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Abstract

The work presented in this thesis examines the role of cardiac sympathetic signalling in the
development and maintenance of hypertension in the spontaneously hypertensive rat (SHR); and
the role the norepinephrine re-uptake transporter (NET) plays in the sympathetic phenotype
during hypertension.

Chapter One: reviews (i) cardiac impairment observed in hypertension, (ii) the mechanisms
underlying sympathetic neurotransmission and signal termination, (iii) the structure, function,
mechanism of action, and role of the norepinephrine (NE) re-uptake transporter in a number of
diseases related to sympathetic dysfunction including hypertension.

Chapter Two: comprises a detailed rational for the approach taken to; (i) record NET rate in single
isolated cells from major sympathetic ganglia using a novel fluorescent assay (NTUA); (ii) measure
norepinephrine release from isolated sympathetic cells using a method of carbon fibre based
amperometry; (iii) measure autonomic function on living tissue in-vivo and in-vitro using organ
bath and whole animal preparations; (iv) quantification of protein expression and protein levels
within single cells and isolated ganglia.

Chapter Three: examined the cardiac autonomic phenotype of the young pre-hypertensive SHR.
Baseline haemodynamics were comparable between the SHR and age matched WKY controls,
apart from in-vivo heart rate which the SHR displayed a small, but significant tachycardia. Release
of sympathetic neurotransmitter NE, and the co-transmitter NPY were also elevated in the young
SHR compared to WKY even though the SHR showed no elevation in arterial blood pressure at this
age. Tyrosine hydroxylase levels were unaltered. *H-NE release studies also revealed there may be
a dysfunction in NET in the SHR at this age, as DMI treatment normalised the difference in *H-NE
overflow between the SHR and WKY.

Chapter Four: described an investigation in to the activity of the NE re-uptake transporter
between older, SHR with established hypertension and age matched normotensive WKY. A novel
fluorescent assay of the monoamine transporter family was used to monitor NET activity within
isolated sympathetic cells from three ganglia associated with hypertension. Direct evidence for the
first time is reported that NET activity was lower in cardiac stellate neurons of the SHR compared
to the WKY, but not in the other ganglia tested (superior cervical ganglion (SCG) — vascular
innervation of head and neck, and celiac/superior mesenteric ganglia (CG/SMG)- renal and
abdominal organs). The data support the notion that NET is regulated in a site-specific fashion,
which may account for the sympathetic heterogeneity of NE spillover reported in humans.

Chapter Five: examined differences in NET activity and expression levels between four-week-old
pre-hypertensive SHR and age matched WKY. The NTUA assay revealed a significantly lower rate of
NET activity within stellate neurons of the young SHR compared to WKY, with no difference in NET
protein expression. No difference again was seen in the other ganglia. The SCG was the only
ganglia in which NET significantly decreased with age, indicating the NET dysregulation within the
vasculature may develop at a later stage of hypertension than observed in cardiac ganglia.

Chapter Six: examined the ability to modulate NET activity in WKY and SHR stellate neurons in
response to a number of pharmacological agents that stimulate cGMP (BNP, SNP, 8-Br-cGMP) and
inhibition of PKC. These were agents previously implicated in NET modulation in other cell types.
All activators of cGMP reduced NET rate to a similar degree in the WKY. No change in NET rate was
observed in the SHR, indicating that NET modulation either intrinsically, and/or receptor
membrane insertion, was faulty in the SHR. PKC inhibition increased NET rate in both groups.
Chapter Seven: is a concluding discussion summarising the main findings from this thesis, placing

them in to physiological context, and discusses avenues of further research.
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*H-NE Radio labeled (tritiated) NE
8-Br-cGMP 8 bromo-cyclic-GMP

Ach Acetylcholine

BNP Brain natriuretic peptide

ca** Calcium

CG Celiac ganglia

DAT Dopamine re-uptake transporter

DMI Desipramine

NE Norepinephrine (noradrenaline)

NET Norepinephrine re-uptake transporter
NTUA Neurotransmitter transporter uptake assay
RSC Renal sympathetic chain

SCG Superior cervical ganglia

SD Sprague-Dawley rat

SERT Serotonin re-uptake transporter

SHR Spontaneously hypertensive rat

SMG Superior mesenteric ganglia

SNP Sodium nitroprusside

WKY Wistar kyoto
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CHAPTER 1:
INTRODUCTION
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PREFACE

In this thesis, | have set out to examine the underlying causes of the sympathetic
hyperactivity that is observed in hypertension of the SHR, and at what
developmental stage these sympathetic irregularities arise. Recent studies have
identified elevated depolarisation induced intracellular calcium transients in the SHR
stellate ganglion compared to age matched normotensive WKY at both 16 weeks of
age, where the SHR display established hypertension, and 4 weeks of age before
hypertension has developed®. This is coupled to increased heart rate and cardiac
norepinephrine spill over observed in both human hypertensive and animal models®
3. The role for altered norepinephrine re-uptake by the norepinephrine re-uptake
transporter (NET) has previously been implicated in the study of hypertension but

with conflicting results.

This thesis focused on the idea that cardiac sympathetic dysregulation may occur at
an early age of the SHR, as is observed with the enhanced calcium transients in
sympathetic neurons. To do this | studied the SHR at a young age prior to the
development of hypertension. To ascertain if there was a role for NET dysfunction in
hypertension, | investigated the direct action of the transporter within single cells

from different sympathetic ganglia.
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The following general introduction reviews the relationship between autonomic
dysfunction in cardiovascular diseases, leading onto the focus of cardiac sympathetic
hyperactivity observed in hypertension. It then briefly reviews the processes
involved in sympathetic neurotransmission and factors that regulate them before
focusing on the neuronal norepinephrine re-uptake transport (NET). Specifically, its
discovery, physiological importance, structure, function, molecular modulation, and

the putative role for NET transport dysfunction in disease.

1.1. CARDIAC IMPAIRMENT IN HYPERTENSION

1.1.1 THE IMPORTANCE OF AUTONOMIC BALANCE IN CARDIOVASCULAR DISEASE

High cardiac sympathetic drive promotes myocyte calcium influx, increases the
inotropic state of the heart and increases myocardial oxygen demand. This can
exacerbate the harmful effects of pre-existing cardiac ischaemia and precipitate life-
threatening ventricular arrhythmias® °. This is particularly prevalent when there is an
abnormal cardiac structural phenotype to support re-entrant pathways, such as an
ischaemic or dilated cardiomyopathy, hypertrophic cardiomyopathy, or
arryhthmogenic right ventricular cardiomyopathy. High sympathetic drive to the
heart can also precipitate arrhythmia when there is an abnormal cardiac
electrophysiological substrate such as the long QT, or Brugada’s syndrome. Excessive
adrenergic activity is unsurprisingly a negative prognostic indicator post myocardial
infarction® ” and during congestive cardiac failure® °. Moreover it has also been

implicated in both the aetiology and progression of hypertension®. Increased
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Figure 1.1:
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Figure 1.1: Differences in sympathetic and parasympathetic divisions of the autonomic
nervous system. Preganglionic neurons emerge from different regions of the CNS:
sympathetic, from the thoracolumbar region. Parasympathetic, from the craniosacral
region. Different locations of ganglia: sympathetic, close to the spinal cord in the
sympathetic chain. Parasympathetic, close to the target organ. Lengths of postganglionic
fibres: sympathetic, long. Parasympathetic, short. Postganglionic branching: sympathetic,
lots so multiple organs can be stimulated at once. Parasympathetic, very little branching.
(image: Antranik.org. The Autonomic Nervous System. http://antranik.org/the-
autonomic-nervous-system/. 28.04.2013, 12.13pm.)
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sympathetic activity to the heart is correlated with hypertensive left ventricular
remodelling and hypertrophy'!, an independent predictor of morbidity and

mortality*2.

Under normal conditions the cardiac vagus acts to reduce the inotropic and
chronotropic action on the heart, preventing intracellular calcium overload and
slowing heart rate. It can directly raise the threshold for induction of ventricular
fibrillation™>. Conditionals that promote high vagal tone (e.g. exercise training*),

1516 hrotect against mortality'” whilst impaired vagal function

gene transfer of nNOS
has been demonstrated in both congestive cardiac failure’ and hypertensive
patients’®. However, the cardiac vagus is notoriously difficult to target
pharmacologically and as a consequence, therapy has been directed at the
sympatho-adrenal axis and renin-angiotensin pathways. Although randomized
controlled trials have demonstrated that beta-blockers and ACE inhibitors are highly
beneficial in the context of myocardial infarction, congestive heart failure and

hypertension (eg. 1SIS1*°, CIBIS I ?°, CONSENSUS 2!, SAVE ?%) a significant mortality

nevertheless remains.

1.1.2 SITES OF AUTONOMIC DYSFUNCTION IN CARDIOVASCULAR DISEASE

There is a wealth of data supporting the notion that the autonomic dysfunction
associated with cardiovascular disease can arise at many distinct anatomical sites.
For example the success of renal sympathetic nerve denervation in reducing muscle
sympathetic nerve activity, plasma catecholamines and arterial blood pressure in
patients with drug refractory hypertension supports the notion that renal afferents

contribute, at least in part, to the generation of the hypertension in these patients **
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24 . .. . .
. Evidence from preclinical animal models and human subjects also supports

carotid body hypersensitivity as a mechanism by which central sympathetic drive is

2526 There has therefore been a

promoted in heart failure and hypertension
resurgence in interest in carotid body denervation as a therapeutic strategy in these
conditions®®, as well as implantable carotid sinus stimulators to activate the high

pressure arterial baroreflex and reduce sympathetic drive and increase vagal tone in

hypertension?’.

Afferent signalling can also arise from the heart itself. Whilst the vagi relay sensory
information to the nodose ganglion of the brainstem, mechanical and chemical
information regarding the myocardium is relayed via neurons of the upper thoracic
and lower cervical dorsal root ganglia, and also within sensory neurons of the
intrinsic cardiac plexi. This opens the possibility of afferent modulation of efferent
signalling not just at the level of the brainstem, but also at the levels of the intrinsic
cardiac plexi®®, and via spinal sympatho-sympathetic reflexes. This reflex pathway
has been demonstrated to maintain sympathetic drive in response to both

.. .2 .
myocardial ischaemia®® and hypertension®’.

Centrally, afferent inputs converge on the nucleus tractus solitarius (NTS) in the
medulla. This information is then relayed to the caudal ventrolateral medulla
(CVLM), which provides a GABA-ergic inhibition of the rostral VLM. The NTS also
relays information via inhibitory GABA-ergic inter-neurons communicating with
preganglionic vagal neurons of the nucleus ambiguous, and dorsal motor nuclei of
the vagus. Whilst these brainstem nuclei are key integrating sites and determinants

31-33

of efferent sympathetic outflow in both hypertension and heart failure®°, evidence
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also suggests that a significant component of the sympathetic hyperactivity observed
in the genetic model of essential hypertension, the spontaneously hypertensive rat

(SHR), originates at the level of the efferent post-ganglionic neuron® 3**’.

Parasympathetic

Vagal preganglionic efferent fibres are long and do not synapse until they reach the
end organ. In the case of the heart, preganglionic fibres synapse at the sinoatrial
node. Preganglionic efferents release neurotransmitter acetylcholine (Ach), which
binds to nicotinic receptor on postganglionic neurons. Nicotinic Ach receptors
(AchRs) are ligand gated ion channels in the plasma membrane; opening of the ion
channel allows the movement of positive ions predominantly Na* in and K" out. The
net flow of positively charged ions is inward, depolarising the postganglionic cell

(figure 1.1).

Sympathetic

Preganglionic sympathetic fibres are shorter than those of vagal efferents. These
fibres enter the paravertebral ganglia, or sympathetic chain, which runs either side
of the spinal cord, and synapse with the cell bodies of postganglionic sympathetic
fibres. Preganglionic sympathetic fibres like vagal efferents also release Ach, which
activates postganglionic nicotinic receptors. Postganglionic sympathetic fibres exit
the paravertebral chain, travelling to the target organ and releasing NE. However,
some preganglionic sympathetic fibres do not synapse in the paravertebral ganglia,
but in the prevertebral ganglia that is located in the abdomen (celiac, superior

mesenteric and inferior mesenteric ganglia) (figures 1.1 & 1.2).
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1.1.3 CARDIAC-AUTONOMIC SIGNALLING IN HYPERTENSION

The classical view of cardiovascular control by the autonomic nervous system is that
brainstem autonomic outflow merely responds to changes in afferent feedback from
peripheral arterial, cardiopulmonary and renal baro- and chemoreceptors? 2% 2638,
The sympathetic and parasympathetic efferent output therefore act to oppose
changes in circulatory disturbance, and maintain adequate arterial blood pressure
and perfusion of organ systems. It is becoming increasingly apparent that this system
is not “hard-wired” and integration and plasticity exists at many neuroanatomical
sites in the cardiac-vascular-renal neural axis. Recently, the identification that a
significant component of the sympathetic hyperactivity associated with hypertension
arises at the level of the post-ganglionic neuron has opened up a new field of
research.

1.1.4 PERIPHERAL SYMPATHETIC HYPERACTIVITY AS AN EARLY HALLMARK FOR
HYPERTENSION

Hypertension is a multi-organ disease and can involve the kidney, vasculature, and
the autonomic nervous system. Increased sympathetic activity and reduced vagal

tone are now well established as major contributing factors to the pathophysiology

39-44 1, 34,37, 38,45

of human hypertension™ ™", and that observed in the SHR . Hypertension

40, 41

is associated with increased muscle sympathetic nerve activity , and increased

43 4 . . . . .
3% A progressive impairment of autonomic regulation

levels of plasma NE spillover
is also observed in individuals who are not clinically hypertensive as blood pressure

. 47 . .. .
increases . Increased muscle sympathetic nerve activity in response to mental

stress has also been documented within normotensive offspring from families with a
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history of hypertension®®. This suggests that sympathetic activation may be an early

marker of hypertension in those who are genetically predisposed to the disease.

Noradrenaline was identified as the principle transmitter of the sympathetic nervous
system by Euler in the 1950’s. The internationally accepted terminology for the
neuronal noradrenaline re-uptake transporter classified as uptake-1 is NET
(norepinephrine re-uptake transporter), utilising the American word for
noradrenaline, norepinephrine. Norepinephrine is also an internationally accepted
term for noradrenaline. To eliminate confusion in this thesis | will use the terms
norepinephrine and norepinephrine re-uptake transport (NET) throughout when
refereeing to noradrenaline mediated sympathetic neurotransmission.
Norepinephrine (NE) is one of the principle neurotransmitters of the central and
peripheral nervous systems, mediating diverse range of physiological and
behavioural processes. The importance of NE signalling was established in 1970
when Euler, Katz and Axelrod were awarded the Noble prize for physiology or
medicine, honoured for their independent study of the mechanisms of nerve

impulses.

Centrally NE has been identified in control of feeding behaviour, sleep wake cycle,
cognition, mood, and depression. Within the autonomic nervous system NE is the
principle neurotransmitter of the sympathetic branch essential in the regulation of
heart rate*, vascular diameter’®, and release of adrenaline from the adrenal

medulla.
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1.2 SYMPATHETIC NEUROTRANSMISSION

Neurotransmitter release is triggered by Ca’?* entry into the postganglionic nerve
terminal via membrane bound N-type Ca?* channels®. The key features of cell
depolarisation induced neurotransmitter release are, the regulation of Ca®* channels
that allow for Ca' entry into the nerve terminal, and the Ca®* sensors within the

fusion machinery that regulate exocytosis.

1.2.1 CELL DEPOLARISATION AND INITIATION OF ACTION POTENTIAL.

In order for neurotransmitter release to occur the membrane potential is raised
above the threshold potential for voltage gated Ca®* channels (L-type -30mV—
10mV>?), allowing Ca** entry into the cell via L-type Ca’" channels. The resultant
increase in intracellular Ca** initiates presynaptic vesicle binding and

neurotransmitter release.

Autonomic preganglionic neurons release Ach binding to nicotinic acetylcholine
receptors on the postganglionic cell. Nicotinic receptors are ligand gated ion
channels, binding of the agonist stabilises the open state of the channel allowing for
the movement of charged ions across the plasma membrane, predominantly, Na* in
and K" out, resulting a net flow of positive charge into the cell. In turn, elevating the
cell membrane potential above the threshold required for the opening of voltage
gated Ca’" channels. This produces the intracellular Ca®* transient observed in
response to cell depolarisation’. Within sympathetic nerve terminals 80% of the
intracellular Ca®" transients observed are initiated by Ca?* entry through voltage

gated Ca’" channels™.
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A very short latency occurs between Ca®* entry into the presynaptic terminal and
neurotransmitter release. This indicates two things, that Ca** channels are spatially

54,55

located close to the active site and, that a number of vesicles are primed at the

. . 2
membrane ready in a late stage of exocytotic release. Ca’" channels have been

7 . .
*657 Injection of

shown to bind to syntaxin, a known protein of the fusion machinery
peptides that inhibit the Ca?* channel/syntaxin interaction inhibit transmitter
release®. In addition, nerve terminal poison with botulinum toxin (that cleaves
syntaxin) display an altered spatial organisation of extracellular membrane bound

Ca’* channels®, contributing to the theory that Ca** channels locate close to the site

of neurotransmitter release.

1.2.2 MECHANISMS BEHIND NEUROTRANSMITTER RELEASE

The now well-established principle that neurotransmitters mediate the transfer of
information form one nerve cell to another, or from nerve cell to effector by the
process of synaptic transmission was first postulated in the early 1900’s. The work of
Thomas Elliot in 1905 described how adrenaline and other catecholamines would
elicit a response that was comparable to sympathetic nerve stimulation in a range of
tissues. He concluded that it might be the catecholamines that are transmitted in
response to sympathetic nerve stimulation from the postganglionic neuron to the

60 81 Although in hindsight Elliot’s work outlined the

postsynaptic effector site
principles of sympathetic neurotransmission it was mainly over looked by his peers
at the time. It was Loewi during his time at the University of Graz in Austria that

cemented the idea of diffusible neurotransmitters. Loewi performed a series of

experiments in which he suspended two frog hearts, upon stimulating the vagus or
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sympathetic nerves in one heart a corresponding change in heart rate was identified
in the adjacent heart, indicating some sort of chemical messenger must be diffusing
between the hearts. Loewi originally suggested the sympathetic neurotransmitter to

be adrenaline; Euler later identified it as norepinephrine.

Sympathetic and central neurons as well as adrenal chromaffin cells (ACCs) store and
release catecholamines from dense core vesicles (DCV). Dense core vesicles’ contain
a chromogranin matrix that allows for storage of a very high concentration of
catecholamines®®. Norepinephrine containing vesicles also contain dopamine-f3-
hydroxylase in soluble and membrane bound forms as well as neuropeptides and co-
transmitters such as ATP and neuropeptide Y (NPY). Constant intravesicular NE

concentration is thought to be of 0.5-0.9mM® ®*.

Two types of vesicle release have been characterised. First, full fusion, in which there
is a full release of the entire vesicle quantum of NE, detected in amperometry as a
spike with rapid rise time and exponential decay. Secondly a phenomenon that is
described as ‘kiss and run’ first described by Katz and del Castillo in 1955. Commonly
seen within ACCs, partial exocytosis is thought to reflect leakage of NA through a

63, 65

transiently open fusion pore . Partial fusion often precedes full fusion, this is

observed as a ‘footspike’ on an amperometry trace®®.

Vesicle fusion to the plasma membrane is controlled by a number of proteins
referred to as the SNARE complex. The Nobel Prize for Physiology or Medicine 2013
was awarded to jointly to James E. Rothman, Randy W. Schekman and Thomas C.
Sudhof "for their discoveries of machinery regulating vesicle traffic", including their

identification of the vesicle release complex.
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In the early 1990’s synaptobrevin® ®’, syntaxin-1 and SNAP-25% % were identified
as targets of botulinum and tetanus toxins. These neurotoxins enter presynaptic
terminals and act as highly specific proteases, blocking membrane fusion without
changing the morphology of the terminal structure’®. The classification of the
protein targets of botulinum and tetanus toxins identified these proteins as essential
in neurotransmission, later classifying them as components of the SNARE complex
responsible for vesicle membrane fusion. SM (Sec1/Munc18-like) proteins have also
been identified as essential in vesicle exocytosis in most mammalian cells. SM
proteins are highly conserved cytosolic proteins that are thought to wrap around the
SNARE complex stabilising it’*. The amino terminus of syntaxin contains a conserved
sequence that bind to the SM proteins, localising the proteins to SNARE’" ’2, The
SNARE and SM proteins are controlled by the cell depolarisation induced increase in

70, 7 . .
%73 Primed vesicles fuse very

intracellular Ca** via synaptotagmin and complexin
quickly in response to cytoplasmic Ca®* elevations. The SNARE complex acts to bridge
the gap between the neurotransmitter vesicle membrane and neuronal presynaptic
membrane. Zippering of the SNARE complexes is thought to create the fusion pore,
although it has also been suggested that full zipping may only stress the membrane,

and that SM proteins may be involved in the fusion pore’. With the opening of the

fusion pore norepinephrine moves from the vesicle into the synaptic cleft.

1.2.3 AUTO-INHIBITION AND REGULATION OF NEUROTRANSMITTER RELEASE BY ALPHA,-
ADRENRECOPTORS.

The ability of neurotransmitters to regulate their own release through presynaptic

auto- inhibitory receptors was established in the 1970’s. Brown and Gillespie
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reported that phenoxybenzamine, a oy-adrenorepctor (a,-AR) blocking agent,
enhanced the overflow of NE elicited by nerve stimulation in the perfused cat
spleen’. Additionally *H-NE release in the presence of phenoxybenzamine was also
increased’®. Alpha,-adrenoreceptors are now known to play a critical role in
regulating Ca** dependent NE release from sympathetic nerve terminal by a negative
feedback mechanism. Alpha;-adrenoreceptors are G; coupled G-protein-coupled-
receptors. They inhibit the activity of adenylyl cyclase, leading to a reduction in the
formation of cAMP and in turn reduced activation of PKA. Protein kinase A catalyses
Ca’" induced Ca®" release in response to cell depolarisation. Therefore, inhibition of
this process results in reduced intracellular Ca** transients and neurotransmitter
release. Activation of a,-adrenergic receptors by NE within rat postganglionic
sympathetic neurons inhibits NE release’®. A dysregulation in this auto-inhibition

pathway has been linked to some models of hypertension’’.

1.2.4 TERMINATION OF SYMPATHETIC SIGNAL BY NEUROTRANSMITTER RE-UPTAKE INTO
THE POSTGANGLIONIC SYMPATHETIC NEURON.

The concentration at which NE is present in the synapse following release is
regulated by, both the amount and frequency of NE being released, as well as, the
kinetics by which NE is removed from the synaptic cleft and metabolised. The
majority of released NE (>90%) is taken up into the sympathetic nerve terminal by
the norepinephrine re-uptake transporter (NET) (uptake-1), with less than 5% being
metabolized within the extracellular space’®. Re-uptake of NE from the synaptic
cleft is essential for both termination of the sympathetic response and for the

replenishment of intracellular NE stores. NET”" mice show reduced norepinephrine
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release, a reduced rate of NE re-uptake and an increase in NE synthesis, indicating
NE re-uptake to be one of the primary determinants of NE storage levels within the

7
cell”®,

Fine control of the sympathetic nervous system is managed by the two NE re-uptake
transporters, neuronal (NET) and non-neuronal solute carrier family 6
(neurotransmitter noradrenaline) transporter 2 (SLC6A2). NE if not recycled into a
new synaptic vesicle can be metabolized both intracellularly and extracellularly by
the enzymes monoamine oxidase-A (MAO-A)*® or catechol-O-methyl transferase
(COMT)®L. The increased concentration of cardiac NE release observed within

hypertension may in part be due to impairment of the NET.

