasing cytosolic cGMP?9:334, Cyclic nucleotide signalling is acutely regulated by
PDE enzymes, and in early prehypertensive states PDE signalling is impaired resulting in an
imbalance between cAMP and cGMP signaling33*. We therefore sought to ask the question,
could high levels of neurotransmitter release act in an autocrine and/or paracrine fashion, to

increase neuronal cAMP and potentiate neurotransmission in a feed-forward manner?

In the present study, FRET was used to measure the total cytosolic cCAMP and PKA activity,
generated in response to administration of physiologically relevant concentrations of the non-
selective BAR agonist ISO (10-100 nM) in post-ganglionic sympathetic neurons obtained from

young normotensive preSHR and Wistar rats (Fig. 4.6). It was observed that both cAMP and
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PKA activity were elevated in preSHR neurons in response to the BAR agonist, ISO. To assess
whether BAR signalling facilitates cardiac-sympathetic neurotransmission, [Ca?'] was
measured in response to KCI in the absence or presence of ISO. Consistent with the observed
increases in BAR-mediated cAMP-PKA signalling in preSHR stellate neurons, ISO also
increased KCl-evoked [Ca?*]i in prehypertensive states; whereas there was no effect of ISO in
control neurons (Fig. 4.7). Taken together, these data demonstrate that BAR-mediated
signalling in sympathetic neurons contributes to the Ca2* phenotype and increases sympathetic
transmission. Moreover, this may occur as a direct result of altered PDE activity. Previous work
has demonstrated that the N-type Calcium Channel (lcan) is the primary voltage-gated channel
responsible for Ca?+ influx in sympathetic neurons; and carries a significantly larger Ca2* current
in preSHR neurons compared with controls®-2'6, where its activity is differentially regulated by
PKA and PKG%:334, Therefore, it is probable that the ISO-potentiated increases in [Ca2*]i in
preSHR neurons primarily occurs as a result of BAR-cAMP activation that increases PKA-

dependent phosphorylation of lcan (Cav2.2).

4.5.3 B2AR Plays a Dominant Role in Sympathetic cAMP Generation

To establish whether the observed increases in CAMP-PKA activity occur downstream of 31AR
and/or B2AR signalling, cultured stellate neurons were perfused with selective agonists for either
B1 or B2AR subtypes. The selective activation of B1AR or B2AR led to significantly greater
increases in cAMP in preSHR neurons compared with Wistar. Indeed, there was no measurable
effect of B1AR activation on [CAMP];i in normotensive controls (Fig. 4.8). Furthermore, stimulation
of preSHR neurons with the B-AR agonist salbutamol, led to cAMP generation that was almost
twice as high as B1AR-evoked cAMP within preSHR neurons, suggesting a dominant role for
B-AR compared with B1AR signalling in these neurons. Importantly, elevated cAMP-PKA- Ca2*
activity did not result from an increase BAR transcription or protein levels, as it was observed

that mRNA transcripts and protein expression are reduced in preSHR stellates as well as in
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aged SHR with established hypertension compared to age-matched Wistar neurons; in a similar
manner to that reported in the myocardium??2. Moreover, it was observed that in healthy ganglia,
B1AR expression decreases with age (Fig. 4.3) much like in the heart. Together, these data
suggest that in diseased states, the potentiating effects of BAR agonists are mediated by
impaired second messengers coupled to cAMP and/or its effector PKA rather than the GPCRs

themselves; that may be exacerbated by the impairment of PDEs to hydrolyse cAMP96.334,

In support of a role for elevated cAMP-PKA activity in stellate ganglia in disease, the RNA-seq
dataset highlighted a significant reduction in the gene encoding the type la regulatory subunit
of PKA (Prkaria) as discussed in Chapter Two. This subunit plays a dominant role as an
endogenous inhibitor of kinase activity3®” where loss-of-function mutations in Prkaria are
associated with a two-fold greater responsiveness to CAMP and an excess of PKA type Il activity
376, Moreover, in humans, Prkaria mutations are characterised by endocrine over-activity,
neural dysfunction and cardiac complications, that results in dysregulation of arterial blood
pressure homeostasis, arrhythmia and cardiomyopathies 377423, highlighting the importance of
cAMP-PKA signalling in neuronal and cardiovascular regulation. Consequently, it appears that
in cardiac sympathetic nerves from prehypertensive rats, several processes that favour
excitatory cAMP-PKA signalling are upregulated, whereas, pathways that are coupled to NO
are critically impaired early in disease, thus exacerbating or underpinning the observed Ca2*

phenotype 96,1 13,262_

145



Chapter 4. B-Adrenergic Signalling in Sympathetic Stellate Neurons

4.6 Limitations

In this study, the role and mechanisms involved in feed-forward presynaptic signalling in the
cardiac-sympathetic ganglia were investigated. The limitations of the RNA-seq study have been
described in detail in Chapter Three so will not be further discussed here. To assess the
functional relevance of BAR expression, several techniques were utilised including qRT-PCR,
immunocytochemistry, ELISA, FRET and Ca?* imaging. There were several limitations to these
approaches. Firstly, the stellate ganglion comprises a heterogeneous population of cell types
that might influence the transcripts identified by gRT-PCR. Nevertheless, immunocytochemistry
highlighted the localisation of 3- and aARs on the soma and dendrites of TH-positive neurons.
In support of these data, our collaborators have also identified the presence of transcripts
encoding presynaptic BARs in sorted sympathetic mouse neurons (personal communication
Ana Domingos). Moreover, sympathetic neurons displayed a cAMP and PKA FRET response
to BAR agonists. Secondly, in the absence of cardiac tracing experiments, anatomical
literature?18.424.425 gnd our own previous observations'00.112.333.426 gre relied upon, suggesting that
the results presented here are relevant to ‘cardiac-sympathetic’ communication; since
significant myocardial sympathetic innervation has been shown to arise from the cervicothoracic
ganglia (T1-T4)'97.162_ Thirdly, stellates were obtained from male rats only. While sex differences
in hypertension and CVD incidence have been widely reported''4, in this study the role of
presynaptic BAR signalling in the male rat stellate ganglia was investigated, given that the
prevalence for CVDs is significantly higher in males than premenopausal women''5. Fourthly,
although protein concentrations of BARs were measured, limited datasets were acquired due
to the high requirement of protein in each sample, therefore no statistical analyses could be
conducted. Moreover, total protein concentrations cannot inform us as to the localisation of
receptors. Whether altered membrane receptor expression or adrenoceptor activity resulting
from desensitisation or internalisation of BARs plays a role in the altered cAMP-PKA-Ca?+

responses cannot be determined from the data presented in this chapter. As such, the cAMP-
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PKA phenotype in preSHR neurons described here, provides a target for further investigation.
Fifthly, B2AR mRNA expression levels were found to be more highly expressed than (3:AR
mRNA expression SHR stellate ganglia, however this trend was not reflected in the protein
concentrations. Finally, cNs and PDEs reside in distinct subcellular compartments and their
localisation with BARs receptors is acutely regulated?30.265.266 Similarly, the regulation of Ca2*
channels by PKA/PKG occurs in distinct signalosomes, conferring site-specific regulation of
Ca?* entry coupled to neurotransmission. Furthermore, the rate of PDE hydrolysis is critically
dependent on the concentration of both cAMP and cGMP that is reported to be different between
cell types??5. In this study, global cytosolic cAMP, PKA and Ca?* concentrations were measured,
therefore whether alterations preferentially occur within specific subcellular compartments is not
known. Site-specific FRET and Ca?* sensors will be required to resolve the question of

microdomain impairments in cN and effector signalling.

4.7 Conclusion

This chapter provides evidence for presynaptic BARs signalling that increases cAMP
generation, PKA activity and [Ca?*]i levels in disease, in a manner akin to positive feedback.
Figure 4.10 depicts the model signalling pathways in healthy (a) and prehypertensive states (b)
and highlights potential sites for neural phenotypic targeting in disease. Presynaptic activation
of B2ARs (and B1ARs to a lesser extent) has been demonstrated to enhance neurotransmission
in a potentiating feed-forwmard manner, with activation of a>ARs playing a role in negative
feedback. This may be caused by altered G-protein activation coupled to the receptors
themselves, or as a result of impaired PDE activity in disease, supporting a role for impaired cN
regulation by PDEs in hypertension. These findings may have implications beyond neurogenic
hypertension, and may offer benefit in other diseases of sympathetic over-activity such as

modulation of renin-angiotensin-aldosterone release, chronic inflammatory diseases and heart
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failure. B-blockers, particularly with B2AR selectivity may also have beneficial effects by

decreasing sympathetic transmission at the end-organ.

Healthy Pre-Ganglionic
Sympathetic Neuron

Post-Ganglionic
Sympathetic Neuron

Negative
Feedback

Cardiac Myocyte
B,AR B,AR B,AR B,AR

Figure 4.10a. Intracellular Signalling in Healthy Neurons

In healthy sympathetic neurons, Ca?* dependent exocytosis facilitates the release of NA
onto cardiac myocytes, where post-synaptic B1ARs and B2ARs are activated. Increases
in extracellular NA acts on presynaptic a2ARs, reducing AC activity through activation of
inhibitory Gai, G-proteins. Acute regulation of cAMP is maintained by PDEs. cAMP
generation and PKA activity increase [Ca?*] via phosphorylation of the N-type Ca?%
Channel (Ican; Cav2.2); ER store and mitochondrial Ca2* release.
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Disease Pre-Ganglionic
Sympathetic Neuron
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Sympathetic Neuron

Negative
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Figure 4.10b. Intracellular Signalling in Diseased Neurons

In diseased neurons, activation of presynaptic BARs augments cAMP generation, PKA
activity and [Ca?*]; via elevated phosphorylation of the N-type Ca?* Channel (lcan; Cav2.2).
This facilitates neurotransmission in a potentiating feedforward manner. Catecholamines
may also be supplied from the circulation. As such, B-blockers may also have efficacy at
BARs expressed on peripheral neurons, by reducing cardiac-sympathetic communication
in hypertension and dysautonomias.
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Adrenaline Synthesis in the

Sympathetic Stellate Ganglia
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5.1 Introduction

The autonomic nervous system (ANS) comprising the parasympathetic and sympathetic
branches provide a communicatory link between the CNS and the regulation of peripheral organ
activity®6.The relationship between psychological factors and blood pressure regulation is well
known, and has been a topic of interest since Ancient Greeks when a critical link between
mental stress and heart rate was first reported “...distress, fear, rage, worry...and all those sorts
of thing... in common to all of them, the pulse increases in speed and frequency...”*?’.
Epidemiological evidence now supports a strong role for chronic stress in the aetiology of
essential hypertension8'428 where biomarkers of stress identified in patients with panic
disorder are also found to be strongly represented in patients with essential hypertension 429,
Although the aetiology of hypertension is not known, there are a number of shared
characteristics between chronic mental stress and essential hypertension, where evidence
points to a primary role for neurohormonal dysfunction as a key determinant of blood pressure.
Observations in patients with mental stress or essential hypertension include enhanced
hypothalamic and amygdala activity linked to central sympathetic outflow 42°, elevated

peripheral sympathetic nerve firing rates 429, and increased plasma concentrations of Adr.

The ‘Adrenaline Hypothesis’ of essential hypertension argues that small incremental increases
in plasma Adr enhance sympathetic activity through sustained activation of presynaptic
sympathetic BARs, leading to the development of hypertension*® yet the source of Adr,
however, is not clear 209403430434 Recent evidence has pointed to the possible synthesis of Adr
in sympathetic nerves in patients with stress disorder*3®, however, the in situ synthesis of Adr
and a role for cardiac sympathetic Adr in the aetiology of hypertension is far from well-

established.
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5.2 Chapter Aims

In this chapter, | aimed to investigate the concentrations and classes of catecholaminergic

neurotransmitters present within the cardiac-sympathetic ganglia in healthy and diseased

states, to test the idea that Adr may act as the preferential sympathetic neurotransmitter in

disease. | am the first author on a manuscript describing this work that is published in

Hypertension3''.

The specific aims of this chapter were to:

1.

Identify the mRNA transcripts encoding enzymes involved in the synthesis of
catecholamine neurotransmitters, NA and Adr in human and rat stellate ganglia.
Determine whether the abundance of the transcripts encoding enzymes involved in the
synthesis of catecholamine transmitters correlates with elevated catecholamine release
in the SHR directly.

Assess whether the enzyme Phenylethanolamine N-methyl transferase involved in the
synthesis of Adr is detectable at protein levels in human and rat stellate ganglia
Quantify concentrations of catecholamines synthesised in rat stellate ganglia.

To assess whether electrical field stimulation leads to quantifiable concentrations of NA

and / or Adr release from sympathetic stellate ganglia.
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5.3 Methods

5.3.1 Animals

Three- to five-week-old male prehypertensive SHRs, 16- to 20-week-old male SHRs with
established hypertension and age-matched normotensive Wistar control rats were obtained
from Envigo, UK. All experiments were performed in accordance with the UK Home Office
Animal Scientific Procedures Act 1986 (ASPA) and approved by the University of Oxford (PPL

30/3131; David J. Paterson).

5.3.2 Human Donor Stellates

For clinical samples, human ganglia were extracted at UCLA and shipped on dry ice in
RNA/ater® RNA Stabilization Solution (ThermoFisher). Human donor characteristics are

included in Chapter Two in the General Methods section.

5.3.3 RNA Extraction and RNA-seq

RNA was extracted from rat and human stellate ganglia using the protocols described in Chapter
Two. The RNA-seq dataset described in Chapter Three, was used to identify the mRNA
transcripts encoding catecholamine-synthesising enzymes and precursors in 16-week-old rat

stellate ganglia.

5.3.4 Quantitative Real-Time Polymerase Chain Reaction

The genes encoding catecholamine-synthesising enzymes and precursors identified by RNA-
seq, were validated by qRT-PCR using the same RNA samples used in Chapter Four. RNA
samples were extracted from stellate ganglia from four-week and 16-week-old normotensive
and hypertensive rats, as well as in human stellate ganglia. In this chapter, the RNA transcripts

encoding phenylalanine hydroxylase (Pah), TH (Th), L-DOPA decarboxylase (Ddc), Dopamine
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B-hydroxylase (Dbh) and Phenylethanolamine N-methyltransferase (Pnmt) were validated by
gRT-PCR A full list of primers used and the appropriate dilutions are included in Chapter Two.
Data displayed in the results section depicts the gene of interest normalised to B2m, however,
each primer was analysed against two housekeeping genes (B2m and Gapdh) for validation
and accuracy of gRT-PCR data. For gRT-PCR analysis, the relative amount of each transcript

was calculated using the comparative (Ct) method (AA Cr, rat; A Cr, human)332,

5.3.5 Enzyme-linked Immunosorbent Assays

Protein was extracted from stellate ganglia obtained from four-week and 20-week male SHR,
age-matched Wistar rats and human donor stellates. 100 mg of rat stellate tissue was pooled
and homogenised in ice-cold dPBS without Ca?* or Mg?*. In alternative experiments, 80 mg of
tissue obtained from three human PGSNs were separately homogenised in ice-cold dPBS
without Ca?+ or Mg?+. The protein concentration in each sample was quantified using a protein
assay (BioRad DC) as per the manufacturer’s instructions and total protein concentrations in
each sample were normalised. Protein concentrations of PNMT and TH were established via
sandwich ELISA using rat and human stellate ganglia. A full list of the ELISAs, protein dilutions
and the manufacturers are included in Chapter Two. The concentration of proteins of interest

were quantified using a standard curve generated from the supplied standards.

5.3.6 Whole Ganglia and Electrical Release of Catecholamines

To investigate concentrations of NA or Adr in cardiac-sympathetic ganglia, whole fresh ganglia
were dissected from four-week preSHR (n=4 rats) and four-week Wistar (n=8 rats). For each
experiment, a single ganglion was cleaned, de-sheathed and allowed to recover in
carbogenated bicarbonate-buffered Tyrode’s solution (5 min, 37 °C , 95 % 02/ 5 % CO,). The
ganglia were subsequently incubated in fresh bicarbonate-buffered Tyrode’s (95 % Oz, 5 %

CO,) containing the norepinephrine transport (NET)-reuptake inhibitor, desipramine (1 uM, 10
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min, 37 °C). A list of the buffer constituents is included in Chapter Two. Stellate ganglia were
electrically stimulated (3 mA, 5 Hz, 5 mins) using parameters that were adapted from previous
electrical stimulation methods262. The perfusate was removed and perchloric acid (PCA, 0.1 M)
was added at each step to prevent the oxidation of catecholamines. Perfusate samples were
kept on ice before freezing at -80 °C. At the end of each experiment, whole stellate ganglia were
homogenised in bicarbonate-buffered Tyrode’s solution containing PCA (0.1 M), centrifuged

(15,000 x g, 15 min, 4°C) and the supernatant was stored at -80 °C.

5.3.7 High-Pressure Liquid Chromatography with Electrochemical Detection

For detection and quantification of NA and Adr, the samples were loaded into an autosampler
(JASCO, Model AS-2055/2057) and detected with an isocratic HPLC system using a C18
reverse-phase column (CP30710 Microsorb 100-5 C18 S250 x4.6mm, Agilent). The details
describing the HPLC-EC protocol for the quantification of catecholamines are included in
Chapter Two. The concentrations of NA were calculated against a 50 mg standard of NA and
Adr dissolved in bicarbonate-buffered Tyrode’s containing PCA (0.1 M). Concentrations from
the homogenate and the concentrations measured in the perfusate were added, to obtain

concentrations reflecting the total content of catecholamines in the stellate ganglia

5.3.8 Statistical Analysis

Data were analysed using GraphPad Prism software (v6/7). When the data passed normality
tests, unpaired two-tailed Student t-tests, one or two-way analysis of variance (ANOVA) were
used. When the data were not normally distributed, the appropriate nhonparametric tests were
used with the specific statistical test reported in the figure legend. All data are expressed as the

mean + SEM. Statistical significance was accepted at p<0.05 unless otherwise described.
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5.4 Results

5.4.1 RNA Sequencing lllustrates Catecholamine Synthesising Pathway

RNA-seq was conducted using sympathetic stellate ganglia from 16-week-old male Wistar rats
(n=4 stellates) and SHR (n=4 stellates) with established hypertension and sympathetic
hyperactivity'™® as described in Chapter Two. RNA encoding the enzymes involved in the
synthesis of catecholamines were identified, where relevant transcripts included phenylalanine
hydroxylase (Pah), TH (Th), L-DOPA decarboxylase (Ddc) and dopamine (-hydroxylase (Dbh)
(Fig. 5.1). The high transcript abundance of the enzymes required for NA synthesis indicates
that a high population of the stellate ganglia cells are of a sympathetic phenotype. The RNA-
seq dataset highlighted the presence of the mRNA transcript encoding PNMT (Pnmt); the
enzyme required for the conversion of NA to Adr in both Wistar and SHR stellate ganglia (Fig.
5.1). Data points represent raw counts + SEM. The RNA-seq differential expression analysis
using the DESeq2 tool*?” described in Chapter Two, highlighted a significant reduction in Pah
and Ddc expression in SHR compared with Wistar ganglia (p.adj = 0.0719; 6.64 x 10'%; Pah,

Ddc respectively, Fig. 5.1b).

156



Chapter 5. Adrenaline Synthesis and Release from Stellate Ganglia

a. Catecholamine Synthesis Pathway
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Figure 5.1. RNA-seq Highlights Catecholamine Synthesis Pathway

The catecholamine synthesis pathway is outlined (a). RNA-seq identified the presence
phenylalanine hydroxylase (Pah), TH (Th), L-DOPA decarboxylase (Ddc) and dopamine -
hydroxylase (Dbh) transcripts in addition to mRNA encoding PNMT (Pnmt), the enzyme
required for the conversion of NA to Ad. Data points represent raw counts = SEM (a). Pah and
Ddc expression were significantly lower in SHR ganglia compared with Wistar (p.adj = 0.0719;
6.64 x 10°'%; Pah, Ddc respectively; Salmon-DESeq2 method3?”). Data are represented as
logo(fold change) + SEM (b). *p<0.05, **p<0.01, ***p<0.001.
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5.4.2 Stellate Ganglia Express Phenylethanolamine N-Methyltransferase

To validate the presence and relative levels of catecholamine enzyme transcripts in rat stellate
neurons, qRT-PCR was performed using RNA from four-week Wistar and preSHR ganglia (n=3
rats/group, unpooled Fig. 5.2). Additionally, given the absence of previous evidence, reporting
the presence of Pnmt expression in sympathetic neurons, qRT-PCR was also carried out to
probe for Pnmt and Th in RNA from 16-week Wistar and SHR stellates (n=3-4 rats/group,
unpooled, Fig. 5.2). The qRT-PCR data were analysed using the AACt method described by
Schmittgen et al., 332 where raw counts were first normalised to a control housekeeping gene
B2m, and SHR data were subsequently normalised to Wistar qRT-PCR counts. ACtvalues are

included in the appendix (Fig. 8.6).
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Figure 5.2. Catecholamine Synthesising Enzyme mRNA Validation by qRT-PCR

The presence of RNA transcripts was validated using qRT-PCR in RNA extracted from 4-
week (n=3/group) preSHR and Wistar rats (n=83-4/group). There was no significant
difference in mMRNA expression for Th, Ddc, Dbh or Th between strains. Data were analysed
using the AACt method and are represented as logx(fold change) = SEM (a). A significant
four-fold reduction in Pah mRNA expression in preSHR ganglia was observed compared to
the expression in Wistar ganglia (p=0.0098, two-tailed unpaired Student’s t-test). The
expression of mMRNA encoding Th and Pnmt was observed in human stellate ganglia (n=4)
using qRT-PCR. Pnmt expression was significantly lower than Th (p=0.0308, two-tailed
paired Student’s t-test). Data are represented as ACt normalised counts + SEM (b). *p<0.05,
**p<0.01, ***p<0.001.
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There was no significant difference in the levels of mMRNA for Th, Ddc, Dbh or Pnmt between
strains using stellate RNA samples from four-week rats. Conversely, a significant four-fold
reduction in Pah mRNA expression in preSHR ganglia was observed compared to the
expression in Wistar ganglia (p=0.0098, unpaired Student’s t-test, Fig. 5.2a), mirroring the
significant downregulation of this transcript in the RNA-seq dataset, further supporting the
validity of these results. The transcripts encoding Pnmtand Th were also confirmed using qRT-
PCR in four male human stellate ganglia (two left stellates, two right stellates, unpooled were
obtained from 3 patients). The qRT-PCR raw counts were normalised to a control housekeeping
gene B2m, using the ACt method described by Schmitigen et al.,32 and expressed as
normalised count values. It was observed that Pnmt expression was significantly lower than Th
(p=0.0308). Data were analysed using a paired Student’s t-test and the graphical data points

represent ACt normalised counts + SEM (Fig. 5.2b).

