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Diabetes mellitus (DM) and hyperglycemia contribute to sympathetic nervous system
(SNS) activation and cardiovascular dysfunction. SNS activation and increased
norepinephrine levels downregulate cardiac [-adrenergic receptors (B-AR). The
ADMIRE-HF trial identified reduced cardiac SNS innervation as an independent
prognostic marker in heart failure. The B-AR antagonist ["H]-CGP12177 was used to
quantify cardiac B-AR in ex vivo biodistribution studies in streptozotocin (STZ)-treated
rats after 8 weeks of sustained hyperglycemia, and in the Zucker Diabetic Fatty (ZDF) rat
model of type-2 diabetes at the onset of hyperglycemia (10 weeks of age) and after a
sustained period of hyperglycemia (16 weeks of age). In some STZ rats, insulin was
provided at the onset of hyperglycemia, or after a sustained period of hyperglycemia.
Insulin treatment at both time points prevented reduced [*H]-CGP12177 binding (33-38%
compared to controls) observed in STZ hyperglycemics. ZDF B-ARs were intact at 10
weeks but became reduced (16-25% relative to the Zucker leans) following 6 weeks of
hyperglycemia. This work supports that cardiac f-AR are reduced in models of DM and that

restoring insulin signalling to maintain glycemic control can normalize -AR density whether

provided early or after a period of sustained hyperglycemia.
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1)INTRODUCTION
1.1)General Introduction

Metabolic syndrome is a term that describes a group of symptoms associated with
obesity and an increased risk of cardiovascular disease. While definitions of metabolic
syndrome vary, its is generally characterized as including several or all of the following
risk factors of obesity, dislipidemia, hypertension, and diabetes mellitus (DM) (Figure
1.1). While each of these symptoms infers cardiovascular risk, the combination of these
factors together increases that risk to a greater extent than any of the individual
components (Hutchenson and Rocic, 2012). Each of these symptoms is associated with
altered sympathetic nervous system (SNS) activity as indicated by increased cardiac and
plasma norepinephrine (NE), and a reduction in cardiac SNS receptors contributing to
progressive cardiovascular dysfunction. The ADMIRE-HF trial identified that methods
assessing SNS integrity in vivo, such as by positron emission tomography (PET), may be
applied to evaluate the cardiac SNS as an independent prognostic marker of patient
outcome in heart failure (Jacobson et al. 2010). Given the close relationship between SNS
integrity and cardiovascular risk in heart failure and DM, imaging the cardiac SNS in DM
may provide novel insight into disease etiology in small animals and future prognostic
insight into treating DM patients. This work will focus on quantifying sympathetic
integrity in the heart, at the level of B-adrenergic receptors (B-AR), by characterizing
[*H]-CGP12177 retention in ex vivo biodistributions, in animal models of hyperglycemia
and DM. This project is also a proof of concept model for future work with [''C]-

CGP12177 PET in DM and metabolic syndrome.



1.2)Diabetes Mellitus

The prevalence of DM is growing and globally is expected to increase from 366
million in 2011 to 552 million by 2030. The number of people with DM is increasing in
every country and almost half of diabetics world wide are undiagnosed (International
Diabetes Association, 2011). DM is an important risk factor for heart failure, the main
cause of death in diabetics (Falcao-Pires and Leite-Moreira, 2012). In heart failure trials,
diabetics represent 20-40% as compared to 5-10% in the general population (Taegtmeyer
et al., 2002). Increasing evidence indicates a strong association between obesity, heart
failure, and DM (Brodde 1993; Agardh et al. 2011). DM presents in two main forms that
vary in their onset and progression. Type-1 DM presents following an autoimmune
obliteration of pancreatic -cells. This results in a drastic reduction of endogenous insulin
production and subsequent hyperglycemia and altered lipid metabolism. In type-2 DM,
high-fat, high-caloric diets contribute to whole body insulin resistance, so that despite
normal or increased insulin production by the pancreas, target cells have reduced insulin-
stimulated glucose uptake (Kostis and Sanders, 2005). Type-2 DM presents early on
with progressive hyperinsulinemia and hyperglycemia and subsequent hypoinsulinemia
as pancreatic B-cells begin to fail. Tissue insulin resistance contributes to a progressive
increase in circulating blood glucose. DM, hyperglycemia, dyslipidemia and altered
insulin signalling are strongly associated with cardiovascular disease (Taegtmeyer et al.
2002).
1.2.1)Diabetic Heart