1.3 THE NEURONAL NOREPINEPHRINE RE-UPTAKE TRANSPORTER

The role of the norepinephrine re-uptake transporter (NET) as the principle
mechanism for sympathetic signal termination from postganglionic sympathetic
neurons was first established by Whitby, Axelrod and Weil-Malherbein in 1961%.
Prior to this it was believed that the rapid reduction in NE action following release
was due to enzymatic break down in a similar way to acetlycholinesterase. Whitby
and Axelrod et.al. Investigated the effect of tissue accumulation and storage of *H-
NE in a number of sympathetically innervated tissues of the cat®’. They identified
that H-NE was rapidly taken up in to tissue where it remained unchanged. Where
as, Herrting in 1961 observed that *H-NE uptake into the heart was virtually

eliminated in animals in which sympathetic innervation had been destroyed by
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surgical removal of the SCG, linking the sequestration of NE to the sympathetic nerve
terminal. Whilst testing cardiac *H-NE accumulation with known sympatholytics
imipramine (tricyclic antidepressant®), and amphetamine (vesicular monoamine
transporter (VMAT,) substrate®) a significant reduction in tissue accumulation,
alongside elevation in plasma levels of *H-NE was observed. Axelrod and Herrting
suggested that re-uptake of NE by the same terminals that released it may terminate

its action.

1.3.1 STRUCTURE AND FUNCTION

The norepinephrine re-uptake transporter is Na'/Cl’-dependent transporter of the

monoamine transporter family85’ 8

. The predominantly intracellular direction of the
transporter is maintained by a number of factors including an inward Na* gradient,
an outward K" gradient (maintained by the Na'/K* ATPase) and the resting

85, 87

membrane potential which holds the inside of the cell negative . Functional

7 .
85, 87, 88 Wlth

studies indicate a binding order to the carrier of Na’/Cl" then substrate
Na® and CI both acting as co-substrates also transported into the cell. K" does not
participate directly in the transport process, but has roles in maintaining appropriate

ionic gradients and membrane potential®®. Norepinephrine transport by NET is

electrogenic with a net gain of positive charge®’.

Cloned human norepinephrine re-uptake transporter (hNET) cDNA has a 1857 base
pair open reading frame predicting a protein of 617 amino acids with a mass of
approximately 69kDa®. Human NET consists of 14 exons and 13 introns spanning

90, 91
2

45kb, localized to chromosome 16q12. . Functional studies have identified the

COOH terminus as essential in determining substrate affinity, whereas, the amino-
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Figure 1.2: Sympathetic autonomic preganglionic and post-ganglionic efferents;
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Figure 1.3:

Figure 1.3: Transmembrane topology of hNET protein. Different exons are
represented by black or dotted segments with labels showing amino acid number at
the exon junctions (Porzgen, et.al. 1995).
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terminal through the first 5 transmembrane domains is involved in uptake and ion

2 . . . .
993 Transmembrane domains 6-8 are predicted to be involved in

dependence
tricyclic antidepressant binding®®. A 4 kb region of the promoter flanking sequence
confers hNET cell-selective expression, and is regulated by a combination of positive

cis-acting elements® (figure 1.3). Major sequence and structural homology exists

between all the monoamine transporters®.

KINETICS OF NOREPINEPHRINE RE-UPTAKE TRANSPORTER

Studies by Schwartz and colleagues (2003) using ASP* and GFP-hNET, in HEK293 cell
lines have been able to differentiate between the binding and transport kinetics of
NET. Previous studies were unable to distinguish between these two processes, or
provide adequate temporal or spatial kinetic resolution. Schwartz identified that
while transport depended on both extracellular Na* and CI, binding itself was

I°>. They also demonstrated a high

independent of Na" and in fact increased in low C
inefficiency between the binding of the substrate to the carrier and the subsequent
transport of that substrate into the cell. Binding rates were shown to exceed

transport rates by approximately 100 fold, although these results may be different in

vivo %°.

The K. of *H-NE uptake is inversely related to the external Na* concentration®,
whereas an increase in cellular Na* concentration has been shown to favour outward
transport of NE via NET”. Increasing intracellular Na® diminishes all three

asymmetries previously described, resulting in a preference for outward transport of
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NE. Release of NE during ischaemia is hypothesized to be due to carrier mediated

outward transport %,

3.3.2 MOLECULAR MODULATION

Extensive study of the NET protein gene sequence has revealed several regulatory

99, 100 )
. Initial

domains and consensus sites for protein kinases and phosphatases
studies demonstrated that neurons change the level of NET protein expression to
adapt to changes in neurotransmission. Phosphorylation of NET is a major pathway
for regulating cell surface expression and therefore NET activity. In general
phosphorylation of the NET protein has been associated with an intracellular inactive
sequestration of NET from the surface membrane, where as dephosphorylation
promotes transporter incorporation in the cell membrane, increasing the transport
capacity of NET. The extracellular loop between transmembrane domains 3 and 4
contains three potential N-glycosylation sites, N-linked carbohydrate additions to
NET regulate transporter plasma membrane expression. There is a greater
probability of glycosylated NET proteins being expressed on the plasma membrane,

with poorly of un-glycosylated proteins being retained in the cytoplasm®®® 1%,

Protein kinase C (PKC)

Protein kinase C (PKC) regulation of transporter expression is uniform among
monoamine transporters, a number of phosphorylation sites for PKC within the NET

gene sequence have been identified, specifically threonine 258 and serine 259.
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Phosphorylation by PKC facilitates NET receptor internalisation, reducing the number

of transporters at the cell membrane, and transport capacity1°3’1°6.

Insulin

An insulin-regulated action on NET activity within cardiac tissue has been of great

107, 1 . . .
d*®” 1% However, insulin’s actions on NET to

clinical interest and extensively studie
date appear to be dependent upon the cell line in which it is studied. Rat
sympathetic ganglia express both insulin receptors and insulin-like growth factor

109, 110

(IGF-1) receptors Effect of acute insulin treatment decreases NE uptake

111

within PC12 cells expressing NET". Insulin is known to decrease NET mRNA

112 \within PC12 cells the insulin

expression within the locus coeruleus of the rat
induced decrease in uptake is caused by a decrease in Vnhax and surface membrane
transport receptor number'*?. Whereas, PC12 cell treatment with IGF-1 shows an
increase in uptake, distinguishing different effects of insulin regulation due to down
steam processes of the insulin and IGF receptors. Exposure of SK-N-SH cells to insulin
enhances NET activity via down stream processes involving PI3 kinase, p38 MAPK

and PP2A (protein phosphatase 2A)'* 1%

. In contrast to the proposed inhibitory
effect of insulin on NET, insulin stimulates increase in uptake are independent of
changes in the cell surface expression of the transporter, and therefore may involve
a conformational change in the transporter that effects its catalytic activity™**.

Impaired insulin regulation of NET may provide an important contribution to the

well-documented sympathetic hyperactivity in obesity related hypertension®*.

Cell depolarisation and calcium dependence.
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Potassium-induced depolarisation of PC12 cells increases NE uptake in a Ca®'
dependent manner'’®. Regulation of transporter function by interaction of
components of the vesicle release SNARE complex (predominantly syntaxin-1A) and

d"'” '8 revealing a Ca** dependent NET regulation via a

NET have also been observe
PKC dependent pathway. Syntaxin-1A regulation of NET results in both, an increase
in surface trafficking of NET, and also a direct interaction that acts to limit NET

1718 1t seems the role for Ca** in the SNARE complex mediated

catalytic function
modulation of NET is predominantly due to the need for cell depolarisation and Ca®*
entry for vesicle release. Anti-oligo nucleotide syntaxin 1A and botulinum toxin
treatment both block the direct interaction of syntaxin 1A with NET and decrease NE

1. 118 The role for Ca** in the syntaxin 1A/NET interaction therefore

uptake rate
appears to facilitate the movement of transporters to the site of release.
Interestingly PKC induced NET regulation is abolished when the syntaxin 1A

interaction is blocked, suggesting that it is the pool of NET transporter in the

membrane that are most sensitive to kinase interaction not the cytoplasmic pool**”

118

Neuronal nitric oxide synthase

Emerging evidence has shown that dysregulation of nNOS in SHR stellate neurons
are coupled to downstream proteins that target protein kinases and intracellular
Ca®* handling. Abnormally high intracellular Ca** transients in cardiac sympathetic
neurons from the pre-hypertensive SHR® are associated with decreased expression
of nNOS, beta-1 subunit of soluble guanylate cycles (GC), and cGMP. Gene transfer

of Ad-PRS-nNOS-mCherry can rescue the impaired Ca®* transient in these neurons
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and neurotransmission®. Studies to date on the potential role for cGMP and NO on
NET modulation have been inconclusive. Apparsundaram showed the NO donor
SNAP had no effect on NE uptake in SK-N-SH cells’, whereas others, reported that
SNAP depressed desipramine sensitive NE uptake in both PC12 cells and cultured
SCG neurons™®. As expected, SNAP increased intracellular cGMP levels, but 8-Br-
cGMP had no affect on NE re-uptake suggesting a non-cGMP dependent modulation
that might result from of S-nitrosylation of a regulatory site on the plasmalemmal NE

120:121 " since the SNAP response was attenuated by 1mM cysteine, this

transporter
raises the possibility that NO may regulate NET by modulating nitrosylation of
regulatory sites. Indeed Kaye et al 2000 demonstrated SNAP mediated nitrosylation

of the cysteine residue in NET**™.

B-type natriuretic peptide.

B-type natriuretic peptide (BNP) mediated activation of particulate guanylyl cyclase
(GC) leads to an increase in intracellular cGMP, and a resultant increase in NET
activity in hypothalamic brain slices in wistar rats, which is consistent with a role for
cGMP'?2. This data when viewed with the observed negative result on desipramine
sensitive NE uptake with 8-Br-cGMP combined with the presence of an appropriate
motif in GC for S-nitrosylation'?3, adds to the complexity of interpreting the NO/BNP
results. One key factor which influences the interpretation of all these data are that
the investigations have not been performed on cardiac sympathetic neurons, instead
‘analogues’ of sympathetic ganglia (eg PC12 cells) have been studied. Given the
heterogeneity of response in the sympathetic nervous system in terms of

neurotransmission®®, no firm conclusions nor mechanistic understanding can
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therefore be drawn to support the idea that NET dysregulation underpins enhanced

cardiac sympathetic activity in hypertension.

1.3.3 IMPLICATIONS FOR NET DYSREGULATION IN CARDIOVASCULAR DISEASES

The fundamental nature of NE signalling in a wide range of physiological processes

means that NE regulation is essential. Disruption of the noradrenergic system has

124-128

been implicated in a number of conditions; including, depression , essential
. 4 12 . . 1 . 131 .

hypertension®® * ?° cardiac failure®™®, pre-eclampsia®®!, and orthostatic

intolerance®*34,

Hypertension

As mentioned the hypertensive phenotype in clinical patients and the SHR model is

7,129,1 1
37,129,135,136 ' However, the

known to partially arise due to sympathetic hyperactivity
exact mechanisms by which this occurs have not yet been fully elucidated.
Dysregulation in the rate at which NET clears synaptic NE may facilitate the
increased sympathetic drive observed in hypertensive models. Norepinephrine re-
uptake transporter knock out mice show elevated mean arterial pressure and heart

137
rate compared to controls®®’.

The SHR rat was developed by selectively breeding male and female wistar rats that

138 The blood pressure within the SHR showed a

expressed elevated blood pressure
steady rise with age ranging from 136+13.4mmHg at 5 weeks of age to
188+17.5mmHg at 15 weeks of age. Blood pressure of the SHR rats was significantly

138

higher than the control at 10 weeks of age™". The neural phenotype of the SHR in its

hypertensive state has been extensively studied; Increased intracellular Ca®'
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transients from sympathetic neurons, and increased cardiac NE release contribute to

the sympathetic hyperactivity observed in the SHR.

Previous studies into the role of NET in hypertension have often produced
inconclusive or conflicting results. Patient studies by the Esler group have
demonstrated a reduction in NET activity within lean but not obese related
hypertensive utilising radiotracer methodologies, linked to no change in NET gene
sequence®® % Whereas, both a reduction in uptake capacity'*°, and no change in
re-uptake between strain (SHR or WKY) or age (4-14 weeks) have been observed

. . . . 77, 14
within atrial tissue of rat models 77 *°,

Orthostatic intolerance.

Orthostatic intolerance (Ol), is characterised by the symptoms, light-headedness,
fatigue, and postural tachycardia without orthostatic hypotension™* ¥, and
predominantly effects women aged 20-50. Ol is currently the only syndrome directly
linked to a single nucleotide polymorphism within the hNET gene. Bradbury and
Eggleston (1925) linked the symptoms of Ol to a potential failure of the autonomic
nervous system. Many studies had focused on the role of abnormal NE release in Ol
until NE overflow studies and analysis of the NET gene sequence in affected

132-134

individuals identified a dysfunction of NET A missense mutation at position

237 exon 10 (G237C) results in an alanine to proline substitution (Ala457Pro) within

132, 134 .
32,134 \When expressed in

a highly conserved region of transmembrane domain 9
CHO cells the mutated protein shows a greater than 98% reduction in NET activity

compared to the wild type™?, thought to be due to reduced NET-1 surface

. 141
expression .
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The differences in these results may be due to experimental numbers, and methods
of study, indicating the importance of using the appropriate model system to draw

conclusions.

The main aims of this thesis were:

1. To establish if the cardiac sympathetic hyperactivity observed in the adult SHR was
present in the younger pre-hypertensive rat using novel fluorescence imaging

technique with in vitro autonomic phenotyping.

2. To investigate NET rate in isolated sympathetic neurons of both young pre-

hypertensive and older hypertensive SHR.

3. To establish how the dynamic action of NET may be modulated within single

neuronal cells by a number of known sympathetic modulators.
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CHAPTER 2:
GENERAL METHODS
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The methods employed in this thesis were used to study end organ neuronal
sympathetic signalling in the development of hypertension in the spontaneously
hypertensive rat (SHR) and its aged matched normotensive control (WKY). All
treatment of animals conformed to the Guide for the Care and Use of Laboratory
Animals, Home Office UK; Animals (scientific Procedures) Act 1986 (PPL: 30/2360;

PIL: 30/8431).

2.1. ANIMALS

Male SHR or WKY rats aged, pre-hypertensive 4 to 5 weeks (90g-120g), and
hypertensive 16 to 17 weeks (340g-365g) were rendered unconscious using general
anaesthesia (3% isoflurane and 97% oxygen), then humanly killed by the approved
home office schedule 1 method of overdoes by pentobarbital followed by
exsanguination. The young SHR were classified pre-hypertensive as they had normal

blood pressure levels within the same range as age matched WKY.

2.2. ISOLATION AND PREPARATION OF SYMPATHETIC POST-GANGLIONIC NEURONS

Studying sympathetic nerve function in single cells isolated from nerve ganglia
provide for a unique method of ascertaining physiological roles for nerve function

under different conditions.

2.2.1. DISSECTION OF SYMPATHETIC GANGLIA

Cells were isolated from three major sympathetic ganglia previously implicated in
neurogenic hypertension. The stellate ganglion, providing innervation to the

heart**, the superior cervical ganglion that predominantly innervates the head
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Figure 2.1:
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sympathetic chain anterior region,
providing nerve innervations to the
face, neck and upper thorax. The
superior cervical ganglia is the
largest and upper most ganglia
innervating the face and neck
(Bowers, et.al. 1979). The inferior
cervical ganglia (Stellate ganglia) is
located adjacent to C7, provides
sympathetic innervation
predominantly to the heart, in
addition to the lower neck and arm

(Pardini, et.al. 1990).

(Gray’s subject no. 216 978)
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Figure 2.1.B: Schematic representation of the sympathetic innervation of the renal and

mesenteric plexus. The morphology of the celiac ganglia and superior mesenteric ganglia meant

it was often difficult to determine them as separate entities therefore for the purpose of the

study the coeliac ganglia and superior cervical ganglia were dissected and cells isolated from it

as one population.

(Physiology of prevertebral ganglia in mammals with special reference to inferior mesenteric

ganglion. J. H. Szurszewski, B. F. King)
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and neck region®, and the celiac ganglion, superior mesenteric ganglion and
sympathetic chain that innervate the kidneys, and other abdominal organs >

(figure 2.1.A&B).

Within all experiments sympathetic ganglia were dissected from both the left and
right sides to increase cell yield. Due to the morphology of renal sympathetic
innervation **° the celiac ganglia and superior mesenteric ganglia could not always
be identified as separate structures therefore these ganglia were dissected in unison

and combined for all experiments (figure 2.1.B).

Sympathetic ganglia were identified by location and physical appearance using a
dissection microscope to improve magnification. Dissected ganglia were carefully

removed and placed in Leibovitz’z L-15 medium on ice.

2.1.3. PREPARATION OF ISOLATED SYMPATHETIC POST-GANGLIONIC NEURONS.

Neurons were dissociated mechanically by a method previously described by Orike,
et.al, 2001'*®. In brief, dissected ganglia were cleaned of all connective tissue and
desheathed. Cleaned ganglia were cut into small fragments before being placed in a
10ml falcon tube containing collagenase type 4 (Img/ml in Ca** and Mg**free
phosphate-buffered saline (PBS); Worthington) for 18min - 42min depending on the
type of ganglia and age of the animal, at 37°C in a shaking water bath. The
collagenase was then removed and replaced with trypsin TRL3 (1.25mg/ml in PBS;
Worthington) for 22min - 42min, 37°C. Following trypsin incubation ganglia were
washed for 2 x 5min washes in an L-15 based blocking medium, followed by 2 x 5min

washes in L-15 based plating medium to stop the action of the digestion enzymes.
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Ganglia were then titrated into a single-cell suspension with a narrow opening fire
polished Pasteur pipette 4-5 times. After titration the solution was left to rest for
four minutes to allow any large tissue fragments to settle to the base of tube whilst
leaving the single cells in suspension. The top 0.5ml of solution was then removed
and placed in a plastic petri dish (2.5mm diameter). 0.5ml of fresh L-15 based plating

medium was added to the falcon tube and this process was repeated 5-6 times.

The plastic petri dish containing the cell suspension was incubated at 37°C, 5% CO,,
for 1.5-2 hours to allow any fibroblast contamination to settle out of solution on to
the bottom of the plate. The cell suspension solution was then added to wells
containing Poly-D lysine and laminin coated cover slips (5mm), placed at 37°C 5%

CO, for 1-2 days before use.

2.1.4 PREPARATION OF SOLUTIONS.

The mediums used for the isolation and culture of the isolated postganglionic
sympathetic neurons were based on those previously described by He and Bass,

2003,

L-15 blocking medium is composed of an L-15 incomplete medium (Leibovitz’s L-15
medium, 96.8% (v/v); D- (+)-Glucose solution (45%), 0.6% (w/v); 200mM L-
glutamine, 2mM; Penicillin (10,000 units/ml), 100 units/ml; Streptomycin (10,000

ug/ml), 100 pg/ml.) at 90% (v/v), plus foetal bovine serum, 10% (v/v).

The L-15 plating medium used contains, L-15 incomplete medium, 90% (v/v);

NaHCO?, 24mM; Glucose, 38mM; Penicillin (10,000 units/ml), 50 units/ml;
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Streptomycin (10,000 pg/ml), 50 pug/ml; Nerve growth factor, 25ng/ml; Foetal bovine

serum, 10% (v/v).

Poly-D-Lysine was prepared in a 1mg/ml stock solution in borate buffer (Borax,
4.75mg/ml; Boric acid, 3.1mg/ml; double-distilled H,0, 100% (v/v)). Glass coverslips
were coated in 0.1mg/ml poly-D-lysine diluted in borate buffer over night at 4°C,
followed by 6 x 5 min washes in double distilled water. Cover slips were allowed to

dry and kept at room temperature for one month.

On the day of use poly-D-lysine coated cover slips were incubated in 30ul laminin
diluted in 720ul Leibovitz’s L-15 medium, 37°C, for 3-4hours. Laminin was completely

removed before replacing with medium containing the single cell suspension.

2.1.6 DRUGS AND REAGENTS.

Phosphate buffered saline (PBS), Leibovitz’s L-15 medium, D- (+)-Glucose (45%), L-
glutamine (200mM), foetal bovine serum, borax, boric acid and poly-D-lysine were
all purchased from Sigma. Penicillin 10,000 units/ml; Streptomycin 10,000 pg/ml,
nerve growth factor (NGF), and laminin were purchased from Invitrogen.

Collagenase type 4 and trypsin TRL3 were purchased from Worthington.

2.3. DYNAMIC STUDY OF NOREPINEPHRINE RE-UPTAKE TRANSPORTER FUNCTION.

As mentioned previously in chapter one sympathetic nervous system activity>>™*,

. . . 7, 77 H
and enhanced cardiac norepinephrine release® 3 7/, are well established as

contributing factors to the pathophysiology of hypertension. One factor that may

contribute to this is impaired NE re-uptake through the norepinephrine re-uptake
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transporter (NET), although evidence to support this is currently inconclusive and

. . 43,77,1 14,
methods used for study indirect® ** 77 139 148,

In order to directly assess NET function ideally it needs to be studied at the level of a
single nerve terminal or within tissue of high sympathetic innervation. The ability to
specifically stain sympathetic nerves can help identify the nervous composition of a
tissue. Although, techniques to effectively label sympathetic neurons have been
established for decades, current processes involve fixation of the tissue preventing
dynamic processes from being monitored within the same sample after nerve

labelling.

Early methods of identifying sympathetically innervated tissue involved the use of
triturated NE (3H-NE) analogues, measuring relative degrees of *H-NE accumulation

8219 "While the development of scintiscans and

within homogenated tissue samples
Positron Emission Topography (PET) has allowed for *H-NE detection within intact
tissue at a high spatial resolution (approximately 1mm), it still does not allow

15
|

visualisation at the single nerve terminal™°. High spatial resolution and visualisation

of sympathetic innervation within intact tissue and nerve culture can be achieved

151, 152
°1, 152 However,

with immunohistochemistry using fluorescent-tagged antibodies
this also requires tissue fixation therefore the same preparations can no longer be
used to monitor dynamic processes. Formaldehyde-glutaraldehyde induced
catecholamine fluorescence (FAGLU), an early method utilising the characteristic for
hot formaldehyde vapour to form fluorophores with catecholamines in freeze dried

tissue™ has been shown to allow high spatial resolution of nerve terminals within

sympathetically innervated tissue™*. However, again this requires tissue to be fixed.

46



Previous methods of measuring NET activity within sympathetic tissue have been
indirect. Direct visualisation of sympathetic nerves, and then having the ability to
then monitor dynamic processes within that tissue has not previously been possible.
Therefore before studies of NET have always relied on deducing the effect of

14
8 Pre-

transporter activity across a whole organ or tissue populations77’
administration of triturated NE (*H-NE) is a common technique that allows for NET
function to be inferred by measuring either the tissue accumulation or plasma run
off of the *H-NE’® '>>. The advantage of this technique is that it is highly versatile;
although it gives some idea on the function of the transporter it does not provide
any kinetics of uptake. 4-(4-(dimethylamion)styrl)-N-methyl-pyridnium (ASP*) a
fluorescent analogue of 1-methyl-4-phenylpyridinium (a neurotoxic metabolite and
known substrate of monoamine transporters) has been used to investigate
monoamine transporter activity in both single cell experiments and multiwell
platforms® *** however preliminary experiments (Unpublished data- R. Amos and K.