ELISAs were used to quantify the protein expression of TH and PNMT in stellate ganglia from
young three- to five-week-old normotensive preSHR and Wistar (32 stellates, 16 rats/group,
pooled stellates) or adult 19- to 20-week-old SHR and Wistar (20 stellates, 10 rats/group, pooled
stellates). The concentration of TH was calculated for young Wistar (460.9 pg/ml + 8.0 pg/ml),
adult Wistar (406.6 pg/ml +31.6) young preSHR (89.1 pg/ml + 11.4 pg/ml) and adult SHR (215.7
pg/ml +21.7 pg/ml, Fig. 5.3a). PNMT protein expression was calculated for young Wistar (525.7
pg/ml = 8.7 pg/ml), adult Wistar (352.8 pg/ml + 39.7 pg/ml), young preSHR (117.0 pg/ml + 3.7

pg/ml) and adult SHR (362.7 pg/ml + 70.1 pg/ml, Fig. 5.3b).
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Figure 5.3. Rat and Human Stellate Ganglia Express PNMT

The protein expression of TH and PNMT was confirmed by ELISA on 3.5- to 5-week-old Wistar
and preSHR stellates (32 stellates pooled, 16 animals/group) and 20-week-old Wistar and
SHR stellates (32 stellates pooled, 16 animals/group). The concentration of B1AR protein in
rat stellate ganglia was calculated for (a) 4-week Wistar (460.9 pg/ml + 8.0), 20-week Wistar
(406.6 pg/ml + 31.6), 4-week preSHR (89.1 pg/ml + 11.4) and 20-week SHR (215.7 pg/ml +
21.7). The concentration of PNMT protein in rat stellate ganglia was calculated for (b) 4-week
Wistar (525.7 pg/ml + 8.7), 20-week Wistar (352.8 pg/ml + 39.7), 4-week preSHR (117.0 pg/ml
+ 3.7) and 20-week SHR (362.7 pg/ml + 70.1). In human stellate ganglia, expression of TH
(163.0 pg/ml + 38.8) and PNMT (108.4 pg/ml + 2.4) was also detected (c). Data points depict
mean + SEM (2-3 technical replicates, pooled stellates).
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TH (163.0 pg/ml + 38.8 pg/ml) and PNMT (108.4 pg/ml + 2.4 pg/ml) expression was also
detected in human stellate ganglia, in 3 pooled stellates obtained from two patients (Fig. 5.3c).
The data points indicate mean + SEM (2-3 technical replicates). The samples used in the ELISA
assays contained protein from 20 or 32 stellates, however, the stellates were homogenised and
pooled into a single sample to obtain adequate protein concentrations for the ELISA assays

therefore no statistical tests were conducted.

5.4.3 Total Catecholamine Concentration in Rat Stellate Ganglia

Elevated cardiac neurotransmission plays a key role in the pathophysiology of hypertension43,
therefore, to assess whether the presence of TH or PNMT in the stellate ganglia lead to
physiological alterations in neurotransmitter production, cardiac-sympathetic ganglia from four-
week preSHR and Wistar rats were homogenised and the total catecholamine content was
quantified by HPLC-EC. The presence of both NA and Adr was observed in the rat stellate
ganglia (Fig. 5.4). Unexpectedly, the concentration of NA was significantly greater in Wistar
stellates (43.3 pg + 2.2, n=8) compared with that measured in the preSHR stellate ganglia (29.8
pg + 6.4, n=4, two-tailed unpaired Student’s t-test, p=0.0294). Conversely, the concentration of
Adr measured in the same samples was shown to be significantly elevated in the preSHR
ganglia (14.1 pg = 5.4, n=4) compared with that measured in Wistar stellates (3.9 pg = 0.8, n=8,
two-tailed unpaired Student’s t-test, p=0.0332). Together, these data illustrate that a significant

amount of NA is converted to Adr in prehypertensive states (Fig. 5.4).
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Figure 5.4. Total Catecholamine Concentration in Rat Stellate Ganglia

The presence of both NA and Adr was observed in the rat stellate ganglia (Fig. 5.4). Using
HPLC-EC, it was observed that the concentration of NA was significantly greater in
homogenised Wistar stellates (43.3 pg + 2.2, n=8) compared with that measured in the
preSHR stellate ganglia (29.8 pg * 6.4, n=4, two-tailed unpaired Student’s t-test, p=0.0294,
a). Conversely, the concentration of Adr measured was shown to be significantly elevated in
the preSHR ganglia (14.1 pg + 5.4, n=4) compared with that measured in Wistar stellates (3.9
pg = 0.8, n=8, two-tailed unpaired Student’s t-test, p=0.0332, b). Data represents mean +
SEM. *p<0.05, **p<0.01, ***p<0.001. Each data point represents the concentration of NA or
Adr measured in a single stellate, from a different rat.

5.4.4 Evoked Catecholamine Release from Rat Stellate Ganglia.

To determine whether the concentrations of NA and Adr measured in the rat stellate ganglia
reflect the neurotransmitter-release profile, four-week Wistar and preSHR stellate ganglia were
subject to electrical field stimulations. The ganglia were pre-bathed in desipramine (1 uM) to
inhibit NA reuptake via the norepinephrine transporter (NET) for 10 minutes prior to electrical
stimulation. Electrical-stimulation was conducted on single stellates and the experiments were
at 37 °C in bicarbonate-buffered Tyrode’s solution to mimic physiological conditions. A protocol

of 5 Hz stimulations at 3 mA for 5 minutes was selected based on previous reported stimulation
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parameterss33. The presence of NA and Adr was observed in the perfusate from both preSHR
and Wistar stellates (Fig. 5.4). A comparison of the concentrations of the released
catecholamines from Wistar and preSHR stellate ganglia revealed a significant elevation in the
levels of NA in the perfusate obtained from preSHR (4.3 pg + 1.5, n=4) compared with Wistar
(1.5 pg = 0.3, n=8, two-tailed unpaired Student’s t-test, p=0.0396). Moreover, in the same
samples the concentrations of electrically-evoked Adr were significantly higher in preSHR
ganglia (4.4 pg + 1.4) compared with that measured in Wistar stellates (0.3 pg + 0.03, two-tailed
unpaired Student’s t-test, p=0.0028), illustrating an alteration in neurotransmitter release

profiles in disease (Fig. 5.5).
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Figure 5.5. Evoked Catecholamine Release from Rat Stellate Ganglia

The presence of both NA and Adr was observed by HPLC-EC in the perfusate from both
preSHR and Wistar stellates. Significantly higher concentrations of NA were measured in
the perfusate obtained from preSHR (4.3 pg + 1.5, n=4) compared with Wistar stellates (1.5
pg + 0.3, n=8, two-tailed unpaired Student’s t-test, p=0.0396, a). In the same samples, the
concentrations of electrically-evoked Adr were significantly higher in preSHR ganglia (4.4
pg = 1.4) compared with that measured in Wistar stellates (0.3 pg + 0.03, two-tailed unpaired
Student’s t-test, p=0.0028, b). Data represents mean + SEM. *p<0.05, **p<0.01, ***p<0.001.
Each data point represents the concentration of NA or Adr measured in a single stellate,
from a different rat.
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5.5 Discussion

In this chapter, a combination of RNA-seq data, gRT-PCR, protein assays and HPLC-EC were
applied to ascertain whether alterations in catecholamine synthesis are evident in the stellate
ganglia of prehypertensive rats. The aim of this study was to assess whether the identification
of PNMT expression in human and rat stellate ganglia led to the functional synthesis and release
of physiological concentrations of Adr, that might play a role in the pathophysiology of

hypertension.

The main findings of this chapter are:

1. RNA-seq and qRT-PCR confirmed the expression of the mRNA transcript encoding
PNMT involved in the synthesis of Adr in stellate ganglia from human and rat.

2. The protein expression of PNMT was also confirmed and the concentration was
measured by ELISA in stellate ganglia from human and rat.

3. HPLC-EC demonstrated detectable concentrations of Adr in Wistar and preSHR
cardiac-stellate ganglia.

4. Total Adr content was increased in preSHR compared with Wistar stellate ganglia.

5. Evoked release concentrations of NA and Adr were increased in preSHR compared with

Wistar stellate ganglia.
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5.5.1 Stellate Ganglia Express Phenylethanolamine N-Methyltransferase

Elevated cardiac-sympathetic noradrenergic transmission plays a critical role in the aetiology of
hypertension, yet a genetic basis underpinning elevated catecholamine synthesis has not been
established. The RNA-seq dataset was used to identify the presence of mRNA transcripts
encoding the catecholamine synthesising enzymes in stellate ganglia from 16-week Wistar and
SHR337:417_ As expected, the data highlighted the expression of all relevant transcripts, including
phenylalanine hydroxylase (Pah), TH (Th), L-DOPA decarboxylase (Ddc) and dopamine [3-
hydroxylase (Dbh) (Fig. 5.1). Within this group, the transcripts encoding Th, Ddc and Dbh had
the highest abundance where the level of expression fell within the most highly expressed genes
in the rat stellate ganglia (Chapter Two, Table 3.2) thus reflecting a sympathetic
catecholaminergic phenotype. The RNA-seq dataset also highlighted, somewhat unexpectedly,
the expression of the mRNA transcript encoding PNMT (Pnmit), the enzyme required for the

conversion of NA to Adr in Wistar and SHR stellate ganglia (Fig. 5.1).

The expression of transcripts involved in catecholamine synthesis was confirmed by qRT-PCR
in human and rat stellate ganglia (Fig. 5.2), where together with the RNA-seq dataset, it was
determined that there was no increase in mRNA transcript expression of Th, Ddc, Dbh or Pnmt
in the hypertensive rat model. Indeed, if anything the mRNA expression tended towards a
decrease in the SHR, where a significant four-fold reduction was observed in the transcript
encoding Pah by qRT-PCR. Nevertheless, transcript levels do not necessarily correlate with
protein expression, and the activity of enzymes are known to be critically dependent on pH4*%7,
substrate concentration, co-factor activity*®® and spatial proximity to their substrates. Moreover,
catecholamine biosynthesis is subject to further regulatory processes including sensitivity to
nerve stimulation3®, allosteric influence particularly via kinase phosphorylation 43440 and is
also sensitive to feedback inhibition via transcriptional regulation*®. As such, the aims of this

chapter were to measure the concentrations of NA in Wistar and preSHR stellate ganglia, and
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to ascertain whether the mRNA expression of Pnmt leads to detectable PNMT protein

concentrations.

ELISA assays confirmed the presence of PNMT protein within rat and human stellate ganglia
providing physiological context and supporting a role for PNMT-dependent activity in human
cardiac-sympathetic ganglia (Fig. 5.3). What is the relevance for the observation of presynaptic
PNMT? In 1981, Brown and Macquin proposed the ‘Adrenaline Hypothesis’ of essential
hypertension*3, that highlights a dominant role for Adr in facilitating NA release through actions
at presynaptic BARs*'. Two simultaneous observations led to the concept of Adr as a
pathological entity in the progression of hypertension. First, it was observed that Adr infusions
underpin sustained increases in blood pressure post-infusion#4'-443; and secondly, that plasma
Adr is elevated in hypertensive patients#30.444_ This hypothesis was strongly supported by clinical
and preclinical observations 203.442:445-448 The source of Ad, however, has not yet been resolved,
with most reports suggesting chronic neuronal uptake and enhanced release of circulating Adr
derived from the adrenals209:403430-434  Emerging evidence has pointed to the possible synthesis
of Adr in sympathetic nerves in the forearm of patients with stress disorder*35, however, the in
situ synthesis of Adr and a role for cardiac-sympathetic Adr in the aetiology of hypertension is
far from well-established. Our identification of PNMT mRNA and protein expression in human
and rat cardiac-sympathetic ganglia supports the findings of these earlier studies that Adr is
synthesized in sympathetic stellate ganglia in disease. Additionally, a recurrent feature in human
and animal models of hypertension is a reduction in norepinephrine reuptake transport (NET),
leading to larger and sustained extracellular catecholamine concentrationg?84435449.450,
Emerging evidence suggests that PNMT may also act as a DNA methylase, silencing NET
transcription that may underpin the observed NET phenotype previously identified in the

preSHR*%® and human cardiac stellate ganglia in hypertension24.
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5.5.2 Adrenaline Synthesis and Release from Stellate Ganglia

In the present study, HPLC-EC was used to investigate whether the presence of PNMT plays a
functional role in converting NA to Adr in rat stellate ganglia. The total catecholamine content
was measured in samples obtained from preSHR and Wistar rats (Fig. 5.4) where a significant
decrease in total NA content was observed in preSHR ganglia (74.8 % of total catecholamine
content) compared to the NA content calculated in Wistar ganglia (91.5 % of total catecholamine
content). Conversely, Adr content was found to be significantly elevated in preSHR ganglia
(25.2 % of total catecholamine content) compared with that measured in Wistar stellate ganglia
(8.5 % of total catecholamines), highlighting a switch in neurotransmitter profiles in
prehypertension that occurs prior to overt increases in arterial blood pressure. In addition to
measuring the total catecholamine content, the concentrations of evoked-catecholamines
released from preSHR and Wistar ganglia were quantified following an electrical field stimulation
protocol. It was observed that both Adr and NA evoked-release were significantly elevated in
the perfusate collected from the preSHR ganglia compared with Wistar. This alteration in
neurotransmitter profiles is further demonstrated by considering the ratios for NA:Adr release,
where the percentage ratio of NA:Adr released from Wistar ganglia was calculated as 91 % : 9
%; whereas in preSHR ganglia the ratio of catecholamines released (NA:Adr) was 44 % : 56 %
respectively (Fig. 5.4). Interestingly, the total amount of catecholamines released from a single

stellate ganglion during electrical stimulation remained fairly similar between the strains (~11-

12 pg).

What is the relevance of elevated Adr synthesis in preSHR stellate ganglia, prior to overt
increases in arterial blood pressure? The ‘Adrenaline Hypothesis’ of hypertension proposes that
stress and subsequent small incremental increases in Adr plays a major role in the aetiology of
hypertension, through chronic stimulation of sympathetic nerves that elevates NA release 43°.

The presence of presynaptic BARs on the cardiac-sympathetic ganglia of human and rat has
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been previously described in Chapter Four. It was observed that activation of sympathetic BARs
with ISO led to pathological elevations in cAMP-PKA-Ca?+ activity in the prehypertensive rat
strain, and a dominant effect of B2AR activity was demonstrated. Importantly, Adr has a ten-fold
higher affinity for B2AR than NA (ECso 5.2 nM, 53.7 nM respectively) and is capable of
generating three times more cAMP than NA via B2AR activation; a feature that may be mimicked
by ISO due to similarities in efficacy*>'. Subsequently, the high efficacy of Adr (and the relatively
low efficacy of NA) at B2ARs has been shown to result in significant Adr-dependent NA release
that has been identified in a wide variety of peripheral tissues in rat, rabbit and human+04.405:431,
Indeed, low concentrations of Adr (0.1-10 nM) have been shown to be 100-500 times more
potent than NA for enhancing NA transmission404452-454 where Adr may have a more sustained

effect on NA release, due to the extended tissue half-life of Adr compared with NA452,

Support for a pathological role involving elevated sympathetic B2AR activation may also be seen
in patients treated for chronic asthma and COPD with B2AR agonists; where tachycardia is a
common side effect of short-term administration, and long-term treatment is associated with
several CVD and adverse cardiac events*>5457. Moreover, a 20-year follow-up of the Oslo study
on normotensive, prehypertensive and male patients with established hypertension has
identified arterial Adr as an significant independent predictor of blood pressure elevation*3s,
Together, these studies support the observations in this chapter that highlight a role for Adr in

the pathophysiology of sympathetic over-activity in hypertension4%8.

5.6 Limitations

In this study, the enzymes involved in catecholamine synthesis in the cardiac-sympathetic
ganglia were investigated. The limitations of the RNA-seq and qRT-PCR analyses have been
described in detail in Chapter Three and Chapter Four so will not be described in further detail
here. There were several limitations to this study. First, researchers in the field of hypertension
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are strongly divided in the cause and aetiology of chronically elevated blood pressure due to
the polygenic nature of the disease. As such, the Adr hypothesis of essential hypertension never
gained full traction despite being strongly supported by clinical and preclinical
observations203:442:445-448 . Secondly, the SHR, a model of hypertension, is also a model of
attention-deficit/hyperactivity disorder (ADHD), a disease commonly associated with stress32.33,
In this study, the presence of Adr was observed in sympathetic stellate ganglia, however, a
relationship between chronic stress and sympathetic PNMT has been previously
described*28435 therefore the use of a stress-related model may affect Adr synthesis and
activity-dependent sympathetic neurotransmission. Nevertheless, PNMT mRNA and protein
expression was also detected in stellate ganglia obtained from human donors, maintaining the
integrity of the SHR model in this context. Thirdly, although protein concentrations of PNMT
were measured, limited datasets were obtained due to the high requirement of protein in each
sample, therefore, no statistical analyses could be conducted. Fourthly, the activity of
catecholamine synthesising enzymes may not be directly related to transcript and protein
expression levels. In light of this, catecholamine concentrations were measured using a
sensitive approach (HPLC-EC) to assess the net effect of transmitter synthesis pathways.
Therefore, although the mRNA expression of catecholamine synthesising enzymes appeared
to trend towards a reduction in disease, the overall outcome was an elevation in catecholamine
release in preSHR ganglia, that did not directly reflect the intracellular concentrations of NA and
Adr. In addition, the concentrations of NA and Adr measured by HPLC-EC cannot be explained
as pg/mg total protein, as the total protein in one stellate ganglion could not be measured prior
to running through the HPLC column, therefore catecholamine content measured in this chapter
may be influenced by the size of the stellate ganglion; nevertheless, the absolute catecholamine
concentration found in a single stellate was measured using accurately by HPLC-EC. Further
experiments are required to investigate the regulators involved in catecholamine release that

underpin elevated transmission in stellate ganglia from preSHR.
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5.7 Conclusion

This chapter provides evidence for presynaptic synthesis of Adr within the cardiac-sympathetic
ganglia of human and rat, where elevated concentrations of Adr are synthesised and released
at the end-organ in prehypertension. NA and Adr were shown to be released in an activity-
dependent manner from preSHR sympathetic ganglia and Wistar rat, where higher
concentrations of both catecholamines were released from preSHR rat stellates. Elevated Adr
transmission may act preferentially on presynaptic sympathetic B.ARs to increase cAMP
generation and PKA activity, that enhances [Ca?*]; levels and sympathetic neurotransmission in
disease, in a manner akin to positive feedback. Together these data raise the possibility for a
causal role for Adr in the aetiology of neurogenic hypertension. These data also suggest that
neurotransmitter switching occurs prior to increases in arterial blood pressure, where elevated
Adr may play a role in sympathetic over-activity through the activation of presynaptic
sympathetic B2ARs, elevating neurotransmission in hypertension. Figure 5.6 depicts a model
figure describing the current hypothesis for a presynaptic role for Adr in healthy and

prehypertensive states, and highlights potential sites for neural phenotypic targeting in disease.
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Figure 5.6a. Intracellular Signalling in Healthy Neurons

In healthy sympathetic stellate neurons, Ca?* dependent exocytosis facilitates the release of
NA onto cardiac myocytes, where post-synaptic B1ARs and B2ARs are activated. Increases
in extracellular NA acts on presynaptic a2ARs, and presynaptic B1ARs and B2ARs to a small
degree. Acute regulation of cAMP and cGMP signalling is maintained by PDEs. cAMP
generation and PKA activity increases [Ca?*]i via phosphorylation of the N-type Ca?* Channel
(lcan; Cav2.2); endoplasmic reticulum (ER) store and mitochondrial Ca2* release.
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Figure 5.6b. Intracellular Signalling in Diseased Neurons

In diseased sympathetic stellate neurons, Ca?* dependent exocytosis facilitates the release
of NA and Adr onto cardiac myocytes, where post-synaptic B-ARs are upregulated and
preferentially activated. Elevations in NA and Ad release acts on presynaptic BARs, where
Ad preferentially stimulates B2ARs, augmenting cAMP generation and PKA activity in
prehypertension. Increased PKA activity raises [Ca?*]i via phosphorylation of the N-type Ca2*
Channel (lcan; Cav2.2), exacerbating the Ca?+ phenotype that may contribute to the initiation
of hypertension.
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Angiotensin Synthesis in the

Sympathetic Stellate Ganglia
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6.1 Introduction

The Renin-Angiotensin-Aldosterone system plays a central role in the physiological regulation
of arterial blood pressure and fluid volume homeostasis®-4%°. Angll is a major effector of the
RAS that mediates its effects in a wide range of organs via selective activation of Angll receptors
type 1 and 2 (AT1R, AT2R) 78460464 Plasma and tissue levels of NA, Adr, Angll, aldosterone and
other mediators are significantly altered in hypertension and heart failure and correlate with the
severity of disease’6:80193214393-397  |ndeed, increased RAS signalling is evident in
hypertension?76.214.394,395,465-467  heart failure80.200.468-470 gnd post-myocardial infarction471-477,
where Angll-AT:R activation impairs Ca2* handling*65471478  and elevates sympathetic
transmission81.472.479-481" cardiac hypertrophy?00.214.467.482-486 yagscular remodelling#61487-4%0 and

pro-inflammatory eventss8.145.491,

In contrast, Angiotensin 1-7 (Ang1-7) a bioactive metabolite of Angll, opposes the effects of
AT+R via activation its partner receptor, Mas*%24% a GPCR coupled to NO generation and
cGMP signalling pathways*94. Mas receptor knock out and Ang1-7 overexpression transgenic
models have highlighted the importance of Ang1-7-Mas signalling in regulating cardiovascular
physiology and haemodynamics through actions in the CNS4944%7  myocardium*98-500
vasculature#94501-504 gand kidney#%4. This axis is now considered a major counter-regulatory
pathway for endogenous protection against several CVDg?#74496-501.504-512  Therapeutic inhibition
of classical RAS signalling is an effective tool for the treatment and management of renal and
CVDs#9513-517 and blood pressure maintenance®8586:401.459.513,514517-520  Nevertheless, the

precise mechanisms, source/s of angiotensins and site/s of action are not clear76:513.518.521,
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6.2 Chapter Aims

This chapter investigated the potential for an intracrine RAS within cardiac-sympathetic stellate

ganglia of human and rat and to assess whether concentrations of RAS proteins are altered in

models of hypertension. A range of techniques were applied to demonstrate the expression of

key proteins and enzymes involved in the synthesis of Angll, including RNA-seq, qRT-PCR,

ELISA assays, in addition to enzyme immunoassays and fluorometric enzyme activity assays.