The diabetic heart shows significant morphological abnormalities including

myocyte hypertrophy, perivascular fibrosis, increased collagen deposition, increased free



fatty acid (FFA) uptake, and oxidative stress (Taegtmeyer et al. 2002). Echocardiography
studies have demonstrated reduced heart rate (HR), and increased heart mass, and left
ventricular dilation (Young et. al. 2002). The effect of DM on the heart can be identified
early on in the left ventricle which loses compliance, developing filling abnormalities
despite a preserved percent ejection fraction (%EF) (Choy et al. 2008; Galderisi 2006).
Perturbed ventricular filling is characteristic of diastolic dysfunction. Echocardiographic
measurements of diastolic function show increased transmitral early to atrial flow (E/A)
velocity and increased mitral valve deceleration (MVD) time in humans and animal
models of DM. Abnormal diastolic function has been noted in 27-70% of asymptomatic
diabetic patients (Pailloe et al. 1989; Zarich et al. 1988) and is thought to precede the
development of systolic dysfunction and reduced %EF in diabetics (Thackeray et. al.,
2011b; Falcao-Pires and Leite-Moreira, 2012). One of the main factors that appears to
underlie many of these changes in the diabetic heart is autonomic dysfunction (Esler et al.
2001, Thackeray et. al. 2011a; Thackeray et. al. 2011b). In DM, sympathetic over activity
can be seen by increased NE in the heart and plasma, directly influencing heart rate and
contractility (Esler et al. 2001, Thackeray et. al. 2011b).
1.3) Metabolic changes in DM and Sympathetic Activation

One of the predominant physiological changes that occur in obesity and DM is an
alteration in metabolism, such as increases in circulating FFA, altered insulin signalling,
hyperglycemia, and altered leptin signalling (Thackeray et. al., 2011b; Taegtmeyer et. al.,
2002; Young et. al., 2002). These metabolic changes play a role in stimulating SNS
activation and contribute to the progression of cardiovascular disease. In DM, different

measurements of sympathetic activation have positive correlations with metabolic



perturbations including increases in sympathetic nerve activity reduced plasma NE
clearance, increase cardiac and plasma NE (Straznicky et. al., 2012). The specific
relationship between these metabolic factors and sympathetic activation in DM will be
discussed below.
1.3.1)Free Fatty Acids

Dyslipidemia and steatosis are hallmarks of obesity and DM, and are strongly
correlated with the development of insulin resistance and cardiovascular disease.
Increases in circulating FFA in these conditions are usually associated with hypercaloric
high-fat diets and an inactive lifestyle; the development of insulin resistance is associated
with a chronic elevation in circulating fats. Elevated circulating FFA have specific effects
in directly augmenting the SNS, but also indirectly by contributing to insulin resistance
and subsequent metabolic changes.

Fatty infusions and high fat feeding contribute to increased sympathetic tone.
Portal infusions of oleate in rats induced increases in plasma NE (Benthem et. al., 2000).
Increased lumbar sympathetic nerve activity was observed in high-fat fed rats after 2
weeks high-fat feeding (Muntzel et. al., 2012), and increased renal sympathetic nerve
activity was observed in New Zealand white rabbits fed high-fat diet (Armitage et al.
2012). B-blockers treat heart failure by antagonizing -AR to reduced hyperstimulation
and thereby restore receptor expression. Maison et al. (2000) observed reduced FFA
levels in patients treated with B-blockers over the span of four and a half years.
Stimulation of cardiac -AR with isoproterenol was shown to increase heart rates and
oxygen consumption post-exercise in humans (Borsheim et. al. 1998). This suggests a

reciprocal relationship between B-AR expression and plasma FFA levels, and emphasizes



the close association between cardiac function, metabolism, and B-AR expression. The
effects of circulating fats also appear related to insulin signalling. Oral and intravenous
fat loads in obese humans were shown to increase HR and decrease HR variability over 8
hours, indicative of increased sympathetic tone. These changes occurred together with
increases in plasma insulin, especially with higher concentration infusions, suggesting the
relationship between fats and insulin resistance (Gosmanov et. al., 2010). Glucotoxicity
and lipotoxicity can act synergistically in vivo in rat cardiomyocytes to exacerbate one
another’s detrimental effects (Dyntar et. al., 2001). This notion is supported by greater
SNS activity in obese type-2 DM than in euglycemic obese individuals, and emphasizes
the complex and interdependent relationships that exist between these metabolic factors
and SNS activation (Lips et. al., 2013).
1.3.2) Insulin Signalling, Free Fatty Acids, and Insulin Resistance

In healthy individuals, insulin binds to insulin receptors and through a series of
secondary messengers stimulates glucose transporter (GLUT) 4 translocation to the cell
surface to facilitate glucose uptake by target tissues. The insulin receptor at the cell
surface consists of two a- and two B-subunits. Insulin binding to the a-subunit activates a
tyrosine kinase on the -subunit, autophosphorylating three tyrosine residues, Tyr 1158,
1162, and 1163 (Kraegan and Cooney, 2008). The phosphorylated B-subunit mediates the
activation of insulin receptor substrate (IRS) proteins. IRS proteins mediate the activation
of phosphatidylinositol 3-kinase (PI3-K). PI3-K binds to phosphoinositide-dependent
kinase (PDK)-1, facilitating the phosphorylation of protein kinase B, also known as Akt,
which mediates the translocation of intracellular GLUT4 storage vesicles to the cell

surface (Figure 1.2A). GLUT4 translocation may also occur independent of insulin



signaling by activating AS160, through the adenosine monophosphate kinase pathway
(AMPK). AMPK is activated by an increased AMP:ATP ratio, such as occurs following a
contraction, providing a direct link between the energy status of a cell and its glucose
uptake (Cartee and Wojtaszewski, 2007). AMPK-dependent glucose uptake is an
important mechanism of the insulin sensitizing drug metformin (Nicholson and Hall,
2011).