Brain) were unable to use ASP" to label mature sympathetic nerve terminals in intact

tissue.

Current techniques used to measure NET activity have been insufficient in helping us
gain further understanding into the dynamic function of NET within individual
neuronal cells. Methods developed in this thesis have utilized a novel commercially
available assay (Molecular devices: Sunnyvale, CA) to allow dynamic monitoring of
NET function in single cells for the first time. The assay has previously been validated
to monitor NET transport rates in cell culture systems®™’ (figure 2.2.B) and intact

. 1
tissue samples™®.
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Figure 2.2:
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Figure 2.2.A: The neurotransmitter transporter uptake assay (NTUA) is a fluorescent
substrate of the monoamine transporters. The assay is composed of two compounds,
an extracellular masking dye and the monoamine transporter substrate which
fluorescence is exposed upon uptake into the cell. (Molecular Devices, Sunnyvale,
CA).
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Figure 2.2.B: ICs correlation NTUA uptake for NET, SERT, and DAT treated with eight
known monoamine transporter inhibitors. Results obtained with NET were
compared with the known Ki values of the monoamine inhibitors for the three
transporters. The correlation coefficients R? for each transporter presented in the
graph, R? value for all 24 values was 0.91. (Molecular Devices, Sunnyvale, CA;
Customer result)
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2.3.1. USING A FLUORESCENT SUBSTRATE TO MONITOR NOREPINEPHRINE RE-UPTAKE
TRANSPORTER ACTIVITY.

The dynamic kinetics of NET action was measured in neuronal cells isolated from rat
sympathetic ganglia. The commercially available Neurotransmitter Transporter
Uptake Assay (NTUA) contains two compounds, a fluorescent substrate of NET and a
masking dye that hides extracellular fluorescence (figure 2.2.A). Throughout this
thesis NTUA refers to the intracellular fluorescence signal that arises on exposure to

this kit, although the component leading to this signal cannot be entirely confirmed.

2.3.2. ASSAY PREPARATION.

The NTUA kit was purchased from MDS analytical technologies (catalogue R8173;
Wokingham, Berkshire, UK) and diluted with Tyrode solution (10ml per unit) to make
a stock solution. This was divided into 1ml aliquots that were then stored at -20°C for

subsequent use. All drugs only underwent one freeze-thaw cycle.

2.3.3 PrROTOCOL

Prior to the start of experiments cells were pre-incubated in a low 1:100
concentration of the assay in L-15 based cell plating medium for 20 minutes, 37°C,
5% CO, 95% 0,. Coverslips were then transferred to a temperature controlled (37°C)
gravity fed perfusion chamber (volume: 500ul) on the stage of a Nikon Eclipse TE200-
U microscope. Cells expressing the transporter were selected for study based on
physical appearance and expression of a basal level of NTUA fluorescence under
phase contrast (excitation wavelength 440nm, emissions band 535+35nm) using a

10x air objective, changing to a 60x oil objective for recording (figure 2.3). Rate of
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intracellular fluorescence increase over time was measured by selecting a region of
interest (ROI) around the isolated cell. Images were acquired every 2 seconds using a
photometrics CoolSNAP HQ? camera, excitation wavelength 440nm, emissions band

535+35nm.

A control period of 5 minutes perfusion (3ml/min) in Tyrode solution to allow the
cells to equilibrate within the system, was followed by a 5 minute perfusion with

158) S0

Tyrode + NTUA (1:10) assay (concentration consistent with previous studies
that the assay was at a constant concentration within the extracellular solution of
the dish. The perfusion system was then stopped (to prevent any cell drift, and
preserve the volume of NTUA already in the chamber, reducing assay wastage), and
cells held stationary in the NTUA containing buffer at 37+0.5°C for 10 minutes,
where the rate of increase in fluorescence within the cell was recorded (figure 2.3.C).
Any cell in which there was either spatial or depth (due to loss of objective focus)
drift during the 10 minute hold were excluded from analysis as change in
fluorescence over time could not be accurately tracked (figure 2.4.).

2.3.4. CONFIRMATION OF NTUA SPECIFICITY TO THE NOREPINEPHRINE RE-UPTAKE
TRANSPORTER.

To confirm the specificity of the NTUA assay to NET the NET inhibitor desipramine®
(DMI 1uM) was added to the perfusing Tyrode solution and rate of fluorescence
increase in the presence of NTUA (1:10) and DMI measured. Desipramine is a
tricyclic antidepressant® and inhibitor of all major monoamine re-uptake
transporters (norepinephrine, dopamine and serotonin). Although the NTUA assay

has affinity for other monoamine transporter, there is no compelling data supporting
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Figure 2.3:

Figure 2.3: A, Bright field image of isolated sympathetic neuronal cells plated on poly-D-
lysine coated coverslips as imaged under Nikon Eclipse TE200-U microscope. B,
Sympathetic neurons after 20 minute NTUA (1:100) preload. Scale bar: 50pum.

—> 20 min

HIGH

Figure 2.3:C, Rate of intracellular fluorescence increases over time from low to high
during 10 minute NTUA (1:10) incubation.
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Figure 2.4
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significant expression of other transporters in the ganglia studied™°. Moreover, DMI
is a potent inhibitor of NET with a Ki of 4 nmol/L compared with the serotonin
transporter (Ki = 61 nmol/L: Sigma data sheet product code D3900). Therefore any
cellular fluorescence increase that occurred that could be blocked by DMI was

concluded to be due to NTUA uptake through the NET transporter.

Within all experiments after the first NTUA (1:10) hold (designated S1 throughout) at
20 minutes the perfusing Tyrode was changed to one that contained DMI (1uM). At
35 minutes cells were re-perfused with a Tyrode solution containing NTUA (1:10) +
DMI (1uM) and the hold protocol repeated from 40-50min (S2) (figure 2.4). Any cell
in which the increase in fluorescence was not blocked by DMI was excluded from
analysis (<5%), as any previous rate of uptake of the assay could not be confirmed to

be NET specific (figure 2.5.A).

Results were presented as increase in fluorescence over time, normalised to the
starting intracellular fluorescence of the cell at the start of each hold, allowing for
comparison of changes in rate that was independent of the initial fluorescence

(figure 2.6).

2.3.5. EFFECT OF TIME ON NTUA INDUCED INCREASE IN CELLULAR FLUORESCENCE.

Many fluorescent substrates and dyes used in microscopy protocols are known to be
susceptible to photobleaching affecting the integrity of results over time™®® '®1. The
NTUA assay has previously been shown to not be susceptible to photobleaching over

long protocols, but only bleaches when high intensity light is focused onto a small

area of tissue during FRAP (Fluorescent Recovery After Photo bleaching)

53



Figure 2.5:
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Figure 2.5: Rate of fluorescence increase in stellate neurons. Plotted as the gradient of
the slope derived from y=mx+c. fluorescence increase blocked by DMI A, a reduction in
uptake rate was observed with time (WKY n=18) B, Representative raw data trace of NET
activity over a longer protocol of $1/5S2/DMI as used during experiments carried out in
chapter 6, looking at the pharmacological regulation of NET. S2 second NTUA hold when

drug is present. Example from a time control trace where no drug was added.
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experiments**®. However, due to the inward kinetics of NET requiring the need for a
number of ionic asymmetries and the concentration dependent nature of the

transporter (as discussed in chapter one)®”

, time control experiments were
performed to ascertain if the was any change in intracellular fluorescence

accumulation rate over time of NTUA.

After an initial control recording (S1) cells were washed for a 15 minute period with
Tyrode solution, followed by a five minute perfusion of Tyrode + NTUA (1:10)
between 35-40min, corresponding with the maximum drug incubation time used
within other protocols. The hold protocol was repeated from 40-50 minutes (S2),
and an S2/S1 ratio for both groups of cells calculated to determine the role of time

alone on change of uptake rate (figure 2.5.B).

Unsurprisingly due to the nature of the experiment, with all slopes normalised to
their starting fluorescence, a reduction in uptake rate between S1 and S2 was
observed S1: WKY: 6.66 + 0.58 au/min’; S2: WKY: 2.65 + 0.25 au/min™, WKY n=18,)
(figure 2.6.B). This run down can be corrected for when data is presented as S2/51

ratio (drug treatment/control) for all groups.

2.3.6. ELECTRICAL FIELD STIMULATION OF ISOLATED POSTGANGLIONIC NEURONS.

To test the effect of neuronal excitability on NET, cell depolarization was induced by
electrical field stimulation (EFS) using a perfusion chamber adapted to contain
parallel platinum electrodes inside the chamber below the water line of the
perfusing solutions, connected to an external stimulator. Cells stimulated with EFS at

5Hz, 10V, 10ms pulse width, for 2.5min, from 7-9.5mins within the 10 minute NTUA
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1:10 hold (S1) (red bar, figure 2.4). Parameters were chosen to match stimulation
frequency and rate which shows submaximal noradrenaline release to right stellate
stimulation in the isolated double atria preparation®®®. Stimulation parameters were
confirmed to produce cell depolarisation using the Ca?* indicator fura-2, Ca®*
transients were observed intracellularly in correlation with turning on of the

electrical field stimulation.

2.4. Measurement of single cell norepinephrine release by amperometry.

Increased sympathetic nerve activity has been demonstrated by microneurography

studies within patients with established and borderline hypertension®**!. B

Y
measuring single cell neurotransmitter release within isolated neurons, changes in

sympathetic nerve transmission can be studied more directly.

Single cell noradrenergic neurotransmitter release can be detected by a number of
electrophysiological or electrochemical methods. Although to date this has
predominantly been carried out within cultures of small compact cells with known
high catecholamine stores such as adrenal chromaffin cells (ACCs)®* ® '%3: due to the
ease of cell shape and reliably high catecholamine release. Electrophysiology
indirectly measures catecholamine release utilising the property of membrane
capacitance (Cn). Either the whole cell or the secretory region of a cell are clamped
using a patch pipette, and change in membrane capacitance due to cell activation is
measured™®*. C,, which is proportional to the entire clamped surface area of the cell
increases upon fusion of exocytotic vesicles with the plasma membrane, allowing the
total cellular exocytosis that occurs within the clamped region to be measured.

However, electrophysiological measurements can only be performed with a
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successful cell surface clamp, therefore is not possible within complex structures
such as neuron dendrites. Membrane retrieval of an exocytotic vesicle also
counteracts the change in C, due to vesicle fusion therefore can lead to an
underestimation of total exocytosis. The nature of the membrane clamp also means
that whole cell capacitance is recorded with no details on the distribution of release

. . . 1
sites of composition of vesicles®”.

Alternatively, electrochemistry allows for the direct measurement of single cell
neurotransmitter release by utilising the property that catecholamine molecules are
oxidisable. The technique developed in the 1970’s has now been optimised and used
in a variety of preparations from ACC cell cultures to brain slices®® % ¢,
Catecholamines oxidise when they come into contact with a probe being held at a
charge greater than their oxidation potential, resulting in a positive signal. The

oxidation potential for NE is +780mvVv '

. The advantages of electrochemical
methods over electrophysical are that they allow for a quantifiable measurement of

localised neurotransmitter release independent of cell geometry.

To date, due to challenges involved with electrochemical measurements from
neurons, NE release from sympathetic nerve endings has been limited to measuring
collective release from a number of varicosities in mature tissue. To directly
ascertain a role for altered NE release within cardiac sympathetic neurons in
hypertension an electrochemical amperometry based technique was developed to

measure NE release between dissociated sympathetic neurons of the SHR and WKY.

2.4.1. VALIDATION OF CARBON FIBRE PROBE.
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As discussed free NE will oxidise when it comes into contact with a carbon fibre
probe held at an oxidation potential of +780mV*®®.  Spatial resolution of
electrochemical methods depends on the exposed carbon surface of the probe and
the diffusion characteristics of the catecholamine in the tissue. Probes with a slightly
extended cylindrical surface of exposed carbon fibre are regularly used for cyclic
voltammetry and measurement within brain slices detecting catecholamine release
within a greater area®. Where as, probes with an active discoid surface of about
5um diameter positioned within about 0-5um of a release site have been shown to

. . . 17
allow for the resolution of single exocytotic release events'’.

Carbon fibre electrodes (CFE’s) were originally purchased from ALA-Science
(Farmingdale, NY) (figure 2.7.A.). The ALA-science CFE’s are insulated with
electrophoretic deposition paint (EDP), a method previously described'’* (pre-CFE).
EDP has advantages over traditional methods of insulating carbon fibre probes by
providing a thinner, more flexible coating around the carbon fibre than pulled glass
capillary, Sylgard sealed probes. This allows for greater positioning accuracy within
close proximity of the cells (figure 2.9.A). The low dielectric constant of EDP coated
probes results in low capacitance and noise measurements compared to traditional
methods. Where as, EDP compared to electropolymerization of phenol compounds
has the significant advantage of greater simplicity, shorter processing times and

.. . 171
lower toxicity of reagents involved™"".

CFE’s were freshly cut to expose a discoid carbon surface and tested by low cyclic
voltammetry (100mV/sec, 0.5V to -0.4V to 0.5V) in ferricyanide solution (ImM in

0.5M KCL, pH3'"!) (figure 2.7.B&C) before each experiment. Only cuts displaying

59



Figure 2.7:
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Figure 2.7: A, Carbon fibre electrode with electropaint deposition coated insulation as supplied
from ALA-Scientific. B, Testing integrity of the insulation and seal around the discoid surface of
the carbon fibre of a trimmed electrode. (i) Cyclic voltagram for the reduction of potassium
ferricyanide (1mM) in 0.5M KCI, pH 3, scan rate 100mV/s. (ii) Corresponding current trace to
cyclic voltagram in (i). (iii) combined image of the down and upstrokes of the current trace. A
‘good’ electrode is determined by a steep slope and overlapping curves as seen in (iii).
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Figure 2.7: C, Example screen print pCLAMP software (Molecular Devices, Sunnyvale CA). Cyclic

voltagram for the reduction of potassium ferricyanide (1mM) in 0.5M KCI, pH 3, scan rate
100mV/s, within our set up. 60



smooth, overlapping reductions curves with no hysteresis were used for
experiments. The maximal reduction current in ferricyanide varied between cuts and
is dependent on the total exposed surface of the carbon but does not affect

recording of event properties'®.

2.4.2. VALIDATION OF THE DETECTION AND OXIDATION POTENTIAL OF NE USING CFE.

Within chamber norepinephrine voltage ramps

In order to test the system functionality and the ability of the CFE to detect a given
concentration of NE slow voltage ramps (100mV-1000mV, 100mV, 4sec each step)
were performed with the CFE held in a either Tyrode solution or 50uM NE (figure
2.8). Positive signals are detected upon oxidation of molecules on the exposed
carbon fibre surface of the probe. The optimum oxidation potential for 50uM NE was
observed to be at 800mV, consistent with the 780mV previously reported*®®. No
oxidation was observed within Tyrode solution until very high potentials, confirming

the specificity of the CFE to detect NE when held at a potential of 780mV.

To assess the sensitivity of the CFE to detect dynamic changes in NE concentration
the slow volt ramps were repeated in solutions containing 10uM, 50uM, 100uM, and
500uM NE (figure 2.8.B). Increasing concentrations of NE resulted in a higher current
detected at 800mV (880mV: 10uM NE, 0.054nA; 50uM NE, 0.096nA; 100uM NE;
0.135nA, and 500uM NE; 0,381nA), confirming the sensitivity of the CFE to detect

NE.
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Figure 2.8:
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Figure 2.8: A, Voltage ramp, 100mV, 4 seconds per step. 50uM NA (red) and Tyrode solution
(black). Optimum oxidisation potential for NA 800mV.
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Figure 2.8: B, Voltage ramp, 100mV, 4 seconds per step. 10uM NE, 50uM NE, 100uM NE, 500uM
NE, and Tyrode solution. Increased current detected upon oxidation of NE on carbon fibre probe
with increasing concentrations of NE. Some oxidation is expected in Tyrode at very high
electrical potentials.
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Bath perfusion of norepinephrine

The ability of the CFE to detect changing concentrations of NE within the chamber
and time course between change in perfusion solution and signal detection was
tested. The CFE was positioned in the gravity fed perfusion chamber using a
micromanipulator (Scientifica, UK) and charged to a driving voltage of 780mV. A
general perfusion containing normal Tyrode solution was switched to one containing
50uM NE for 30 seconds, The current detected upon chamber perfusion of 50uM NE
with a holding potential of 780mV was comparable to the current detected to
800mV in the voltage ramp in 50uM NE solution. Following 30sec 50uM NE
perfusion was switched back to normal Tyrode, current returned to a steady base
line. 50uM NE 30sec perfusion was repeated at three-minute intervals. Some
reduction in the peak oxidation current occurred with repeated stimulations,
however this is likely due to the un-physiologically high concentration of
noradrenaline used. Detection of exocytotic release events within individual
sympathetic neurons is expected to contain much lower concentrations of NE;
therefore any detectable change in the measurement of spike concentrations or

kinetics is unlikely to occur over the length of the experimental protocol®.

2.4.3. PROTOCOL REFINEMENT: CHANGE TO PRO-CARBON FIBRE ELECTRODE

Great inconsistences occurred in the quality of the original pre-CFE’s purchased from
ALA-science that were previously described. Therefore to optimise the system a
newly developed subtype of the carbon fibre microelectrode was tested, the Pro-

CFE. The Pro-CFE is a polypropylene-insulated carbon fibre microelectrode
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specifically designed to provide noise free fast and quantal secretion from single
cells. The advantages of the Pro-CFE over paint type pre-CFE’s are the reduced
length of the carbon fibre tip of the Pro-CFE, reducing the mechanical instability, and
degradation of the signal from the electrode over time (due to the paint isolation

172

dissolving gradually into the bath solution during experiments)™'*. The Pro-CFE is also

cheaper to manufacturer.

Pro-CFE’s are manufactured by inserting a carbon fibre into a polypropylene pipette
and heat pulling the pipette to produce a seal at the carbon fibre!’2. Electrical
contact with the carbon fibre is made by backfilling the electrode with mercury

172 The Pro-

which is then placed in contact with the input wire (Ag) of the headstage
CFE produced more reliable, consistent, results with less noise therefore was used in

experimental studies.

2.4.4. EXPERIMENTAL PROTOCOL.

Postganglionic sympathetic neurons from the cardiac stellate ganglia of P; neonatal
SHR and WKY rats were isolated, disassociated and plated onto 5mm coverslips as
previously described in sections 2.2. Coverslips were then transferred to a gravity
fed perfusion chamber (volume: 500ul) on the stage of a Nikon Eclipse TE200-U

microscope.

Prior to the start of each experiment the CFE was positioned in the recording
chamber using a micro-manipulator (Scientifica, UK) and charged to a driving voltage

of 600mV. CFEs were manually positioned to touch a 4-5 cell sympathetic neuron
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cluster (figure 2.9.A). A micro-puffer pipette was positioned on the other side of the

cell for depolarisation.

A control period of 3-5 minutes in Tyrode perfusion was given at the start of each
experiment to allow the trace to settle to a stable baseline. High K* (80mM) Tyrode
was administered transiently in close spatial proximity to the cell by a patch
electrode based glass puffer pipette (100mM K+, 2 secs) to trigger cell depolarisation

d'®®. Detection of exocytotic release events of

based on a method previously describe
NE to cell depolarisation was detected as a positive signal. High K" induced cell
depolarisation was repeated at 2-3 minute intervals.

2.4.5. TESTING RELIABILITY OF EVENT DECTECTION CORRELATES WITH NOREPINEPHRINE
RELEASE.

To test if the release events detected in response to high K*, were exocytotic release
events and not noise, experiments were repeated with a proCFE holding potential of
600mV — 0 mV — 600mV. Noradrenaline will oxidise when it comes into contact with
a probe held a 600mV, producing a positive signal. At Omv NE does not oxidise
therefore no positive signal in response to K™ is seen. On return to 600mv the signals

associated with the stimulation return (figure 2.9).

2.4.6. ACQUISITION AND ANALYSIS OF AMPEROMETRIC DATA.

Data were acquired using a VA-10X amplifier, gain 50, low pass filter 100 Hz, (npi
electronic instruments, Tamm, Germany), driven through a Digidata 1440A data

acquisition system (Molecular Devices, Sunnyvale, CA) by PCLAMP software
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Figure 2.9:
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Figure 2.9: A, Carbon fibre electrode and depolarisation puffer pipette positioned close to
postganglionic stellate neurons. B, Example trace of current spike detected in response to

cell depolarisation (100mM K+). Parameters analysed, peak amplitude, dwell time of spike
(red). Scale bar 50um.
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Figure 2.9: C, Raw data trace, high K" (80mM) puffed onto P; neonatal cell culture for 2 seconds
at the red triangle, 10 secs post the start of each trace. Carbon fibre electrode held at a
potential of 600mV — OmV — 600mV respectively on the same cell culture. K depolarisation is
seen to produce positive signals at 600mV (the smaller spikes, not large displacement which is
an artefact of the depolarisation) but not OmV. This confirms that the spikes observed on the

600mV traces are due to oxidation of the CFE by a substance, consistent with literature likely to
be NE.
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(Molecular Devices Sunnyvale, CA). Recordings were stored for offline analysis, with

a 30Hz high pass filter applied.

Analysis was performed using the clampfit application within pCLAMP. Peaks were
detected using a semi-automatic event detection function after the setting of
baseline and peak parameters. Any peaks detected were visually inspected to
confirm time course and kinetics were consistent with an exocytotic release event.
Any records detected with kinetics that did not seem consistent with a typical
release event were discarded from analysis. Peak amplitude, abd time course (dwell

time), were calculated for each spike (figure 2.9).

2.5. MEASUREMENT OF [*H]- NOREPINEPHRINE RELEASE.

Spontaneously beating double atria were isolated and transferred to a pre-heated
(37+0.2°C), water jacketed, carbogen-aerated water bath containing 3ml Tyrode
solution, where the atria were pinned flat over a silver stimulating electrode. The
method for determining local NE release was based on one previously described®”>.
Following a 20min equilibration period, Tyrode solution replaced every 10min; the
double atria preparation was incubated with 5uM 3H-NE (0.185 MBg, ARC) and
ascorbic acid (30uM/L, Sigma). The atria were stimulated at 5Hz (15 V, 1ms pulse
width) for 10 s every 30 s, for 30min to facilitate uptake of *H-NE into the transmitter
stores of the pre-synaptic terminal. Following *H-NE incubation excess radioactivity
was washed from the preparation with Tyrode’s solution superfusion for 45min, at a
rate of 3ml/min. Bath solution was then replaced every three min for 60min. A 0.5ml

sample from each solution change was added to 4.5ml scintillation liquid (Ecoscint A,

National Diagnostics) and the amount of radioactivity measured (counts per minute,
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CPM) using a liquid scintillation counter (Tri-Carb 2800TR, Perkin-Elmers life science).
At 16min the atria were stimulated at 5Hz for one min (stimulation 1, S1). The bath
solution from 27min onwards was changed to contain one drug (desipramine 1uM,
Sigma, or yohimbine 1uM, Sigma). A second stimulation (S2) was applied at 49min.

The *H-NE outflow was calculated as a proportional percentage increase:

*H-NE outflow= [(CPMy) - CPMy))/CPM »]x100

(CPM(x) = CPM immediately before stimulation; CPM(y,) = CPM immediately after
stimulation.)
A control experiment demonstrated no significant change in the magnitude of the

. . 17
response over two stimulations (n = 4)*".