To assess the release of angiotensin peptides in an activity-dependent manner, rat stellates

were electrically stimulated and release concentrations were measured. | am the first author on

a manuscript describing this work that is currently in review.

The specific aims of this chapter were to:

1.

Investigate whether the key enzymes involved in Angll including angiotensinogen (Agt),
renin (Ren), and the Angiotensin Converting Enzymes (Ace, Ace2) are present in the rat
cardiac-sympathetic ganglia, providing evidence for an intracrine RAS system.

Assess whether key Angll synthesising enzymes and precursor proteins are also evident
on human sympathetic stellate ganglia, to provide physiological context.

Establish whether the activity of Angll synthesising enzymes are impaired in the stellate
ganglia in hypertension leading to alterations in Angll synthesis.

Investigate whether there exists an Ang1-7-Mas receptor signalling axis in sympathetic
stellate ganglia of human and rat, and establish whether this is altered in hypertension.
Assess whether Angll or Ang1-7 are released in an activity dependent manner from
stellate ganglia and ascertain whether these concentrations are altered in hypertension.
Establish whether angiotensin-related receptors are present on sympathetic ganglia of
human and rat, that may provide context for Angll and Ang1-7 local autocrine or

paracrine signalling within the cardiac-sympathetic stellate ganglia.
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6.3 Methods

6.3.1 Animals

Three- to four-week-old young male prehypertensive SHRs, 12-to 16-week or 18- to 20-week-
old adult male SHRs with established hypertension and age-matched normotensive Wistar
control rats were obtained from Envigo, UK. All experiments were performed in accordance with
the UK Home Office Animal Scientific Procedures Act 1986 (ASPA) and approved by the

University of Oxford (PPL 30/3131; David J. Paterson).

6.3.2 Human Donor Stellates

For clinical samples, human ganglia were extracted at UCLA and shipped on dry ice in
RNA/ater® RNA Stabilization Solution (ThermoFisher). Human donor characteristics are

included in Chapter Two in the General Methods section.

6.3.3 Rat Sympathetic Stellate Ganglia Extraction

Rats were anaesthetised in an induction chamber (3-5 % isoflurane) and humanely killed by a
Home Office approved Schedule 1 method, overdose of pentobarbital (Euthatal, 200 mg/ml)

and exsanguination prior to stellate ganglia dissection.

6.3.4 Neuronal Isolation

For neuronal cultures, sympathetic stellate ganglia were extracted from three- to four-week-old
Wistar and age-matched preSHR. Stellates were dissected, de-sheathed, and dissociated into

a single-cell suspension for immunocytochemistry experiments as described in Chapter Two.
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6.3.5 Immunocytochemistry

Cardiac-sympathetic neurons were fixed onto glass coverslips and stained with the appropriate
antibodies for TH and AT1R. Neurons were imaged using 40X or 60X objectives on a confocal
microscope (Live Cell Olympus Inverted Confocal or Zeiss LSM 880 Airy Scan Upright
Confocal) as described in Chapter Two. Z-stack images were edited and cell sizes were

measured using Fiji software (Imaged)23.

6.3.6 RNA Extraction and RNA Sequencing Analysis

RNA was extracted from rat and human stellate ganglia using the protocols described in Chapter
Two. The RNA-seq dataset described in Chapter Three, was used to identify the mRNA
transcripts encoding the key enzymes involved in RAS synthesis and angiotensin receptors in
16-week-old rat stellate ganglia. Differentially expressed genes at the Benjamini-Hochburg
p.adj<0.05 level were imported into The Database for Annotation, Visualization and
Integrated Discovery (DAVID, v6.8) 32° to obtain information intracellular pathway enrichment
using the Kyoto Encyclopedia of Genes and Genome (KEGG) analysis to0l331.522523 ysing the
parameters described in Chapter Two. The count filter was set to a minimum limit of 5 genes

per group.

6.3.7 Quantitative Real-Time Polymerase Chain Reaction

The presence of genes encoding angiotensin-synthesising enzymes and precursors identified
by RNA-seq, was validated by qRT-PCR in RNA extracted from stellate ganglia from four-week
and 16-week-old normotensive and hypertensive rats, as well as in human stellate ganglia. In
this chapter, the RNA transcripts encoding angiotensinogen (Agt), renin (Ren) angiotensin
converting enzyme (ACE, Ace), angiotensin converting enzyme 2 (ACE2, Ace2), human Angll
type 1 receptor (AT+R, Agir1), rat Angll type 1A receptor (AT1aR, Agtria; rat), rat Angll type 1B
receptor (AT1sR, Agtr1b; rat), Angll type 2 receptor (AT2R, Agtr2) and the Ang1-7 receptor (Mas,
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Mas1) were validated by gRT-PCR. A full list of the primers and appropriate dilutions are
included in Chapter Two. Data displayed in the results section depicts the gene of interest
normalised to B2m, however, each primer was analysed against two housekeeping genes (B2m
and Gapdh) for validation and accuracy of gRT-PCR data. For gRT-PCR analysis, the relative
amount of each transcript was calculated using the comparative (Ct) method (AA Cr, rat; A Cr,

human)332,

6.3.8 Protein Extraction

Protein was extracted from 12-14 stellates obtained from three- to four-week young Wistar or
preSHR stellate ganglia. In alternative experiments, protein was extracted from 10-12 stellates
obtained from 12- to 14-week-old adult rats or 16- to 20-week-old adult Wistar or SHR. Rat
stellates were pooled and homogenised to obtain adequate protein concentrations and samples
were normalised using a protein assay (BioRad DC). Three separate samples were acquired
per strain (Wistar, SHR) within each age group (three- to four-week, 13- to 15-week, 16-to 18-
week). Where no significant difference was observed in the protein or enzyme activity assays
between the 13-week and 16-week age-groups, datasets were combined to increase the power
of the data, as hypertension and sympathetic hyperactivity are already
established'25,139.143,145,147-149,151 Protein from one human stellate (80 mg) was used per sample
and the concentration normalised. Rat and human stellates were cleaned, de-sheathed and

homogenised in ice-cold dPBS without Ca?* or Mg?+.

6.3.9 Evoked-Release of Angiotensin Peptides by Field Stimulation

To investigate the concentrations of Angll or Ang1-7 electrically released from cardiac-
sympathetic ganglia, whole fresh ganglia were dissected from young three- to four-week-old
young preSHR (n=3), age-matched Wistar rats (n=3), adult 14- to 15-week-old SHR (n=8) and

age-matched Wistar rats (n=6). For each experiment, one ganglion was cleaned, de-sheathed
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and allowed to recover in carbogenated bicarbonate-buffered Tyrode’s solution (5 min, 37 °C,
95 % 02/ 5 % COy). A list of the buffer constituents is included in Chapter Two. For the AnglI
release experiments, stellate ganglia were incubated in fresh carbogenated bicarbonate-
buffered Tyrode’s containing an ACE2 inhibitor (DX600 100 uM; BioVision) to prevent Angll
degradation (5 min, 37 °C). Ganglia were electrically stimulated (5x) using a DG2A train
generator and DS3 constant current stimulator (Digitimer Ltd.) using parameters that were
adapted from a previous electrical stimulation method3'*(3 mA, 5 Hz, 30 s pulse every 90 s, 7.5

minutes). The perfusate was collected, snap frozen in liquid nitrogen and stored at -80 °C .

6.3.10 Enzyme-Linked Immunosorbent Assay and Enzyme Immunoassay

In rat stellate samples, the protein concentrations of Agt and Ang1-7 were established using
sandwich ELISAs and in human stellate ganglia, the protein concentrations of Agt, Ren, Ang1-
7 and ACE2 were measured by ELISA. In human and rat stellate samples, Angll concentrations
were established using EIA. Each assay was conducted as per the manufacturer’s
recommendations. A full list of the assay kits, as well as protein dilutions are included in Chapter
Two. The concentration and activity of the proteins of interest were quantified using a standard

curve generated from the supplied standards.

6.3.11 Fluorometric Enzyme Activity Assays

The enzymatic activity of Ren, ACE and ACEZ2 in rat stellate ganglia were established using
fluorometric activity assays. The enzyme activity of ACE was also established in human
stellates. A full list of the assay kits, as well as protein dilutions and the manufacturers are
included in Chapter Two. The activity of the proteins of interest were quantified by first
constructing a standard curve (0-100 %) obtained from the supplied standards. The data was
fit to a sigmoidal logio(molar concentration) curve and each of the sample values were

interpolated (GraphPad Prism, v7). The interpolated values were un-logged to calculate the
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concentration in each sample (pmol), and the three technical replicates were averaged. The
values were divided by the mass of protein in each well (mg) to obtain a value for enzyme
concentration (pmol/mg) as calculated using Equation 5. Enzyme concentration was divided by

time (minutes) to calculate enzyme activity (mU/mg) using Equation 6.

Equation 5.

B *D

E) Enzyme concentration (pmol/mg) =——m
(E) Enzy (P /mg) Tissue mass

Where:
B= Interpolated value based on standard curve slope (pmol)
D = Sample dilution factor

Tissue mass = Milligrams of tissue in the sample

Equation 6.

E
Enzyme activity (mU/mg) = AT

Where:
E = Enzyme concentration (pmol/mg)
AT = reaction time (minutes). The reaction times were 20 minutes for calculating renin activity,

35 minutes for calculating ACE activity and 25 minutes for calculating ACE2 activity.

6.3.12 Statistical Analysis

Fluorescent microscopy, qRT-PCT and ELISA data were analysed using GraphPad Prism
software (v6/7). When the data passed normality tests (D'Agostino-Pearson omnibus or
Shapiro-Wilk test 3'3) unpaired or paired two-tailed Student t-tests, or a one or two-way analysis
of variance (ANOVA) were used. When the data were not normally distributed, the appropriate

nonparametric tests were used with the specific statistical test reported in the figure legend. All
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data are expressed as the mean = SEM. Statistical significance was accepted at p<0.05 unless
otherwise described. RNA-seq data were analysed using a Salmon-DESeq2 protocol3?2327 gs

described in Chapter Two.

6.4 Results

6.4.1 Angiotensin Il Synthesis Pathway in Sympathetic Stellate Ganglia

The transcriptome of the sympathetic stellate ganglia was sequenced using ganglia extracted
from 16-week-old male Wistar rats (n=4 stellates) and age-matched SHR (n=4 stellates) with
established hypertension and sympathetic hyperactivity'®, as described in Chapter Two. In the
RNA-seq dataset, mRNA encoding the enzymes classically involved in the synthesis of the
Angll peptides were identified in adult rat stellate ganglia, where relevant transcripts included
Angiotensinogen (Agt), Renin (Ren) and Angiotensin Converting Enzyme (Ace) (Fig. 6.1). The
KEGG group ‘Renin Secretion’ was found to be significantly under-represented in the SHR
ganglia (p<0.01). The differentially expressed genes in this group associated with Renin
Secretion, included Adrb2, Ptger2, Gnai3, Gucy1a3, Prkacb, Prkg2, Cacnaic, Adora1, Adcyap1
(Fig. 6.1). A list of the gene names, respective fold changes and levels of significance are

reported in Tables 6.1 and 6.2.

6.4.2 Ang Il Precursor Transcripts in Stellate Ganglia

To validate the presence and relative levels of the classical Angll synthesising enzyme
transcripts (Ren, Ace) and its precursor (Agt) in rat stellate neurons, qRT-PCR was performed
using RNA from young four-week Wistar and preSHR ganglia (n=4 rats/group, unpooled), and
16-week adult SHR (n=4 rats/group), relative to age-matched Wistar rats (n=5 rats, Fig. 6.2).
The mRNA expression of Agt and Ace were significantly decreased in young preSHR (n=3-4
samples/group, two-tailed unpaired Student’s t-test, p=0.0045, p=0.0048) and adult SHR (n=4

samples/group, two-tailed unpaired Student’s t-test, p=0.0212, p=0.0469) relative to age-
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matched Wistar rats (n=4 samples/group). Ren mRNA expression was significantly upregulated
in 16-week-old SHR (n=4 samples/group) compared with the expression recorded in adult
Wistar rats (n=5 samples/group, unpaired two-tailed Student’s t-test, p<0.0001, Fig. 6.2). The
gRT-PCR data were analysed using the AACt method332 where raw counts were first normalised
to a control housekeeping gene B2m, and SHR data were subsequently normalised to Wistar
gRT-PCR counts. ACr values are included in the appendix (Fig. 8.6). The presence of the
transcripts encoding Agt, Ren and Ace were confirmed by qRT-PCR in four human stellate
ganglia (two left, two right unpooled stellates from 3 patients). Data were expressed as
normalised count values and analysed by one-way ANOVA using a Bonferroni post-hoc test. In
the human stellates, Ren expression was found to be significantly lower than Agt (p<0.0001)
and Ace (p=0.0204), where Ace expression was also significantly lower than Agt (p=0.0005;
Fig. 6.2). The qRT-PCR raw counts were normalised to a control housekeeping gene B2m,

using the ACr method described by Schmittgen et al., 3%2.

Table 6.1. The KEGG Group ‘Renin Secretion’ (rno04924)

KEGG ID KEGG Description  Count Fold p.value  p.adjusted
Enrichment
rno04924 Renin secretion 9 3.50 3.85E-03 1.07E-01

The KEGG functional enrichment pathway representing ‘Renin Secretion’ (rno04924) was
significantly under-represented in the SHR ganglia in the RNA-seq data

Table 6.2. Differentially Expressed Genes in KEGG Group ‘Renin Secretion’

RNAseq

NG;%% Description Log, p.
Fold Change adjusted
Adcyap1 adenylate cyclase activating polypeptide 1 -1.564 3.69E-11
Prkg2 protein kinase, cGMP-dependent, type Il -1.314 1.81E-09
Cacnalc calcium voltage-gated channel subunit alphat C -1.125 8.53E-06
Prkacb protein kinase cAMP-activated catalytic subunit beta -0.499 2.26E-03
Gucy1a3 guanylate cyclase 1 soluble subunit alpha 3 -0.422 7.51E-03
Adrb2 adrenoceptor beta 2 -0.932 9.45E-03
Adorat adenosine A1 receptor -0.773 2.34E-02
Gnai3 G protein subunit alpha i3 -0.388 2.38E-02
Ptger2 prostaglandin E receptor 2 -0.850 4.19E-02

Nine genes within the KEGG group representing ‘Renin Secretion’ (rno04924) were
downregulated. These genes highlight the involvement of adenylyl/guanylyl cyclase, cN and
protein kinase activity in the regulation of renin secretion.
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Figure 6.1. RNA-seq Highlights Angiotensin synthesis in Rat Stellate Ganglia

The Angll synthesis pathway is outlined (a). RNA-seq identified the presence of transcripts
involved in Angll synthesis including Angiotensinogen (Agt), Renin (Ren), Angiotensin
Converting Enzyme (Ace) transcripts. Transcript abundances were not found to be
differentially expressed in SHR vs. Wistar ganglia (Salmon-DESeq2 method???). Data points
represent raw counts + SEM (b). RNA-seq transcripts are represented as log2(fold change) =
SEM normalised to Wistar (c). The differentially expressed genes in the KEGG group
(rno04924) representing ‘Renin Secretion’ are depicted as logx(fold change) = SEM (d).
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Figure 6.2. Angiotensin Il Synthesising Enzyme mRNA in Stellate Ganglia.

The presence of RNA transcripts was validated using qRT-PCR in RNA extracted from four-
week Wistar and preSHR ganglia (n=4 rats/group, unpooled, a), and 16-week adult SHR (n=4
rats/group, b), relative to age-matched Wistar rats (n=5 rats). The expression of Agtand Ace
were significantly decreased in young preSHR compared to age-matched Wistar (n=3-4
samples; two-tailed unpaired Student’s t-test p=0.0045, p=0.0048, a) and in adult SHR (n=4
samples) relative to age-matched Wistar rats (n=4 samples/group, two-tailed unpaired
Student’s t-test; p=0.0212, p=0.0469, b). Ren mRNA expression in 16-week SHR was also
significantly upregulated compared to 16-week Wistar rats (p<0.0001, unpaired two-tailed
Student’s t-test, b). Data were analysed using the AACt method. The expression of mMRNA
encoding Agt, Ren and Ace were observed in human stellate ganglia (n=3-4) using qRT-PCR.
Ren expression was significantly lower than Agt (p<0.0001) and Ace (p=0.0005), and Ace
was significantly lower than Agt (p=0.0005). Data were analysed by one-way ANOVA with
Bonferroni’s post-hoc tests. Data are represented as AACr (rat), ACt (human) normalised
counts + SEM. *p<0.05, **p<0.01, ***p<0.00, ****p<0.0001.
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6.4.3 Stellate Ganglia Express Ang Il Synthesising Enzymes and Precursors

ELISAs were used to quantify the relative protein expression of Agt and renin (Ren) whereas
fluorometric activity assays were used to measure ACE activity in human and adult rat stellate
ganglia. To obtain adequate protein concentrations young rat stellates (12-14 stellates per
sample), or adult rat stellates (10-12 stellates per sample) were pooled. Agt was highly
expressed in young Wistar (16750 + 3472 pg/ml, n=3 samples), young preSHR (14928 + 1990
pg/ml, n=8 samples), adult Wistar (16924 + 1312 pg/ml, n=5 samples) and adult SHR (15071 =
1572 pg/ml, n=6 samples), however there was no significant difference in Agt expression
between strains at any age (one-way ANOVA, Fig. 6.3a). Angiotensin | (Angl) was not

detectable by ELISA, as concentrations fell below assay detection limit.