A proposed link between insulin resistance and FFA is that increased exposure of
organs to circulating FFA raises the intracellular pool of long chain fatty acyl-Coenzyme
A (LCFACoA) and their accumulation provides a substrate for non-oxidative processes,
such as triglycerides, diacylglycerol (DAG), and ceramide formation (Kraegan and
Cooney, 2008; Chess and Stanley, 2008). DAGs are formed from LCFACo0A as an
intermediate in triglyceride storage which is increased in most organs in obesity and DM.
DAGs contribute to the activation of various serine kinases such as protein kinase C,
molecular target of rapamycin, and c-Jun N-terminal kinases, which can interact with IRS
and reduce its capacity to be phosphorylated by the f-subunit of the insulin receptor.
LCFACOA can also form ceramides. Ceramides have been associated with perturbed
insulin signalling by affecting the activation further down the insulin signalling cascade
at the level of Akt (Chess and Stanley, 2008). Increases in FFA oxidation may also
contribute to increases in oxidative stress and the production of reactive oxygen species.
Reactive oxygen species have been implicated in reduced GLUT4 translocation through
the activation of serine kinases and attenuation of insulin signalling downstream of Akt

(Kraegan and Cooney, 2008). These mechanisms are summarized in Figure 1.2B. The



development of insulin resistance can in turn increase lipolysis of adipocytes, further
increasing FFA levels and exacerbating insulin resistance.
1.3.3)Altered Insulin Signalling

Altered insulin signalling is central to the metabolic perturbations observed in
obesity and DM. In type-2 DM hyperinsulinemia precedes the development of overt
insulin resistance and hyperglycemia, and gradually progresses to hypoinsulinemia as
pancreatic B-cells fail. Hyperinsulinemia even without hyperglycemia appears to have a
direct influence in stimulating the SNS. In type-1 DM, hypoinsulinemia directly
contributes to hyperglycemia and subsequent sympathetic activation.

1.3.3.1)Hyperinsulinemia in Type-2 DM

Insulin infusions experiments can demonstrate the acute effects of insulin and
hyperinsulinemia on the activation of the SNS. When insulin is administered in
physiological doses, it evokes increased muscle sympathetic nerve activity as compared
to saline controls in normotensive non-obese humans (Hausber et. al., 1995). In a similar
study by Kern et. al. (2002), a 360 min high rate insulin infusion [15mU/kg/min]
increased HR as well as plasma epinephrine and NE relative to a low rate infusion
[1.5mU/kg/min]. Of particular interest is that while insulin levels increased rapidly to a
plateau, catecholamine levels did not plateau and had a positive slope over the duration of
the infusion in both high- and low-rate groups, suggesting the chronic nature in which
hyperinsulinemia may augment the SNS.

The manner in which hyperinsulinemia stimulates the SNS is not entirely clear,
but it may act through the ventral medial hypothalamus (VMH). Insulin is transported

across the blood-brain barrier and its central concentration is proportional to plasma



insulin levels (Banks et al. 1997). Insulin’s transport across the blood-brain barrier can be
saturated, and in conditions of hyperinsulinemia, this may contribute to central
glucopenia, as not enough insulin can enter the brain to achieve normal glucose uptake
(Borg et. al. 1995; Evans et al. 2004). Studies assessing the role of the VMH in SNS
activation and DM have shown that 2-deoxyglucose-induced hypoglycemia contributes to
elevations in plasma glucose in tandem with increases in plasma epinephrine and NE
(Borg et. al. 1995). Sympathetic inputs to the VMH in turn exacerbate some metabolic
perturbations associated with obesity, hyperinsulinemia, and DM. Acute NE
administration to the VMH rapidly increases plasma glucose, FFA, insulin, and glucagon
(De Jong et.al., 1977). Chronic infusions of NE into the VMH induce an obese,
hyperinsulinemic, glucose-intolerant state (Cincotta et al.,2000). It appears that in the
VMH, systemic hyperinsulinemia contributes to reduced glucose utilization and SNS
activation, which may act synergistically to exacerbate one another.