2.6. HEART RATE AND BLOOD PRESSURE RECORDING.

2.6.1. IN VIVO HEART RATE AND BLOOD PRESSURE RECORDING.

Heart rate and blood pressure in vivo is often measured within rodents using a tail
cuff method by inflating the cuff around the rodents tail to occlude blood flow.
Haemodynamic measurements are then recorded upon deflation by one of several
types of blood pressure sensor placed distal to the cuff. Although, this technique is
non invasive, and great advances within volume pressure recording (VPR) have been

174

made™"", tail cuff recordings can still be subjected to more movement and

temperature artefacts with measurement of blood pressure through carotid artery

cannula still being considered the gold standard®”>.
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In order to achieve a simultaneous recording of blood pressure and heart rate in vivo
the left carotid artery was cannulated with a 3F portex cannula connected to a
pressure transducer and data acquired using a biopac M150 system (AcqKnowledge
3.9.2 software)'’®. Rats were ventilated under anaesthesia (3% isoflurane, 100%
oxygen) throughout the procedure. Experiments were carried out under a heat lamp,
with the animal resting on a 37°C heat mat to maintain appropriate body
temperature. An equilibration period of 5 minutes allowed the system to stabilise
before heart rate and blood pressure readings were taken. The in vivo set up also
allowed for the direct cannulation of the vena cava for the administration of drugs to
assess their affect on haemodynamic parameters between the different animal

models and in response to direct vagal nerve stimulation (figure 2.10).

2.6.2. IN VITRO HEART RATE RECORDING.

In vitro heart rate recording has been used to measure the effect of sympathetic
stimulation on heart rate within an isolated double beating atria preparation as
previously described'®”'’®. The mediastinum and thorax were immediately removed
from terminally anesthetised rats and the ventricles perfused with heparinized
Tyrode solution (1,000U/ml) to prevent blood clots forming in the atria. Both atria
and the right stellate ganglion were dissected free from the ventricles and a suture
placed on the lateral edges of both atria. Within a preheated (37°C) water jacketed
bath the left atrium was connected to a stainless steal hook, and the right atrium
was connected to a force transducer for the recording of heart rate. The right
stellate ganglion was placed through a pair of platinum electrodes and connected to

a stimulator (figure 2.10.C).
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Figure 2.10:
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Figure 2.10. A, Raw data of in vivo blood pressure and heart rate of anesthetised WKY rat.
Recorded using a biopac M150 system connected to a Dell computer running AcqKnoledge
3.9.2 software. B, vagal stimulation in vivo decreases heart rate. C, ex-vivo double atria with
attached stellate preparation. Stellate stimulation increases heart rate.
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Before starting each protocol, mounted atria were allowed to equilibrate for 45 min
in Tyrode solution until beating rate stabilized (+5 beats per minute). The stellate
was stimulated at 1,3,5 and 7 Hz (20V, 1ms pulse duration for 30s). Tyrode solution
was replaced approximately every 30min throughout each protocol. Data was
obtained using a biopac M150 system connected to a Dell computer running

AcgKnowledge 3.9.2 software.

2.8. IMAGING OF ISOLATED POSTGANGLIONIC SYMPATHETIC NEURONS-
IMMUNOHISTOCHEMISTRY.

Immunohistochemistry was used to confirm that postganglionic neurons isolated
from major sympathetic ganglia were sympathetic in origin and remained
sympathetic post isolation. Animals were terminally anaesthetised by 3% isoflurane,
then humanly killed by the approved home office schedule 1 method of overdoes of
pentobarbital followed by exsanguination. Sympathetic ganglia were removed and
postganglionic neuronal cells isolated and plated on laminin-coated coverslips as

previously described.

Two-Three days post culture (to mirror the time period in which cells are used for
experimental protocols); coverslips were first washed once in phosphate buffered
saline (PBS)(Sigma) to remove any cell medium. Cells were then fixed with 2%
paraformaldehyde (Sigma) for 10 minutes at room temperature, followed by three x
five-minute washes in PBS. Neurons were permeabilized using a permeabilization
and blocking solution containing 0.1% Triton-20 (Sigma) + 1% bovine serum albumin

(BSA) in PBS for 20-30min at room temperature followed by two x washes in PBS.
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Neurons were then incubated in primary antisera, rabbit anti-TH (1:200) in
1%BSA/PBS for one hour, 37°C. Following incubation neurons were then washed
three x five-minute in PBS and incubated in the secondary antisera Alexa Fluor 647
goat anti-rabbit IgG (1:200)(Invitrogen) in 1%BSA/PBS for one hour, 37°C. Neurons
were washed once in PBS before incubating in DAPI (1:1000) a nuclear stain for three

min, room temp, followed by three x five-minute washes in PBS (figure 2.11).

Sympathetic labelling was viewed using a Nikon Eclipse TE200-U microscope

excitation wavelength 640nm, emissions 700+75nm.

2.9. QUANTIFICATION OF PROTEIN EXPRESSION LEVELS IN SYMPATHETIC NEURONS-
WESTERN BLOT ANALYSIS

Protein expression levels within the SHR and WKY sympathetic ganglia were
determined using western blot. Western blotting can detect the presence and to
some degree the expression level of the protein within a given sample. By loading
equally amount of protein into each well, and by normalising the optical density of
the band of the desired protein to a loading control differing protein expression

levels between samples can be measured.

Stellate ganglia were dissected placed in ice-cold L-15 medium and carefully cleaned
of connective tissue before rapidly preserving in liquid nitrogen. Frozen tissue was
homogenized in lysis buffer (CellLytic) and a cocktail of protease inhibitors at a ratio
of 40:1 (Sigma, U.K.) followed by four freeze-thaw cycles. Homogenized tissue was
centrifuged at 14,000 r.p.m, 10 minutes, 4°C and the supernatant collected. Protein

concentrations were measured using the Bio-Rad DC protein assay kit. 40ug of
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Figure 2.11:

Phase-contrast TH DAPI MERGE

Figure 2.11, Positive immunoreactivity to sympathetic marker tyrosine hydroxylase in

WKY sympathetic neurons. DAPI is a nuclear stain. Scale bar: 50um.

Figure 2.12:

TH 62kDa

B-actin 42kDa

Figure 2.12, Expression levels, using western blot, of loading control B-actin and
tyrosine hydroxylase in homogenised stellate ganglia.
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stellate protein was separated on 4-15% gradient Tris-HCL gel (Criterion, BIO-RAD)
and resolved proteins transferred to a PVDF membrane (Immobilon-P 0.45um,
Millipore) by electroblotting. Membranes were blocked in 5% non-fat dried milk in
PBS/0.05% Tween-20 (Sigma) at room temperature, then incubated overnight in
primary antiserum (1:1000 rabbit pAb anti-tyrosine hydroxylase and 1:200 rabbit
pAb B-actin, abCam) PBS/0.05% Tween-20 solution at 4°C. Reactive bands were
visualized with Plus-ECL reagent (Perkin Elmer). Results are normalized to the GAPDH

loading control (figure 2.12).

Analysis of the exposed reactive bands needs to be taken with caution. As with
immunohistochemistry, any membrane exposed for long enough will fluoresce due
to the intrinsic auto-fluorescence of proteins. Therefore, the intensity and duration
of exposure for western blot membranes has to be carefully monitored. Over
exposure of a loading control to expose the desired band can lead to a non-linear

interpretation of protein concentration between bands during normalisation.
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CHAPTER 3.
EXAGGERATED PERIPHERAL
SYMPATHETIC CONTROL OF HEART RATE
IN THE PRE-HYPERTENSIVE
SPONTANEOUSLY HYPERTENSIVE RAT
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3.1. INTRODUCTION.

39-41, 43, 44, 177
and

Sympathetic hyperactivity is a key feature of essential hypertension
may arise at several distinct neuroanatomical sites. Recently major changes have
been reported at the end organ level in peripheral cardiac sympathetic
neurotransmission in the adult spontaneously hypertensive rat (SHR) compared to

1 7,77,162, 17 i
/35,37,77,162, 178 At 16 weeks of age there is

normotensive Wistar Kyoto rats (WKY)
evidence of significantly elevated heart rate and mean arterial pressure within the
SHR '®2, indicating that the SHR have established hypertension by this age. The SHR
at 16 weeks also display evidence of left ventricular hypertrophy 2, and increased
NE release >’ which are phenomena associated with both human and animal models

179181 " A larger tachycardia on stimulation of the right stellate

of hypertension
ganglion '*% is also observed in the adult SHR. Cultured neurons from the stellate
ganglion of adult SHRs have larger depolarisation induced calcium transients
compared to WKYs *, and this may drive a greater calcium dependent exocytotic
release of NE. Increased NE release appears to be further exacerbated by an
observed reduction in the autoinhibtory action of the pre-synaptic a, adrenoceptor
7 Alongside the end organ sympathetic signalling dysfunction observed in the adult

SHR, the heart rate response to stimulation of the cervical vagus nerve is diminished

in the SHR compared to age matched WKYs .

A number of recent studies provide evidence that dysregulation of cardiac
sympathetic neurotransmission may arise before the onset of hypertension in the

SHR. At around four weeks of age when the SHR is still normotensive compared to
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age matched WKY animals an increased intracellular calcium transient in response to
neuronal depolarisation has been described in stellate and superior cervical ganglia
(SCG) neurons’. Dysregulation in the action of the norepinephrine re-uptake
transporter (NET) has also been observed in a number of studies of young and older

140, 182 .
0.182 " However, the functional

SHR compared to WKY (see chapters four and five)
significance of these observations in terms of NE release and peripheral cardiac
sympathetic control of heart rate is unknown. It is also currently unknown the
degree to which SHR display compensatory mechanism to hypertension, such as left

ventricular hypertrophy or reduced o, receptor auto-inhibition at this

developmental age.

| therefore hypothesised that end organ cardiac sympathetic neurotransmission may
be altered in the young four week pre-hypertensive SHR, before the animal develops
the higher resting heart rate and elevated arterial blood pressure that is associated

with hypertension.

3.2 METHODS

3.2.1. ANIMALS.

Age and weight matched four to five week (60g-110g) male SHR and WKY rats were
purchased from Harlan (Biscester, UK), and housed under standard laboratory
conditions. All experiments were performed under British Home Office license
requirements (PPL 30/2360) in accordance to the Guide for the Care and Use of

Laboratory Animals published by the US National Institutes of Health (NIH
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Publication No. 85-23, revised 1996) and the Animals (Scientific Procedures) Act

1986 (UK).

3.2.2. VENTRICULAR WEIGHT: BODY WEIGHT RATIO

To determine the degree of left ventricle hypertrophy as a measure of cardiac
remodelling during hypertension™®® between the two groups the whole body weight
and then the dissected ventricular weight of each rat was measured, and the

ventricular weight:body weight ratio was calculated.

3.2.3. HAEMODYNAMIC MEASUREMENTS AND HEART RATE RESPONSES TO VAGUS NERVE
STIMULATION IN-VIVO.

Baseline haemodynamic measurements of heart rate and blood pressure within the
SHR and WKY rats, as well as monitoring heart rate change to in vivo vagus nerve
stimulation, was measured in rats that were ventilated under anaesthesia (3%
isoflurane and 97% oxygen) as a terminal procedure. The left carotid artery was
cannulated with a 3F portex cannula, based on a method previously described’>.
The cannula was connected to a calibrated pressure transducer and data acquired
using a biopac M150 system and data acquired using a Macbook Pro computer
running AcgKnolege 3.9.2. software. Following an equilibration period of 5-10
minutes, heart rate and blood pressure recordings were taken as an average over 30
seconds, at a rate of 200 Hz. In a subset of experiments the right vagus was isolated,
crushed distal to the heart and stimulated at 3Hz and 5Hz (20V, 1msec pulse

duration for 30s) and heart rate response recorded.
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3.2.4. Measurement of heart rate response to right stellate stimulation in vitro
In order to measure heart rate responses to sympathetic nerve stimulation (SNS),
spontaneously beating atria with intact sympathetic innervations and right stellate
ganglia were isolated and responses to SNS measured based on a method previously

162,176
d

describe . For methods see chapter two.

3.2.5. MEASUREMENT OF LOCAL 3H-NE RELEASE FROM ISOLATED DOUBLE ATRIA.

Spontaneously beating double atria were isolated and transferred to a pre-heated
(37+0.2°C), water jacketed, carbogen-aerated water bath containing 3ml Tyrode
solution, where the atria were pinned flat over a silver stimulating electrode. The
method for determining local NE release was based on one previously described®”>.
Briefly following a 20min equilibration period, Tyrode solution replaced every 10min,
the double atria preparation was incubated with 5uM *H-NE (0.185 MBg, ARC) and
ascorbic acid (30uM/L, Sigma). The atria were field stimulated at 5Hz (15 V,1ms
pulse width) for 10 s every 30 s, for 30 min to facilitate uptake of *H-NE into the
transmitter stores of the pre-synaptic terminal. Following *H-NE incubation excess
radioactivity was washed from the preparation with Tyrode solution superfusion for
45min, at a rate of 3ml/min. Bath solution was then replaced every 3min for 60 min.
A 0.5ml sample from each solution change was added to 4.5ml scintillation liquid
(Ecoscint A, National Diagnostics) and the amount of radioactivity measured (counts
per minute, CPM) using a liquid scintillation counter (Tri-Carb 2800TR, Perkin-Elmers
life science). At 16 min the atria were stimulated at 5Hz for 1min (stimulation 1, S1).

The bath solution from 27 min onwards was changed to contain one drug

(desipramine 1uM, Sigma, or yohimbine 1uM, Sigma). A second stimulation (S2) was
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applied at 49 min. The *H-NE outflow was calculated as a proportional percentage

increase, see chapter two.

3.2.6. MEASUREMENT OF CELLULAR NOREPINPEHRINE RELEASE USING CARBON FIBRE
AMPEROMETRY

Stellate neurons were isolated from SD, SHR and WKY P3; neonatal rats, by methods
previously described in chapter two. Neonatal rats, rather than four week old rats
were used for amperometry experiments as the isolation of neurons at this age
results in the formation of multi-cell clusters. With extensive testing it was found
that consistent reproducible NE detection was not possible from single isolated cells,
therefore cells forming in 4-5 cell clusters were used. This offers limitations as
clusters would contain slightly varying number of cells, which could effect results.

These were preliminary tests, with further work can be corrected for in the future.

6mm diameter coverslips with neonatal stellate cells were left for 3 days post culture
(consistent with testing for reliable NE release). Coverslips were transferred into a
500ul gravity perfused chamber on top of a microscope stage with two
micromanipulators. The micromanipulators were used to position one pro-CFE (held
at a potential of -600mV) and one micro-puffer pipette within close proximity of the
cell cluster. Following an equilibration period cells were depolarised by high K*

(80mM), two seconds, administered via the micro-puffer-pipette.

Data were acquired using a VA-10X amplifier, gain 50, lowpass filter 100 Hz, (npi

electronic instruments, Tamm, Germany), driven through a Digidata 1440A data
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acquisition system (Molecular Devices, Sunnyvale, CA) by PCLAMP software
(Molecular Devices Sunnyvale, CA). Recordings were stored for offline analysis, with
a 30Hz filter applied. Analysis was performed using the clampfit application within

pCLAMP. Peak amplitude, dwell time (time course), were calculated for each spike.

3.2.7. Measurement of tyrosine hydroxylase protein expression by western blot
analysis.

Dissected stellate ganglia were carefully cleaned of connective tissue before rapidly
preserving in liquid nitrogen. Frozen tissue was homogenized in lysis buffer (Cellytic)
and a cocktail of protease inhibitors at a ratio of 40:1 (Sigma, U.K.) followed by four
freeze-thaw cycles. The homogenized stellate ganglion tissue was then centrifuged
at 14,000 r.p.m, 10 minutes, 4°C from which the supernatant collected. Protein
concentrations were measured using the Bio-Rad DC protein assay kit. 40ug of
stellate protein was separated on 4-15% gradient Tris-HCL gel (Criterion, BIO-RAD)
and resolved proteins transferred to a PVDF membrane (Immobilon-P 0.45um,
Millipore) by electroblotting. Membranes were blocked in 5% non-fat dried milk in
PBS/0.05% Tween-20 (Sigma) at room temperature, then incubated overnight in
primary antiserum (1:1000, rabbit pAb anti-tyrsosine hydroxylase, and 1:200 rabbit
pAb B-actin,, abCam) PBS/0.05% Tween-20 solution at 4°C. Reactive bands were
visualized with Plus-ECL reagent (Perkin EImer). Results are normalized to the B-actin

loading control. See chapter two.
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3.2.8. PLASMA NEUROPEPTIDE Y (NPY) LEVELS.

Another method of determining the level of cardiac sympathetic activity within the
young SHR and WKY rats is to measure the level of free circulating sympathetic co-
transmitters, such as NPY, that are released in unison with NE from the
postganglionic neuron during high sympathetic drive.

In a subset of animals immediately following terminal anaesthesia, on opening the
thorax a 26-gauge needle was inserted through the right ventricle to the level of the
right atria and 0.5ml blood sample obtained. The sample was immediately
centrifuged (10min, 13,000rpm) to isolate plasma and snap frozen at -80°C. NPY
concentration was measured using a commercially available ELISA (S 1346, Peninsula

Laboratories, Bachem) against serially diluted protein standards.

3.2.9. Solutions and drugs.

Rat Tyrode’s solution for the isolated atria preparation contained (mmol/L NaCl 120,
KCl 4.7, MgS0,4 1.2, KH,PO4 1.2, NaHCO3 25, CaCl, 2 and glucose 11), constantly
aerated with carbogen (5% CO, 95% O,) to maintain pH 7.4. Experiments using >H-NE
and ascorbic acid were carried out in the dark due to the light sensitivity of the drug.
Desipramine (1uM, Sigma) was used at a concentration previously shown to
completely inhibit NET*®, and yohimbine (1uM, Sigma) at a concentration used to
completely block a, in a similar preparation'®. Drugs were made up and stored as
stock solutions (ImM) and diluted to the desired concentration on the day. All drugs

under went no more than one freeze thaw cycle.

82



3.2.10. STATISTICS.

All statistical analysis was carried out using GraphPad Prism (GraphPad Software, San
Diego, CA, USA). Data was presented as means+SEM and all data passed a normality
test. Analyses between groups of data were done using an unpaired Student t test
assuming unequal variance. For all experiments, statistical significance was accepted

at P<0.05.

3.3 RESULTS:

3.3.1 BASELINE HAEMODYNAMIC CHARACTERISTICS

At four weeks of age the SHR (n=19) did not show any change in in vivo systolic,
diastolic or mean arterial blood pressure compared to WKY rats (n=20), measured
under general anaesthesia. However, the SHR displayed a small but significant
resting tachycardia compared to WKY under these conditions (figure 3.1). After the
removal of the spontaneously beating atria and equilibration of the organ within
water bath no difference in in vitro baseline atrial rate between SHRs (n=9) and
WKYs (n=7) was observed. At four weeks there was no difference in the ventricular
weight: body weight ratio between the SHR (n=19) and WKY (n=21), indicating no
left ventricular hypertrophy within the SHR. Animals were age matched and were of
a similar weight as shown in Table 3.1.

Although these results present a lower blood pressure than in awake animals, the
mean arterial blood pressures are still physiological. Telemetry and tail cuff

introduces a lot of variability into measure of blood pressure and heart rate. Even
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Table 1.

Baseline haemodynamic measurements

WKY SHR
In vivo Systolic Blood Pressure (mmHg) 8813 (n=20) 8912 (n=18)
In vivo Diastolic Blood Pressure (mmHg) 49+4 (n=20) 51+3 (n=18)
In vivo Mean Arterial Blood Pressure (mmHg) 66+3 (n=20) 69+3 (n=18)
In vivo Heart rate (bpm) 298+11 (n=20) 334+9* (n=19)
In vitro Heart rate (bpm) 28619 (n=16) 298+7 (n=19)
Body weight (g) 97+ 4 (n=48) 96+ 3 (n=53)

Table 1. No statistical difference in in vivo systolic, diastolic or mean arterial blood pressure, or in

vitro atrial rate is observed between 4 week old SHRs and WKYs, which are also of a similar weight.

However, in vivo heart rate was significantly increased in the SHR (*P<0.05, unpaired t test).
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under general anesthesia the increase in heart rate is small, power analysis
calculated prior to experiments revealed n=20 was required for each group to reveal

184
I.

a statistical significance. Another recent study by Komolova et. al.™", supports these

general anesthetic findings with telemetry results.

3.3.2 IN VIVO HEART RATE RESPONSE TO PARASYMPATHETIC STIMULATION

There was no difference in the heart rate (bpm) response to right vagal stimulation
between the SHR and WKY at either 3 or 5Hz (3Hz: SHR, n=9, WKY, n= 6. 5Hz: SHR,

n=12, WKY, n=10) in-vivo (figure 3.2).

3.3.2 IN VITRO HEART RATE RESPONSE TO SYMPATHETIC STIMULATION

The heart rate response to stimulation of the right stellate ganglia in the isolated
atria preparation was significantly higher in the pre-hypertensive SHR compared to
age matched WKYs at 5 and 7Hz (5Hz: SHR, 96.75+4.4 bpm, WKY, 81.71+5.4 bpm.

7Hz: SHR, 108.6+6.5 bpm, WKY, 80.60+4.5 bpm, n=7; figure 3.3).

3.3.3 SYMPATHETIC NEUROTRANSMITTER RELEASE

The level of *H-NE release in response to field stimulation of double atrial
preparations was significantly higher in the pre-hypertensive SHR compared to age
matched WKYs (SHR: 82.14+10.5 %, n=17 Vs WKY: 56.05+7.0 %, n=16; figure 3.4).
Similarly, plasma levels of the sympathetic co-transmitter NPY sampled from the
right atria, were also significantly elevated in the SHR (SHR: 15.70+3.1 nM, n=12.

WKY: 8.4611.4 nM, n=12) (figure 3.4.C).
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Figure: 3.1
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Figure 3.1: Raw data traces obtained from four week SHR and WKY under 3% isoflurane anaesthesia,
recorded using a biopac M150 system connected to a Dell computer running AcqKknowledge 3.9.2
software. Top red trace blood pressure measured in mmHg, oscillations in blood pressure can be seen
consistent with breathing. No change in mean arterial blood pressure between SHR and WKY. Lower
blue trace, heart rate in beats per minute (BPM), SHR displayed a small but significant tachycardia
compared to WKY at this age.
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Figure: 3.2
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Figure 3.2 : A, Representative raw data trace and B, group mean data demonstrating that the heart
rate response to vagal nerve stimulation was similar in the pre-hypertensive SHR (3Hz: n=9, 5Hz: n=
12) compared to WKY (3Hz: SHR, n= 6. 5Hz: n=10).
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Figure: 3.3
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Figure 3.3 : A, Representative raw data trace and B, group mean data demonstrating that the heart
rate response to right stellate ganglion stimulation was significantly larger in the pre-hypertensive
SHR (n=9) compared to WKY (n=7), significant at 5 (¥*P<0.05, unpaired t test) and 7Hz (**P<0.01,

unpaired t test).
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Figure: 3.4
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Figure 3.4: A, Representative raw data
and B, group mean data showing
increased *H-NE release from isolated
double atrial preparations in response
to electrical field stimulation (S1, 5Hz)
in the pre-hypertenisve SHR (n=17)
compared to age matched WKY (n=16),
(*P<0.05, unpaired t test). C, Plasma
levels of the sympathetic co-
transmitter  neuropeptide-Y  (NPY)
sampled from the right atria were also
significantly higher within the SHR
(n=12) compared to WKY (n=12),
(*P<0.05, unpaired t test).
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3.3.4 Re-uptake and autoinhibition of NE release

To determine whether the rate of the NE re-uptake contributed to the increased NE
release observed in the SHR, despiramine was used as an inhibitor of NET.
Desipramine normalised the difference in release of *H-NE to field stimulation
between the SHR and WKY (SHR: 97.19+7.8 %, n=10. WKY: 106.0+11.5 %, n=8)
(figure 3.5). To determine if reduced levels of a, adrenoceptor auto-inhibition may
contribute to the increased NE release observed in the SHR, yohimbine was used a
potent and selective a, antagonist. Yohimbine did not normalise the difference in
>H-NE release between pre-hypertensive SHRs (n=7) and WKYs (n=8). In fact the
difference in >H-NE release between the SHR and WKY was significantly increased

(figure 3.6).