Ren activity was detected in young Wistar (101.0 + 14.8 mU/ml, n=3 samples), young preSHR
(85.3 = 11.7 mU/ml, n=3 samples), adult Wistar (97.4 + 12.9 mU/ml, n=6 samples) and adult
SHR (95.7 +£ 9.0 mU/ml, n=5 samples) calculated at 20 minutes. ACE activity was also detected
in young Wistar (74.3 + 2.8 mU/ml, n=3 samples), young preSHR (79.4 + 1.7 mU/ml, n=3
samples), adult Wistar (70.1 £ 1.9 mU/ml, n=3 samples) and adult SHR (74.9 + 0.5 mU/ml, n=3
samples) calculated at 35 minutes, however there was no significant difference in Ren activity
(Fig. 6.3 b, c) or ACE activity (Fig. 6.3 d, e) between strains at any age (one-way ANOVA with
Bonferroni’s multiple comparisons). In human stellate ganglia (three pooled stellates obtained
from two patients) Agt (563694 + 1351 pg/ml), Ren (2006 + 388 pg/ml) and ACE activity (50.5 +

2.8 mU/ml, calculated at 35 minutes) were also detected (Fig. 6.4).
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Figure 6.3. Rat Stellate Ganglia Express Angiotensin Il Synthesising Enzymes

The concentration of Agt (a) with calibration curve (b) and activity of Ren (c, d) and ACE (e,
f) were identified in young Wistar (n=3), preSHR (n=3) and adult Wistar (n=3-6) and SHR
(n=3-6) stellate ganglia. Agt concentration (14,000-17,000 pg/ml, a), Ren concentration (b)
and activity (85-101 pg/mg/min or mU/mg, c), ACE concentration (d) and activity (70-75
pg/mg/min or mU/mg, e) were not significantly different between or within strains at any age
(one-way ANOVA for a, d, f). Data are represented as mean + SEM. To calculate Ren and
ACE concentrations and activity (c-f), standard curves were constructed (0-100 %) from the
supplied standards in each assay. The data were fit to a sigmoidal logio(molar concentration)
curve and each of the sample values were interpolated (GraphPad Prism, v7). The
interpolated values were un-logged to determine the amount of Ren or ACE in each sample
(ng or pmol respectively), multiplied by the dilution factor, and the three technical replicates
were averaged. The amount of Ren or ACE in each sample was divided by the total mass of
protein in each well (mg) to obtain a value for enzyme concentration (pmol/mg) (c, €). Enzyme
concentrations were divided by the reaction time (in minutes) to calculate enzyme activity
(mU/mg). The reaction times were 20 min and 35 min for Ren or ACE activity, respectively.
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Figure 6.4. Human Stellates Express Angll Synthesising Enzymes and Precursors

Agt expression (53694 + 1351 pg/ml, a), Ren expression (2006 + 388 pg/ml, a) standard
curve for Agt (b) and ACE (50.5 + 2.8 pmol/mg/min or mU/ml, c, d) were detected in human
stellate ganglia, in two or three stellates obtained from two patients. Agt and Ren values were
multiplied by a dilution factor of 10, as the stellate samples were diluted 1:10 prior to assaying
to fit within the range of the standard curve. Data depicts mean + SEM (2-3 technical
replicates). To calculate ACE concentrations and activity, standard curves were constructed
(0-100 %) from the supplied standards. The data were fit to a sigmoidal logio(molar
concentration) curve and each of the sample values were interpolated (GraphPad Prism, v7).
The interpolated values were un-logged to determine ACE in each sample (pmol), and the
three technical replicates were averaged. The amount of ACE in each sample was divided by
the total mass of protein in each well (mg) to obtain a value for enzyme concentration
(pmol/mg) (c, e). Enzyme concentrations were divided by time (in minutes) to calculate
enzyme activity (mU/mg). The reaction times was 35 minutes for calculating ACE activity.
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6.4.4 Angiotensin Il is Synthesised in Human and Rat Stellate Ganglia

Plasma and tissue levels of Angll are significantly altered in hypertension and heart failure and
correlate with the severity of disease?680.193214393-397 To assess whether the presence of
proteins that synthesise Angll have physiological relevance in the generation of neuronal Angll,
protein was extracted from cardiac-sympathetic ganglia of from young preSHR (n=12-14
stellates), adult SHR (n=10-12 stellates) and an equal number of age-matched Wistar rats. A
slightly greater concentration of Angll was measured in stellate ganglia protein samples from
young preSHR (423.5 pg/ml + 14.65, n=3) compared with that measured in young Wistar stellate
samples (274.5 pg/ml + 13.06, n=3) although this was not found to be significant (p=0.0577,
one-way ANOVA with Bonferroni corrections). A significantly greater total content of Angll was
also observed in adult SHR stellate ganglia (465.8 pg/ml + 38.67; n=6) compared with Angl|
measured in Wistar stellate ganglia (282.4 pg/ml +19.31, n=6, one-way ANOVA with Bonferroni
post-hoc tests, p=0.0011). There was no significant difference in Angll measured in the stellate
ganglia samples obtained from rats in the 12-week or 16-week-old groups, therefore these
datasets were combined as described in the methods section (Fig. 6.5a). The presence of Angl|
was also confirmed in stellate ganglia obtained from human donors at similar levels to that

measured in rat (114.3 pg/ml = 11.79; n=3 stellates, unpooled).
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Figure 6.5. Angiotensin Il Content in Stellate Ganglia

Angll was observed in the rat stellate ganglia. Slightly higher levels of Angll was measured
in stellate ganglia protein samples from young preSHR (423.5 pg/ml + 14.65, n=3) compared
with that measured in age-matched young Wistar stellate samples (274.5 pg/ml + 13.06, n=3)
although this was not found to be significant (p=0.0577, one-way ANOVA with Bonferroni
post-hoc tests). A significantly greater Angll content was observed in adult SHR stellate
ganglia (465.8 pg/ml + 38.67; n=6) compared with that measured in adult Wistar stellate
ganglia (282.4 pg/ml + 19.31, n=6, one-way ANOVA with Bonferroni post-hoc tests,
p=0.0011). Angll was also detected in stellate ganglia obtained from human donors (114.3
pg/ml £ 11.79; n=3 stellates, unpooled, b). Following electrical stimulation Angll was detected
in the perfusate from both preSHR and Wistar stellates (c). There was no significant
difference in the concentration of Angll obtained from young preSHR stellate perfusate (23.86
pg/ml + 1.252; n=6) compared with that released from Wistar ganglia (24.18 pg/ml + 1.349;
n=5; p=ns). Conversely, significantly higher concentrations of Ang Il were measured in the
adult SHR perfusate (32.42 pg/ml + 1.748; n=7) compared with that measured in the age-
matched adult Wistar perfusate (26.33 pg/ml + 1.46; n=6; p=0.0366). The concentration of
electrically-evoked Angll was also significantly greater in adult SHR perfusate than that
released from young preSHR ganglia (p=0.0026). Each data point represents the
concentration of Angll measured from 5-7 individual stellates (c). All data represents mean =
SEM. *p<0.05, **p<0.01."p<0.05, **p<0.01. A calibration curve for the assay is included for
reference (d).
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6.4.5 Angiotensin Il Evoked-Release from Rat Stellate Ganglia

To determine whether Angll is released from stellate neurons, sympathetic stellate ganglia were
removed from young four-week Wistar and preSHR and subjected to electrical field stimulations.
The ganglia were pre-bathed in an ACEZ2 inhibitor DX600 (100 pM) to inhibit Angll hydrolysis
for 5 minutes prior to and during electrical stimulation. Electrical stimulation was conducted on
single stellates and the experiments were conducted at 37 °C in bicarbonate-buffered Tyrode’s
solution to mimic physiological conditions (95 % O2/ 5 % COy). A list of the buffer constituents
is included in Chapter Two. A stimulation protocol involving 5 Hz stimulations at 3 mA with 30 s
pulses every 90 s for 7.5 minutes was applied to each stellate as an adaptation from previously
reported stimulation parameters333. The presence of Angll was observed in the perfusate from
individually stimulated preSHR and Wistar stellates (Fig. 6.5). There was no significant
difference in electrically-evoked concentrations of Angll obtained from young (three- to four-
week-old) preSHR stellate ganglia perfusate (23.86 pg/ml + 1.252; n=6) compared with that
released from age-matched Wistar ganglia (24.18 pg/ml = 1.349; n=5; p=ns). Conversely,
significantly higher concentrations of electrically-evoked Ang Il were measured in the adult SHR
(12- to 14-week-old) perfusate (32.42 pg/ml + 1.748; n=7) compared with that measured in the
age-matched adult Wistar perfusate (26.33 pg/ml + 1.46; n=6; p=0.0366). The concentration of
electrically-evoked Angll was also significantly greater in adult SHR perfusate than that released
from young preSHR ganglia (p=0.0026). Data were analysed by one way ANOVA with

Bonferroni corrections.
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6.4.6 Angiotensin Converting Enzyme 2 Expression in Stellate Ganglia

To ascertain whether impaired metabolism of Angll underpins the elevated Angll levels
measured in the hypertensive rat stellate ganglia, the presence and activity of Angiotensin
Converting Enzyme 2 (ACE2) was investigated, as the primary enzyme responsible for the
hydrolysis of Angll into Ang1-7 (Fig. 6.6a). The transcript encoding ACE2 (Ace2) was identified
in Wistar and SHR stellates using the RNA-seq dataset (Fig. 6.7b) and was validated using
gRT-PCR (Fig. 6.6b). Data were analysed using the AACt method where the counts reflecting
the gene of interest were normalised to the counts obtained from the control housekeeping gene
(B2m), and SHR were subsequently normalised to Wistar using the AACr method332. The qRT-
PCR analysis revealed a significant reduction in Ace2 mRNA expression in samples obtained
from young preSHR ganglia (n=3 stellates/group, unpooled) compared with Ace2 measured in
Wistar ganglia (n=3 stellates/group, unpooled, two-tailed unpaired Student’s t-test, p<0.0007).
Moreover, Ace2 mRNA expression was decreased in adult 16-week SHR ganglia (n=4
stellates/group, unpooled) compared with Ace2 measured in the Wistar samples (n=3
stellates/group, unpooled, p=0.0390, Fig. 6.6c). The reduction in Ace2 mRNA expression
mirrored the trend in the RNA-seq dataset*!”. The transcript encoding Ace2 was also confirmed
by qRT-PCR in four male human stellate ganglia (two left stellates, two right stellates, unpooled
were obtained from 3 patients) for physiological context. The qRT-PCR raw counts were
normalised to a control housekeeping gene B2m, using the ACt method described by

Schmittgen et al.,33 and expressed as normalised count values (Fig. 6.6d).
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Figure 6.6. Angiotensin Converting Enzyme 2 Expression in Stellate Ganglia

The Angll/Ang1-7 signalling cascades and their receptor pathways are outlined (a). RNA-
seq identified the presence of the Angiotensin Converting Enzyme 2 (Ace2) transcript in
adult stellate ganglia using the Salmon-DESeq2 method 322327 (b). The presence of Ace2
was validated using gRT-PCR in RNA extracted from 4-week (n=3/group) and 16-week SHR
and Wistar rats (n=3-4/group). There was a significant reduction in Ace2 mRNA expression
in RNA samples from young preSHR (n=3 stellates/group, unpooled) versus Wistar ganglia
(n=3 stellates/group, unpooled, two-tailed unpaired Student’s t-test, +++p<0.0007, c). Ace2
was also decreased in adult 16-week SHR ganglia (n=4 stellates/group, unpooled)
compared with Ace2 expression measured in the Wistar samples (n=3 stellates/group,
unpooled, *p=0.0390, c). Ace2 mRNA in human stellate ganglia (n=3, d). The gRT-PCR data
were analysed using AACr (rat) or ACt (human). Data are expressed as normalised counts
+ SEM. *p<0.05, **p<0.01, ***p<0.001.
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6.4.7 ACE2 Activity is Elevated in the Hypertensive Rat Stellate Ganglia

To assess whether decreased Ace2 transcription is reflected in impaired ACE2 activity and
decreased Angll metabolism, an ACE2 activity assay was conducted using young rat stellate
samples (12-14 stellates/sample) and adult rat stellate samples (10-11 stellates/samples).
ACE2 activity was detected in young Wistar (3557 +315.2 mU/ml, n=3 samples), young preSHR
(3383 + 151.6 mU/ml, n=3 samples), adult Wistar (3317 + 88.3 mU/ml, n=3 samples) and adult
SHR (5040 + 187.6 mU/ml, n=3 samples) calculated at 25 minutes. There was no significant
difference in ACE2 activity between strains at four-weeks of age, however ACE2 activity was
found to be significantly elevated in adult SHR ganglia compared with young preSHR ganglia
(p=0.0019) and between adult SHR compared with age-matched Wistar rats (p=0.0015).
Groups were analysed using a one-way ANOVA with Bonferroni post-hoc multiple comparisons
tests (Fig. 6.7). ACE2 expression was also identified in human stellate ganglia (171.9 + 2.1

pg/ml, n=2 stellate samples, unpooled, Fig. 6.7).
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Figure 6.7. ACE2 Activity is Elevated in the Hypertensive Rat Stellate Ganglia

The concentration (a) and activity of ACE2 (b, c) was identified in stellate ganglia from young
Wistar (3557 + 315.2 mU/ml, n=3 samples), young preSHR (3383 + 151.6 mU/ml, n=3
samples), adult Wistar (3317 + 88.3 mU/ml, n=8 samples) and adult SHR (5040 + 187.6
mU/ml, n=3 samples). To calculate ACE2 concentrations and activity (a, b), standard curves
were constructed (0-100 %) from the supplied standards in each assay. The data were fit to
a sigmoidal logio(molar concentration) curve and each of the sample values were interpolated
(GraphPad Prism, v7). The interpolated values were un-logged to determine the amount of
Ren or ACE in each sample (pmol), multiplied by the dilution factor, and the three technical
replicates were averaged. The amount of ACE2 in each sample was divided by the total mass
of protein in each well (mg) to obtain a value for enzyme concentration (pmol/mg; a). Enzyme
concentrations were divided by time (in minutes) to calculate enzyme activity (mU/mg; b). The
reaction times was 25 minutes for calculating ACE2 activity. There was no significant
difference in ACE2 activity between strains at 4-weeks. ACE2 activity was significantly
elevated in adult SHR vs. young preSHR ganglia (p=0.0019) and between adult SHR vs. age-
matched Wistar (p=0.0015), using one-way ANOVA with Bonferroni post-hoc tests. ACE2 was
identified in human stellate ganglia (171.9 + 2.1 pg/ml, n=2 stellate samples, unpooled, c).
Data with error bars are depicted as mean + SEM. *p<0.05, **p<0.01.
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6.4.8 Angiotensin 1-7 is Synthesised in Human and Rat Stellate Ganglia

To determine whether ACE2 activity within the stellate ganglia leads to detectable levels of the
bioactive Angll metabolite Ang1-7, ELISA assays were carried out using young rat stellate
samples (12-14 stellates/sample) and adult rat stellate samples (10-11 stellates/sample). Ang1-

7 concentrations were detected in rat stellate ganglia (Fig. 6.8a),

A significant increase in Ang1-7 expression was observed in preSHR ganglia(104.3 pg/ml +
14.0, n=3 samples), compared with Ang1-7 concentrations measured in age-matched young
Wistar ganglia (40.2 pg/ml = 13.9, n=3 samples, p=0.0132, Fig. 6.8). It was observed that the
total concentration of Ang1-7 was no longer significantly elevated in adult SHR ganglia (53.6
pg/ml 2.7, n=3 samples) compared with Ang1-7 measured in adult Wistar ganglia (42.8 pg/ml
+ 4.9, n=3 samples). Moreover, significantly lower levels of Ang1-7 were measured in the adult
SHR ganglia compared with young preSHR ganglia (p=0.0481), indicating that the
concentrations of stellate Ang1-7 decrease with disease progression. A one-way ANOVA was

performed with Bonferroni corrections test for analysis.

Ang1-7 was also identified in human stellate ganglia obtained from donors (179.9 pg/ml + 6.1
n=3 stellate samples, unpooled, Fig. 6.9b). Moreover, electrical stimulation led to detectable
levels of Ang1-7 released into the perfusate from young preSHR (5.1 pg/ml + 0.9; n=7) and
young Wistar ganglia (3.0 pg/ml +0.7; n=7) where an elevated trend was observed in the young
preSHR compared to Wistar samples although this difference was not significant (two-tailed

unpaired Student’s t-test, p=0.0799; Fig. 6.8b).
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Figure 6.8. Angiotensin 1-7 is Synthesised in Human and Rat Stellate Ganglia

Ang1-7 was detected rat stellate ganglia. A significant increase in Ang1-7 was observed in
preSHR ganglia (104.3 pg/ml = 14.0, n=3 samples), compared with Ang1-7 concentrations
measured in age-matched young Wistar ganglia (40.2 pg/ml + 13.9, n=3 samples, p=0.0132)
and levels measured in the adult SHR ganglia (53.6 pg/ml + 2.7, n=3 samples, p=0.0481).
Conversely, Ang1-7 expression was no longer significantly elevated in adult SHR ganglia
compared to adult Wistar ganglia (42.8 pg/ml + 4.9, n=3 samples, a). A one-way ANOVA was
performed with Bonferroni corrections test for analysis of rat Ang1-7 concentrations. Ang1-7
was also identified in human stellate ganglia obtained from donors (179.9 + 6.1 n=3 stellate
samples, unpooled, b). Electrical stimulation led to detectable levels of Ang1-7 released into
the perfusate from young preSHR (5.1 pg/ml + 0.9; n=7) and young Wistar ganglia (3.0 pg/ml
+ 0.7; n=7) where an elevated trend was observed in the young preSHR compared to Wistar
samples, although this difference was not significant (two-tailed unpaired Student’s t-test,
p=0.0799, c). Data are depicted as mean + SEM. *p<0.05.
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6.4.9 Angll and Ang1-7 Receptors are Expressed on Stellate Ganglia

Immunocytochemistry illustrated the expression of the Angll receptor type | A (AT1aR) on TH
positive rat stellate ganglia (Fig. 6.9). The RNA-seq dataset revealed the expression of mMRNA
encoding Angll and Ang1-7 receptors (Fig. 6.10) in samples from 16-week male SHR and Wistar
rats, suggesting that Angll and Ang1-7 peptides may have autocrine effects on the stellate
ganglia itself and thus play a role in modulating transmission. To validate the presence of
angiotensin receptor transcripts in rat stellate neurons, gRT-PCR was performed using RNA
from four-week Wistar and preSHR ganglia (n=3 rats/group, unpooled) in addition to 16-week
Wistar and age-matched SHR stellates (n=4 rats/group, unpooled). The transcripts encoding
the Angll receptor type | subtypes, AT1aR (Agtria) and ATsR (Agir1b), in addition to the Angll
receptor type Il (AT2R, Agtr2) and Ang1-7 receptor Mas (Mas1) were identified by gRT-PCR
(Fig. 6.12a). There was no difference in Agtri1a or Agtr1b transcript expression between Wistar
and SHR at any age, however, Agtr2 mRNA expression was significantly decreased in preSHR
ganglia at four-weeks of age (unpaired two-tailed Student’s t-test, p=0.0003), yet elevated two-
fold in adult SHR ganglia relative to that measured in age-matched Wistar (unpaired two-tailed
Student’s t-test, p=0.0361). Whilst no significant difference was measured in Mas1 expression
in young rats between strains, a four-fold upregulation in Mas1 was observed in adult SHR
stellate compared with Wistar ganglia (p=0.0084). The expression of the human Angll receptor
type | homologue (Agtr1) was identified in donor stellates (n=4 samples, unpooled, Fig. 6.11b).
Moreover, mRNA encoding the Angll type Il receptor (AT2R, Agtr2) and the Ang1-7 receptor
Mas (Mas1) were identified in human ganglia (n=3-4 samples, unpooled) where Mas1
expression was found to be significantly higher than Agtr2 expression (one-way ANOVA,
p=0.0046). The human qRT-PCR data were analysed using the ACt method33? where gene

counts were normalised to the control gene counts for B2m.
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a. Rat stellate section (20x)

b. Rat stellate neuron (40x)

c. Rat stellate neuron (60x)

d. Negative control (20x)

Figure 6.9. AT1aR Expression on Rat Stellate Ganglia

Immunocytochemistry illustrates the expression of the Angll receptor type | A (AT+R, red) on
TH positive (green) rat stellate ganglia on 20x to 60x objectives (Zeiss Airy Scan, Confocal
Microscope, a-d). White arrows depict the localisation of AT{R on dendrites (b). Negative
controls with no primary antibody are depicted (d). AT¢R is internalised in a B-arrestin-
dependent manner, which might explain the lack of localisation of AT1R to the membrane.
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a. Rat Stellate RNAseq b. Rat Stellate RNAseq
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Figure 6.10. Angll and Ang1-7 Receptor mRNA in Rat Stellate Ganglia

RNA-seq identified the presence of transcripts encoding the Angll type 1 receptor AT1aR
(Agtria, Agtrib), the Angll type 2 receptor ATzR (Agtr2) and the Ang1-7 receptor (MasT).
Transcript abundances of Agtria, Agtr2a and Mas1 were not found to be differentially
expressed in SHR vs. Wistar ganglia, however, Agtr2a expression significantly upregulated
in SHR ganglia (p. adj=0.0274, Salmon-DESeq2 method 327, b, ¢ ). Data points represent raw
counts + SEM (a) and logx(fold change) + SEM normalised to Wistar (b). *p<0.05.
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a. 4-week Rat Stellate gRT-PCR b. 16-week Rat Stellate qRT-PCR
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Figure 6.11. Angll and Ang1-7 Receptor mRNA in Human Stellate Ganglia

gRT-PCR confirmed the expression of the angiotensin peptide receptor mRNA transcripts
Angll type 1 receptor AT1AR (Agiria, Agtr1b), the Angll type 2 receptor AT2R (Agtr2), and
the Ang1-7 receptor (Mas1) in RNA from 4-week Wistar and preSHR ganglia (n=3 rats/group,
unpooled, a), and 16-week Wistar and age-matched SHR stellates (n=4 rats/group, unpooled,
b). There was no significant difference in Agtria or Agtr1b transcript expression between
Wistar and SHR at any age, however, Agtr2 mRNA expression was significantly decreased
in preSHR ganglia at 4-weeks of age (unpaired two-tailed Student’s t-test, p=0.0003), and
increased two-fold in adult SHR ganglia relative age-matched Wistar (unpaired two-tailed
Student’s t-test, p=0.0361). There was no significant difference in Mas1 expression between
strains at 4-weeks (a), however a four-fold upregulation in Mas1 was observed in adult SHR
stellate compared with the relative expression in Wistar ganglia (unpaired two-tailed Student’s
t-test, p=0.0084, b). The expression of Agtr1, Agtr2 and Mas1 were also identified in human
ganglia (n=3-4 samples, unpooled), where Mas1 expression was found to be significantly
higher than Agtr2 expression (one-way ANOVA, Bonferroni’s post-hoc tests, p=0.0046, c).
Data are represented as AACr (rat), ACt (human) normalised counts + SEM. *p<0.05,
**p<0.01, ***p<0.001.
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6.5 Discussion

In this chapter, a combination of RNA-seq, qRT-PCR, electrical field stimulation, protein
measurements and enzyme activity assays were applied to investigate the potential for an
intracellular RAS synthesis pathway in cardiac-sympathetic stellate ganglia of human and rat,
thus providing a novel source of angiotensins to the heart. This chapter also aimed to investigate
whether angiotensin peptide concentrations are altered in models of disease that may play a

role in the aetiology of hypertension.