1.3.3.2)Reduced Insulin Signalling in DM

Apart from the direct effects insulin can exert on the SNS, insulin resistance in
type-2 DM and reduced insulin signalling due to hypoinsulinemia in type-1 and late stage
type-2 DM contributes to metabolic changes characteristic of DM — hyperglycemia,
increased circulating FFA, and steatosis. The liver and skeletal muscles are two of the
main sites of insulin action and the major storage sites for glucose (Ferrannini, 2012).
Impaired insulin signalling in these organs is considered to be one of the main factors
contributing to hyperglycemia in DM. In normal conditions, hepatic insulin signalling
encourages glucose storage and suppresses glucose output by the liver through inhibition

of glycogenolysis and gluconeogenesis (Ferrannini, 2012). When normal insulin



signalling is absent, this suppression is attenuated, and the liver’s glucose storage is
reduced. Glucose secreting pathways remain constitutively active increasing blood
glucose (Kostis and Sanders, 2005; Ferrannini, 2012). In tandem with this increased
glucose output by the liver, reduced insulin signalling at the level of the skeletal muscle
and most other tissues attenuates glucose uptake increasing blood glucose further
(Ferrannini, 2012). Impaired insulin signalling encourages increases in circulating FFA
(Weiss et. al., 2013). While it is true that increased FFA catabolism must occur in DM
given the reduction in glucose utilization, FFA mobilization is also augmented increasing
circulating FFA. Normal insulin signalling in adipocytes encourages fat storage, but as
adipocytes become resistant to insulin, lipolysis is augmented and contributes to a net
increase in circulating FFA. Additionally, obesity and high-caloric diets characteristic of
type-2 DM can also contribute to high circulating FFA levels (Kraegen and Cooney,
2008; Weiss et. al., 2013). Increased FFA mobilization and accumulation in non-adipose
tissues can contribute to steatosis and encourage the accumulation of metabolites such as
DAG and ceramides, which in turn further exacerbate insulin resistance.
1.3.4)Hyperglycemia

Hyperglycemia is an added risk factor in metabolic disorders and is associated
with increased mortality and morbidity therein. While intimately related with insulin
signalling and resistance, hyperglycemia carries its own specific effects stimulating the
SNS and increasing the risk of cardiovascular disease.

Carbohydrates have a stimulatory effect on the SNS and in their absence
stimulation is reduced. In rats an intravenous bolus of glucose [1g/kg] increases plasma

NE (Levin, 1991), and hypoglycemia has been associated with reduced SNS outflow



(Young and Landsberg, 1979; Landsberg et al, 1980). Elevated NE levels are
characteristic of DM, and appear positively correlated with hyperglycemia. Reducing
blood glucose in streptozotocin (STZ) rats with insulin attenuates elevations in plasma
and cardiac NE (Thackeray et. al., 2013). As insulin resistance progresses, the worsening
of glycemic control contributes to the development of impaired glucose tolerance into
type-2 DM, with overt hyperglycemia. A recent study comparing left ventricular function
and SNS found that treatment-naive type-2 DM patients had greater muscle sympathetic
nerve activity , atrial NE, and reduced plasma NE clearance compared to unmedicated
impaired glucose tolerant patients that were matched for age, gender, body mass index,
and blood pressure. Glycemic control and SNS activation appear to be reciprocally
related. Increased SNS tone in type-2 DM was correlated with increased left ventricle
mass and diastolic dysfunction, highlighting the importance of hyperglycemia in the
progression of SNS activation and subsequent cardiovascular dysfunction. (Straznicky et.
al., 2013).

The acute effects of glucose on the SNS appear to be mediated by glucose sensing
neurons in the hypothalamus. Neurovascular cultures from rat postganglionic sympathetic
neurons showed increased NE release in the presence of 25mM glucose as compared to
SmM controls (Damon, 2010). During an intracerebroventricular infusion of glucose
(5.6mM) in vivo in rats, direct recordings of electrical activity showed an increase in
superior sympathetic ganglion activity of 177% and decreased parasympathetic (PNS)
superior vagal nerve activity by 39% (Camargo et. al., 2013) . Glucose injections
peripherally increase activation of sympathetic preganglionic autonomic neurons as seen

by an increase in increase in c-fos a marker of neuronal activity. Sympathetic
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preganglionic autonomic neurons have distal effects increasing sympathetic nerve
activity blood pressure, and HR (Nunn et. al., 2011). An intimate relationship exists
between hyperglycemia and sympathetic tone.

1.3.5)Altered Leptin Signalling in DM

1.3.5.1)Hyperleptinemia and Leptin Resistance in Obesity and DM

Hyperleptinemia and leptin resistance occur in obesity and type-2 DM,
contributing to the activation of the SNS. Leptin is a hormone secreted by adipocytes and
its production is proportional to the amount of white adipose tissue. Leptin is an
adipostatic mediator which acts on hypothalamic receptors to limit food intake and to
activate sympathetic pathways regulating energy metabolism (Stucchi et. al., 2011).
Leptin infusions augment sympathetic outflow from the kidneys (Haynes et. al., 1997).
Leptin administration also appears to act synergistically with insulin in increasing HR, a
marker of sympathetic activity, greater than insulin alone (Kuo et. al., 2003).