3.3.5 SINGLE CELLS NEUROTRANSMITTER RELEASE

To further study differences in kinetics of neurotransmitter release between the SHR
and WKY, an amperometry technique was developed to measure NE release from

stellate neuron clusters.

Preliminary tests using cultures from SD rats, demonstrated that upon depolarisation
with high K, the cell released NE which was detected on the traces as a positive
signal (figure 3.7). The results of this data are then plotted into histograms of peak
amplitude and dwell time as previously described in chapter 2 (figure 3.7). Both
amplitude and dwell time show distributions screwed to the lower end of the scales,

indicating most events are of a similar size with some larger ones.
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Figure: 3.5
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Figure 3.5 : The neuronal norepinephrine reuptake transporter (NET) inhibitor desipramine (DMI) (1uM)

significantly increased *H-norepinephrine (NE) release in response to electrical field stimulation (S1 v’s S2,
5Hz) of isolated atria in the WKY (n=8, raw data (A); P<0.01, paired t test) and SHR (n=10, raw data (B);
P<0.01, paired t test). However, after desipramine pre-treatment the difference in *H-NE release between
the SHR and WKY was abolished, group mean data (C) (*P<0.05, unpaired t test).
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Figure: 3.6
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Figure 3.6 : The o, receptor antagonist yohimbine (1uM) had no effect on *H-NE release in the WKY (n=8,

raw data trace (A)) but slowed down pre-synaptic inhibition resulting in more release of *H-NE in the SHR

(n=7, raw data trace (B); P<0.001, paired t test), The difference in *H-NE release in response to field

stimulation between the SHR and WKY increased significantly in the presence of yohimbine, group mean

data (C) (**P<0.01, unpaired t test).
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Figure: 3.7
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Figure 3.7: A, raw data trace from SD neonatal stellate culture stimulated with K (80mM) (red arrow)
shows large displacement artefact post stimulation and positive deflections in the current of the trace,
seen as spikes, representing detection of quanta’s of NE release. B, histogram representing amplitudes of
events detected from SD neonates (n= 6 cells, 59 depolarisations). C, histogram representing the dwell
time (time course) of events detected from SD neonates (n= 6 cells, 59 depolarisations).
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Figure: 3.8
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Figure 3.8: A, Raw data of events detected from SHR and WKY neuronal cultures. B, raw data trace of SHR
culture stimulation with high K* C, raw data trace of WKY culture stimulation with high K" (red arrows).
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Figure: 3.9
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Figure 3.9: A, histogram representing amplitudes of events detected from SHR and WKY neonates
(SHR n= 5 cells, 8 depolarisations; WKY n= 3 cells, 8 depolarisations). B, histogram representing the
dwell time (time course) of events detected from SHR and WKY neonates (SHR n= 5 cells, 8

depolarisations; WKY n= 3 cells, 8 depolarisations).
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Figure: 3.10
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Figure 3.10: Tyrosine hydroxylase expression levels as recorded using western blot analysis between
stellate ganglia tissue of the four week SHR and WKY, show no difference in expression levels of
tyrosine hydroxylase. Therefore the increased sympathetic drive in the young SHR is unlikely to be
due to higher NE synthesis. Although, due to the lack of positive and negative controls for TH this data
has to be interpreted with care A, Raw data showing B-actin loading control. B, Average optical
density of TH staining within each group.
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Amperometry experiments with clusters of SHR and WKY neonates proved
technically very difficult, therefore the results presented here are only very
preliminary (figure 3.8). Although amperometry is a well established technique
within brain slices and adrenal chromaffin cells, if had never successfully been
carried out in isolated stellate neurons in the past. The results for the SHR and WKY
suggest that SHR neurons may have greater amplitude of release even at this very
young neonatal age (figure 3.9), although firm conclusions cannot be drawn from

this data.

3.3.6 SYMPATHETIC GANGLIA TYROSINE-HYDROXYLASE EXPRESSION LEVELS

To determine if the increased NE release in the SHR could be due to greater
synthesis of NE, therefore resulting in a higher concentration of NE intracellularly,
ganglia concentration of the NE synthesis enzyme tyrosine hydroxylase was
measured. In this experiment no difference in tyrosine hydroxylase expression in
stellate ganglia was observed between the SHR and WKY (optical density, SHR:
1.3740.12, n=6, WKY: 1.40+0.10, n=6; figure 3.10). This western blot was performed
with a well characterised TH antibody, therefore the band at 62kDa is likely to be TH,
although without the specific positive and negative controls this can not be said for
certain.

Additionally, a post hoc statistical power analysis of the TH western data was carried
out. It returned a power of 6.8% for the experiment showing that the experiment
was greatly underpowered for detecting any difference in TH expression levels
between the WKY and SHR. This could lead to false conclusions being drawn from

the data due to a type Il error. Additionally due to the high exposure needed to
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expose the 62kDa TH band the B-actin control is over exposed. This is likely to be due
to the very low level of TH protein obtained from the stellate ganglia, but means that
normalisation of the protein bands needs to be taken with caution as discussed in

section 2.9.
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3.4. DISCUSSION

Novel findings of this chapter are:

¢ SHR show a small but significant in vivo tachycardia compared to age and
weight matched WKY, despite the intrinsic heart rate of isolated atria, and
the ability of the vagus nerve to lower heart rate remaining unchanged.

* Sympathetic stimulation induced tachycardia was significantly greater in the
SHR.

* The release of NE and the sympathetic co-transmitter NPY were also

significantly elevated in the SHR.

When these results are taken together with other reports previously published?,
they indicate that the impaired cellular signalling in the SHR translates to impaired

cardiac excitability before hypertension develops.

3.4.1 DISRUPTED AUTONOMIC BALANCE IN THE PRE-HYPERTENSIVE SPONTANEOUSLY
HYPERTENSIVE RAT.

Hypertension is associated with well-characterised physiological changes, including
cardiac remodelling due to stresses in the myocardium resulting in left ventricular
hypertrophy, and an increase in sympathetic nervous system activity’*. Within the
four-week-old SHR, arterial blood pressure was not different from age and weight
matched WKY controls. In addition, ventricular weight/body weight ratios were also
no different’, suggesting no evidence of left ventricular hypertrophy. However, there

was a small but significant increase in resting heart rate in vivo in the pre-
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hypertensive SHR, as has previously been observed in the adult animal®. The fact
that there was no difference in the beating rate of isolated atria from both the SHR
and WKY at this age suggests that the difference observed in-vivo was due to a
change in autonomic balance. The magnitude of vagally mediated bradycardia is
small in both the SHR and WKY when compared to the tachycardia mediated by
sympathetic stimulation as has been previously reported in adult animals®* **%
Unlike the adult SHR which has a smaller heart rate response to vagus nerve
stimulation than the WKY, we observe no difference in the degree of bradycardia at
four-weeks of age, suggesting there is no functional cardiac parasympathetic
impairment at this developmental state. Others have reported a slight increase in
the heart rate response to vagal nerve stimulation at around six weeks of age, which

8 1t is therefore unlikely that a change in

quickly normalises as the animal ages
vagal tone is responsible for the difference in in-vivo heart rate we observe. To
confirm this experiments would need to be repeated in the presence of atropine the
muscarinic acetylcholine receptor antagonist. If vagal tone were unaffected within

animals at this age, then atropine parasympathetic blockade would cause no change

in resting heart rate, between the two groups.

Direct stimulation of the right stellate ganglion at 5 and 7Hz produced a greater
tachycardia in the SHR than the WKY. This was not as marked as seen in the adult
animal where stimulation frequencies between 1 and 7Hz produce significantly
larger responses'®?. However, at this age (16-weeks) both *H-NE release and beta-
adrenergic receptor responsiveness are greatly increased'®?. A greater release of NE

during field stimulation at 5Hz was also observed, and plasma levels of the
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sympathetic co-transmitter NPY (sampled from within the right atria) were elevated
in the pre-hypertensive SHR compared to the WKY. NPY is a slowly diffusing co-
transmitter with a long half-life. Plasma levels have little diurnal variation compared
to circulating catecholamines and cortisol, therefore providing for a more accurate

186-188

indicator of sustained sympathetic hyperactivity . NPY is also able to cross talk

and inhibit vagal acetylcholine release following high frequency sympathetic

. . 1 1
stimulation?® 1%°

. No difference was observed in the size of the vagal responses in
the young SHR despite higher circulating NPY levels. This suggests the NPY levels
were not at functionally significant concentrations, although both these
measurements were taken in the resting state under general anaesthesia, rather
than following high-level sympathetic stimulation where NPY release may increase
further. Nevertheless it is conceivable that elevated cardiac NPY levels may
contribute to resting vagal impairment in the adult animal when very high levels of
sympathetic hyperactivity have become established*”.

3.4.2 REGULATION OF CARDIAC SYMPATHETIC NEUROTRANSMISSION IN THE PRE-
HYPERTENSIVE SPONTANEOUSLY HYPERTENSIVE RAT.

The adult SHR has evidence of larger calcium transients on depolarisation of cultured
stellate neurons®, larger plasma concentration of *NE spill over'®?, and impaired as
adrenoceptor autoinhibition of NE release’’ (summary figure 3.11). The stroke prone
SHR also has increased sympathetic innervation of the left ventricle with higher

178 \We observed that inhibition of

tyrosine hydroxylase positive nerve fibre density
NET with desipramine normalises the difference in NE release between pre-

hypertensive SHRs and WKYs. However, the difference in NE release between the
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Figure: 3.11
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Figure: 3.11: A schematic diagram of a cardiac peripheral sympathetic nerve terminal within the 4 week
pre-hypertensive SHR. Increased depolarization induced intracellular Ca** transients (Li, et.al. 2012) and
reduced norepinephrine reuptake via NET (Shanks, et.al. 2013) facilitate greater release of NE and the
co-transmitter neuropeptide-Y (NPY) at the neuroeffector junction. The increased intracellular calcium
transient is due to reduced mitochondrial buffering of intracellular calcium rather than changes in
endoplasmic reticulum ryanodine receptor (RyR) function, despite a more rapid uptake into the
endoplasmic reticulum by the smooth endoplasmic reticulum ATPase (SERCA) (Li, et.al. 2013). An
increase in the action of a;, receptor autoinhibtion may act as a compensatory mechanism within the
pre-hypertensive SHR to limit NE release, although this is lost in the adult animal. The increase in NE
release to stimulation of the right stellate ganglion leads to a greater increase in the beating rate of the
sinoatrial node. Green represents stimulatory pathways and red inhibitory pathways of
neurotransmission.
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young SHR and WKY became significantly larger following administration of the a,-
AR antagonist yohimbine suggesting that increased a,-AR autoinhibition may be a
compensatory mechanism limiting increased sympathetic neurotransmission at this
developmental stage. This indicates that the increase NE release observed in the
young SHR may be in part due to impaired re-uptake of NE through NET rather than

through reduced a, adrenoceptor auto-inhibition.

Amperometric data were technically very challenging to obtain. This was particularly
difficult from SHR neonatal neuron clusters, which appeared structurally unstable
and often would not survive well in clusters for more than three days in culture.
Greater data has been obtained from isolated SD neurons demonstrating that the
technique is functional and opens up possibilities to study dynamics of
neurotransmitter release within these settings in the future. The data presented
here for the peak amplitude and dwell time of release current from SHR and WKY
suggests that the SHR may have greater peak amplitudes compared to age matched
WKY, also that the dwell time, or time course, of SHR NE release responses may be
longer. This compliments the results achieved using *H-NE, which is often used as
the ‘gold standard’ measurement for neurotransmitter release. The dwell time data
also appears to fall into three distinct groups, around 3ms, 6ms and 9ms, potentially

demonstrating, single, double and triple vesicle release.

Baroreceptor control has previously been shown to be dysregulated in the older
SHR, where as renal sympathetic response and mean arterial pressure are no
different in 5-10 week SHR compared to control when the 4 major baroreceptors

have been removed'®. Moreover between age matched WKY and SHR baroreceptor
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gain has been shown to progressively increase in the WKY and decrease in the SHR
with age, with the major alteration in baroreflex-heart rate reflex developing after
the onset of hypertension'®®. These studies suggest that there is no difference in

baroreceptor control between the SHR and WKY at four weeks of age.

3.4.3. PREVIOUS IMPLICATIONS OF NET DYSREGULATION IN HYPERTENSION

Dysregulation of NET has previously been implicated in clinical studies of

. 43, 1
hypertension® ** 1%

, where NET impairment has been associated with essential
hypertension, but not obese related®. A knock out model NET”" mice also displays an
elevated mean atrial blood pressure, displaying the importance of NET in blood
pressure regulation’’. The role of neurotransmitter release and its action on post
synaptic receptors are the factors of sympathetic regulation that have most
extensively been studied within cardiovascular diseases. However, the previous
observations into NET dysregulation in hypertension mentioned above, suggest that
studying the role of NET in norepinephrine regulation, particularly at the cellular

level, may facilitate further understanding of cardiac control of the sympathetic

nervous system in hypertension.

There is evidence in this study that dysregulation in cardiac adrenergic signalling in
the SHR develops before the onset of hypertension and functionally translates to a
small but significant resting tachycardia and larger increases in heart rate on
stimulation of the right stellate ganglion. Sympathetic dysfunction may therefore be
an early marker of the disease and contribute to its pathogenesis rather than being

an epiphenomenon that develops once hypertension has set in.
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3.4.5. SUMMARY

Evidence that the cardiac sympathetic dysfunction identified in the established
hypertensive SHR model is present in the younger pre-hypertensive SHR has been
confirmed by measuring a number of sympathetic factors. At four weeks of age no
difference in systolic blood pressure, diastolic blood pressure, in vitro heart rate or
ventricular weight: body weight ratio is observed between SHR and WKY rats.
Indicating that SHR are still phenotypically normotensive at this age. However, a
small but significant in vivo tachycardia is observed in the SHR, alongside greater >H-
NE release, heart rate change in response to sympathetic stimulation, and greater
plasma concentrations of the slowly diffusing sympathetic co-transmitter NPY.
Moreover, no difference in heart rate change to vagal stimulation in vivo was
observed between young SHR and WKY. Greater identification of early hallmarks of
hypertension may help develop therapies that prevent the progression of
hypertension. The role for NET dysfunction in hypertension has previously been
unknown, the *H-NE results within this study in the presence of DMI suggest that
NET may be dysfunctional in the young SHR. A more direct method of studying NET

action within isolated neurons is needed to draw any firm conclusions from this.
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CHAPTER 4:

SITE-SPECIFIC ROLE OF NET IN THE
SYMPATHETIC HYPERACTIVITY OF
HYPERTENSION
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4.1. INTRODUCTION

Increased activity of the sympathetic nervous system is a well-established

4

component of the pathophysiology of hypertension®*** although the exact

mechanisms underlying this remain unknown. Both clinical cases and the SHR model

of hypertension have been associated with enhanced cardiac norepinephrine (NE)

3,37,77

release . Impaired NE re-uptake by the norepinephrine re-uptake transporter

(NET) may potentiate this, although previous studies in support of this hypothesis

3, 43, 77, 139, 148

have been inconclusive . Within human hypertensives NET has been

3 4

. 4 1 . . .
shown to be either reduced® ** or unaltered *** in comparison to normotensive

subjects. Whereas, in the SHR NET has been reported to be either down

182,195 182,196
d d

regulated’®, unaffecte or up regulate compared to age matched WKY

controls.

The inconsistences in previous results are likely to be due to the indirect nature of

experimental methods used and differences in tissue populations studied’”” * 8%

195 Conventional methods of monitoring NET activity by measuring plasma levels or

tissue accumulation of pre-administered triturated NE and its metabolite 3,5-

Dihydroxyphenylglycine (DHPG) in the presence of NET inhibitors® ** %

, only
indirectly asses transporter activity giving a global overview of NET function rather
than ascertaining the dynamic kinetics of the transporter itself. Moreover, studies

194, 195

have often been carried out within diverse tissue populations and results then

used to draw conclusions into the role of NET in hypertension as a whole.
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The aim of this chapter was to determine if there were any differences in NET
activity within sympathetic neurons isolated from three major sympathetic beds
previously implied in hypertension*” *% 1% petween the hypertensive SHR and age

matched WKY controls.

4.2. METHODS

4.2.1 ANIMALS

All experiments were performed under British Home Office license requirements
(PPL 30/2360) in accordance to the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health (NIH Publication No. 85-23,

revised 1996) and the Animals (Scientific Procedures) Act 1986 (UK).

Age and weight matched 16 to 17 week (340g-365g) male SHR and WKY rats were
purchased from Harlan (Biscester, UK) and Charles River (Sulzfeld, Germany), and
housed under standard laboratory conditions. SHR has established hypertension at

this age'®.

4.2.2 ANATOMY

Isolation and preparation of sympathetic post ganglionic neurons

Animals were rendered unconscious using general anaesthesia (3% isoflurane and
97% oxygen) then humanely killed by an approved Home Office schedule 1 method:
overdose of pentobarbital followed by exsanguination. Sympathetic neurons were

44, 162, 199
’

isolated from three major sympathetic ganglia implied in hypertension the
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cardiac stellate ganglion (which innervates the heart'®?), superior cervical ganglion

143

(SCG: which predominantly innervates the head and neck region ") and the celiac

ganglion, superior mesenteric ganglion and autonomic sympathetic chain

(CG/SMG/SC) that innervate the kidneys and other abdominal organs®** **.

Isolation and culture of the sympathetic ganglia were carried out using the method

d'*” 2%, Briefly sympathetic stellate, SCG and CG/SMG/SC ganglia

previously describe
were dissected separately, placed in cold L-15 medium and desheathed carefully
under a dissecting microscope removing all connective tissue. Ganglia were cut into
pieces and digested using a combination of collagenase type 4 (Img/ml in Ca®" and
Mg**-free phosphate-buffered saline (PBS)) for 40 min, 37°C in a shaking water bath
and trypsin TRL3 (2mg/ml in PBS) 42 min, 37°C. The ganglia were then rinsed twice
in L-15 blocking medium (96.8% L-15 medium supplemented with 0.6% D-(+)-
Glucose solution, 2 mmol/L L-glutamine, 100 units/ml penicillin, 100 ug/ml
streptomycin, 10% fetal bovine serum), and rinsed two more times in L-15 plating
medium (L-15 incomplete medium, 90% (v/v); NaHCO3, 24mM; Glucose, 38mM;
Penicillin (10,000 units/ml), 50 units/ml; Streptomycin (10,000 pg/ml), 50 pg/ml;
Nerve growth factor, 25ng/ml; Foetal bovine serum, 10% (v/v)), to remove any

residual enzyme.

Ganglia were titrated into a single-cell suspension and plated on Poly-D lysine and
laminin coated cover slips (5mm), placed at 37°C 5% CO, for 1-2 days before use, as

outlined in methods 2.1.3.
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Immunohistochemistry

Cultured cardiac stellate neurons and renal CG/SMG/RSC neurons were fixed with
4% Paraformaldehyde and permeabilised with 0.1% Triton X100 and 1% BSA. Cells
were then processed for immunoreactivity to the sympathetic marker tyrosine
hydroxylase with mouse anti tyrosine hydroxylase (TH), 1:200 (sigma), and Alexa

Fluor 647 goat anti-mouse IgG, 1:100-1:200 (invitrogen, A21236).

4.2.3 EXPERIMENTAL PROTOCOL

Measurement of Norepinephrine uptake rate.

NET activity was dynamically recorded using a novel fluorescent assay of the
monoamine transporters developed to temporally monitor transporter kinetics
within living sympathetic tissue™®. To assess NET transporter function we used a
commercially available assay (neurotransmitter transporter uptake assay; NTUA)
(Molecular devices: Sunnyvale,CA) which has been validated to monitor NET
transport rates in cell culture systems™’ and intact tissue samples™®. The NTUA
assay contains two compounds, a fluorescent NET substrate and a masking dye that
conceals extracellular fluorescence (http://www.moleculardevices.com/Products

/AssayKits/Transporters/Neurotransmitter .html). For details see chapter two.

Assay preparation

The NTUA kit was purchased from MDS Analytical Technologies (catalogue R8173;

Wokingham, Berkshire, UK) and diluted with Tyrode solution (10 mL per unit) to
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make a stock solution. This was divided into 1 mL aliquots that were then stored at -

20°C for subsequent use. All drugs only underwent one freeze-thaw cycle.

Protocol

Prior to the start of the experiment cells were pre-incubated in a low 1:100
concentration of the assay in cell plating medium for 20 min, 37°C, 5% CO,. Cells
selected for imaging and expressing the transporter were selected if a basal level of
fluorescence was observed (a strong fluorescent signal was observed in 95%-100% of
cells). They were then transferred to a temperature controlled (37°C) gravity fed
perfusion chamber (volume 500ul); flow rate 3ml/min on the stage of a Nikon
Eclipse TE200-U microscope. Cells were selected for study based on physical
appearance and intact cell membranes under bright field conditions using a 10x/0.30

air objective.

A control period of 5 minutes perfusion (3ml/min) in Tyrode solution to allow the
cells to equilibrate within the system, was followed by a 5 minute perfusion with
Tyrode + NTUA (1:10) assay. The perfusion system was then stopped, and cells held
stationary in the NTUA containing buffer at 37+0.5°C for 10 minutes, where the rate

of increase in fluorescence within the cell was recorded.

The rate of increase in intracellular fluorescence was recorded by selecting a region
of interest (ROI) around the isolated postganglionic cell. Images were acquired every
2 seconds using a photometrics CoolSNAP HQ? camera, excitation wavelength
440nm, emissions band 535+35nm, analysed in EasyRatio pro (Molecular Devices,

Sunnyvale CA).
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Results are presented as increase in fluorescence over time, normalised to the
starting intracellular fluorescence of the cell at t=10 min (when perfusion was
stopped), which allowed for comparison of changes in rate that were independent of

the starting fluorescence.

Inhibition of the norepinephrine re-uptake transporter.

In order to assess the validity of the NTUA assay, and confirm its specificity to NET.
The tricyclic antidepressant NET inhibitor® desipramine (DMI 1pM-concentration

1°8) was added to the perfusing Tyrode after the

previously shown to inhibit the NET
initial slope was recorded as described in chapter two. Any cell in which the increase

in fluorescence was not blocked by DMI was excluded from analysis, as any previous

rate of uptake of the assay could not be confirmed to be NET specific.

Electrical Field stimulation of isolated sympathetic post ganglionic neurons

Cell depolarisation was induced by electrical field stimulation (EFS) (5Hz, 10V, 10ms)
for 2.5min at 17min and 47min (during both the control NTUA (1:10) and NTUA
(1:20) + DMI (1uM) holds) by a pair of parallel horizontal platinum electrodes
mounted within the perfusion chamber. Parameters were chosen to match
stimulation frequency and rate which shows submaximal noradrenaline release to

right stellate stimulation in the isolated double atria preparation®®.

4.2.4. SOLUTIONS AND DRUGS

Tyrode solution for isolated postganglionic sympathetic neuron experiments

contained (mmol/L NaCl 145, KCI 5, HEPES 10, glucose 10, CaCl, 2 and MgCl, 1) (pH
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7.38-7.42, 37+0.5°C). NTUA was purchased from MDS Analytical Technologies
(catalogue R8173; Wokingham, Berkshire, UK) prepared as described in chapter two.
Desipramine (Sigma, UK) was stored as stock solution (ImM in distilled H,0).
Desipramine was made to the desired concentration (1uM) on the day. All drugs

under went no more than one freeze thaw cycle.