The main findings of this chapter are:

1. Key proteins involved in angiotensin peptide synthesis are present in cardiac-stellate
ganglia from human and rat.

2. Angll and Ang1-7 were observed in the cardiac-stellate ganglia of human and rat and
released from the rat stellate ganglia during electrical field stimulation.

3. Angll and Ang1-7 concentrations (intracellular and released) were elevated in the
prehypertensive model compared with healthy counterparts. Angll was also elevated in
the SHR with established hypertension.

4. Angll receptors (AT1R, AT2R) were expressed on cardiac-sympathetic ganglia of human
and rat; where mRNA expression levels of AT2R were shown to be upregulated in adult
SHR with established hypertension.

5. The Ang1-7 receptor Mas as expressed on cardiac-sympathetic ganglia of human and
rat; where expression levels of Mas receptor was upregulated in adult SHR with

established hypertension
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6.5.1 The Angiotensin Il Synthesis Pathway is Present in Stellate Ganglia

Angll is a major effector of the classical RAS that mediates its effects via a signalling cascade
following selective activation of Angll receptors type 1 and 2 (AT1R, AT2R); where activation of
AT1R underpins increases in [Ca?*]i via Gg-coupled pathways*é2. Conversely, AT2R is commonly
coupled to NO-cGMP and is thought to oppose ATiR mediated effects, although its
physiological function is less well-characterised524525, Emerging evidence highlights a dominant
role for local rather than systemic angiotensin signalling, where key proteins are synthesised
intracellularly and act in an autocrine and/or paracrine manner on local and neighbouring
tissues*64.488,526,527 however the key source/s and local sites of angiotensin peptides are not fully

established.

The RNA-seq dataset was used to identify the presence of mRNA transcripts encoding
angiotensin synthesising enzymes in stellate ganglia from 16-week Wistar and SHR337417. The
dataset highlighted the expression of all relevant transcripts suggestive of an intracrine RAS,
including angiotensinogen (Agf), renin (Ren), and Angiotensin Converting Enzyme (Ace), where
transcript abundances were not differentially expressed between strains (Fig. 6.1)337:359,
Importantly, the KEGG functional annotation analysis highlighted a significant under-
representation in the pathway involved in ‘Renin Secretion’ (rno04924) in the SHR ganglia (Fig.
6.1). Indeed, all of the transcripts identified in this group were downregulated (Table 6.1a) where
key transcripts preferentially mapped to adenylyl / guanylyl cyclases (Adcyap1, Gucy1a3)
coupled to cNs (Gnai3) and the associated protein kinases (Prkacb, Prkg2) highlighting the
importance of cN signalling in the synthesis of angiotensins (Table 6.1). The key genes involved
in angiotensin synthesis (Agt, Ren, Ace) were identified using qRT-PCR and highlighted
alterations in prehypertensive and hypertensive models (Fig. 6.2), although no functional
alterations were observed in protein expression levels or enzyme activity (Fig. 6.3). Agt, Ren

and Ace were also found to be expressed in human stellate ganglia by qRT-PCR (Fig. 6.2),
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where protein expression was observed by ELISA and enzyme activity assays (Fig. 6.4).
Together, these data provide evidence for an intracrine RAS in sympathetic-cardiac ganglia in

human, although the relevance to human hypertension is not yet established.

What is the relevance for the observation of presynaptic sympathetic intracrine RAS system?
Plasma and tissue levels of Angll are significantly altered in hypertension and correlate with the
severity of disease 76.80.193.214,393-397 |nhibitors of RAAS include angiotensin receptor antagonists,
renin antagonists, mineralocorticoid receptor blockers and non-selective ACE inhibitors, that
are gold-standard treatment strategies for hypertension5459.513,514,517,519.520 Therapeutic benefit
is primarily achieved through opposition of Angll-mediated effects including vasodilation,
reduced aldosterone secretion and natriuresis’6475. Nevertheless, their mechanism of action, is
not fully understood as ACE inhibitors reduce blood pressure via actions that do not necessarily
correlate with a fall in systemic Angll, and drugs of this class are most effective in patients with
low-to-medium circulating RAAS concentrations?6:477,513,518521 Emerging evidence now
suggests that alterations in local RAS signalling within key organs or a collection of tissues may
confer more pathophysiological specificity, compared with global changes in Angll. Our findings
suggest that the presence of an intracrine RAS within the stellate ganglia of human and rat may

provide an opportunity for precise therapeutic targeting*73:488:494,497,528

6.5.2 Angiotensin Il is Present in Rat and Human Stellate Ganglia

In this chapter, enzyme immunosorbent assays were used to investigate whether the presence
of Angll synthesising enzymes plays a physiological role in the generation of a functional
intracrine RAS system within the stellate ganglia of human and rat. Angll concentrations were
found to be detectable both human and rat stellate ganglia (Fig. 6.5). Moreover, elevated Angll
concentrations were observed in the prehypertensive and hypertensive phenotypes (Fig. 6.5).

In addition to measuring the total Angll content, the concentrations of evoked-Angll released
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from young and adult Wistar and SHR stellate ganglia were quantified following an electrical
field stimulation protocol. It was observed that Angll release was significantly elevated in the
perfusate collected from SHR ganglia compared with Angll measured in the young preSHR
normotensive rat ganglia perfusate (Fig. 6.5). These data suggest that elevated Angll synthesis
occurs early in hypertension where release is limited by regulatory mechanisms conferring
protection against chronically elevated end-organ Angll. Increased sympathetic Angll release
may coincide with the maintenance rather than the initiation of hypertension, although the
concentrations measured here fell within the lower end of the assay detection limits, where a
more sensitive technique might be required to reveal more subtle changes i.e. in the earlier

stages of hypertension.

What are the local sites of action for Angll that have been proposed to play a role in the
pathophysiology of disease? It is widely established that clinical morbidity and mortality
associated with many CVDs are underpinned by dysautonomia (i.e. sympathetic over-activity
and vagal impairment) 28:29.95.101,190,529 This may occur prior to overt clinical signs, facilitating
chronic end-organ damage. Angll-AT+R signalling is linked to enhanced sympathetic outflow
from the CNS88.200.469,530.531 byt also has a direct stimulatory effect on peripheral sympathetic
neurons themselves?#69.480.481,582-535  \WWe demonstrate the presence of mRNA transcripts
encoding sympathetic AT1R and AT2Rs in human and rat stellate ganglia; and demonstrate that
AT2R is significantly increased in SHR with established hypertension, supporting previous
findings536:5%7. Whether activation of sympathetic AT receptors plays a dominant role in the
pathophysiology and progression of hypertension is not known338. Local Angll signalling is also
evident within the myocardium, where receptor mediated signalling cascades are involved in
the physiological and pathophysiological regulation of myocardial processes 462:473:474.488,528,539,
In normal conditions, activation of myocardial AT1R regulates cardiac contractility, cell-cell
signalling and impulse propagation 473488528 Conversely, in models of CVDs, elevated local
plasma and/or tissue concentrations of Angll, ACE and/or ATiR expression associated left
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ventricular hypertrophy?200.214.467,482-486 - nost-myocardial infarction remodelling*’'-4’7 and heart

failureso.200,468-470_

The close relationship between elevated Angll and sympathetic over-activity in CVD is intriguing
81,481,534,540 gnd has raised questions surrounding membrane level receptor-receptor interactions
and cross-talk between Angll and adrenergic signalling cascades 541-547. Specifically, AT1R-
a2cAR heterodimers have been observed, where activation by NA promotes atypical enhanced
cAMP-PKA signalling by converting an a2cAR auto-inhibitory signal to excitatory positive
feedback signalling 346. Moreover, activation of the ATiR-a2cAR heterodimer facilitates NA
hyper-secretion and sympathetic over-activity in sympathetic neurons in vivo 5. Heterodimer
formation has also been found to occur between AT{R-32AR 541548 that enhances the membrane
stability of B2AR and prolongs cAMP signalling, suggesting a potential synergistic role for NA-
Angll-mediated effects in provoking sympathetic over-activity in hypertension and

cardiovascular pathophysiology 481:541,544,546,5647,549,550

6.5.3 Angiotensin 1-7 is Present in Rat and Human Stellate Ganglia

In addition to the classical Angll-AT1R Ca?+-coupled signalling pathways, the metabolism of
Angll is also associated with generation of alternative signalling cascades. One such pathway
known as the Ang1-7-Mas receptor signalling axis, physiologically antagonises Angll-AT{R
signalling%5' through NO and cGMP generation; where Ang1-7 is produced by ACE2 hydrolysis
of Angll 4%, In this chapter, the expression of ACE2 was confirmed using a combination of RNA-
seq, gRT-PCR and ACE2 activity assays in rat stellate (Fig. 6.6), and by ELISA for human
stellate ganglia (Fig. 6.7). One possible cause for the elevated levels of Angll measured in the
adult SHR could result from impaired ACE2 activity and reduced Angll metabolism. Contrary to
the initial expectations, however, the activity of ACE2 was significantly raised in the adult SHR

samples (Fig. 6.7), although this observation may not be entirely counterintuitive if the
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concentrations of substrate (Angll) are sufficiently high enough to saturate ACE2 activity. Other
lines of evidence point to a significant role for soluble ACE2 (sACE2) that is found within the
cardiac interstitium to hydrolyse extracellular Angll. Although the physiological role of SACE is
not fully understood, upregulated sACE2 activity has been identified in patients with heart failure
552 post-myocardial infarction remodelling %58 and cardiac dysfunction 5%, and correlates with
disease severity %52. Whether sSACE2 is also released from the cardiac-stellate ganglia and plays
a significant role in altered sympathetic-derived Angll metabolism remains to be investigated.
In this chapter, the activity of ACE2 was shown to play a functional role in the rat sympathetic
stellate ganglia, where Angll was converted into detectable concentrations of Ang1-7 in human
and rat (Fig. 6.8), where Ang1-7 was also released from rat stellate ganglia with electrical field
stimulation. Moreover, Ang1-7 concentrations were increased in the prehypertensive rat stellate
ganglia, but were no longer elevated with established hypertension, suggesting that
compensatory upregulation of Ang1-7 occurs early in disease to counteract increases in Angll

production, where reduced Ang1-7 synthesis correlates with disease progression.

What are the possible target organs for Ang1-7 released from the sympathetic stellate ganglia?
Physiological responses to Ang1-7 have been identified within the myocardium, where
administration of Ang1-7 facilitates NO synthesis through activation of nNOS and eNOS
enzymes®'!. The beneficial effects of NO-cGMP signalling within the myocardium are well-
established, where tools that increase NO-cGMP signalling reduce [Ca?+*]ivia inhibition of the L-
type Ca?+ channel and increase reuptake into the sarcoplasmic reticulum attenuating end-organ
chronotropy and inotropy 99.112.554.555 Moreover, peripheral and central actions of Ang1-7 exert
potent anti-hypertensive94503.507.512.556  gnd cardio-protective effects#94498511.557 jncluding
attenuated sympathetic outflow*954%  vasodilation501502.509  anti-arrhythmic effects®%8, reduced
remodelling#474511.559-561 " gnti-proliferative processes 96254 improvements in baroreflex
sensitivity 154505506 and decreased pro-inflammatory events 565568, |n the brain, Ang1-7 reduces
TH activity, attenuates presynaptic NA release, and reduces peripheral sympathetic nerve
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outflow 495508569 in an NO-PKG dependent manner3%. Conversely, Ang1-7 has been shown to
increase the release of atrial [3H]-NA in an NO-dependent manner57057t; however, the
importance of NO-cGMP signalling in reducing [Ca?*]; %6334 and end-organ transmission in
peripheral sympathetic stellate nerves has been previously demonstrated 96.113,260,261,272,572,573,

although bi-phasic concentration-dependent effects of Ang1-7 have also been described58.

In this chapter, the transcripts encoding Angll and Ang1-7 receptors were identified on human
and rat stellate ganglia (Fig. 6.9-6.11), suggesting a possible site for an autocrine/paracrine
effect of Ang1-7-mediated signalling within peripheral nerves. Although no changes were
observed in expression of the Angll type 1 receptors (Agtria, Agtrib), the Ang1-7 receptor,
Mas (Mas1) was increased four-fold in hypertension, alongside a concomitant decrease in
Ang1-7 generation. These data suggest that a decrease in agonist production may lead to
selective upregulation of the Mas receptor to counteract increases in pathological Angll
signalling, supporting previous findings 5°. Whether Ang1-7 directly modulates sympathetic
transmission in an NO-dependent manner remains to be determined. A model diagram is

depicted in Fig. 6.12a, b.

6.6 Limitations

In this chapter, the presence of the enzymes involved in Angll and Ang1-7 synthesis in the
stellate ganglia was explored. There were several limitations to this study. First, to assess the
pathways involved in Angll and Ang1-7 synthesis, the classical enzymes ACE and ACE2 were
investigated. Recent literature has highlighted the importance of other enzymatic pathways
involved in Angll synthesis and breakdown including neprilysin, endopeptidases and other
metalloproteases that haven’t been considered in this chapter+®4, although their transcripts were
identified in the RNA-seq dataset. Moreover, new angiotensin-derived metabolites are regularly

identified*®4 that may influence the results described. Nevertheless, this study provides an
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overview of a classical intracrine RAS synthesis pathway within the stellate ganglia of human
and rat, within the context of hypertension. Secondly, enzyme activity is sensitive to several
parameters including pH and oxidative stress. In these experiments, the pH in the samples is
determined by the assay and the kit selected that may not necessarily reflect the physiological
environment for the enzymes in vivo. Indeed, SHR neurons reportedly have a cytosolic
environment with lower pH and increased levels of oxidative signalling. In addition, although
accuracy and selectivity of the chosen assay kits were verified by the manufacturer, the cross-
reactivity of these assays for other proteins cannot be ruled out. Thirdly, changes in mRNA
expression levels may not necessarily reflect protein concentrations or indeed enzyme activity
given the number of regulatory processes involved in mediating enzymatic behaviour, however
the net effect resulted in increased Angll release and changes in the release profile of Ang1-7
at different stages of disease. Finally, renin and angiotensinogen have been identified in
neurons and glial cells in the brain; where expression in both cell types has been shown to
regulate resting arterial pressure®3'574, |n this study, the precise cell-type/s responsible for
angiotensin synthesis within the stellate ganglia are not known; however, the angiotensin genes
were observed in the RNA-seq dataset alongside high abundance transcripts specific to
sympathetic nerves, suggesting that the primary cell type within these ganglia is of sympathetic
phenotype. Moreover, the net effect of the expression of these enzymes resulted in the release
of angiotensins in an activity-dependent manner from the cardiac-stellate ganglia, regardless of

cellular origin.
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6.7 Conclusion

This chapter provides evidence for presynaptic synthesis of Angll and Ang1-7 within the cardiac
sympathetic ganglia of human and rat, where elevated concentrations of Angll were released
at the end-organ in an activity-dependent manner. Moreover, stellate ganglion synthesis of the
NO-generating peptide Ang1-7 was found to be upregulated early in prehypertension but was
no longer elevated in hypertension, suggesting that the potential beneficial effects of Ang1-7
may be lost with disease progression. Together, these data suggest that neurotransmitter and
neuropeptides profiles may be more complex than the classical ‘noradrenergic-sympathetic’
signalling. Changes in neuropeptide production occurs prior to increases in arterial blood
pressure, where elevated Ang1-7 synthesis may play a role in to counteracting the processes
contributing to sympathetic over-activity through the activation of the presynaptic sympathetic
NO-coupled Mas receptor. These results may have implications for future therapeutic targeting
of diseases associated with dysautonomia and sympathetic over-activity. Whether the
physiological activity of these angiotensin peptides resides entirely within the heart, or plays a
role in feedback/feedforward signalling within the stellate ganglia itself remains to be

established.
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Figure 6.12a. Angiotensin Synthesis in Sympathetic Stellate Neurons

The sympathetic stellate ganglia (cervicothoracic ganglia) are located alongside vertebrate
T1 to T4. They are the primary sympathetic ganglia that innervate the heart and have been
shown to exert the greatest control over increases in heart rate and contractility218:424:425.575,
In healthy neurons, Angll synthesis occurs by sequential enzymatic cleavage of
Angiotensinogen (Agt) by Renin and Angiotensin Converting Enzymes (ACE). Angll is
hydrolysed by the activity of ACE2 into Ang1-7. The synthesis and release of Angll and Ang1-
7 is highly regulated, where release occurs in an activity dependent manner.
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Figure 6.12b. Angiotensin Synthesis in Stellate Neurons in Hypertension

In diseased neurons, Angll synthesis occurs by sequential enzymatic cleavage of
Angiotensinogen (Agt) by Renin and Angiotensin Converting Enzymes (ACE). Angll is
hydrolysed by the activity of ACE2 into Ang1-7. The regulatory mechanisms controlling the
synthesis and release of Angll and Ang1-7 are dysregulated in disease. In young
prehypertensive rat neurons, the synthesis of Angll is elevated that occurs alongside a
concomitant rise in the synthesis of the ‘protective’ Ang1-7 peptide. This results in no
detectable elevation in activity-dependent release of Angll is observed in young
prehypertensive rats. In adult hypertensive rat neurons, the synthesis of Angll is elevated,
however, synthesis of the ‘protective’ Ang1-7 peptide is no longer increased. This results in
a significant elevation in activity-dependent release of Angll in adult SHR with established
hypertension.
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Concluding Discussion
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7.1 Introduction

Dysautonomia is a key feature of hypertension and is present early in disease; however, the
mechanisms that underpin altered neuronal function are not known. The first objective of this
thesis was to profile the transcriptome of the cardiac-stellate ganglia from normotensive healthy
Wistar rats and SHR with established hypertension, using a non-biased, hypothesis neutral,
RNA-seq approach. The identified transcriptomic changes were subsequently validated using
quantitative real-time polymerase chain reaction using stellate ganglia from rat and humans,
thus emphasising the translational relevance of these studies. The associated cellular and
molecular consequences of these transcriptomic alterations were investigated using a
combination of protein and activity assays, real-time fluorescence microscopy and HPLC-EC.
The observations in this thesis suggest that many changes in the stellate ganglia observed in
the hypertensive model occur prior to the onset of hypertension that may predispose to

sympathetic over-activity providing novel targets for therapeutic intervention.
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7.2 The Main Findings of this Thesis

1. The genetic profile of the sympathetic stellate ganglia is altered in the SHR compared
to its normotensive genetic counterpart, where key genes are conserved in human
stellates.

2. Disruptions in the SHR stellate transcriptome affect ion channel excitability and alter cN
signalling via impaired PDE regulation.

3. Genetic alterations led to disrupted intracellular cN signalling that was validated using
real-time fluorescence microscopy, highlighting advantages for transcriptomics in
understanding disease pathophysiology.

4. Presynaptic BARs were identified on sympathetic stellate ganglia of human and rat.
Activation of neuronal BARs elevated cAMP-PKA signalling, and exacerbated the Ca2*
phenotype. These data suggest that cN signalling may be a useful therapeutic target for
hypertension.

5. In early disease states, a neurotransmitter profile switch was identified where increased
Adr was released alongside NA, highlighting an augmented feed-forward signalling
pathway coupled to BARs that contributes to sympathetic over-activity.

6. Angiotensin synthesis occurs within the cardiac-sympathetic stellate ganglia of human
and rat highlighting a role for local intracrine RAS synthesis.

7. Elevated Angll release and altered Ang1-7 synthesis in the cardiac-stellate ganglia were
observed in the preSHR and SHR model of hypertension, demonstrating a novel source
of Angll that might play a role in the aetiology of sympathetic impairment associated with

hypertension.
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7.3 RNA Sequencing Highlights a Genetic Component for

Sympathetic Over-activity in the Spontaneously Hypertensive Rat

In Chapter Three, the results from the RNA-seq study provided an overview of the
transcriptomic changes evident in the stellate ganglia of adult SHR with established
hypertension. This study demonstrated a potential genetic basis for sympathetic over-activity
and elevated end-organ transmission. The RNA-seq dataset also highlighted a wide range of
targets that directed the experimental objectives of this thesis and guided the successive

investigations.