Normally, leptin binding to the leptin receptor, facilitates Janus kinase (JAK)2
phosphorylation on three tyrosine residues (Tyr 985, 1077, 1138 in mice) activating it.
JAK?2 in turn activates the signal transducer and activator of transcription (STAT)3,
which increases forkhead box O-1 gene transcription. Leptin may activate sympathetic
projections in the hypothalamus, where forkhead box O-1 promotes expression of pro-
opiomelanocortin increasing appetite suppression, and reducing the expression of
neuropeptide Y and its appetite promoting signalling (St-Pierre and Tremblay, 2012;
Amitani M, et. al., 2013). In the liver, STAT3 regulates glucose homeostasis by
suppressing the expression of gluconeogenic genes. Phosphorylated JAK?2 also stimulates

IRS1/2 phosphorylation, a down-stream target of the insulin receptor. IRS
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phoshphorylation activates Akt through PI3-K and phosphatidylinositol (3,4,5)-
trisphosphate. Similar to STAT3, Akt increases forkhead box O-1 transcription,
promoting appetite suppression. Leptin has been shown to contribute to GLUT4
translocation through stimulation of IRS proteins (Benomar et al., 2006). Leptin
signalling promotes fatty acid oxidation through increased peroxisome- proliferators-
activated receptor-a (Lee Y, et. al., 2002). In the absence of normal leptin signalling,
reduced STATS3, IRS, and peroxisome proliferators-activated receptor o activation
promote increased food intake, hyperglycemia a steatosis (Amitani M, et. al., 2013).
Increased adipocity in obesity and type-2 DM is associated with circulating
hyperleptinemia and leptin resistance. Leptin resistance appears to have at least two
underlying causes, including decreased permeability of the blood-brain barrier to leptin
reducing its concentration in the hypothalamus, and through suppressor of cytokine
signaling (SOC)3 inhibition of JAK?2 activation. Hyperleptinemia is associated with
decreased brain leptin concentrations in rodents and humans (Amitani et. al., 2013). The
permeability of the blood-brain barrier to leptin is decreased in high-fat diet-induced
obese rats despite increased plasma leptin levels, reducing its central effects (Burguera et
al., 2000). Leptin induced mRNA expression of JAK-STAT is inhibited by SOC3.
Expression of SOC3 mRNA is increased in murine skeletal muscle in the setting of diet-
induced and genetic obesity, inflammation, and hyperlipidemia. Leptin and insulin act to
regulate one another’s production, and leptin is implicated in altered insulin signaling and
resistance in obesity and type-2 DM. Leptin signalling inhibits insulin biosynthesis and
secretion from pancreatic -cells and insulin stimulates leptin secretion from adipose

tissue. This hormonal regulatory feedback loop is important in the healthy adipo-insular
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axis, and dysfunction of this crosstalk plays and important role in the development of
hyperinsulinemia and type-2 DM (Amitani M, et. al., 2013).

Leptin signalling does not occur in some model of obesity and DM like the
Zucker obese (ZO) and Zucker Diabetic Fatty (ZDF) rats, due to a complete knock-out of
the leptin receptor. While this negates the contribution of leptin to sympathetic activation
in these models, it is relevant to note that similar to these models, leptin resistance occurs
in obesity and type-2 DM. Diet-induced obesity and hyperleptinemia contribute to leptin
resistance in the hypothalamus of mice (Munzberg et. al., 2004) and the loss of leptin
receptor functionality occurs with age in the livers of C57BL/6]J in association with the
development of dislipidemia (Stucchi et. al., 2011). Elevated leptin signalling directly
decreases insulin secretion, and the absence of leptin signalling may thereby contribute to
hyperinsulinemia and insulin resistance in leptin resistant obesity (Park et. al., 2010).
While leptin resistance may share some similarities with leptin receptor knock-out
models of obesity and type-2 DM, it is also known that leptin repletion in ob/ob mice, a
model in which endogenous leptin production is attenuated but an intact receptor
remains, can help to improve dislipidemia and obesity (Sloan et. al., 2011) as well as
restore depressed contractility, indicating that leptin resistance and the absence of leptin
signalling are not analogous (Minhas et. al., 2005).

1.3.5.2)Leptin Deficiency in DM

Reduced adiposity in type-1 DM contributes to a state of relative leptin
deficiency. In uncontrolled insulin-deficient diabetes, decreased body fat stores results in
a marked reduction in plasma leptin levels (German et al., 2010; Amitani t. al., 2013).