4.2.5. STATISTICS

All statistical analysis was carried out using GraphPad Prism (GraphPad Software, San
Diego, CA, USA). Data are presented as means+SEM. Analysis was performed using
paired or unpaired Student t test as appropriate. For all experiments, statistical

significance was accepted at P<0.05.

4.3. RESULTS

4.3.1. MEASUREMENT OF NET RATE IN ISOLATED SYMPATHETIC NEURONS USING A
FLUORESCENT INDICATOR.

Cultured cells were confirmed to be sympathetic specific by positive
immunoreactivity to anti-tyrosine hydroxylase (figure 4.1.) A linear increase in
intracellular fluorescence was observed in the cells when incubated in a solution
containing the NTUA assay (see figure 2.4. in methods) The rate of increase in
fluorescence within the neuronal cell was recorded over time, and the gradient of

the slope (y=mx+c) was normalised to the starting fluorescence.
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Figure 4.1

Cardiac stellate neurons
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Figure 4.1: A, Positive immunoreactivity to sympathetic marker tyrosine hydroxylase in cardiac
stellate neurons. DAPI is a nuclear stain. Scale bar: 50um. B, Positive immunoreactivity to
sympathetic marker tyrosine hydroxylase in celiac ganglia/superior mesenteric ganglia
neurons. Scale bar: 50um. Tyrosine hydroxylase positive immunoreactivity of SCG neurons has
previously been reported (Li, et.al. 2012).
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4.3.2. NOREPINEPHRINE RE-UPTAKE WITHIN MAJOR SYMPATHETIC GANGLIA OF THE SHR
AND WKY.

In cells from hypertensive animals NET transporter activity was significantly reduced
in cardiac stellate neurons of the SHR compared to age matched normotensive WKY
rats (figure 4.2)(SHR: 2.82+0.25 au/min, n=20, WKY: 3.69+0.33 au/min, n=19, P<0.05,
unpaired t test; figure 4.5). Moreover no difference in uptake rate was observed
between sympathetic neuronal cells of the hypertensive SHR SCG compared to age
matched WKY (figure 4.3.)(SHR: 2.59+0.19 au/min, n=24, WKY: 2.54+0.27 au/min,
n=24; figure 4.5), nor hypertensive SHR CG/SMG/SC compared to age matched WKY
(figure 4.4)(SHR: 2.14+0.21 au/min, n=18, WKY: 2.18+0.20 au/min, n=23; figure 4.5).
DMI (1uM) blocked the action of the NET fluorescence in all groups of neurons.

4.3.3. EFFECT OF CELL DEPOLARISATION ON NOREPINEPHRINE UPTAKE RATE WITHIN
STELLATE NEURONS.

To test the effect of neuronal excitability on NET activity preparations were
depolarised by electrical field stimulation (EFS). Electrical field stimulation
potentiated the difference in NET rate observed within stellate neurons of the
hypertensive SHR and age matched WKY. (SHR: 2.59+0.30 au/min, n=20, WKY:
4.25+0.47 au/min, n=19, P<0.01, unpaired t test; figure 4.6). The increase in
transporter rate observed in WKY stellate neurons was significantly greater during
electrical field stimulation compared to control (WKY n=19, P<0.05, paired t test).
With no observed difference in NET rate with field stimulation in hypertensive SHR

(SHR n=20, P=0.20).
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Figure 4.2
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Figure 4.2: Rate of intracellular fluorescence increase is significantly lower in
cardiac stellate neurons from the hypertensive 16week SHR. A, Representative
fluorescent data. B, Rate of fluorescence increase (au) over time during NTUA
(2:10) hold (SHR n=20, WKY n=19) and in the presence of 1um DMI. Scale Bar
50um.
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Figure 4.3
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Figure 4.3: A, Representative raw fluorescence data from 16week SCG neuronal
cells, in which no difference in the rate of intracellular fluorescence was seen
between SHR and WKY cells. B, Rate of fluorescence increase (au) over time
during NTUA (1:10) hold in isolated SCG neurons (SHR n=24, WKY n=24) and in
the presence of 1um DMI. Scale Bar 50um.
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Figure 4.4
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Figure 4.4: A, Representative raw fluorescent data from 16week CG/SMG/RSC
neuronal cells, in which no difference in the rate of intracellular fluorescence was
seen between SHR and WKY cells. B, Rate of fluorescence increase (au) over time
during NTUA (1:10) hold in isolated CG/SMG/RSC neurons (SHR n=18, WKY n=23)
and in the presence of 1um DMI. Scale Bar 50pum.
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Figure 4.5

Normalised fluorescencelncrease

Figure 4.5: Rate of fluorescence increase during NTUA (1:10) hold, plotted as the gradient of
the slope derived from y=mx+c. NET action is significantly decreased in the 16week SHR
stellate neurons compared to WKY (SHR n=20, WKY n=19) (*p<0.05, unpaired t test). There
was no significant difference in uptake rate between SCG (SHR n=24, WKY n=24) cells, nor

Stellate

WKY

SHR

CG/SMG/SC

SHR WKY SHR

CG/SMG/RSC cells (SHR n=18, WKY n=23) of the SHR and WKY.

Figure 4.6
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Figure 4.6: Rate of fluorescence
increase in stellate neurons during
external electrical field stimulation
(EFS) (5Hz, 10V, 10ms, 2.5mins).
Plotted as the gradient of the slope
derived from  y=mx+c. EFS
exacerbated the difference in NET
transporter rate observed between
16week hypertensive SHR and age-
matched WAKY stellate neurons
(SHR n=20, WKY n=19) (**p<0.01,
unpaired t test).
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4.4. DISCUSSION

The novel findings of this chapter are:

* There was significant impairment (decreased activity) of NET within stellate
sympathetic neurons of the SHR.

¢ Stimulation of stellate sympathetic neurons further potentiates the
difference in NET rate between SHR and WKY.

* Decrease in NET transporter activity was not observed in two other major

non-cardiac ganglia.

Taken together these results indicate that a reduction in NET activity contributes to
the cardiac sympathetic hyperactivity and norepinephrine spillover observed in
hypertension, and that NET regulation between different sympathetic ganglia is
regionally specific. In addition to the increased intracellular Ca** transients observed
in SHR sympathetic neurons', and increased cardiac NE release previously
reported’’®, the results presented in this chapter provide further evidence for the
role of cardiac sympathetic hyperactivity in the SHR and elude to a possible
mechanism by which, in part, this may be occurring.

4.4.1. SIGNIFICANT IMPAIRMENT OF NOREPINEPHRINE REUTPAKE TRANSPORTER WITHIN

STELLATE SYMPATHETIC NEURONS IS NOT OBSERVED WITHIN OTHER MAJOR SYMPATHETIC
GANGLIA IN THE SPONTANEOUSLY HYPERTENSIVE RAT.

The data presented here show a significant reduction in NET activity within stellate
sympathetic neurons of the SHR compared to WKY. With no difference being

observed in transporter activity between age-matched SHR and WKY neurons
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isolated from the superior cervical ganglia, or the celiac ganglia/superior mesenteric
ganglia/renal sympathetic chain. These results echo a 1981 study by Rho et.al. in
which they used a method of sucrose gradient fractionation to identify the

139, 196

synaptosomal *H-NE from whole homogenised tissue samples , where NE tissue

accumulation was shown to be either upregulated or downregulated within
synaptosomal fractions isolated from different sympathetic tissues of the SHR™% *%°,
Moreover, these current results combined with previous studies indicate that NET
regulation is not uniform throughout the sympathetic innervation of the SHR.
Therefore, attempting to infer data from different sympathetic beds for a global role

of NET in hypertension may explain some disparity within previous studies> **°.

The previous studies that have reported no change in NET activity between the SHR
and WKY have always used indirect methods of inferring NET function, such as

. 77 . . 14
measuring NE overflow’’, or recording atrial parameters **°.

By not assessing NET
directly these techniques are open to influence of additional compounding effects
from the tissue as well as assessing the sympathetic population of the heart as a
whole, rather than studying single cell transporter function. The NTUA assay allows
for measuring NET rate within single cells under different physiological and
pharmacological conditions. However, this new assay does have its limitations. The
chemical compound of the assay has not yet been released, therefore even though it
has been tested for specificity to the monoamine transporters, and uptake rate is
shown to be inhibited with desipramine, it is unknown which component of the
assay produces the fluorescence or how this fluorescence arises within the cell. The

158

NTUA assay has been implicated as a substrate of VMAT™" (vesicular monoamine
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transferase), and appears to be sequested within sympathetic vesicles within the
cell. This means fluorescence builds up in the cell; over time repeated stimulations
show reduced slope rates when normalised to the starting fluorescence of the slope.
This can be normalised by expressing data as an S2/S1 ratio as described in chapter
two.

4.4.2. EFFECT OF NEURONAL ACTIVATION ON STELLATE SYMPATHETIC NOREPINEPHRINE
REUTPAKE TRANSPORTER ACTIVITY OF THE SPONTAINOUSLY HYPERTENSIVE RAT.

39, 41

. .. . . 201 - .
Increased sympathetic nerve activity>>*!, and increase NE spillover® **! is associated

with clinical hypertension. A number of studies have previously demonstrated that

116, 202, 203 117, 204

both cell depolarization and synaptic vesicle release increase NET
function. The results presented in this chapter show electrical field stimulation
induced cell depolarisation to further augment the difference in NET transporter rate
between SHR and WKY stellate sympathetic neurons. Moreover, the observed up
regulation of NET activity within WKY neurons following neuronal activation

116, 202

consistent with previous studies , appears to be absent from the age matched

SHR.

The exact mechanism by which depolarisation increases transporter function is
unknown. A previous study investigating NET activity in PC12 cells via KCl induced
cell depolarisation observed an up regulation in NET activity independent to changes
in membrane potential or cell surface expression, but dependent on Ca®" activation
of intracellular kinases likely by a CaMKIl dependent pathway''®. Where as,
regulation in transporter function by interactions with components of the vesicle

release complex has been shown to both increase the surface expression of NET, but
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also directly down regulate its catalytic activity by Ca’’/PKC dependent CaMK

independent mechanism.

Although with stellate neurons in the presence of desipramine any intracellular
uptake of NTUA is thought to be due to the presence of NET. NTUA is a substrate for
all monoamine transporters. Therefore, there is clinical significance in using the
NTUA assay in monoamine transporter regulation for models of depression and
Alzheimer’s. The translation implications of this could be transferred to clinical

models, as altered NE handling has also been observed in these subjects.

A recently published paper provides evidence for dysregulated intracellular calcium
handling in the SHR, leading to greater depolarisation induced calcium transients as
measured using fura-2 in the SHR than the WKY®. This in combination with reduced
NET activity in the SHR observed here would suggest that at least part of the
sympathetic hyperactivity observed in SHR is due to increased intracellular calcium
transients, resulting in greater NE release, that remains active in the synapse for

longer due a reduced activity of NET.

4.4.4 CONCLUSION

Reduced NET activity within stellate sympathetic neurons of the SHR compared to
age matched WKY may contribute to the cardiac sympathetic hyperactivity

previously reported in hypertension.

These studies allude to an additional level of complexity in NET regulation within the
SHR model of hypertension, revealing a greater degree of heterogeneity in NET

function and modulation within different sympathetic tissue populations than ever
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previously anticipated. Further reinforcing the principle that care should be taken
when inferring data from one sympathetic bed in a role for the global function of

NET in hypertension.

4.5. SUMMARY

The role of the norepinephrine re-uptake transporter (NET) in hypertension is
controversial. Using a novel fluorescent compound of NET that allows for dynamic
monitoring of the transporter kinetics, NET activity was studied within neurons
isolated from three major sympathetic beds of the hypertensive SHR compared to
age matched WKY. A significant reduction in NET activity was observed within
sympathetic stellate SHR neurons (n=20) in comparison to WKY (n=19). This
difference was further potentiated with neuronal activation by electrical field
stimulation induced cell depolarisation. However, no difference in NET activity was
observed between SHR and WKY neurons isolated from the superior cervical ganglia
(SHR n=24, WKY n=24) nor the celiac ganglia/superior mesenteric ganglia/renal
sympathetic chain (SHR n=18, WKY n=23). These results suggest that defective NET
activity within stellate sympathetic neurons of the SHR may be contributing to the
increased cardiac sympathetic activity observed in hypertension. Additionally,
intracellular modulation of NET varies between different sympathetic beds of the
SHR in comparison to its normotensive WKY control, indicating that the dysregulated

NET activity observed within the SHR may reside at a number of intracellular sites.
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CHAPTER 5:

SITE-SPECIFIC ROLE OF NET IN THE
SYMPATHETIC BEDS AS AN EARLY
HALLMARK OF HYPERTENSION
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5.1. INTRODUCTION

Identifying early hallmarks of hypertension could be clinically useful in facilitating an
earlier diagnosis of the disease, identifying potential therapeutic targets, and lead to
a greater understanding of the process involved in the development of hypertension.
Emerging evidence in isolated sympathetic neurons has shown that depolarisation
induced Ca?* transients are already enhanced in young pre-hypertensive SHR
compared to normotensive controls similar to the adult animal'. Increased
intracellular Ca®* transients facilitating neurotransmission may therefore contribute
to the development of the hypertensive phenotype of the SHR. Following the
observation of NET dysregulation in the adult SHR, increased SHR cardiac
sympathetic activity (chapter three) and enhanced Ca®" transients in isolated stellate
neurons of the young SHR; | hypothesised that NET may also be dysregulated in the
young SHR. The aim of this study was to investigate if deregulation of NET may also
be a contributing factor to the early sympathetic hyperactivity observed within the
SHR, in a similar fashion to the enhanced intracellular Ca®* transient seen in pre-

hypertensive SHR’s".

5.2. METHODS

5.2.1 ANIMALS

All experiments were performed under British Home Office license requirements
(PPL 30/2360) in accordance to the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health (NIH Publication No. 85-23,

revised 1996) and the Animals (Scientific Procedures) Act 1986 (UK).
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Age and weight matched four to five week (90g-120g) pre-hypertensive male SHR**,

and WKY rats were purchased from Harlan (Biscester, UK) and Charles River

(Sulzfeld, Germany), and housed under standard laboratory conditions.

5.2.2 ANATOMY

Isolation and preparation of sympathetic post ganglionic neurons

Animals were rendered unconscious using general anaesthesia then humanely killed
by an approved Home Office schedule 1 method as previously described.
Sympathetic neurons were isolated from three major sympathetic ganglia implied in

44, 162, 199

hypertension , the cardiac stellate ganglia, the superior cervical ganglia and

the celiac ganglia, superior mesenteric ganglion (CG/SMG) that innervate the

144,145

kidneys, and other abdominal organs . Isolation and culture of the sympathetic

ganglia were carried out using the method previously described*” %

, and briefly
explained within section 4.2.2. Cells were incubated 37°C 5% CO, on Poly-D lysine

and laminin coated cover slips (5mm) for 1-2 days before use.

Immunohistochemistry

Cultured cardiac stellate and CG/SMG neurons were fixed with 4%
paraformaldehyde and permeabilised with 0.1% Triton X100 and 1% BSA. Cells were
then processed for immunoreactivity to the sympathetic marker tyrosine
hydroxylase with mouse anti tyrosine hydroxylase (TH), 1:200 (sigma), and Alexa

Fluor 647 goat anti-mouse IgG, 1:100-1:200 (invitrogen, A21236).
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5.2.3 EXPERIMENTAL PROTOCOL

Measurement of Norepinephrine uptake rate.
Measurement of NET rate was carried out as described in chapters two and four.

Protocol

The protocol for measuring dynamic NET activity using the fluorescent NTUA assay
within isolated sympathetic neurons has previously been described within chapter
two (section 2.2.3). In brief, following a 5-minute control period of Tyrode solution
perfusion, perfusion was switched to one containing a 1:10 concentration of NTUA
for 5 minute. The perfusion system was then stopped and cells held stationary in the
NTUA containing buffer 37+0.5°C for 10 minutes, where the rate of increase in

fluorescence within the cell was recorded.

The rate of increase in intracellular fluorescence was recorded by selecting a region
of interest (ROI) around the isolated postganglionic cell. Images were acquired every
two seconds using a photometrics CoolSNAP HQ? camera, excitation wavelength

440nm, emissions band 535+35nm.

Results are presented as increase in fluorescence over time, normalised to the
starting intracellular fluorescence of the cell at t=10 min (when perfusion was

stopped).

Inhibition of NET

To confirm that rate of intracellular fluorescence accumulation was specific to NET,

the end of each protocol the perfusing solution was switched to one containing
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desipramine (DMI 1uM) for 15 minutes followed by a 5 minute perfusion of NTUA
(1:10) + DMI (1uM) at 35 minutes, followed by a repeat of the hold protocol at 40-
50min. Cells in which DMI failed to inhibited intracellular fluorescence increase were

excluded from analysis.

Electrical Field stimulation of isolated sympathetic post ganglionic neurons

Cell depolarisation was induced by electrical field stimulation (EFS) (5Hz, 10V, 10ms)
for 2.5min at 17min and 47min (during both the control NTUA (1:10) and NTUA
(1:20) + DMI (1uM) holds) by a pair of parallel horizontal platinum electrodes within

the perfusion chamber.

5.2.4. SOLUTIONS AND DRUGS

Tyrode solution for isolated postganglionic sympathetic neuron experiments
contained (mmol/L NaCl 145, KCI 5, HEPES 10, glucose 10, CaCl, 2 and MgCl, 1) (pH
7.38-7.42, 37+0.5°C). NTUA was purchased from MDS Analytical Technologies
(catalogue R8173; Wokingham, Berkshire, UK) prepared as described in chapter two.
Desipramine (Sigma, UK) was stored as stock solution (ImM in distilled H,0).
Desipramine was made to the desired concentration (1uM) on the day. All drugs

under went no more than one freeze thaw cycle.

5.2.5. STATISTICS

All statistical analysis was carried out using GraphPad Prism (GraphPad Software, San

Diego, CA, USA). Data are presented as means+SEM. Analysis was performed using
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paired or unpaired Student t test as appropriate. For all experiments, statistical

significance was accepted at P<0.05.

5.3. RESULTS

5.3.1. ISOLATED NEURONS STUDIED ARE SYMPATHETIC.

Cultured cardiac stellate ganglia neurons showed positive immuno-reactivity to
sympathetic marker anti-tyrosine hydroxylase in four week SHR and aged matched
WKY (figure 5.1.) confirming the cells studied to be sympathetic.

5.3.2. NOREPINEPHRINE UPTAKE WITHIN MAJOR SYMPATHETIC GANGLIA OF THE PRE-
HYPERTENSIVE SHR AND WKY.

Norepinephrine re-uptake transporter activity was significantly reduced in cardiac
stellate neurons of pre-hypertensive SHR compared to age matched normotensive
WHKY rats (figure 5.2.)(SHR: 3.21+0.24 au/min, n=24. WKY: 4.21+0.40 au/min, n=21,
P<0.05, unpaired t test; figure 5.5). Moreover no difference in uptake rate was
observed between sympathetic neuronal cells of the pre-hypertensive SHR SCG
compared to age matched WKY (figure 5.3)(SHR: 4.04+0.13 au/min, n=49. WKY:
4.034#0.15 au/min, n=52; figure 5.5), nor pre-hypertensive SHR CG/SMG neurons
compared to age matched WKY (figure 5.4)(SHR: 2.55+0.30 au/min, n=15. WKY:
2.37+0.15 au/min, n=18; figure 5.5). DMI (1uM) blocked the action of the NET

fluorescence in all groups.
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Figure 5.1

Cardiac stellate neurons

Phase-contrast TH DAPI MERGED

Figure 5.1: Positive immunoreactivity to sympathetic marker tyrosine hydroxylase in
four week cardiac stellate neurons. DAPI is a nuclear stain. Scale bar: 50um.
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Figure 5.2
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Figure 5.2: Rate of intracellular fluorescence increase is significantly lower in cardiac
stellate neurons from the pre-hypertensive four week SHR. A, Representative
fluorescent data. B, Rate of fluorescence increase (au) over time during NTUA (1:10)
hold (SHR n=24, WKY n=21) and in the presence of 1um DMI. Scale Bar 50um.
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Figure 5.3
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Figure 5.3: A, representative raw fluorescent data from four week SCG neuronal
cells, in which no difference in the rate of intracellular fluorescence increase was
seen between SHR and WKY cells. B, Rate of fluorescence increase (au) over time
during NTUA (1:10) hold in isolated SCG neurons (SHR n=49, WKY n=54) and in the
presence of 1um DMI. Scale Bar 50um.
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Figure 5.4
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Figure 5.4: A, Representative raw fluorescent data from four week CG/SMG
neuronal cells, in which no difference intracellular fluorescence increase was
observed between SHR and WKY cells. B, Rate of fluorescence increase (au) over
time during NTUA (1:10) hold in isolated CG/SMG neurons (SHR n=15, WKY n=18)
and in the presence of 1um DMI. Scale Bar 50pum.
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5.3.3. EFFECT OF CELL DEPOLARISATION ON NOREPINEPHRINE UPTAKE RATE WITHIN
PREHYPERTENSIVE STELLATE NEURONS.

To test the effect of neuronal excitability on NET activity between stellate pre-
hypertensive SHR verses WKY cells, preparations were depolarised by electrical field
stimulation (EFS). Neuronal cell depolarisation potentiated the difference in NET
transporter activity between young four week prehypertensive SHR and age
matched WKY (SHR: 3.23+0.30 au/min, n=24. WKY: 4.59+0.41 au/min, n=21, P<0.01,
unpaired t test; figure 5.6). The increase in transporter rate observed in young WKY
stellate neurons was significantly greater during electrical field stimulation
compared to control (WKY n=21, P<0.05, paired t test). No difference in NET activity
was observed with field stimulation in the young pre-hypertensive SHR (SHR n=24,

P=0.87).

5.4.6 EFFECT OF AGE ON NEURONAL NE UPTAKE IN SYMPATHETIC GANGLIA.

NET rate in cardiac stellate neurons (SHR P=0.27, WKY P=0.33) and CG/SMG/RSC
neurons (SHR P=0.30, WKY P=0.41) was unaltered between age groups of the same
strain (figures 5.7 & 5.9). Although, within superior cervical ganglion neurons
increased age was associated with a significant reduction in NET rate in both strains

(SHR, P<0.0001, unpaired t test. WKY, P<0.0001, unpaired t test, figure 5.8).
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Figure 5.5
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Figure 5.5: Rate of fluorescence increase during NTUA (1:10) hold, plotted as the

gradient of the slope derived from y=mx+c. NET action is significantly decreased in the
four week SHR stellate neurons compared to WKY (SHR n=24, WKY n=21) (*p<0.05,
unpaired t test). There was no significant difference in uptake rate between SCG (SHR
n=49, WKY n=54) cells, nor CG/SMG cells of the four week SHR and WKY (SHR n=15, WKY

n=18).
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Figure 5.6: Rate of fluorescence
increase in four week stellate
neurons during external electrical
field stimulation (EFS) (5Hz, 10V,
10ms, 2.5mins). Plotted as the
gradient of the slope derived
from y=mx+c. EFS exacerbated
the difference in NET transporter
rate between four week pre-
hypertensive SHR and age-
matched WKY (SHR n=20, WKY
n=19) (**p<0.01, unpaired t test).
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Figure 5.7
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Figure 5.7: Rate of fluorescence increase during NTUA (1:10) hold, plotted as the
gradient of the slope derived from y=mx+c. No difference in NET rate between
developmental ages of SHR of WKY from stellate neurons.
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Figure 5.8
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Figure 5.8: Rate of fluorescence increase during NTUA (1:10) hold, plotted as the
gradient of the slope derived from y=mx+c. A significant decrease in NET activity with
increasing developmental age was observed in both SHR and WKY superior cervical
ganglia neurons. (***p<0.001, unpaired t test).
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Figure 5.9
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Figure 5.9: Rate of fluorescence increase during NTUA (1:10) hold, plotted as the
gradient of the slope derived from y=mx+c. No difference in NET rate between
developmental ages of SHR of WKY neurons of the CG/SMG/RSC ganglia.
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5.3. DISCUSSION

The novel findings of this chapter are:

* There was a significant impairment of NET within cardiac sympathetic
neurons of the young pre-hypertensive SHR, and this defect was not
observed in other major sympathetic ganglia.