7.3.1 RNA Sequencing Highlights a Genetic Component for Impaired

Cardiovascular Regulation in the Spontaneously Hypertensive Rat

The differentially expressed genes in the RNA-seq dataset were assembled into three parent
GO categories, that were sub-categorised into over-represented GO groups reflecting
significant transcriptomic changes in hypertension. In the CC category, changes were identified
in GO groups representing ‘cell junctions’, ‘axonal projections’, ‘synapse’ and ‘membrane-
bounded vesicles’. These over-represented families correlated with alterations identified in the
BP category that demonstrated disruptions in genes involved in ‘cell-cell signalling’ and
‘responses to chemical stimuli’, highlighting a potential genetic basis for an altered response to
feedback signals as well as impaired neurotransmitter release in hypertension. Other highly
enriched GO groups in the BP category were found to be involved in cardiovascular regulation,
where transcriptomic changes in SHR ganglia corresponded to ‘circulatory system processes’,
‘heart processes’, ‘regulation of blood pressure’ and ‘regulation of heart contraction’ supporting
a genetic basis for impaired cardiac transmission in hypertension. GO groups involved in ‘stress
responses’ and inflammatory or ‘defence processes’ were also over-represented in the SHR
ganglia reflecting a possible genetic link between diseases caused by sympathetic over-activity

and increased proinflammatory eventss0.33.145,
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7.3.2 RNA Sequencing Highlights a Genetic Component for Elevated Neuronal

Excitability in the Spontaneously Hypertensive Rat

Within the sympathetic stellate ganglia, several molecular processes have been previously
shown to underpin or exacerbate sympathetic hyper-activity in prehypertensive and
hypertensive states. These include a preferential deficit in NO-cGMP signalling''3.28, increased
[Ca?+]; 96260.335 gnd an alteration in the activity of specific PDEs (e.g. PDE2a) 9262334 Given the
mounting evidence that these molecular perturbations both precipitate and provoke sympathetic
over-activity, Chapter Three focussed on investigating the functional relevance of the altered
genes within the MF category, by correlating the transcriptomic observations with cellular and
molecular biochemistry techniques. It was observed that in the GO MF category, families
encoding ‘extracellular ligand gated ion channel activity’ and ‘phosphoric ester hydrolase
activity’ were critically altered in ganglia from SHR with established hypertension. Importantly,
the differential expression of ligand-gated ion channel subunits may have implications for ion
permeability, channel activity and elevated neuronal excitability in sympathetic ganglia in the
SHR model and diseases associated with sympathetic over-activity. The differentially expressed
transcripts in the MF group ‘extracellular ligand-gated ion channel activity’ highlighted the
presence of glutamate (AMPA, NMDA and Kainate) and GABA receptor subunits in addition to
purinergic, glycinergic and serotonergic receptors; most of which have not previously been
shown to play a role within the sympathetic stellate ganglia nor have they been considered as
potential therapeutic targets for cardiovascular or autonomic diseases. The expression of these
transcripts was confirmed using qRT-PCR and translational context was demonstrated by

validation of these transcripts within human stellates.
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7.3.3 RNA Sequencing Highlights a Genetic Component for Altered

Phosphodiesterase Activity in the Spontaneously Hypertensive Rat

The differentially expressed MF GO Group ‘phosphoric ester hydrolase activity’ was shown to
comprise a group of transcripts predominantly encoding phosphatases involved in the regulation
of PDE activity. PDEs play a key role in the regulation of cNs, where the deleterious effects of
impaired PDE activity is well-documented and underpins a wide-range of
diseases?5275277.278576577  The second aim of Chapter Three was to establish whether the
observed transcriptomic adaptations in the ‘phosphoric ester hydrolase activity’ group translated
to altered PDE activity in cultured stellate neurons from preSHR and Wistar rats. Using FRET
microscopy, it was established that changes to the stellate transcriptome resulted in functional
alterations in PDE activity that disrupted cN signalling. The observation was characterised by
distinct differences in cAMP generation following PDE inhibition. Indeed, abrogated cross-talk
between the two cN signalling pathways has been previously reported °. These findings
suggest that approaches aimed at modulating the activity of specific PDE isoforms or,
alternatively, targeting regulators of PDE function may provide a novel strategy for regulating

neuronal excitability.

7.4 Elevated Presynaptic B-Adrenergic Signalling in the Stellate

Ganglia of Prehypertensive Spontaneously Hypertensive Rat

Disruptions to BAR signalling are a well-documented characteristic of human hypertension,
where a plethora of literature has identified alterations in cAMP-PKA signalling within the
myocardium that is exacerbated by perturbations in PDE activity265266.578 As such, chronic 3-
blocker therapy remains a mainstay intervention for clinical hypertension, although the precise

mechanisms by which B-blockers improve all-cause mortality is less than clear0'.421,
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In Chapter Four, the RNA-seq dataset highlighted the expression of transcripts encoding
presynaptic neuronal BARs that was validated in stellate ganglia from human and rat using qRT-
PCR and ELISA assays. Using FRET microscopy, the presence of presynaptic neuronal BARs
in rat stellate ganglia were found to be functionally relevant where pharmacological activation
led to a detectable rise in cAMP generation and PKA activity. Moreover, the cAMP-PKA- Ca?+
signalling pathway coupled to BAR activation was significantly elevated in ganglia obtained from
young preSHR, where a preferential role for B.AR was observed. Previous work has
demonstrated that the N-type Calcium Channel (lcan) is the primary voltage-gated channel
responsible for Ca?+ influx in sympathetic neurons; and carries a significantly larger Ca2* current
in preSHR neurons compared with controls®-216, [c.y activity is differentially regulated by PKA
and PKG®:334  therefore, BAR-potentiated increases in [Ca?*] in preSHR stellate neurons are
likely to occur as a result of BAR-cAMP activation that increases PKA-dependent
phosphorylation of lan (Cav2.2). Together, these data demonstrate that BAR-mediated
signalling in sympathetic neurons contributes to the Ca2* phenotype and increases sympathetic

activity, highlighting an additional efficacious target for the use of B-blockers in CVD.

7.5 The ‘Adrenaline Hypothesis’ of Essential Hypertension:

Adrenaline Synthesis in Sympathetic Stellate Ganglia

In Chapter Five the concentrations of catecholamines in the rat stellate ganglia was
investigated, to provide physiological context relating to the functional relevance of presynaptic
sympathetic BARs. The aim of this chapter was to investigate the potential for a feed-forward
mechanism that contributes to elevated neurotransmission in prehypertension. The expression
of mMRNA transcripts encoding the enzymes involved in NA synthesis were confirmed using the

RNA-seq dataset and were validated via qRT-PCR in human and rat stellate ganglia RNA
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samples. Moreover, the enzyme PNMT required for the conversion of NA to Adr was also found
to be expressed in both rat and human stellate ganglia. ELISA assays were performed to
measure the relative concentrations of PNMT in TH positive stellate ganglia from human and
rat. High levels of TH confirmed the validity of the expression of PNMT within a population of

sympathetic neurons.

Following the identification of the catecholamine synthesising enzymes, concentrations of NA
and Adr were measured from a single, freshly dissected stellate ganglion, extracted from
healthy Wistar rats and prehypertensive SHR. A significant decrease in total NA content was
observed in the preSHR ganglia (74.8 % of total catecholamine content) compared to the NA
content calculated in Wistar ganglia (91.5 % of total catecholamine content). Conversely, Adr
content was found to be significantly elevated in preSHR stellate ganglia (25.2 % of total
catecholamines measured) compared with that measured in Wistar ganglia (8.5 % of total
catecholamines), highlighting a switch in neurotransmitter synthesis in prehypertension, that
was evident prior to increases in arterial blood pressure. In addition to measuring the total
catecholamine content, the concentrations of evoked-catecholamines released from preSHR
and Wistar ganglia were quantified following electrical field stimulation. In the perfusate samples
from preSHR ganglia, it was observed that NA concentrations were significantly elevated
compared with concentrations measured in the Wistar, reflecting the widely established
literature 190436, Conversely, it was also observed that in preSHR stellate ganglia, equivalent
amounts Adr were found to be released alongside NA (44 % : 56 %, NA:Adr) that was not
evident in the Wistar stellate perfusate (91 % : 9 %, NA:Adr), establishing a critical alteration in

catecholamine neurotransmission in the cardiac-stellate ganglia early disease states.

The presence of presynaptic BARs on the cardiac-sympathetic ganglia of human and rat was
described in Chapter Four, where presynaptic B2AR activity was shown to play a dominant role

in cAMP generation that was disproportionately elevated in preSHR compared with Wistar
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stellate neurons. These results have significance in the context of the results from Chapter Five
where significantly elevated concentrations of Adr were released from preSHR ganglia. Indeed
, the high efficacy of Adr at B2ARs facilitates Ad-dependent NA transmission in a wide number
of peripheral ganglia#04405431 404,452-454 ' Ag such, elevated Adr transmission may act preferentially
on presynaptic cardiac-sympathetic B2ARs, increasing cAMP-PKA-Ca?+ signalling and
neurotransmission in disease, in a manner akin to positive feedback. Inhibitors of Adr synthesis
or release may provide novel therapeutic benefit in diseases characterised by enhanced

sympathetic activity.

7.6 Intracrine Angiotensin Synthesis in the Stellate Ganglia

Elevated RAS signalling is evident in hypertension?6.214.394,395,465-467  heart failure8?.200.468-470 gnd
post-myocardial infarction*’-477, where Angll signalling is involved in enhanced sympathetic
transmission81:472:479-481" cardiac hypertrophy?200.214.467,482-486 jmpaired calcium handling?65471.478,
vascular remodelling#61487-4%0 and pro-inflammatory events88145491  Conversely, the peptide
Ang1-7 opposes the effects of Angll via activation of its cognate receptor Mas, that couples to
NO-cGMP492-494 and is now considered a major counter-regulatory pathway for endogenous
protection against several CVDs#7449%-501,504-512 Emerging evidence suggests that alterations in
local RAS signalling within key organs or a collection of tissues may confer more
pathophysiological specificity, compared with global changes in Angll*64527. Chapter Six was
conducted to investigate the potential for a functional intracrine Angll / Ang1-7 system within

cardiac-stellate ganglia in prehypertensive and hypertensive states.

The intracrine Angll synthesis pathway was identified in human and rat stellate ganglia using a
combination of RNA-seq, qRT-PCR and ELISA assays. This sympathetic intracrine RAS system
was shown to be physiologically functional, where detectable concentrations of Angll and Ang1-

7 were measured in human and rat stellate ganglia. Moreover, Angll concentrations were found
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to be significantly elevated in stellates extracted from preSHR and SHR compared to their
normotensive counterparts, that resulted in enhanced electrically-evoked Angll release from
adult SHR ganglia. Unexpectedly, normal levels of Angll were found to be released from the
preSHR ganglia, however, lower levels of Angll release was found to coincide with a significant
elevation in Ang1-7 synthesis, suggesting that Ang1-7 might play a protective role by limiting
Angll release through negative feedback mechanisms. Indeed, the presence of the Ang1-7

receptor, Mas, was observed on sympathetic stellate ganglia of human and rat.

In support of this hypothesis, lower concentrations of Ang1-7 were measured in the adult SHR
ganglia with established hypertension that correlated with augmented Angll release. Clearly,
correlation does not imply causation, however, Angll and Ang1-7 are well established opposing
regulators of neuronal transmission in the brain494495.508,569579  and a potentiating role for Angll
has been identified within peripheral sympathetic ganglia directly 28540580 Moreover, strong
evidence supports a role for NO-cGMP signalling in attenuating peripheral cardiac-sympathetic
transmission96:113,260.261.272572.573 Nevertheless, whether the expression of neuronal Mas
receptors functionally couple to NO-cGMP and are activated by autocrine and/or paracrine

sources of Ang1-7 remains to be established. A model diagram is depicted in Figure 7.1.
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7.7 Clinical Significance

Hypertension is central in determining cardiovascular risk and is a strong predictive indicator of
morbidity and mortality; however, there still remains an unmet clinical need for disease-
modifying and prophylactic interventions. Cardiac-sympathetic hyper-activity is a key feature of
human hypertension that is also seen in animal models of CVD®59 yet interventions that target
this sympathetic phenotype are problematic to develop, due to the anatomical location of the
cardiac-sympathetic ganglia'® and the challenges involved in unravelling the underlying
pathophysiological mechanisms. Surgical techniques such as sympathectomy per se, provide
symptomatic relief and lead to fewer cardiovascular co-morbidities in hypertension'® and
reduce the incidence of ventricular arrhythmia7.1%8, yet these techniques are not without risk'07.
Current pharmacological approaches including B-blockers and Angll inhibitors are mainstay
therapeutic strategies for early hypertension and many other CVDs associated with
dysautonomia®?'. However, the results described in this thesis suggest that B-blockers may also
reduce cardiac-sympathetic excitability in models of hypertension. Approaches that aim to
modulate sympathetic over-activity may have both a therapeutic and physiological advantage
over surgical techniques, where the results described in this thesis provide a number of potential
therapeutic targets. Optimal neuromodulation of sympathetic tone will counteract hypertension-
induced cardiovascular damage, whilst retaining a level of sympathetic reserve that will still
enable cardiac performance during physical exertion. Gene transfer approaches that modulate
cN activity have had some success in improving neuronal activity, and a new era of genetic and
protein modification techniques might be predicted to underpin the primary areas of
advancement in this field. Moreover, the application of bioinformatics and the integration of
machine-learning techniques with primary research may provide novel approaches for assisting
diagnoses and prediction20-123 gs well as clarity regarding the complex interactions between
pathways and the associated molecular processes''+'9 as a way to facilitate precise

therapeutic targeting.
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7.8 Conclusion

This thesis supports the notion that elevated cardiac-sympathetic activity and enhanced end-
organ transmission are underpinned by increased ion channel activity and alterations in cN and
protein kinase signalling that arises from perturbations in PDE activity in the SHR model of
hypertension. Moreover, changes in neurotransmitter profiles from a noradrenergic to an
adrenergic phenotype in the preSHR, in addition to an alteration in angiotensin-mediated
signalling, may exacerbate or play a causative role in sympathetic over-activity via enhanced
activation of presynaptic cAMP-coupled BARs and Ca2*-coupled AT1Rs, thus predisposing to
myocardial dysfunction and the development of hypertension. This work describes the
differences in the SHR stellate ganglia compared with the Wistar normotensive stellate ganglia,
yet the functional significance of these differences in higher mammals remains to be

established.
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Figure 7.1a. Model Figure: Cardiac-Sympathetic Neurotransmission
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Appendix

Appendix

This appendix includes the script used for the DESeq2 analysis and gene lists for GOgroups

Cellular Component (CC), Biological Processes (BP), Molecular Function (MF) and KEGG

groups.

8.1 Differential Expression Analysis using DESeq2

The following script was applied to analyse the differentially expressed transcripts using the

DESeq2 library in R327 .

salmon_countData<as.matrix(read.csv/path_to/sal-
mon_gene_count_matrix.csv',header=TRUE))
rownames(salmon_countData) <- salmon_countData[ , 1]
salmon_countData <- salmon_countDatal[,-1]

salmon_colData <- as.matrix(read.csv/path_to/salmon_colData.csv"',head-
er=TRUE))

rownames(salmon_colData) <- salmon_colData[ , 1]

salmon_colData <- salmon_colData[,-1]

all(rownames(salmon_colData) %in% colnames(salmon_countData))
all(rownames(salmon_colData) == colnames(salmon_countData))

storage.mode(salmon_countData) = "integer"

salmon_dds <- DESegDataSetFromMatrix(countData = salmon_countData,

colData = salmon_colData, design = ~ condition)

salmon_dds$condition <- relevel(salmon_dds$condition, ref="Wistar")
salmon_dds <- DESeq(salmon_dds)

salmon_res <- results(salmon_dds)
write.csv(as.data.frame(salmon_res), file="salmon_results.csv")

271



Appendix

8.2 Gene lists for Cellular Component Gene Ontology Group

Table 8.1. Cellular Component Gene Ontology Gene List

Cellular Component
GO Description

GO Group Gene List

Neuron Part

Rp1, Pdgfb, Grik1, Grik2, Wfs1, Snca, Calb1, Adora1, Atcay, Grin2b, Rapgef2, Rab27a, Kif5b, Kif5a, Plprn2, Cst3, Qdpr,
Ptpro, Ascl1, Rab15, Vamp3, Smarca2, Cobl, Bbs4, Ccl2, Ric3, Adcyap1, Bloc1s6, Pde6b, Pin2, Pabpc1, Hen1, Dixdc,
Gabra2, Cpne5, Ptpn5, Ak1, Omp, Lin7c, P2rx4, Rnf6, P2rx6, Cnih2, Lamp5, P2rx3, Chrnb4, Rgs8, Ahcyl2, Cacnalc,
Oprm1, Kenh1, Spg7, Kenab2, Pde11a, Psph, Cxadr, Syngr1, Ybx1, Kcnip4, Pcp4, Cxcrd, Ceacam16, Adcy10, Ddc, Stx3
Tpx2, Sez6l, Gal, Adrb2, Zfyve27, Pixdc1, Grm7, Khsrp, Gnb3, Siah2, Tph1, Vip, Spock1, Palmd, Calca, Synpr, Fam107a,
Nr1d1, Slc4a8, Avil, Camk2d, Apba2, Sic4a7, Htr3a, Htr3b, Pcsk5, Pik3r1, Dclk1, Girb, Ahi1, Gria3, Tmprss5, Tmprss3,
Sirt2, Rgs14, Cdh13, Rgs20, Gria2, PdeZ2a, Gria1, Slc18a3, Slc18a1, Rnf40

Neuron Projection

Oprm1, Kenh1, Spg7, Pdgfb, Kcnab2, Grik1, Wis1, Grik2, Snca, Psph, Syngr1, Cxadr, Calb1, Adora1, Ybx1, Kcnip4, Atcay
Grin2b, Pcp4, Cxcrd, Rapgef2, Adcy10, Rab27a, Ddc, Stx3, Kifsb, Kif5a, Ptorn2, Tpx2, Qdpr, Cst3, Ptoro, Adrb2, Zfyve27,
Grm7, Pixdc1, Khsrp, Vamp3, Siah2, Gnb3, Tph1, Cobl, Ccl2, Spock1, Palmd, Ric3, Adcyap1, Calca, Bloc1s6, Pin2,
Synpr, Fam107a, Nr1d1, Camk2d, Slic4a8, Avil, Pabpc1, Htr3a, Htr3b, PcskS, Pik3r1, Hen1, Dixde1, Gabra2, Girb, Cpneb,
Pton5, Ak1, Omp, Lin7c, Gria3, Rgs14, Sirt2, Cdh 13, P2rx4, Rnf6, P2rx6, Cnih2, Gria2, Pde2a, Gria1, Lamp5, P2rx3,
Chrnb4, Sic18a3, Rgs8, Ahcyl2, Sic18a1, Cacnatc, Rnf40

Axon

Kenh1, Spg7, Kenab2, Grik1, Grik2, Snca, Syngr1, Calb1, Adora1, Atcay, Grin2b, Pcp4, Adcy10, Ddc, Stx3, Kif5b, Kif5a,
Ptorn2, Tpx2, Cst3, Adrb2, Zfyve27, Grm7, Cobl, Ccl2, Spock1, Adcyap1, Bloc1s6, Calca, Pin2, Camk2d, Avil, Htr3a,
Htr3b, Hen1, Dixdc1, Gabra2, Ptpn5, Omp, Gria3, Sirt2, P2rx4, Rnf6, Gria2, Pde2a, Gria1, P2rx3, Slc18a3, Slc18a1, Rnf40

Axon Part

Kenh1, Cobl, Spg7, Ccl2, Kenab2, Grik1, Grik2, Snca, Spock1, Syngr1, Adora1, Calb1, Adcyap 1, Bloc1s6, Calca, P2,
Grin2b, Camk2d, Hen1, Dixdc1, Stx3, Kifsb, Ptorn2, Tpx2, Gria3, Sirt2, P2rx4, Gria2, Grial, Grm7, P2rx3, Slc18a3,
Slc18a1, Rnf40

Terminal Bouton

Stx3, Grik1, Grik2, Ptorn2, Snca, Gria3, Syngr1, Adora1, Calb1, Adcyap1, Calca, P2rx4, Pin2, Grin2b, Gria2, Grm7, P2rx3,
Slc18a3, Slc18a1

Axon Terminus

Hen1, Dixde1, Stx3, Ccl2, Grik1, Kenab2, Grik2, Ptorn2, Snca, Gria3, Syngr1, Calb1, Adora1, Adcyap1, Calca, P2rx4, Pin2
Grin2b, Gria2, Grm7, P2rx3, Slc18a3, Sic18a1, Rnf40

Neuronal Cell Body

Vip, Kenh1, Oprm1, Cobl, Ccl2, Pdgfb, Grik1, Grik2, Pde11a, Ric3, Calb1, Adora1, Kcnip4, Calca, Nr1d1, Camk2d,
Slc4a8, Rapgef2, Adcy 10, Htr3a, Htr3b, Pcsk5, Hen1, Dixde 1, Ddc, Gabra2, Girb, Cpneb, Kif5a, Pton5, Omp, Tpx2, Cst3,
Gria3, Sez6l, Tmprss5, Gal, Tmprss3, Sirt2, Ascl1, P2rx4, Adrb2, P2rx6, Gria2, Gria1, P2rx3, Pixdc1, Grm7, Khsrp, Rgs8,