Leptin has antisteatotic actions in peripheral tissues and the absence of leptin signalling
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may contribute to steatosis (Oral et. al., 2012). Accumulation of excessive lipids in
pancreatic islets was reported to increase ceramide accumulation, fibrosis, and apoptosis.
Restoration of leptin signalling recovered pancreatic insulin secretion and ameliorated
DM in several rodent models of obesity, leptin resistance, and leptin deficiency (Unger
2005; Oral et. al., 2012). Leptin can improve lipid metabolism in ways that insulin
cannot. Restoring leptin signalling can reverse steatosis by promoting B-oxidation of FFA
in muscle and liver (Oral et. al., 2012) and by improving insulin sensitivity (Amitani et.
al., 2013). Long-term leptin therapy in humans reduced insulin requirements; however,
patients did not become insulin free, and c-peptide levels remained undetectable even
after 1 year of leptin therapy (Park et. al., 2008; Amitani et. al., 2013; Wasserfall et. al.,
2012). Reduced leptin signalling due to resistance in obesity and type-2 DM or due to
insufficiency in type-1 DM is implicated in the deregulation of glucose and lipid
metabolism, encouraging insulin resistance, hyperglycemia, and steatosis. As discussed
above, these factors are directly and indirectly implicated in the metabolic changes
associated with DM and contribute to the increased sympathetic tone therein.
1.4)Sympathetic Nervous System
1.4.1) Presynaptic NE Regulation

The autonomic nervous system (ANS) innervates various organs and tissues
throughout the body to regulate physiological functions and metabolism. The ANS is
divided into two branches, the SNS and the PNS, which contain preganglionic neurons
that originate in the central nervous system and synapse with postganglionic neurons in
the peripheral ganglia, which innervate target organs such as the heart (Figure 1.3).

Stimulation of the PNS releases acetylcholine, which binds parasympathetic cholinergic
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receptors, while stimulation of the SNS releases NE and epinephrine, which binds
sympathetic adrenergic receptors (Appenzeller and Oribe, 1997). NE dominates SNS
signaling in the heart. NE is synthesized from tyrosine in presynaptic cells and stored in
vesicles until SNS stimulation facilitates calcium-mediated exocytosis of NE (Currie et.
al., 2012). In the synapse, NE availability is tightly regulated. NE can be broken down in
the synapse by catechol-O-methyl transferase or taken back up by presynaptic cells
through norepinephrine-reuptake transporter (NET) where is it metabolized by
monoamine oxidase or transported back into vesicles by the vesicular monoamine
transporter 2 (Brodde et. al., 2006; Appenzeller and Oribe, 1997; El-Armouche et al.
2003; Thackeray et al., 2012). NE in the synapse may also bind adrenergic receptors on
post synaptic cells, activating intracellular pathways (Figure 1.4). Adrenergic receptors
exist in two main classes, o and 3. These classes further divide into subclasses: a;, oy, B,
B2, and B3 (Appenzeller and Orbie, 1997). The two branches of the ANS act in a
complimentary but antagonistic manner. The SNS is generally associated with catabolic
processes and its activation has a stimulatory fight or flight response. The SNS
upregulates functions like cardiac output and blood flow to skeletal muscle, increasing
the use and mobilization of fuel stores. In contrast, the PNS reduces cardiac output
attenuating blood flow to skeletal muscle, while increasing blood flow to organs like the
gut. Activation of the PNS contributes to energy sparing process encouraging the body to
absorb and store energy for future use (Appenzeller and Orbie, 1997).
1.4.2)p-Adrenergic Signalling

B-AR belong to the super family of G protein-coupled receptors (GPCR) that have

seven transmembrane-spanning regions (Broddee, 1993). In the heart, B-AR exist as three
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distinct isoforms, B;-, B2-, and B3-AR (Wallukat, 2002). Each B-AR subtype has a distinct
molecular structure, pharmacological profile and population density. 3;-AR have the
greatest expression in the heart, followed by 3,-AR, and 33-AR have the lowest
expression (Wallukat, 2002; Gauthier et al. 2011). The relative expression of B;:p2:B3-AR
in the hearts of healthy rats has been reported to be 62:30:8 (Dincer et al. 2002). With the
highest relative expression, 3;-AR have the most important role in regulating cardiac
performance in the healthy heart (Altan et al. 2007). -AR are coupled to stimulatory G-
proteins (Gs) and agonist stimulation of cardiac B-AR populations with pharmacological
agents like isoproterenol or endogenous agonists like NE increase ionotropy and
chronotropy. This effect occurs through Gs-mediated activation of adenylate cyclase
(AC) following agonist binding, increasing cyclic adenosine monophosphate (cAMP)
levels in cardiomyocytes, stimulating protein kinase A (PKA) production and
culminating in increased intracellular calcium cycling, upregulating contractile force and
heart rate (Lefkowitz, 1998) (Figure 1.4). Some evidence suggests 3,- and f-3AR may
also couple to inhibitory G-proteins (Gi), and their stimulation can mediate negative
effects on inotropy and chronotropy, especially in advance heart failure with defective
cardiac SNS innervation (Kuschel et. al., 1999). While conclusive data regarding the
existence of Gi-coupling to ;- and B3-AR remains somewhat controversial, the rational
supporting this coupling is that NE binding to Gi-coupled B-AR reduces contractility,
potentially though AC inhibiton (Kuschel et. al., 1999; Dincer et al. 2002). The negative
ionotropy associated with f3-AR stimulation has also been attributed to the activation of
the endothelial nitrous oxide signaling pathway encouraging vasodilation, attenuating

cAMP production through competitive cyclic guanosine monophosphate production, and
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by modifying membrane excitability to reduce intracellular calcium by increasing its
extracellular transport through the sodium-calcium exchanger (Massion et al. 2003). B3-
AR stimulation has also been implicated in thermogenesis in brown adipose tissue, which
increases energy expenditure by reducing the mitochondrial efficiency by modifying it’s
proton gradient through uncoupling-protein 1.
1.4.3) B-AR Regulation