¢ Stimulation of cardiac sympathetic neurons further potentiated the
difference between the young pre-hypertensive SHR and age matched WKY.

* An age dependent decrease in NET activity was also observed within the

superior cervical ganglia, but not other major sympathetic ganglia.

In combination with the results reported in chapter four, the experimental results of
this chapter indicate that a reduction in NET activity may contribute to the
development, as well as the maintenance of the cardiac sympathetic hyperactivity
observed in hypertension. The results in chapters four and five elude to the principle
that regulation of NET is regionally specific between different sympathetic beds even
at a young pre-hypertensive age.

5.4.1. SIGNIFICANT IMPAIRMENT OF NOREPINEPHRINE RE-UPTAKE TRANSPORTER WITHIN

CARDIAC SYMPATHETIC NEURONS OF THE PRE-HYPERTENSIVE SPONTANTOUSLY
HYPERTENSIVE RAT IS NOT OBSERVED WITHIN OTHER MAJOR SYMPATHETIC GANGLIA.

Chapter four presented a significant reduction in NET activity within cardiac stellate
neurons of the hypertensive SHR in comparison to age matched WKY control. This
was not observed in other major sympathetic ganglia that have an established role in

44, 198

hypertension . The results of this chapter show that the reduced NET activity
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within the stellate ganglia of the SHR is present at a young pre-hypertensive age.
Moreover, this is not observed within other major sympathetic ganglia. These results
further indicate heterogeneity in NET regulation between different sympathetic
ganglia, which already exists within the SHR at a young age.

5.4.2. EFFECT OF NEURONAL ACTIVATION ON CARDIAC SYMPATHETIC NOREPINEPHRINE

RE-UPTAKE TRANSPORTER ACTIVITY OF THE PRE-HYPERTENSIVE SPONTANTOUSLY
HYPERTENSIVE RAT.

Cell stimulation within four week cardiac stellate neurons exacerbated the difference
in NET activity observed between SHR and WKY at this age, correlating with the

results of chapter four in the hypertensive animals. Evidence that neuronal

116, 117, 202-204

activation increases NET capacity may in wild type, normotensive

individuals act as a compensatory mechanism to maintain appropriate junctional NE
concentrations during neurotransmitter release, facilitating rapid clearance of

released NE from the synapse. The increased sympathetic nerve activity associated

39, 41

with hypertension and reduced NET activity of the SHR during neuronal

depolarisation would exacerbate the action of NE release and contribute to the

sympathetic hyperactivity observed in the SHR.

Interactions of the transporter with components of the vesicle release complex,

predominantly syntaxin 1A, facilitates the localisation of NET to the site of

neurotransmitter release. Syntaxin 1A/NET interactions are ca* dependentlls'lls,

116, 118

and PKC independent , requiring a direct interaction between the synaptic

vesicle and NET as the response is blocked by treatment of both antisense

117, 118

oligonucleotide syntaxin 1A and botulinum toxin . Lack of modulation of SHR
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stellate NET activity in response to neuronal depolarisation within this study
suggests a potential failure of NET to interact with syntaxin 1A, reducing insertion
into the plasma membrane within the SHR.

5.4.3. SIGNIFICANT REDUCTION IN NOREPINEPHRINE RE-UPTAKE TRANSPORTER ACTIVITY

WITH AGE IN SUPERIOR CERVICAL GANGLIA NEURONS IS NOT OBSERVED WITHIN OTHER
MAJOR SYMPATHETIC GANGLIA.

An Increase sympathetic activity has been reported with age in patients with

195, 205-208

hypertension, and rodent models . A reduction in NET transport capacity

205, 206, 209 . 195, 207
and animal

with age has also previously been implied in both human
studies. Although no difference in basal NET activity was observed between age-
matched SHR and WKY SCG neurons, a significant reduction in activity was observed
with age between ganglia of the same strain. This suggests that ageing itself may
contribute to the sympathetic phenotype observed in hypertension. Moreover, the
reduction in NET activity observed within the SCG was not observed within neurons
isolated from either the stellate or the CG/SMG/RSC ganglia. Providing further
evidence for the heterogeneity of NET regulation between different sympathetic
beds. The reduction in SCG NET activity is interesting, because this ganglia

predominately innervates vascular tissue and it is well established that

vasoconstriction and vascular stiffness increase with age.

5.4.4 ConcLusion

Reduced cardiac NET activity within the pre-hypertensive SHR compared to age

matched WKY may be a contributing factor to the development of the sympathetic
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hyperactivity observed in established hypertension. Moreover, reduced NET activity
within SCG neurons with age may further potentiate the development of the
phenotype. These results further contribute to the conclusions previously drawn
that NET regulation is not uniform between different sympathetic beds and that care
should be taken when inferring results from one bed into a global role for the
norepinephrine re-uptake transporter in disease. ldentification of NET dysregulation
as an early hallmark in hypertensions may open potential new therapeutic targets

for hypertension.

5.5. SUMMARY

Evidence for dysregulation of the norepinephrine re-uptake transporter (NET) in the
development of hypertension has previously been inconclusive. Using a novel
fluorescent indicator designed to measure dynamic NET activity, NET was studied
within neuronal cells isolated from three major sympathetic ganglia of the young
pre-hypertensive SHR and age matched WKY controls. A significant reduction in NET
activity was observed within sympathetic cardiac stellate SHR neurons (n=24) in
comparison to WKY (n=21). This difference was further potentiated with neuronal
activation by cell electrical field stimulation induced cell depolarisation. However, no
difference in NET activity was observed between SHR and WKY neurons isolated
from the superior cervical ganglia (SHR n=49, WKY n=54) nor the celiac
ganglia/superior mesenteric ganglia (SHR n=15, WKY n=18). These results indicate

that there is a site specific defective intracellular modulation of the norepinephrine
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re-uptake transporter within sympathetic neurons of the SHR. This may be an early

hallmark of the neural dysfunction that precedes hypertension itsself.
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CHAPTER 6:
PHARMACOLOGICAL MODULATION OF
THE NOREPINEPHRINE RE-UPTAKE
TRANSPORTER IN THE WISTAR KYOTO
AND SPONTANEOUSLY HYPERTENSIVE
RAT SYMPATHETIC NEURONS
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6.1 INTRODUCTION

The norepinephrine re-uptake transporter (NET) protein was considered inert for
many years, contributing to the termination of action of released NE within the
synapse. However, a number of studies into the function of NET in the 1980’s
revealed that several intracellular and extracellular signalling molecules regulate
NET, and that phosphorylation of NET is a major pathway regulating its cell surface

expression, and therefore its function. NET is also the target of action of a number of

82, 210, 211 212, 213

clinical therapeutic and recreational drugs , therefore its modulation

has been of great scientific interest.

Previous studies into the role of NET in the aetiology and development of
hypertension, alongside other cardiovascular diseases, have only investigated
changes in global NET function. However, the identification that synapses can
modulate NET capacity in responses to changes in neurotransmission''’, opens the
possibility that pathophysiological changes in the cardiac neural axis previously
identified in disease states, may partially arise via modulation of NET dynamics.
Numerous consensus sites for protein kinases, phosphatases and glycosylation have
been identified within the NET transporter gene sequence. Previous studies looking
at global dynamics of NET have not been able to study the effect of NET regulation
by different modulators directly. Using the NTUA assay | aimed to assess the
modulation in activity of NET upon exposure to a number of molecules implicated in
cardiac diseases and neuromodulation. In particular, brain natriuretic peptide
(BNP)**2Y7 nitric oxide (NO)**® #*°, and protein kinase ¢ (PKC)**% ?*! have all been

. 2+ . .
shown to regulate intracellular Ca”* signals and exocytosis.
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6.1.1 NATRIURETIC PEPTIDES IN CARDIOVASCULAR DISEASES.

Natriuretic peptide hormones were identified in the 1980’s as a family of vasoactive
peptides with actions on the kidney®?, vasculature?”® and cardiac system??.
Administration of natriuretic peptides relaxes vascular smooth muscle reducing
ventricular preload and lowering blood pressure?®>. Atrial natriuretic peptide (ANP)
and brain natriuretic peptide (BNP) are released in response to ventricular myocte
stretch?** %%, C-type natriuretic peptide (CNP) is structurally different from ANP and
BNP, and predominantly has action within the CNS and vascular system rather than
the heart”. BNP is used as a clinical marker for a number of cardio-vascular
diseases including, aortic stenosis, hypertrophic cardiomyopathy, restricted

214-217, 228

cardiomyopathy, left ventricular dysfunction and heart failure . Moreover,

plasma levels of BNP as a disease biomarker can predict disease state and prognosis

much better than plasma levels of ANP?2%231,

BNP and ANP are thought to have both central and peripheral sympatho-inhibitory

232, 233

effects, reducing the level of sympathetic control at the junction . However,

exogenous applied BNP augments vagal neurotransmission in a response that is

234 BNP binds to the NPR-A receptor on the neuronal

blocked by NPR antagonists
surface membrane signalling via particulate guanylyl cyclase (pGC). Although raised
BNP concentrations have been observed to increase vagal neurotransmission, the
exact mechanisms behind their sympathoinhbitory mechanisms are not yet fully

understood. Therefore, due to the high presence of BNP as an indicator of

cardiovascular disease progression | used the NTUA assay to test if a component of
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the cardio protective role attributed to BNP was due to BNP modulation of NET and

how this modulation may vary between age matched SHR and WKY.

6.1.2. NEURONAL NITRIC OXIDE SYNTHASE IN CARDIO VASCULAR DISEASE.

In 1998, Furchgott, Ignarro and Murad were awarded the Nobel Prize for physiology
or medicine for their discovery of nitric oxide (NO) as a signalling molecule of the
cardiovascular system. Since then the role of NO signalling within cardiac, vascular
and neuronal tissues has been extensively studied. Neuronal nitric oxide synthase is
an intrinsic neuromodulator within both cardiac stellate and sympathetic neurons. It
acts via soluble guanylyl cyclase (sGC) to generate cGMP. In cholinergic neurons

4,2 . .
34,235 \whereas, within

nitric oxide increases Ca®* transients and acetylcholine release
sympathetic neurons it acts to reduce Ca** influx and norepinephrine release®®.
Disruption to the nNOS/cGMP pathways has previously been identified in
sympathetic neurons of the SHR. Viral transfer of the nNOS gene via a PRS
sympathetic specific promoter into cardiac sympathetic neurons of the SHR has been
shown to rescue the sympathetic hyperactivity observed in this model*® #*’.
Disruption of the NO pathway in the SHR could conceivably also affect other
intracellular signalling mechanisms such as NET given its action on calcium handling

proteins, therefore the effect of up regulating NO in stellate neurons of the SHR was

studied.

6.1.3 INTRACELLULAR ACTIVATION OF cGMP

Brain natriuretic peptide and nitric oxide both activate intracellular signalling

pathways that generate the second messenger cGMP. BNP binds to surface NPR-A
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receptors that are coupled to pGC at the cell membrane. Where as, NO diffuses

238 Both GC’c produce the

intracellularly and activates sGC within the cells cytoplasm
second messenger cGMP from GTP, however the spatial restriction of the cGMP and
therefore the area in which it is active may vary between the two neuromodulators.
cGMP bind to the regulatory sites of protein kinase G (PKG) activating it. As
mentioned a number of phosphorylation sites have been identified within the NET

gene sequence, opening a potential route for how BNP and NO, may modulate NET

via a GC, cGMP, PKG pathway (figure 6.2)

6.1.4 PROTEIN KINASE C (PKC) IN CARDIO VASCULAR DISEASE

As mentioned in chapter one, the NET protein gene sequence contains a number of
well defined PKC phosphorylation sites'®. Protein kinase C mediated
phosphorylation of NET facilitates receptor internalisation, therefore reducing

103198 ‘Modulation of PKC activity as a potential therapeutic target

transport capacity
for treatment of a number of cardio vascular diseases including atherosclerosis,
ischaemic heart disease, cardiac hypertrophy, heart failure, and hypertension has

d®*. However previous reports have predominantly focused

previously been studie
on the effects of PKC within the cardiomyoctyes of the atria and ventricle. Due to the
extensive evidence for PKC modulation of NET, and the potential role as a
therapeutic target in cardiovascular disease, use of NTUA has allowed me to directly

monitor NET activity in response to PKC inhibition in SHR and WHKY isolated

sympathetic neurons.
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6.2 METHODS

6.2.1 ANIMALS

All experiments were performed under British Home Office license requirements
(PPL 30/2360) in accordance to the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health (NIH Publication No. 85-23,

revised 1996) and the Animals (Scientific Procedures) Act 1986 (UK).

Age and weight matched 4-6 week (90-110g) male SHR and WKY rats were
purchased from Harlan (Biscester, UK) and housed under standard laboratory

conditions.

6.2.2 ANATOMY

Isolation and preparation of sympathetic post ganglionic neurons
Stellate sympathetic neurons were isolated and plated by the method previously

described in chapters three and four.

6.2.3 EXPERIMENTAL PROTOCOL

Assay preparation

See chapter two.

Protocol

Prior to the start of the experiment cells were pre-incubated in a low 1:100
concentration of the assay in cell plating medium for 20 min, 37°C, 5% CO,. See

chapter two.
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A control period of 5 minutes in Tyrode solution was followed by a 5 minute
perfusion with buffer containing 1:10 concentration of the NTUA assay (consistent

. . . . .1
with concentrations used in previous studies®®

). The cells were held stationary in
the NTUA containing buffer 37+0.5°C for 10 minutes, where the rate of increase in
fluorescence within the cell was recorded (S1). Following this the perfusing tyrodes
was changed to one containing the drug of choice for an appropriate incubation
time, based on previous studies. Followed by a second application of NTUA 1:10 +

the chosen drug and a second hold in perfusion in which NET rate in the presence of

chosen drug was recorded (S2).

Brain natriuretic peptide (BNP)

Brain natriuretic peptide was stored as a stock solution at 100uM, and diluted to a
concentration of 250nM on the day of use. This high dose of BNP was used as any
effect on NET was expected to be minimal therefore a concentration that would be
more likely to produce results rather than increasing concentrations was used to
prevent experimental and animal wastage. BNP was added to the perfusing Tyrode
for 15 minutes prior to the S2 hold. The concentration and time of incubation used

for BNP are consistent with previous studies.

Sodium nitroprusside (SNP- NO donor)

The NO donor SNP was used to study the effect of NO on NET activity in isolated
sympathetic neurons. SNP (100uM) was made up on the day of use to avoid any
degradation of the drug that can happen when stored. SNP was added to the

perfusing system for 20 minutes prior to the S2 hold based on previous studies. Due
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to the light sensitive nature of SNP, during these experiments the imaging time was
set to one image every 180s during the SNP perfusion and increased back to one

image every 2 seconds during the S2 hold.

8-bromo cGMP (activates cGMP dependent kinases)

8-bromo cyclic GMP (8-Br-cGMP) is a cell permeable cGMP analogue that possesses
a greater resistance to hydrolysis by phosphatases than cGMP; activating cGMP
dependent kinases. To observe any change in NET rate due to direct action of
guanylyl cyclase experiments were performed using 8-Br-cGMP. The 8-Br-cGMP
results combined with those of SNP and BNP may help establish the level of the GC
signalling pathway in which NET activity of the SHR and WKY may be modulated. 8-

240

Br-cGMP directly activates cGMP dependent kinases™™, therefore bypasses the need

for cGMP synthesis by the GC activation pathway (figure 6.2).

Calphostin C (PKC inhibitor)

Protein kinase C has been shown to reduce transporter activity by sequestration of
NET from the extracellular membrane. Whether, inhibiting PKC can result in greater
transport capacity within resting sympathetic neurons is currently unknown.
Inhibition of PKC is predicted to result in an increase in NET activity due to up
regulation of NET to the extracellular membrane, therefore potentially rescuing the
reduced NET observed in the SHR. The PKC inhibitor, calphostin C (0.1uM)*** was
used to assess if PKC modulation of NET could be used to a potentially therapeutic

advantage in the SHR.
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Calphostin C (Cal C) was stored as a stock solution of 1uM and made up to a
concentration of 0.1uM on the day. Cal C was added to the perfusing Tyrode for 30

241
d

minute based on methods previously described”"". Due to the light sensitive nature

of Cal C the time base of the imaging was reduced to one image every 180s during

the hold.

6.2.4. SOLUTIONS AND DRUGS

Tyrode solution for isolated postganglionic sympathetic neuron experiments
contained mmol/L NaCl 145, KCI 5, HEPES 10, glucose 10, CaCl, 2 and MgCl, 1 (pH
7.38-7.42, 37+0.5°C). NTUA was purchased from MDS Analytical Technologies
(catalogue R8173; Wokingham, Berkshire, UK) prepared as described in chapter two.
BNP, 8-BcGMP and Cal C (Sigma, UK) were stored as stock solutions (in distilled H,0),
and made to the desired concentration (1uM) on the day. SNP was made up on the
day to the desired concentration within Tyrode solution. All drugs under went no

more than one freeze thaw cycle.

6.2.5. STATISTICS

All statistical analysis was carried out using GraphPad Prism (GraphPad Software, San
Diego, CA, USA). Comparison of S1 (control) to S2 (drug treated) slopes was carried
out by creating an S2/S1 ratio of the normalised slope rates for all experiments. This
S2/S1 ratio with drug treatment was then compared to an S2/S1 ratio for time alone

(figure 6.1).
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Figure 6.1
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Figure 6.1: Rate of fluorescence increase in stellate neurons. Plotted as the gradient of the slope
derived from y=mx+c. A, a reduction in uptake rate was observed with time in both cell types
(WKY n=18, SHR n=11) B, S2/S1 ratio for paired results WKY and SHR (WKY n=18, SHR n=11).
S2/S1 ratio normalises the difference in uptake rate observed between the SHR and WKY
however does allow for a comparison of time alone with drug treatment over time. (*p<0.05).



Figure 6.2
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Figure 6.2. Schematic of the different routes of activation of cGMP via NO-sGC and BNP-pGC
pathways. BNP binds to the membrane bound NPR-A receptor which is coupled to pGC. Where
as NO diffuses into the cell and activate sGC. The activation of both GC’s leads to the conversion
of GTP to cGMP. cGMP is involved in the regulation of a number of intracellular functions, and
signaling cascades including the activation of protein kinase G (PKG), which in turn can activate a
number of protein kinases, and directly phosphorylate target proteins its self.
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Unsurprisingly due to the nature of the experiment, with all slopes normalised to
their starting fluorescence, a reduction in uptake rate between S1 and S2 was
observed in both species. S1: WKY: 6.66 + 0.58 au/min™, SHR: 4.43 + 0.35 au/min’;
S2: WKY: 2.65 * 0.25 au/min™, SHR: 1.09 + 2.18 au/min™'; WKY n=18, SHR n=11.
Uptake rate was significantly lower in the SHR compared to the WKY at both time
points. However, calculating S2/S1 ratio for time alone normalised these results

(figure 6.1).

Data are presented as meanstSEM. Analysis was performed using unpaired Student t
test between the S2/S1 ratio of a drug treatment and S2/S1 ratio for time control
within the age-matched strains. Unpaired Student t test after confirming both sets of
data followed a normal distribution using the D’Agostino and Pearson omnibus
normality test. Where n<5, normal distribution of data could not be verified,
therefore data was compared using the nonparametric Mann Whitney test. For all

experiments, statistical significance was accepted at P<0.05.

6.3 RESULTS

6.3.1. BRAIN NATRIURETIC PEPTIDE DECREASES NOREPINEPHRINE RE-UPTAKE
TRANSPORTER ACTIVITY WITHIN THE WISTAR KYOTO RAT, WITH NO DIFFERENCE OBSERVED
IN THE SPONTANEOUSLY HYPERTENSIVE RAT.

Brain natriuretic peptide signals via membrane bound receptors to stimulate
particular GC. BNP (250nM) significantly reduced NET transporter activity in cardiac
stellate neurons of four week WKY rats compared to control (WKY BNP: 25.2+2.2 %

S2/S1, n=24. Control: 48.0+4.3 % S2/S1, n=17, P<0.05, unpaired t test; figure 6.3).
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However, no difference in uptake rate was observed between BNP treated stellate
sympathetic neuronal cells of the pre-hypertensive SHR compared to control (SHR
BNP: 52.4+5.5 % S2/S1, n=18. SHR control: 43.3+2.3 % S2/S1, n=11; figure 6.3).
norepinephrine

6.3.2. SODIUM NITROPRUSSIDE DECREASES NOREPINEPHRINE RE-UPTAKE TRANSPORTER

ACTIVITY WITHIN THE WISTAR KYOTO RAT, WITH NO DIFFERENCE OBSERVED IN THE
SPONTANEOUSLY HYPERTENSIVE RAT.

SNP is a nitric oxide donor, providing NO for the activation of soluble GC. SNP
(100uM) significantly reduced NET transporter activity in cardiac stellate neurons of
four week WKY rats compared to control (WKY SNP: 31.44+3.3 % S2/S1, n=18.
Control: 48.0+4.3 % S2/S1, n=17, P<0.05, unpaired t test; figure 6.4). However, no
difference in uptake rate was observed between SNP treated stellate neurons of the
pre-hypertensive SHR compared to control (SHR SNP: 35.3+8.5 % S2/S1, n=8. SHR
control: 43.3+2.3 % S2/S1, n=11; figure 6.4).

6.3.3. 8-BCGMP DECREASES NOREPINEPHRINE RE-UPTAKE TRANSPORTER ACTIVITY

WITHIN THE WISTAR KYOTO RAT, WITH NO DIFFERENCE OBSERVED IN THE SPONTANEOUSLY
HYPERTENSIVE RAT.