Siah2, Cacnalc

Somatodendritic
Compartment

Oprm1, Kenh1, Pdgfb, Grik1, Wis1, Grik2, Pde11a, Calb1, Adorat, Ybx1, Kcnip4, Atcay, Grin2b, Rapgef2, Adcy10,
Rab27a, Ddc, Stx3, Kif5a, Cst3, Tpx2, Sez6l, Gal, Ptpro, Ascl1, Adrb2, Zfyve27, Grm7, Plxdc1, Khsrp, Siah2, Gnb3, Vip,
Cobl, Ccl2, Palmd, Ric3, Calca, Nr1d1, Camk2d, Slc4a8, Pabpc1, Htr3a, Htr3b, Pcsk5, Hen1, Dixdce1, Gabra2, Girb,
CpneS5, Pton5, Omp, Gria3, Tmprss5, Sirt2, Tmprss3, Rgs14, P2rx4, P2rx6, Cnih2, Gria2, Pde2a, Gria1, Lamp5, P2rx3,
Rgs8, Cacnaic

Perinuclear Region
of Cytoplasm

Kenh1, Cobl, Osbp, S100a6, Tspan1, Fgfr3, Ccl2, Gsdma, Usp2, Gaint6, Enpp3, Nell1, Snca, Tpd52, Ybx1, Bags, Agtr2,

Fbxw8, Ptges, Hmox1, Camk2d, Mt1, Mmd2, Prkacb, Rapgef2, Adcy10, Trafé, Mx2, Pik3r1, Spp 1, Rab8b, Hmgcll1, Kif5b,

Kif5a, Ak1, Cst3, Chodl, S100a13, Sirt2, Anxa2, Pom1f, Cdh13, P2rx4, Loc317165, Chga, Pde2a, Ptgds, Cd34, Fgfriop,
Mt2a, Rab15, Sele

Neuron Projection
Terminus

Hen1, Dixde1, Stx3, Ccl2, Grik1, Kenab2, Grik2, Plprn2, Snca, Gria3, Syngr1, Calb1, Adoral, Adcyap1, Calca, P2rx4, Pin2, Grin2b,
Gria2, Grm7, P2rx3, Slc18a3, Slc 18a1, Rnf40

Cell Body

Oprm1, Kenh1, Pdgfb, Grik1, Grik2, Pde11a, Cxadr, Adora1, Calb1, Kcnip4, Adcy 10, Rapgef2, Ddc, Kif5a, Cst3, Tpx2, Sez6l, Gal,
Ascl1, Adrb2, Grm7, Pixdc1, Khsrp, Siah2, Gnb3, Vip, Cobl, Ccl2, Ric3, Calca, Nr1d1, Slc4a8, Camk2d, Htr3a, Htr3b, Pcsk5, Hen1,
Dixdc 1, GIrb, Gabra2, Cpneb, Ptpn5, Omp, Gria3, Tmprssb, Sirt2, Tmprss3, P2rx4, P2rx6, Gria2, Grial, P2rx3, Rgs8, Cacnalc

Synapse

Oprm1, Kenht, Grik1, Kenab2, Grik2, Snca, Postn, Cxadr, Syngr1, Calb1, Adorat, Atcay, Prrt2, Grin2b, Rapgef2, Ddc, Stx3, Ptprn2,
Ptpro, Adrb2, Grm7, Rab15, Vamp3, Cav3, Ccl2, Spock1, Palmd, Adcyap1, Calca, Pin2, Synpr, Nr1d1, Lrrtm3, Camk2d, Apba2, Sic4a7
Hitr3a, Htr3b, Dnaja3, Dclk1, Hcn1, Gabra2, Girb, Gabral, Lin7c, Gria3, Rgs 14, P2rx4, Rgs20, P2rx6, Cnih2, Pde2a, Gria2, Grial,
P2rx3, Prkar1a, Chrnb4, Sic 18a3, Slc18a1, Cacnalc

Membrane
Bounded Vesicle

S8100a6, Tspan1, S100a8, Efnat, Nit2, Ltbp4, Snca, S100a9, Crabp2, Rab1b, Pgam2, Selenbp1, Calb1, Cd48, Spx, Grin2b, Pacsin3,
Slc25a25, St3gal6, Pik3c3, Aif1l, H2afy, Dhx36, Prkacb, Rapgef2, Gng7, Rab27a, Pld3, Dars, Stk25, Kif5b, Gatm, Nudt3, Piprn2, Qdpr,
Cst3, Pdxp, Fbp1, Lypla1, Spire2, Mark3, Metti7a, Ptpro, Scel, Arpc 1b, Rps 18, Napepld, Rps 14, Rab15, Vamp3, Znhit6, Vps26a, Fxyd3
Gnai3, Fgfr3, Ccl2, Actr3b, Enpp3, Mst1, Snx2, Atp6v1b2, Bloc 1s6, Gmppb, Slc 11a1, P3h1, Pin2, Loc501110, Enkur, Osbpl1a, Stx17,

Ubash3a, Pabpc1, Slc30a8, Spp1, Ptgr1, Gabra2, Rab8b, Cpne4, Lgals3, Yipf6, Cpne5, Upb1, Ak1, Lin7c, Ak4, ltgad, Upk3a, Acpp,
8100a13, Urm1, P2rx4, Col14al, Fam151a, Lamp5, Fabp3, Sic 13a3, Rgd1566265, GmZ2a, Myo7b, Sat2, Vps37c, Syngr1, Cxadr, Rps2,

Lrrc15, GIb1, Gpx2, Tor3a, Smpdi3b, Nccrp1, Cxcrd, Sema3c, Fam129b, Dpp4, Ahnak, Ddc, Ctsz, Stx3, Cimp, Pfkl, Rph3al, Padi2,
Decr1, Pigr, Lmbrd1, Gal, Atp6v1ic1, Chga, Sdc1, Evpl, Ptgds, Clic3, Serpinb8, Cybrd1, Gaa, Vopp1, Gnb3, Serpinb3, Carhsp1, Tyrp1

Mal2, Lancl, Sec 1413, Aldh1a1, Sft2d2, Igsf11, Cbr1, Synpr, C1qtnf3, Tor1b, Gaint16, Apba2, Gp1ba, Pafah1b2, Pga5, Pcsk5, Myof,

Cd7, Shmt2, Hist1h2bh, Npr3, Gdpd3, Anxa2, Cdh13, Ywhag, Rgs20, Gria2, Knl1, Grial, Plp4a1, Mapk 14, Sic 18a3, Spata31a5,
Slc18a1, Gea, Dmbt1

Presynapse

Kenh1, Ddc, Gabra2, Stx3, Grik1, Grik2, Ptprn2, Snca, Lin7c, Gria3, Syngr1, Adoral, Calb1, Adcyap1, Calca, P2rx4, Pin2, Synpr,
Grin2b, Pde2a, Gria2, Grial, P2rx3, Grm7, Rab15, Apba2, Sic 18a3, Slc18a1, Cacnalc

Cell Junction

Oprm1, Osbp, Zc3hav1, Kcnab2, Grik1, Grik2, Snca, Fermit2, Iqgap3, Lmo7, Aqp4, Syngr1, Rps2, Cxadr, Atcay, Bzw1, Grin2b, Prrt2,
Hamp, Cxcr4, Aif1l, Fam129b, Rapgef2, Ahnak, Dpp4, Clmp, Six3, Kif5b, Magi1, Ptprn2, Myh2, Pdxp, Arhgap24, Arpc 1b, Sdc 1, Rps 18
Dcaf6, Evpl, Rps 14, Cd99I2, Vamp3, Cav3, Kazn, Hacd3, Itga11, Snx2, Synpr, Marveld2, Lrrtm3, Rpl9, Camk2d, Pabpc 1, Hir3a, Pik3r1,
Dixdc1, Gabra2, GIrb, Trpc4, Flt1, Gabral, Ahil, Lin7c, Gria3, GjbS, ltgad, Arfip1, Rgs 14, Sirt2, Anxa2, Cdh13, P2rx4, Ywhag, P2rx6,
Cnih2, Gria2, Gria1, Chrnb4, Perp
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8.3 Gene lists for Biological Processes Gene Ontology Group

Table 8.2a. Biological Processes Gene Ontology Gene List

Bio(lg)ogi%aelsr‘(‘:rr?&?oss °s GO Group Gene List

Pnlip, Pdgfb, Gm2a, Sgpp2, Ormdl1, Adgrf5, Snca, Crabp2, Prkag2, Calb1, Adora1, Auh, Stégalnac3, Agpat5, Smpdi3b
Ptges, Elovl4, Hmox1, St3gal6, Pik3c3, Prkacb, Cyr61, Pld3, Cyp1a1, Pdpn, Pgap1, Ptorn2, Lypla1, Cbr4, Decr1, Lpcat2,
Lipid Metabolic Lpin2, Gal, Stégalnac2, Pank2, Adrb2, Napepld, Ptgds, Hrasls, Pla2g7, Hsd11b2, Crot, Cav3, Etfbkmt, Tyrp1, Fgfr3,
Process Hacd3, Hacd1, Aldh1a1, Cbr1, Mtmr1, Nr1d1, Abhd16a, Pafah1b2, Pik3r3, Acaala, Acaa1b, Pik3r1, Nr1h3, Ptgr1, Fit1,
Cidea, Gdpd3, Daglb, Sirt2, Tmnem55b, Rdh12, Cyp4f5, Proca1, Mapk14, Sdr42e1, Fabp3, Acad 10, Picxd2, Retsat

Pdgfb, S100a8, Zc3hav1, Wfs1, Ltbp4, Snca, S100a9, Iggap3, Aqp4, Postn, Rorb, Calb1, Agtr2, Grin2b, Gata3, St3gal6,

Pik3c3, Dhx36, Prkacb, Rapgef2, Mx2, Cyp1ai, Kifsb, Gatm, Snrpn, Ptorn2, Cst3, Ube2j1, Pdxp, Fbp 1, Qdpr, Med13,
Response to Tox2, Ctdspl2, Vegfb, Ascl1, Arpc1b, Trim32, Hsd11b2, Crot, Cav3, Bbs4, Gele, Fgfr3, Ccl2, Gent2, Grem2, Ccl7, Adcyap
Organic Substance Slc11at, Hertr1, Loc501110, Gpr21, Dusp15, Rpl9, Cda, Slc30a8, Traf6, Dnaja3, Spp1, Traf3, Nr1h3, Hen1, KIfé, Crip1,
Card9, Gabra1, Selenot, Ak1, Pton5, Crebbp, Mstn, Cidea, ltga4, P2rx4, Rnf6, Ifi27, Gpr35, P2rx6, P2rx3, Chrnb4, Fabp3,
Rgs8, Pnlip, ler2, Oprm1, Fermt2, Psph, Lrrc15, Rps2, Ybx1, Casp6, Cxcrd, Hamp, Ptges, Hmox1, Trim6, Il 1rap, Gucy1a3,

Cyr61, Ddc, Ptger2, Nol3, Pfkl, Mmp 19, Lef1, Padi2, Lmbrd1, Gal, Slit3, Adrb2, Sdc1, Rgd 1309362, Zfyve27, Ptgds,

Ncoa4, Khsrp, Pmepat, Cer1, Ffar3, Gdap 1, Vom1r90, Rt1-Bb, Calca, Ccl24, Aldh1a1, Cbr1, Nr1d1, Lrtm3, Gp1ba,
Pik3r3, Rnf121, Htr3a, Acaala, Htr3b, Myof, Bdh1, Pcsk5, Pik3r1, Shmt2, Girb, Ltk, Gsta4, Fit1, Stat3, Sirt2, Anxa2, P2ry12,

Cdh13, Ywhag, Rgs20, Pde2a, Grial, Mapk14, Mt2a, Id3, Sele, Rnf40, Dmbt1, Cbs

Regulation of Bbs4, Edn3, Pdgfb, Ffar3, Postn, Bakrb2, Npr3, Ptpro, Adorat, Calca, P2rx4, Agtr2, Adrb2, Spx, 1d2, Cd34, Hmox1,
Blood Pressure Hsd11b2, Gucy1a3, Cacnaic, Pesk5, Pik3r1
. Vip, Cav3, Bbs4, Edn3, Gelc, Gnai3, Pdgfb, Ffar3, Myl1, Postn, Bdkrb2, Cxadr, Adora1, Adcyap 1, Calca, Agtr2, Spx, Cxcr4
Circulatory System rymox1, Camkad, Gucy1a3, Kenes, Pesks, Pik3r1, Scn2b, Npr3, Ptpro, Tnnit, Vegfb, P2rxd, Adrb2, Chga, 1d2, Pde2a,
Process Cd34. Gaa, Hsd11b2. Cacnaic, Cbs

. Oprm1, Cav3, F2ri2, Ccl2, Pdgfb, S100a8, S100a9, Postn, Elk3, Bloc1s6, Igsf10, Slc11a1, Cxcrd4, Hmox1, Gp 1ba, Myof,
Wound Healing [ arge1, Cyr61, Rab27a, Kifs, Gatm, Pdpn, Myh2, Mstn, Grhi3, Mustn1, Arhgap24, Anxa2, P2ry12, Vegfb, Adrb2, Sdc1,
Cd34, Mapk14, Tm4sf4, Dmbt1

. . Oprm1, Cav3, Vip, Edn3, Gnai3, Fam3d, Snca, Adora1, Adcyap1, Calca, Agtr2, Spx, C1qtnf3, Pacsin3, Hamp, Hmox1,
Negaft've Regulation  camkad, Dyrke, Kenes, Nrih3, Lrsam1, C5ar2, Noi3, Lgals3, Pikl, Ube2j1, Ahi1, Cidea, Lyplal, Lmbrd1, Anxa2, Poif,
of Transport P2ry12, Chga, Cnih2, Pde2a, Cd34, Grm7, Vamp3, Slc18a1

. . Vip, Cav3, Bbs4, Edn3, Gele, Gnai3, Pdgfb, Ffar3, Myl1, Postn, Bdkrb2, Cxadr, Adora1, Adcyap1, Calca, Agtr2, Spx, Cxcr4
Blood Circulation  Hmox1, Camkad, Guey1a3, Kcnes, Pesks, Pik3r1, Scn2b, Npr3, Pipro, Tnit, Vegfb, P2rxd, Adrb2, Chga, Id2, Pde2a,
Cd34, Gaa, Hsd11b2, Cacnailc, Cbs

Cav3, Edn3, Scn2b, Ffar3, Myl1, Cxadr, Adora1, Tnni1, Vegfb, Calca, P2rx4, Chga, Agtr2, Adrb2, Spx, Cxcr4, Gaa,

Heart Contraction
Camk2d, Cacnalc, Kene5, Pik3r1

Oprm1, Edn3, Pdgfb, Fam3d, Grik1, Grik2, Ltbp4, Snca, Fermt2, Syngr1, Calb1, Adora1, Agtr2, Csnk2a1, Grin2b, Gata3,
Rapgef2, Shc3, Cyr61, Stx3, Kif5b, Csnk1g1, Pfkl, Ptorn2, Rph3al, Lef1, Grhi3, Gal, Ptpro, Sdc1, Adrb2, Cd34, Grm?7,
Ce”'Ce” Rab15, Vamp3, Serpinb3, Siah2, Rasd2, Vip, Cer1, Ccl2, Fgfr3, Ffar3, Ric3, Adcyap1, Hertr1, P2, Gpr21, C1qtnf3,
Signalling Nr1d1, Apba2, Kcne5, Sic30a8, Hir3a, Hir3b, Dixdc1, Girb, Gabra1, Rab8b, Selenot, Ptpn5, Omp, Lin7c, Tnfsf9, Cela,
Rgs14, P2rx4, Ywhag, Rgs20, Cnih2, Gria2, Gria1, Mapk14, Slc6a5, P2rx3, Chrnb4, Slc18a3, Cacnalc

Edn3, Pdgfb, Zc3hav1, S100a8, Wrfs1, Ltbp4, Snca, S100a9, Iqgap3, Aqp4, Postn, Rorb, Calb1, Agtr2, Grin2b, Gata3,
St3gal6, Rapgef2, C5ar2, Kif5b, Stk25, Cyp1al, Ptprn2, Fbp1, Pdxp, Cst3, Qdpr, Med13, Ptpro, Ctdspl2, Vegfb, Cd34,
Trim32, Cav3, Bbs4, Gent2, Gele, Ccl2, Fgfr3, Mst1, Bdkrb2, Grem2, Ccl7, Adcyap1, Hertr1, Gpr21, Dusp 15, Rpl9, Traf6,
Celtlglacl:rhlzrensigg;ﬁse Dnaja3, Spp1, Traf3, Nr1h3, Hen1, Kifé, Crip 1, Gabra1, Selenot, Lgals3, Crebbp, Cidea, Mstn, ltga4, Ppif, P2rx4, Gpr35,
Stimulus Rnf6, Rgs8, Oprm1, Kenh1, Hp1bp3, Fermt2, Lrrc15, Rps2, Cxadr, Ybx1, Spag 16, Wbp2, Bag5, Cxcr4, Pcp4, Hamp,
Hmox1, Trimé, Il rap, Mt1, Adcy10, Cyr61, Ddc, Ptger2, Nol3, Lef1, Padi2, Lmbrd1, Slit3, Pom1f, Adrb2, Chga,
Rgd1309362, Zfyve27, Khsrp, Pla2g7, Pmepa1, Cer1, Ffar3, Abtb2, Rt1-Bb, Calca, Ccl24, Nr1d1, Lrrtm3, Gp 1ba, Pik3r3,
Rnf121, Htr3a, Htr3b, Myof, Pcsk5, Pik3r1, Ltk, Gsta4, Fit1, Stat3, Sirt2, P2ry12, Cdh13, Ywhag, Rgs20, Pde2a, Id2, GriaT,
Mapk14, Mt2a, Sic18a1, Id3, Cbs

Pdgfb, Gm2a, Ormadl1, Sgpp2, Crabp2, Snca, Adgrf5, Auh, Stégalnac3, Agpat5, Smpdl3b, Ptges, Elovi4, Hmox1, St3galé
Pik3c3, Prkacb, Cyr61, Cyp1al, Pdpn, Pgap1, Lypla1, Cbr4, Decr1, Lpcat2, Lpin2, Stégalnac2, Adrb2, Napepld, Ptgds,
Hrasls, Pla2g7, Crot, Cav3, Etfokmt, Tyrp1, Fgfi3, Hacd3, Hacd1, Aldh1a1, Mtmr1, Abhd16a, Acaa1a, Pik3r3, Acaalb,
Pik3r1, Nr1h3, Ptgr1, Fit1, Sirt2, Tnem55b, Daglb, Rdh12, Cyp4f5, Procal, Mapk14, Fabp3, Acad 10, Retsat

Cellular Lipid
Metabolic Process

F2rl2, Oprm1, Cav3, Fgfr3, Ccl2, Pdgfb, S100a8, S100a9, Postn, EIk3, Igsf10, Bloc1s6, Sic11a1, Cxcr4, Hmox1, Gp1ba,
Rs\?pondse 10 Myof, Large1, Spp1, Cyré1, Rab27a, Kif6, Nol3, Cyp1at, Gatm, Pdpn, Myh2, Cst3, Mstn, Grhi3, Musin1, Arhgap24, Anxa2,
ounding P2ry12, Vegfb, Adrb2, Sdc1, Cd34, Mapk14, 1d3, Omg, Tmdsf4, Dmbt1

Oprm1, S100a8, Zc3hav1, Grik2, Snca, S100a9, Aqp4, Cxadr, Adora1, Tapbp, Gpx2, Casp6, Agtr2, Grin2b, Hist1h2bk,
Smpd|3b, Ptges, Hamp, Trim6, Gata3, Hmox1, Defb11, Mx2, Dpp4, Lag3, Gng7, Rab27a, C5ar2, Ptger2, Pdpn, Cst3, Gal,
Defense Response  py1.41, Oasik, Sdc1, Chga, Adrb2, Rgd 1309362, Oas1i, Grm7, Trim32, Susd4, Vamp3, Oas1f, Oas1d, Vip, Ccl2, Ffar3,
Bdkrb2, 1134, Ccl7, Rt1-Bb, Adcyap 1, Calca, Ccl24, Slc11a1, C1qtnf3, Nr1d1, Slc30a8, Dnaja3, Nr1h3, Spp1, Traf3, Hen1
Lrsam1, Shmt2, Card9, Lgals3, Hist1h2bh, Mstn, IIf3, Polr3c, Cela1, Sirt2, Stat3, Pde2a, Cyp4f5, Mapk14, Sifn13, Sele

i Oprm1, Edn3, Ccl2, Grik1, Grik2, Snca, Ric3, Syngr1, Adora1, Calb1, Adcyap1, Hertr1, Pin2, Gpr21, Grin2b, Apba2, Shc3
Tfasr!s'sylpapt'c Htr3a, Rapgef2, Htr3b, Girb, Gabra1, Stx3, Kifsb, Ptprn2, Ptons, Omp, Rph3al, Lin7c, Rgs 14, P2rx4, Adrb2, Ywhag, Cnih2
'gnalling Gria2, Gria1, P2rx3, Grm?7, Slc6a5, Chinb4, Rab 15, Slc18a3, Cacnac, Rasd2
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Table 8.2b. Biological Processes Gene Ontology Gene List

Biological Processes )
GO Description GO Group Gene List

Anterograde Oprm1, Edn3, Ccl2, Grik1, Grik2, Snca, Ric3, Syngr1, Adora1, Calb1, Adcyap1, Hertr1, Pin2, Gpr21, Grin2b, Apba2, Shc3,
Trans-synaptic  ysa Rapgef2, Hirdb, Girb, Gabrat, Si3, Kifsb, Piprn2, Pipn5, Omp, Rph3al, Lin7c, Rgs14, P2rx4, Adrb2, Ywhag, Cnih2,