GPCRs, including cardiac B-AR, are synthesized in the golgi apparatus and
shuttled to the plasma membrane where they predominantly reside and where their signal
transduction is activated. Agonist binding can desensitize receptors, attenuating
intracellular signal transduction. Internalization of receptors from the plasma membrane
into the cystol also occurs slowly and increases in the presence of an agonist (Dzimiri,
1999). Upon internalization these receptors may translocate back to the plasma
membrane or to lysosomes where they are degraded. The relationship between ligand
availability, receptor desensitization, internalization and degradation provides a
mechanism to regulate ligand receptor interactions and subsequent intracellular
responses. This provides a point of control at the level of the target cell, reducing receptor
expression at the plasma membrane when agonists are abundant, which can be reversed
when they are not, protecting cells from excessive receptor stimulation. In pathological
conditions where agonists are chronically elevated, excessive binding can favour
desensitization and degradation of receptors, leading to reduced surface expression of
GPCRs and a chronic attenuation of intracellular signalling cascades (Figure 1.5) (Zhang

and Mende, 2011).
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1.4.3.1) Desensitization

Desensitization of GCPRs, such as the cardiac B-AR, is a regulatory mechanism
that helps mediate intracellular responses resulting from receptor stimulation.
Desensitization is defined as decreased AC activation and reduced intracellular response
from a GPCR following ligand binding (Hadcock and Malbon, 1991). Desensitization is a
short-term mechanism that is both rapid, occurring within seconds to minutes of ligand
binding, and reversible, with AC responsiveness capable of returning within 15-30 min
after agonist removal (Hadcock and Malbon, 1991; Lefkowitz, 1998). There are three
main proteins involved in B-AR regulation — PKA, G protein receptor-coupled kinases
(GRK), and B-arrestin. PKA and GRKs contribute to desensitization by phosphorylating
intracellular aspects of B-AR reducing their GPCR coupling and stimulation of AC. -
arrestin can bind to phosphorylated receptors and facilitate their internalization.
Desensitization can be heterologous (non-agonist specific) or homologous (agonist
specific).

1.4.3.1.1)Heterologous Desensitization

Heterologous desensitization does not require agonist-specific stimulation of a
GPCR, but results from stimuli that increase secondary intracellular messenger kinases.
When intracellular cAMP levels become elevated, PKA is activated. PKA can
phosphorylate B-AR on the third intracellular loop (Bouvier et al., 1988; Hausdorff et al.,
1989; Brodde, 1993), causing a conformational change that prevents interaction with G-
proteins, attenuating signal transduction (Lefkowitz, 1993). When PKA is inhibited or its
target putative phosphorylation sites are mutated, this desensitization is attenuated (Lohse
et. al., 1990; Hausdorff et. al., 1989). Secondary messenger kinases other than PKA may

also influence -AR phosphorylation and heterologous desensitization. Protein kinase C
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has been implicated in the desensitization of several receptors including the m1
muscarinic receptor, the vasopressin receptor, and the angiotensin II receptor (Haga et.
al., 1996; Zhang et. al., 1996; Oppermann et. al., 1996).

1.4.3.1.2) Homologous Desensitization

Homologous desensitization occurs following the stimulation of GPCRs by an
agonist. Agonist binding of B-AR recruits 3-AR receptor kinases, also know as GRK to
the agonist-bound receptor. GRKs can be present in the membrane or in the cystol. GRKs
2, 3, 5, and 6 have been identified in the heart, with GRK2 and GRK3 residing in the
cystol and GRKS and GRKG6 in the membrane (Drake et. al., 2006). Following agonist
stimulation, GRKSs are recruited to B-AR and phosphorylate the intracellular C-terminus
of agonist-occupied receptors. Receptor phosphorylation by GRKs facilitates B-arrestin
binding, preventing G-protein interactions and suppressing signal transduction. -arrestin
bound receptors attract clathrin and internalize the receptors into clathrin-coated pits
(Tseng et. al., 2001; Dzimiri et. al., 1999). Internalized receptors are dephosphorylated
(Sibley et al., 1986) and can be recycled back to cell surface as active receptors or
directed to lysozomes for degredation (Hausdorff et al 1990; Pierce and Lefkowitz 2001;
Luttrell and Lefkowitz, 2002). In a normal state, a balance exists between receptor
production, desensitization, internalization and degradation (Tseng et al., 2001).
Persistent stimulation of receptors can shift this balance in favour of degradation,
reducing GPCR expression. Reduced 3-AR expression in conditions of elevated SN'S
tone in heart failure and diabetes is one such example.