8-BrcGMP (100uM) activates cGMP dependent kinases, removing the need for cGMP
to be activated by GC. 8-Br-cGMP significantly reduced NET transporter activity in
cardiac stellate neurons of four week WKY rats compared to control (WKY 8-BcGMP:
25.5+3.3 % S2/S1, n=13. Control: 48.0+4.3 % S2/S1, n=17, P<0.05, unpaired t test;
figure 6.5). Again no difference in uptake rate was observed between 8-BcGMP
treated stellate sympathetic neuronal cells of the pre-hypertensive SHR compared to

control (SHR 8-BcGMP: 42.9+10.0 % S2/S1, n=15. SHR control: 43.3+2.3 % S2/S1,
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Figure 6.3
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Figure 6.3: Rate of fluorescence increase during NTUA (1:10) hold, plotted as the S2/S1 ratio of
the gradient of the slopes derived from y=mx+c. BNP (250nM) significantly decreased NET action
in four week WKY stellate neurons (****p<0.001 t test) with no change in NET rate observed
within stellate neurons of the pre-hypertensive SHR. (WKY, n=17, SHR n=11, WKY BNP n=24. SHR

BNP n=18).
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Figure 6.4: Rate of tluorescence increase during NTUA (1:10) hold, plotted as the S2/5S1 ratio of
the gradient of the slopes derived from y=mx+c. SNP (100uM) significantly decreased NET action
in four week WKY stellate neurons (**p<0.01 t test) with no change in NET rate observed within
stellate neurons of the pre-hypertensive SHR. (WKY, n=17, SHR n=11, WKY SNP n=18. SHR SNP
n=8).
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Figure 6.5
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Figure 6.5: Rate of fluorescence increase during NTUA (1:10) hold, plotted as the S2/S1 ratio of
the gradient of the slopes derived from y=mx+c. 8-Br-cGMP (100uM) significantly decreased NET
action in four week WKY stellate neurons (***p<0.005 t test) with no change in NET rate
observed within stellate neurons of the pre-hypertensive SHR. (WKY, n=17, SHR n=11, WKY 8-Br-
cGMP n=13. SHR 8-Br-cGMP n=15).
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n=11; figure 6.5). These results indicate that the intracellular signalling level of BNP
and SNP induced NET regulation that is faulty in the SHR is below the level of
guanylate cyclase.

6.3.4. PROTEIN KINASE C INHIBITION BY CALPHOSTIN C, INCREASES NOREPINEPHRINE RE-

UPTAKE TRANSPORTER ACTIVITY IN BOTH PRE-HYPERTENSIVE SPONTANEOUSLY
HYPERTENSIVE RAT AND WISTAR KYOTO RAT SYMPATHETIC NEURONS.

Calphostin C (0.1uM) significantly increased NET transport capacity compared to
control in both WKY and SHR stellate neurons, although the increase in the WKY was
greater (figure 6.6). Stellate (WKY Cal C: 84.3+7.9 % S2/S1, n=13. WKY Control:
48.0+4.3 % S2/S1, n=17, SHR Cal C: 67.4£10.0 % S2/S1, n=15. SHR control: 43.3+2.3

% S2/S1, n=11; P<0.05, unpaired t test and Mann Whitney test; figure 6.6).

Calphostin C (0.1uM) produced a significant increase in NET transport capacity
compared to control (figure 6.6). In isolated stellate neurons the increase in cellular
fluorescence over time in the presence of Cal C, appears more sigmoidal than the
traditional linear NTUA induced fluorescent increase observed in all other studies
(figure 6.6.A). Cal Cis light sensitive so this phenomenon may be due to toxic actions
of the dye. Alternatively inhibition of PKC encourages receptor translocation to the
membrane, therefore the slowing phase of the curve may be due to exhaustion of
intracellular receptors, meaning few receptors are being translocated to the

membrane in the late phase as the fluorescence appears to increase more slowly.
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Figure 6.6
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Figure 6.6: A, Raw data trace from an example experiment with the addition of calphostin C
(0.1uM) to the perfusing tyrodes before S2 stimulation. As can be seen during the S1 stimulation
intracellular fluorescence increases linearly with time as has previously been reported. Although
within the presence of Cal C, the intracellular fluorescence increase in S2 appears to be less linear
and by eye more sigmoidal. This was not observed with any other drug treatment.
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Figure 6.6: B, Rate of fluorescence increase during NTUA (1:10) hold, plotted as the S2/S1 ratio
of the gradient of the slopes derived from y=mx+c. Cal C (0.1uM) significantly increased NET
action in both WKY (**p<0.01, Mann Whitney test) and SHR stellate neurons (*p<0.05 t test)
(WKY, n=17, SHR n=11, WKY Cal C n=5. SHR Cal C n=12).



6.4 DISCUSSION

The novel finding of this chapter are:

* Sodium nitroprusside, brain natriuretic peptide and 8-Br-cGMP all reduced
NET activity in WKY stellate neurons.

* Sodium nitroprusside, brain natriuretic peptide and 8-Br-cGMP had no effect
on NET uptake in the SHR stellate neurons.

* Protein kinase C inhibition increased NET uptake rate in both SHR and WKY

stellate neurons.

Pharmacological modulation of NET can be visualised using the NTUA assay. An up-
regulation of NET transport occurs in both SHR and WKY stellate neurons treated
with Cal C. Whereas, WKY NET activity is reduced by activators of cGMP; BNP, SNP
and 8-Br-cGMP, although no effect on NET is observed in the SHR (summary figure

6.7).

Data within this chapter has been analysed by comparing the calculated ratio of
S2/S1 for each drug treatment compared to that ratio calculated over the same time
period minus any drug — as described in 6.2.5. This method was used as it allows all
slope values to be normalised to their initial fluorescence, normalising the effect of
different NET receptor surface expression between cells, and allows for each drug
treatment on a cell to be compared to its internal control. This method however
involves a lot of post experiment analysis; the chance to reduce this may help

prevent the possibility of additional errors being added in the analysis stage. This
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could be achieved by comparing the normalised gradients of the S2 slopes for drug

and time alone, without the additional analysis step to the internal control.

6.4.1. REDUCTION OF NOREPINEPHRINE RE-UPTAKE TRANSPORTER TRANSPORT CAPACITY
VIA STIMULATION OF THE CGMP PATHWAY BY BRAIN NATRIURETIC PEPTIDE, SODIUM
NITROPRUSSIDE OR 8-CBGMP.

Brain natriuretic peptide, sodium nitroprusside and 8-Br-cGMP all act through
different upstream pathways, however all three result in activation of intracellular
cGMP dependent protein kinases. Norepinephrine re-uptake transporter activity is
reduced in WKY stellate neurons upon treatment of BNP, SNP and 8-Br-cGMP
suggesting that NET may be modulated by cGMP. This may not be the only action
each drug is having on NET activity. However, the consistency between the results

suggest, that at least in part, these three drugs may all share a common mechanism.

No effect on NET activity is observed in stellate neurons of the SHR with addition of
BNP, SNP, or 8-Br-cGMP. Indicating that the NET protein of the SHR has different or
faulty regulation compared to that of the WKY, and that in part this difference in

regulation occurs down stream of cGMP in BNP or SNP activated pathways.

In the WKY neurons the dual action of cGMP on reducing intracellular calcium
transients and NET activity would have a balancing effect of pairing the reduced

neurotransmitter release with slower re-uptake.
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Figure 6.7. Schematic representation of the intracellular modulation of NET in stellate neurons of the
pre-hypertensive SHR and WKY. A, and B, baseline regulation of NET in SHR and WKY cells as identified
in chapters 3 and 4. C, and D, schematic representation of NET modulation following BNP, SNP and 8-

br-cGMP signalling. The modulation pathways marked on the schematic are only those that have been
studied in this thesis. Further modulatory pathways of NET are likely to exist. This schematic displays
the complex regulation of the NET transporter within sympathetic nerve terminals.
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Within the SHR cGMP also reduces intracellular calcium but has no effect on NET this
may lead to an overall reduction in synaptic NE concentrations and NE release would
be reduced but NET activity would be working at the same (all be it lower than the

WKY) rate it was originally working at.

WKY TACGMP

—7 lca2+_> lNE ] Balance of NE

release and
— lNET — TNE

recycling

SHR TACGMP - lcab—) lNE :I lNE
\’Q NET —> TNE

6.4.2 INFLUENCE ON NOREPINEPHRINE RE-UPTAKE TRANSPORTER ACTIVITY OF PROTEIN
KINASE C INHIBITION BY CALPHOSTIN C.

Protein kinase C has previously been shown to facilitate NET receptor

. . . 103-1
internalisation®%

. A cytoplasmic pool of transporters ready for membrane
insertion has also previously been postulated. With the hypothesis that the
cytoplasmic pool of NET receptors may be regulated by PKC, | tested to see the
effect of Cal C on the basal activity of NET within stellate neurons. Calphostin C up-
regulated NET transport capacity in both SHR and WKY neurons. One of the major
limitations of the NTUA assay is the inability to ascertain the difference between

increase in kinetics of an individual NET, or an increase in NET surface expression.

However, the fluorescent increase observed in this study was dramatic and unlikely
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to occur via increase of uptake rate capacity of individual transporters alone. To
assess changes in NET surface density radio ligand binding assays of high affinity NET

selective ligands can be used based on methods previously described*.

Regulation of NET function by components of the vesicle SNARE complex have
previously been described by Sung et.al.'*” 18 acting to up regulate the surface

117,118

trafficking of NET, while also directly limiting NET catalytic function . This occurs

118 "It seems the role for Ca®" in the

via a Ca** dependent, PKC mediated pathway
SNARE complex mediated modulation of NET is predominantly due to the need for
cell depolarisation and Ca?* entry for vesicle release. Sung demonstrated that when
the syntaxin 1A/NET interaction is blocked PKC induced regulation of NET is
abolished. This suggests that it is the pool of NET transporters in the membrane that

. . . . . 117,11
are most sensitive to kinase interaction not the cytoplasmic pool**’ 8,

An observational result of the Cal C studies was that NTUA fluorescent increase over
time in response to Cal C appeared to occur in a sigmoidal fashion, not linear as

3% 138 This could be due to a number of

observed in all other experiments
mechanisms and would require further investigation. Increased NET protein
membrane trafficking could result in the slowing phase observed due to exhaustion
of intracellular NET, therefore no additional transporters can be inserted into the
membrane and norepinephrine uptake is at a maximum. Alternatively, although all
care was taken to limit the phototoxic nature of Cal C the ‘abnormal’ fluorescence

increase may be due to damage to the cell, although visually the cells looked similar

at the end of the experiment compared to other experiments previously. The
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sigmoidal fluorescence increase may also be due to overloading of the cell. Any cell

in which the fluorescence began to saturate was excluded from analysis.

6.4.3 CONCLUSION

This study has identified differences in NET regulation between the SHR and WKY. A
fault exists in the regulation of NET through a cGMP signalling pathway within SHR
stellate neurons. Whether the activity of individual transporters, or the surface
expression of NET is being affected by the pharmacological manipulations within this
chapter is unknown. Overall, this may have a small beneficial compensatory effect to

cGMP stimulation.

6.5 SUMMARY

The norepinephrine re-uptake transport is known to be highly modulated, the action
of which has been utilised in a number of clinical and recreational drugs. Using the
NTUA assay the data within this chapter has identified how NET activity can be
modulated in a single cell pharmacologically. Within stellate sympathetic neurons of
the WKY NET can reduced by modulators of cGMP activity SNP, BNP and 8-Br-cGMP,
and up regulated by inhibition of constitutively active PKC, whereas, SHR stellate
neuron NET activity can be up regulated by PKC inhibition. However inhibition of
cGMP signalling has no effect on NET in the SHR. This indicates that there may be a
difference in intracellular regulation of NET between the SHR and WKY which
contributes to the lower resting NET activity observed in the SHR in chapters four

and five.
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CHAPTER 7/:
CONCLUDING DISCUSSION
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7.1 MAIN FINDINGS OF THIS THESIS

1.

4.

Cardiac sympathetic activity is increased in the young four week SHR,
although it is still normotensive compared to its age matched genetic control,
the WKY.

Norepinephrine re-uptake transporter activity is reduced in isolated stellate
(cardiac) ganglion neurons within SHR rats at both developmental ages
studied compared to their age matched WKY controls.

Norepinephrine re-uptake activity is unchanged in isolated sympathetic cells
of the superior cervical ganglia (vascular), superior mesenteric ganglia (renal)
and celiac ganglia of the SHR compared to their age matched WKY at both
four weeks and 16 weeks of age.

The rate of norepinephrine re-uptake transporter activity within isolated
sympathetic cells can be enhanced by cell depolarisation, decreased by
pharmacological activators of cGMP, BNP, SNP and 8-Br-cGMP in the WKY
but not the SHR. Whereas, PKC inhibition increases NET activity within both

cell types.

Increased sympathetic activity and reduced vagal tone are well established

contributing factors to the pathophysiology of human hypertension. Dysregulation

within multiple levels of the cardiac neural axis during hypertension has previously

been extensively studie

242-24 . . . P
d >. However, emerging evidence has also identified

dysregulation in cardiac neural signalling at the end organ level.
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Although the precise mechanisms underlying dysregulation in cardiac neural
signalling at the end organ level are unknown, many have been postulated; such as,
increased neurotransmitter release, altered intracellular Ca** handling, reduced a,
adrenoceptor activity and altered postsynaptic B; receptor signalling. Previously
studied, but with conflicting results, the contribution of the norepinephrine re-
uptake transporter to increase sympathetic signalling and NE spill over in
hypertension has been unknown. The combined effect of these factors, plus
additional influences are likely to contribute to the sympathetic hyperactivity in the

SHR.

This thesis provides evidence that at the single neuron level cardiac NET activity of
the SHR is decreased and has reduced regulation by cGMP compared to WKY. The
age of development of disease at which the cardiac sympathetic hyperactivity arises
has also previously been unknown. Within this thesis | show that many cardiac
parameters are already altered at four weeks of age in the SHR when the animals are
still normotensive. This suggests that the increase in cardiac sympathetic activity
may pre-dispose or prelude the development of hypertension itself.

7.2 ROLE OF CARDIAC SYMPATHETIC HYPERACTIVITY IN THE YOUNG SPONTANEOUSLY
HYPERTENSIVE RAT

7.2.1 ABSENCE OF PHYSIOLOGICAL INDICATORS OF HYPERTENSION

The four-week-old SHR showed no elevation in blood pressure compared to age
matched WKY. Although previous studies have suggested that there may be a slight
elevation in blood pressure at five weeks of age®*®, within this paper animals were

restrained in a tail cuff therefore it is likely that the blood pressure may be artificially
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elevated as there would be an unusually high level of sympathetic drive. It is also
worth noting that the SHR is often used as a model of attention deficit hyperactivity
disorders, which may complicate these measurements. There are multiple methods
of measuring blood pressure in rats of this age including tail cuff, radio-telemetry,
and implanted devices with most previous studies investigating the four week old

SHR consistently finding them to be normotensive 2% 247248

. Most blood pressure
measurements are also taken after the animals have been conditioned to the
recording protocol (such as with tail cuff) or the animal has undergone a recovery
period after surgery. Therefore this thesis confirms what is seen as the most
consistent finding of blood pressure in the four-week-old SHR to be normotensive at

rest under highly controlled conditions (2% isoflurane) with a large sample number

(n=18 SHR, n=20 WKY)**.

7.2.2 INCREASED HEART RATE IN FOUR WEEK SPONTANEOUSLY HYPERTENSIVE RAT

Although the SHR may not be tachycardic when compared to other rat strains 2*°

, it
has been shown to be consistently tachycardic when compared to its genetically
matched normotensive control the WKY. We and others *** observe no change in
intrinsic heart rate of the isolated heart but a slightly higher resting heart rate in vivo
at four weeks of age compared to the WKY, but even under carefully controlled
conditions, readings of up to 38 animals (n=18 SHR, n=20 WKY) are required to
demonstrate a statistical significance and many studies in this area are likely to be

underpowered. A radio telemetry study of freely moving SHR’s and WKY’s at four

. 184
weeks of age has also revealed a small tachycardia 3.
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7.2.3 INCREASED SYMPATHETIC NEUROTRANSMITTER RELEASE IN THE SPONTANEOUSLY
HYPERTENSIVE RAT.

The increased cardiac sympathetic activity is coupled with increase muscle
sympathetic nerve activity”® (MSNA) and neurotransmitter release. Chapters three
and five, combined with data previously reported’ confirm that the increased
sympathetic activity is observed in the young SHR. Evidence for increased
intracellular Ca** transients’, reduced norepinephrine re-uptake®, increased cardiac

9

neurotransmitter release’”® and enhanced heart rate response to sympathetic

stimulation have all now been demonstrated with the pre-hypertensive SHR**.
Using this knowledge and utilizing a number of techniques described in this thesis
will allow for further study into the difference in sympathetic activity and regulation
between the young SHR and WKY. BNP, nicotine and other neuromodulators could

also be used in conjunction with the carbon fibre probes to measure the effect of

paracrine factors on NE secretion in the SHR.

7.2.4 CARDIAC SYMPATHETIC IMPAIRMENT: PATHOGENESIS OR EPIPHENOMENON

A question remains as to whether the cardiac sympathetic hyperactivity that has
now been identified in the pre-hypertensive and hypertensive SHR is linked to the
pathogenesis of disease, or is it just an epiphenomenon of hypertension within the

SHR?

Evidence pointing towards abnormal autonomic control in hypertension was
reported as early as the 1970’s®!. Further research has identified sympathetic

40,41, 43,177

hyperactivity as a key feature of essential hypertension . Increased cardiac

sympathetic activity has been established in the adult SHR, that results in significant
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changes in cardiac function that is not observed in the WKY, including increased
heart rate, neurotransmitter release and left ventricular hypertrophy® **. Suggesting,
that altered cardiac autonomic function may in part contribute to the hypertensive

phenotype of the SHR.

To identify if the increased cardiac activity observed in the SHR is an epiphenomenon

of the phenotype, other rat models of hypertension such as the two-kidney, 1 clip

252, 253 254, 255

model of hypertension or the Dhal salt sensitive rat would need to be

characterised to see if all hypertensive animals carried the same autonomic cardio-

vascular phenotype.

There is evidence-linking impairment of the kidney, vasculature and the autonomic
nervous system to the aetiology of many patients with high blood pressure that we
define as being hypertensive. In addition clinically severe hypertension also results in
renal and vascular end organ damage thereby exacerbating the condition. Increased

sympathetic activity and reduced vagal tone are now well established as major

contributing factors to the pathophysiology of human hypertension 3% 40 129 10, 256

12, 18, 36, 45, 257

and that observed in the SHR . Hypertension is associated with increased

40 2, 11

muscle sympathetic nerve activity’® *°, increased levels of plasma NE , and

1128 "Evidence for sympathetic hyperactivity has also

increased renal NE spillover
been inferred from spectral analysis of heart rate variability in borderline and
hypertensive patients where a linear correlation with blood pressure has been
demonstrated”. Increased muscle sympathetic nerve activity in response to mental

stress has also been documented within normotensive offspring from families with a

history of hypertension®. This suggests that sympathetic activation may be an early
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marker of hypertension in those who are genetically predisposed to the disease,
potentially providing novel therapeutic targets for treatment. Currently used
therapeutic treatments for hypertension target the sympatho-adrenal axis and
renin-angiotensin pathways treating the end organ after symptoms of the disease
have developed. Greater identification of early hallmarks of the disease may help
develop therapies that prevent the progression of hypertension if sympathetic

hyperactivity can be targeted.

7.3 ROLE OF THE NOREPINEPHRINE RE-UPTAKE TRANSPORTER IN CARDIAC SYMPATHETIC
HYPERACTIVITY OF THE SPONTANEOUSLY HYPERTENSIVE RAT

7.3.1 BASELINE NOREPINEPHRINE RE-UPTAKE TRANSPORTER ACTIVITY

Previous studies into the role of NET in hypertension have often produced

. . - 43,77, 1 140, 182, 2
inconclusive or conflicting results® ** 77, 139 140, 182, 259

By measuring NET transport
capacity within single isolated sympathetic ganglion neurons | have limited the
variables that occur by measuring NE run off from an intact tissue. Utilising the NTUA
assay within isolated neurons has allowed me to monitor NET activity on the single
cellular level. From this | have identified that within stellate neurons there is a
significant decrease in NET transport capacity within both four week SHR and 16

week SHR compared to age matched WKY. However, no difference in NET rate is

observed from cells isolated from the SCG or celiac, superior mesenteric ganglia.

The results in the older animals reinforce those previously reported in the Esler
group, demonstrating reduced NET rate with hypertension® and with age®®. The
significance of this result reinforces the principle that conclusions can only be drawn

for the tissue population studied, and that looking into one cell type cannot be used
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to draw global predictions for that disease. This may explain some of the disparity

into the role of NET in hypertension previously reported® **°.

Further study into action of NET with NTUA and functional studies within
hypertensive and other cardiac models from neurons at different locations, will be
essential in studying the multifactorial nature of the development and maintenance

of disease.

7.3.2 MOLECULAR MODULATION OF NET

The importance of NET in regulating neurotransmission has lead to studies revealing
the dynamic nature of the transporter. NET has the ability to adapt transport

. . . . . .114, 117
capacity and cell surface expression in response to different stimuli~™" =",

Cell depolarisation and Ca** dependence via PKC

Cell depolarisation has previously been shown to increase NE re-uptake within PC12

16 Within chapters four and five, | demonstrated that within stellate neurons

cells
electrical field stimulation (EFS) of the neuron in the presence of the NTUA assay
resulted in an increase in transporter action within the WKY. However, little

difference in the rate of NET activity between the SHR at basal and EFS rates were

observed®.

Extensive study into PKC in NET regulation has described its ability to facilitate NET
receptor internalisation via phosphorylation sites described within the NET gene
sequence’®. Increased NET activity observed in chapter six may be due to an up
regulation in NET protein surface membrane expression, as on previously

described™*, although this can not be isolated from a possible up regulation of the
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individual transports function within this study. These results suggest that PKC

inhibition can up regulate transporter activity in a similar way to cell depolarisation.

The role for Ca®" in the syntaxin 1A/NET interaction and PKC inhibition both appear

117,11
‘118 These results,

to facilitate the movement of transporters to the site of release
particularly in relation to cell depolarisation may potentiate the increased
sympathetic hyperactivity observed within the SHR**’. Without the ability of NET to
respond to increased levels of cell stimulation, altered intracellular Ca** handling

and neurotransmitter release”®’ observed in the SHR, NET may not compensate for

the increase in neurotransmission as it appears to in the WKY.

cGMP signalling

Previous studies into SNP modulation of NET have only been carried out within
analogues of sympathetic cell types. Kaye et.al. within PC12 cells and SCG neurons
observed a reduction in NET activity in a non-cGMP dependent manner, likely by S-

120,121,123 ' Others have observed no effect for SNP on

nitrosylation of a regulatory site
NE uptake in SK-N-SH cells**®. Within chapter six | observed a reduction in NET
activity within isolated stellate ganglia of the WKY but not the SHR, when stimulating

the cGMP signalling pathway with SNP, BNP or 8-Br-cGMP.

This suggests that although the SNP may be acting through S-nitrosylation of the NET
protein to some degree, the comparative results observed from SNP, BNP and 8-Br-
cGMP indicate that NET is regulated by cGMP, the end factor in all these signaling
cascades. Moreover using the data presented here, the faulty NET regulation in the

SHR is in part due to impaired cGMP regulation of NET. Further study using the NET
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assay and other techniques including measuring protein expression levels and
protein pull down experiments would provide further information behind the

intracellular signalling pathways that control NET regulation.

Clinical significance/potential therapeutic target.

Although the act of pharmacologically slowing NET down within the SHR would not
be clinically useful, these results do allude to faulty handling of NET modulation in
the SHR stellate ganglion. By utilising the NTUA assay on single cells along side other
techniques, potential pharmacological targets to up regulate NET activity or surface
trafficking of NET in the SHR may be found. Altering the observed reduction in NET
activity at both developmental ages in the SHR would also be beneficial combined
with the increase neurotransmitter release observe in this model. As the greater the
NE releases the faster it will need to be cleared from the synapse to maintain

balance.

Highly modulated transporter systems should remain an active focus of research into
autonomic modulation as a preventative measure against hypertension and other CV

and CNS diseases.

7.4. CONCLUSIONS

This thesis works supports the idea that cardiac autonomic impairment via
dysregulation of NET may be important in the development and maintenance of

hypertension. Whether NET is a critical component in the aetiology of hypertension
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remains to be determined. Nevertheless, results from this thesis would suggest that

targeted modulation of cardiac NET could be therapeutically viable and beneficial.
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Figure: 7.1 Summary of NET modulation results
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