Signalling Gria2, Gria1, P2rx3, Grm7, Slc6a5, Chrnb4, Rab15, Slc18a3, Cacnaic, Rasd2

Chemical Oprm1, Edn3, Ccl2, Grik1, Grik2, Snca, Ric3, Syngr1, Adora1, Calb1, Adcyap1, Hertr1, Pin2, Gpr21, Grin2b, Apba2, Shc3

Synaptic Htr3a, Rapgef2, Htr3b, Girb, Gabra1, Stx3, Kif5b, Ptorn2, Pton5, Omp, Rph3al, Lin7c, Rgs14, P2rx4, Adrb2, Ywhag, Cnih2
Transmission Gria2, Gria1, P2rx3, Grm7, Slc6as, Chrnb4, Rab15, Slc18a3, Cacnalc, Rasd2

Oprm1, Edn3, Ccl2, Grik1, Grik2, Snca, Ric3, Syngr1, Adora1, Calb1, Adcyap1, Hertr1, Pin2, Gpr21, Grin2b, Apba2, Shc3
Htr3a, Rapgef2, Htr3b, Girb, Gabra1, Stx3, Kifsb, Ptprn2, Pton5, Omp, Rph3al, Lin7c, Rgs14, P2rx4, Adrb2, Ywhag, Cnih2
Gria2, Gria1, P2rx3, Grm7, Slc6a5, Chrnb4, Rab 15, Slc18a3, Cacnalc, Rasd2
Cav3, Edn3, Scn2b, Ffar3, Myl1, Cxadr, Adorat, Tnni1, Vegfb, Calca, P2rx4, Chga, Agtr2, Adrb2, Spx, Cxcr4, Gaa,

Synaptic Signalling

Heart Process Camk2d, Cacnaic, Kcnes, Pik3r1
Small Molecule Etfbkmt, Aadat, Cyp1a1, Nudt3, Qdpr, Fbp1, Cbr3, Decr1, Lpin2, Idnk, GIb1, Auh, Amdhd1, Cbr1, Aldh1b1, Tdh, Fabp3,
Catabolic Process Asrgl1, Aldh4a1, Ahcyl2, Acaala, Acaalb, Acad10, Crot, Cbs

Pnlip, Gm2a, Wfs1, Pgam2, Pde11a, Adora1, Auh, GIb1, SmpdI3b, Hmox1, Prkacb, Aadat, Pld3, Pfkl, Cyp1al, Nudit3,
Ube2j1, Qdpr, Cst3, Fbp1, Cbr3, Decr1, Lpin2, Adrb2, Napepld, Aldh1b1, Pla2g7, Gaa, Crot, Etfokmt, Enpp3, Cbr1,
Abhd16a, Aldh4at, Asrgl1, Cda, Pafah1b2, Acaala, Rnf121, Acaa1b, Cidea, Sirt2, Idnk, Stat3, Daglb, Amdhd1, Pde2a,
Tdh, Fabp3, Ahcyl2, Acad10, Cbs
Kenh1, Gele, S100a8, S100a9, Snca, Pgam2, Spag16, Casp6, Grin2b, Ptges, Hamp, Hmox1, Mt1, Slc30a8, Bah1, Pik3r1,

R(E/?gtg?lsgnto Hen1, Crip1, Gstad, Cyp1a1, Gatm, Qdpr, Fbp1, Lef1, Gria3, $100a13, Ppif, Ascl1, Sdc1, Gria2, Id2, Gria1, Mt2a, Cybrd1,
Sic18a1
. Kenh1, Vip, Cav3, Oprm1, Edn3, Fxyd3, Ccl2, Pdgfb, Kcnab2, Grik1, Wfs1, Snca, Kcnj3, Adora1, Kenip4, Fxyd7, Adcyap 1
Regulation of Calca, Agtr2, Grin2b, Pacsin3, Cxcrd, Hamp, Camk2d, Htr3a, Kcneb, Htr3b, Ahnak, Hen'1, Troc4, Nol3, Sen2b, Lgals3,
lon Transport Kifsb, Gal, Ppif. P2ry12, P2rx4, Adrb2, Cnih2, Clic3, Grm7, Cacnaic
. Vip, Cav3, Oprm1, Edn3, Gnai3, Pdgfb, Ffar3, Cxadr, Adoral, Adcyap1, Calca, Agtr2, C1qtnf3, Spx, Hamp, Camk2d,
S?;g;'%‘gég;g Gucy1a3, Kcnes, Pik3r1, Nr1h3, Fit1, Rab8b, Nol3, Scn2b, Mstn, Gal, Ptoro, Tnnit, Acpp, P2rxd, Adrb2, Chga, Gpr3s,
Col14a1, P2rx3, Chrnb4, Gaa, Cacnaic
Oprm1, Kenh1, Edn3, S100a6, Pdgfb, Grik1, Kcnab2, Wfs1, Grik2, Snca, Aqp4, Mfsd2a, Adora1, Kcnip4, Agtr2, Slc25a25.
Pacsin3, Grin2b, Hamp, Cxcr4, Lrrc55, Piezo1, Ahnak, Nol3, Scn2b, Kifsb, Pdpn, Gal, Ato6vic1, Adrb2, Clic3, Grm7,
Slc41a3, Crot, Vip, Cav3, Fxyd3, Ccl2, Mfsd3, Enpp3, Bdkrb2, Atp6v1b2, Kenj3, Fxyd7, Adcyap1, Calca, Slc11afl,
Camk2d, Slc4a8, Sic4a7, Slc30a8, Htr3a, Keneb, Htr3b, Slc39a1, Hen1, Gabra2, Girb, Trpc4, Gabral, Lgals3, Ndufa412,
Gria3, P2ry12, Ppif, P2rx4, P2rx6, Slc7a3, Cnih2, Gria2, Gria1, Proca1, Slc6as, P2rx3, Chrnb4, Slco6c1, Fabp3, Slc18a3,
Slc13a3, Cacnaic, Slcball
Oprm1, Rp1, Pdgfb, Nell1, Crabp2, S100a9, lqgap3, Casp6, Agtr2, Pcp4, Hamp, Cxcr4, Gata3, Hmox1, ll1rap, H2afy,
Positive Regulation Mmd2, Rapgef2, Cyr61, Stk25, Mief1, DII3, Lef1, Gal, Vegfb, Ascl1, Rt1-A1, Pdcl3, Adrb2, Slitrk3, Zfyve27, Cd34,
of Developmental  se/pinb7, Trim32, Semadd, Serpinb3, Cav3, Bbs4, Cobl, Fgfr3, Gent2, Usp2, Mst1, 1134, Adcyap1, Calca, Ccl24, P3h1,

Catabolic Process

lon transport

Process Fbxw8, Gpr21, Lrrtm3, Avil, Traf6, Pik3r1, Dixdc1, Fit1, Ltk, Lgals3, Coneb, Ptpn5, Ak1, Ahit1, Musin1, Tnfsf9, Cela1,
Rgs14, Sirt2, Rnf112, Ddx56, 1d2, Mapk14, Rgs6, Dmbt1
Leukocyte Edn3, C5ar2, Fit1, Ccl2, S100a8, Lgals3, Pdgfb, S100a9, Mst1, Padiz, Cxadr, Ptpro, Ccl7, Vegfb, Calca, Ccl24, Chga,
Chemotaxis Pla2g7, Spp1

Osbp, Pdgfb, Wfs1, Crabp2, Postn, Cxadr, Néamt1, Agtr2, Csnk2a1, Slc25a25, Hamp, Gata3, H2afy, Mt1, Sema3c,
Large1, Cyr61, Gatm, Fbp1, Lef1, Gal, Slit3, Pom1f, Adrb2, Zfyve27, Fgfriop, Trim32, Sema4d, Smarca2, Tm4sf4, Cer1,
Growth Cav3, Cobl, Bbs4, Fgfr3, Mst1, Igsf10, P3h1, Gpr21, Fam107a, Lefty2, Camk2d, Apba2, Cda, Dclk1, Spp1, Cpne5, Ahit,
Mstn, Mustn1, Cela1, Raph1, Stat3, Rnf6, Col14a1, Mapk14, Mt2a, Prkar1a, Cirbp, Tmtc3, Cacnaic, Omg, Dmbt1

Leukocyte Edn3, Ccl2, S100a8, Pdgfb, S100a9, Mst1, Cxadr, Adora1, Ccl7, Ccl24, Calca, Gata3, Spp1, C5ar2, Fit1, Lgals3, Padi2,
Migration Itga4, Ptoro, P2ry12, Vegfb, Chga, Cd34, Pla2g7, Sele
Edn3, Tspant, Pdgfb, Grik1, Grik2, Efna1, Ltbp4, Snca, Pgam2, Adora1, Agtr2, Csnk2a1, Grin2b, Gata3, Psenen, Prkacb,
Rapgef2, Gng7, C5ar2, Csnk1g1, DII3, Grhi3, Ptpdc1, Ptpro, Ctdspl2, Vegfb, Ascl1, Trim32, Cav3, Bbs4, Gent2, Ccl2,

Cell Surface Fgfr3, Gele, Itga11, Grem2, Ccl7, Gpr21, Dusp 15, Ubash3a, Dyrk2, Traf6, Dnaja3, Traf3, Nr1h3, Kif6, Dixdc1, Lgals3,
Receptor Signalling cigea, Mstn, itga4, Acpp, P2rxd, Gprds, P2x6, Cnih2, P2rx3, Oprm1, Dedd, Adgrf5, Fermt2, Lrrc15, Ybx1, Cxcrd, Trimé,
Pathway Hmox1, llrap, Sema3c, Shca, Lag3, Cyr61, Nol3, Lef1, Padi2, Pigr, Lmbrd1, Slit3, Siglect, Adrb2, Sdc1, Zfyve27, Grm?,

Chsy1, Siah2, Sema4d, Pmepa1, Cer1, Ccl24, Lrrtm3, Gp1ba, Pik3r3, Pcsk5, Pik3r1, Ltk, Fit1, Ahi1, Bircé, Gria3,
Tspan18, Celat, Rcan2, Tspan17, Sirt2, Rgs14, Stat3, P2ry12, Cdh13, Rgs20, Rnf115, Gria2, Cdh17, Gria1, Mapk14,
Perp
Edn3, Tspan1, Grik1, S100a8, Pdgfb, Wfs1, S100a9, Snca, Postn, Adora1, Agtr2, Pacsin3, Grin2b, Spx, Gata3, Pik3c3,
Rab27a, C5ar2, Scn2b, Kifsb, Ube2j1, Lypla1, Ctdspl2, Cd34, Rab15, Vamp3, Cav3, Fxyd3, Ccl2, Gnai3, Kcnj3, Fxyd?7,
Adcyap1, P3h1, Slc11at, Pin2, Dyrk2, Traf6, Slc30a8, Nr1h3, Hen1, Troc4, Rab8b, Lgals3, Pton5, Ak1, Cidea, Arfip1, Ppif,
P2rx4, Ifi27, Cnih2, Cacnailc, Oprm1, Kenh1, Kenab2, Fam3d, Kenip4, Pcp4, Hamp, Cxcrd, Trim6, Hmox1, ll1rap, Ahnak,
Nol3, Pfkl, Mief1, Rph3al, Gal, Lmbrd1, Dnajc27, Sdc1, Adrb2, Chga, Clic3, Grm7, Vip, Ston1, Ffar3, Calca, Nr1d1,
C1qtnf3, Camk2d, Htr3a, Kcneb, Pik3r3, Htr3b, Pik3r1, ElImod1, Lrsam1, Ahi1, Anxa2, P2ry12, Cdh13, Rgs20, Pde2a,
Mapk14, Slc18a1, Sele

Regulation of
Transport
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Table 8.2c. Biological Processes Gene Ontology Gene List

B'°c'§’3'%ﬂ$?&?§§ = GO Group Gene List

Regulation of Cav3, Edn3, Gnai3, Scn2b, Ffar3, Cxadr, Adora1, Calca, P2rx4, Chga, Agtr2, Adrb2, Spx, Gaa, Camk2d, Cacnalc, Kcnes
Heart Contraction Pik3r1

Renal System

Process Pdgfb, Wis1, Aqp4, Npr3, Ptpro, Adora1, Agtr2, Adrb2, Spx, Cd34, Chrnb4, Hsd11b2, Cacnalc, Pcsk5

Oprm1, Edn3, Pdgfb, Zc3hav1, Nell1, Crabp2, S100a9, Iggap3, Postn, Casp6, Agtr2, Pcp4, Hamp, Cxcr4, Trimé, Gata3,
Positive Regulation  Hmox1, lrap, H2afy, Mmd2, Rapgef2, Cyr61, Stk25, Pdpn, DII3, Lef1, Gal, Pom1f, Vegfb, Ascl1, Rt1-A1, Pdcl3, Chga,
of Multicellular Adrb, Slitrk3, Zfyve27, Cd34, Serpinb7, Trim32, Serpinb3, Semadd, Vip, Bbs4, Cobl, Gent2, Cel2, Ff3, Ffar3, Usp2,
Oggggsn;al Mst1, i34, Adcyap1, Calca, Ccl24, P3h1, Sic11at, Foxw8, Gpr21, C1gtnf3, Lirtm3, Camk2d, Avil, Traf6, Pik3r1, Spp 1,
Dixdc1, Fit1, Card9, Ltk, Rab8b, Lgals3, CpneS, Pton5, Ak1, Ahi1, Mustn1, Polr3c, Tnfsf9, Cela1, Rgs14, Sirt2, Rnf112,

Ddx56, 1d2, Mapk14, P2rx3, Rgs6, Chrnb4
. Edn3, Ccl2, Pdgfb, S100a8, Efna1, S100a9, Mst1, Cxadr, Ccl7, Calca, Ccl24, Cxcr4, Gata3, Etv1, Sema3c, Etv4, Spp1,
Taxis Cyr61, C5ar2, Fit1, Stx3, Kif5b, Lgals3, Kif5a, Padi2, Lef1, Pipro, Slit3, Pom1f. Vegfb, Cdh13, Chga, Id2, Pla2g7, Cntn4,
Sema4d, Gfra3

Myel(’\)Ai%:_ae}%Jcl)(ﬁcyte Edn3, Char2, Fit1, Ccl2, S100a8, Lgals3, Pdgfb, S100a9, Cxadr, Ptpro, Ccl7, Vegfb, Calca, Ccl24, Chga, Pla2g7, Spp1

8.4 Gene lists for Molecular Function Gene Ontology Group

Table 8.3. Molecular Function Gene Ontology Gene List

Molecular Function GO Group Gene List
GO Description

Excitatory Extracellular
Ligand-Gated Glrb, Grik1, Grik2, Gria3, P2rx4, P2rx6, Gria2, Grin2b, Gria1, P2rx3, Chinb4, Htr3a, Htr3b
lon Channel Activity
Extracellular
Ligand-Gated Gabra2, GIrb, Gabra1, Grik1, Grik2, Gria3, P2rx4, P2rx6, Grin2b, Gria2, Gria1, P2rx3, Chrnb4, Htr3a, Htr3b
lon Channel Activity

StyxI1, Sgpp2, Enpp3, Pde11a, Pgam2, Psph, Adora1, Pde6b, Mtmr1, SmpdI3b, Dusp 15, Hmox1, Phospho1, Ptpn7, PId3,
Pfkl, Ptprn2, Pton5, Pgap 1, Pdxp, Fbp1, Lpin2, Gdpd3, Ptpro, Ptodc1, Tmem55b, Acpp, Ctdspl2, Pom1f, Napepld, Pde2e
Ptp4at, Plcxd2

Phosphoric Ester
Hydrolase Activity

Ligand-Gated
lon Channel Activity

Ligand-Gated
Channel Activity

Hen1, Gabra2, GIrb, Gabra1, Grik1, Grik2, Gria3, Kenj3, P2rx4, P2rx6, Grin2b, Gria2, Gria1, P2rx3, Chrnb4, Htr3a, Htr3b

Hen1, Gabra2, Girb, Gabral, Grik1, Grik2, Gria3, Kenj3, P2rx4, P2rx6, Grin2b, Gria2, Gria1, P2rx3, Chrb4, Htr3a, Htr3b

Kenh1, S100a6, Pdgfb, Grik1, Grik2, Nell1, Ide, Snca, Prkg2, Psph, Cxadr, Tpd52, Hmox1, Ceacam16, Dpp4, Mtus2,
. Aadat, Nol3, Pfkl, Stk25, Mief1, Fbp 1, Pdxp, Qdpr, Mtpap, Cst3, Dynit3, Ptoro, Vegfb, Ascl1, Adrb2, Mapk4, Fgfriop, Grm7
Identical Znhit6, Cer1, Ralyl, Tyrp1, Usp2, Snx2, Daam1, Grem2, Calca, Aldh1a1, Bloc1s6, Sic11a1, C1qtnf3, Tef. Camk2d,
Protein Binding Aldh4a1, Cda, Pafah1b2, Sic30a8, Traf6, Hon1, Shmt2, Fit1, Card9, Gstad, Yipf6, Ahi1, Cidea, Mstn, Npr3, Arfio1,
S100a13, Acpp, Stat3, Cdh13, P2rx6, Gria2, Pde2a, Gria1, Tdg, Omg, Rnf40, Gca, Cbs

Aadat, Ddc, GiIrb, Shmt2, Gcle, Stx3, S100a8, Grik1, Snx14, Accs, Crabp2, Snca, S100a9, EgIn3, P3h1, Mthfd2, Ptgds,

Anion Binding
Grin2b, Cd34, Grm7, Fabp3, Rapgef2, Adcy10, Tph1, Sele, Cbs
Gated Channel Oprm1, Kenh1, Grik1, Kenab2, Grik2, Kenj3, Kenip4, Grin2b, Keneb, Htr3a, Piezo1, Htr3b, Hen1, Girb, Gabra2, Gabrai,
Activity Scn2b, Gria3, P2rx4, P2rx6, Gria2, Clic3, Gria1, Grm7, P2rx3, Chrnb4, Cacnalc

Substrate-Specific  Kcnh1, Oprm1, Fxyd3, Kenab2, Grik1, Grik2, Aqp4, Kenj3, Kenip4, Fxyd?, Grin2b, Keneb, Htr3a, Piezo1, Htr3b, Hen1, Girt
Channel Activity Gabra2, Trpc4, Gabra1, Scn2b, Pdpn, Gria3, P2rx4, P2rx6, Clic3, Gria2, Gria1l, Grm7, P2rx3, Chrnb4, Cacnailc

Carboxylic Acid Ddc, Glrb, Shmt2, Stx3, Gele, Grik1, S100a8, Snca, S100a9, Crabp2, Egin3, P3h1, Grin2b, Ptgds, Grm7, Fabp3, Tph1,
Binding Sele
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8.5 Gene lists for KEGG Functional Enrichment Analysis

Table 8.4. KEGG Functional Enrichment Analysis Gene List

KEGG Description KEGG Function Enrichment Groups Gene List
Retrograde
Endocannabinoid Gabra2, Gnai3, Gabra1, Napepld, Gria2, Gria1, Mapk14, Gria3, Prkacb, Gnb3, Cacnalc, Kenj3, Daglb, Gng7
Signalling

DO’S’%‘;'B%Q'C Ddc, Gnai3, Kifsb, Kifsa, Gria3, Kenj3, Gria2, Grin2b, Gria1, Mapk14, Camk2d, Prkach, Gnb3, Sic18a1, Cacnalc, Gng7

Pnlip, Alg1, Sat2, Pgam2, Psph, Auh, GIb1, Mthfd2, Stégalnac3, Agpat5, Ptges, Pik3c3, St3gal6, Phospho1, Pld3, Aadat,
Ddc, Hmgcll1, Gatm, Pfkl, Cyp1at, Suclg2, Pgap1, Fbp1, Qdpr, Pdxp, Cbr3, Lpcat2, Lpin2, Atp6vic1, Pank2, Ptgds, Rfk,
Metabolic Aldh1b1, Rrm2, Pla2g7, Gaa, Chsy1, Tph1, Tyrp1, Gele, Gent2, Gaint6, Enpp3, Atp6v1b2, Gmppb, Aldh1a1, Cbr1, Mtmr1,
Pathways Hpse2, Futd, Galnt16, Aldh4a1, Cda, Pafah1b2, Galnt18, Acaala, Bdh1, Acaalb, Allc, Shmt2, Ndufa4l2, Upb 1, Ak1,
Mgatdc, Ak4, Uap 111, Poir3c, Idnk, Rdh12, Ndufv3, Amdhd1, Ahcyl2, Cbs

E%ti:gﬁﬁ?ri‘uaer;l t Gnai3, Gria3, Prkg2, Kenj3, Gria2, Grin2b, Gria1, Camk2d, Gucy1a3, Gnb3, Prkacb, Cacnalc, Adcy10, Gng7

8.6 ACrvalues for qRT-PCR in Rat Stellate Ganglia

a. Wistar 4wk gRT-PCR
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Wistar 16wk gRT-PCR
Gene Count (AC,) Change from B2m Expression
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Figure 8.6. ACrvalues for qRT-PCR in Rat Stellate Ganglia.
Change in expression between B2m and genes of interest are shown for four-week Wistar
(a), four-week preSHR (b), 16-wk Wistar (c) and 16-wk SHR (d).
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