1.4.3.2)Downregulation

Downregulation is defined as a decreased in total receptor numbers caused by

exposure to agonists for days or more. Downregulation results from long-term persistent
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agonist receptor stimulation through a reduction in steady state mRNA and enhanced
receptor degradation (Bohm et. al., 1997). Chronic incubation of hamster vas deferens
cells with isoproteronol reduces 3,-AR mRNA by reducing the stability and half life of
transcripts (Hadcock et. al., 1989). This reduces the translation of functional 3,-AR,
downregulating the rate of production of new receptors. Persistent stimulation of 3,-AR
increased lysosomal targeting reducing receptor expression. This increased lysosomal
targeting appears related to an increased phosphorylation and upregulation of the
recycling rate constant of receptor internalization, where each successive recycling
internalization increases the probability a receptor may be targeted to lysosomal
degredation (Moore et al 1999). Agonist-induced downregulation of GPCRs like the -
AR can take two weeks or more to recover receptor populations (Hadcock and Malbom
1991) and may only recover 50-90% of initial receptor density (Wang et al 1990).
Internalization and downregulation is complex and overlapping point between
desensitization and downregulation (Moore et al 1999).
1.4.4) Reduced p-AR Expression in DM

DM and hyperglycemia are associated with elevated plasma and cardiac NE
(Thackeray et al. 2011b). NE levels positively correlate with disease progression and
poor outcome in HF and DM (Young et. al., 2002; Jacobson et al. 2010; Thackeray et. al.,
2011b). Elevated NE in the heart leads to a chronic hyperstimulation of B-AR and
subsequent receptor desensitization, internalization and downregulation (Ganguly et. al.,
1987; Roof et. al., 2011, Thackeray et. al., 2011a). Reduced -AR density has been
described in the diabetic heart (Dincer et al. 2002, Altan et. al., 2007, Thackeray et. al.,

2011a). The expression of the three B-AR subtypes in the heart is affected differently by
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DM (Brodde, 1993). Subtype-specific assessment of cardiac B-AR in DM indicates that
B1-AR expression is reduced (Dincer et. al., 2002; Thackeray et. al. 2011a), ,-AR
expression may be reduced or increased (Dincer et. al., 2002; Thackeray et. al. 2011a),
and that $3-AR expression is increased (Dincer et. al., 2002; Gauthier et. al. 2011). In 14
weeks of untreated DM, the relative expression of ;:,:83-AR has been reported to be
40:36:23, as compared to 60:30:8 in the healthy heart (Dincer et. al., 2002). The shift in
expression patterns brings greater emphasis on 3,- and B3-AR, potentially counteracting
the heightened release of NE by enhancing negative ionotropy and vasodilation (Liu et al.
1998). B2- and B3-AR are shown to have a lower affinity for NE, further suggesting an
important role when catecholamine levels are elevated in DM (Gauthier et. al., 2011). The
role of these changes in B-AR density and function in DM are still not fully understood.
The relationship between B3-AR, negative ionotropy and vasodilation in the heart, as well
as the thermogenic dissipation of excess calories in brown adipose tissue make it an
emerging therapeutic target in heart failure, DM, and obesity (Massion et al. 2003). The
improved success of the third generation B-blocker Nebivolol is thought to be due in part
to its B3-AR agonism promoting cardioprotective vasodialtion (Rozec et. al. 2009).
Examining how B-AR expression changes in the heart during DM and how glycemic
control impacts this change may provide insight into understanding the effect of DM and
hyperglycemia on cardiac function and B-AR expression.
1.5)Animal Models of Diabetes
1.5.1)High-Fat Fed Low-Dose STZ Rats

STZ is a diabetogenic agent consisting of a cytotoxic methylnitrosourea moiety

attached to a 2-deoxyglucose molecule (Figure 1.6) (Lenzen, 2008). STZ is the most
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widely used chemical to induce a diabetic state in experimental DM (Lenzan, 2008;
Salem et. al. 2009; Choi et al. 2002; Khong et al. 2011). STZ is hydrophilic preventing its
uptake in many tissues; however it is preferentially taken up by pancreatic B-cells through
the GLUT?2 transporter, where it alkylates DNA, leading to B-cell necrosis, ultimately
impairing or eliminating native insulin production (Lenzen, 2008). A rat model of DM
combines high-fat diet feeding to induce insulin resistance with an moderate
intraperitoneal injection (45mg/kg) of STZ to partially impair insulin secretion in affected
pancreatic B-cells and promoting the overproduction of insulin by surviving -cells,
leading to B-cell wasting and hypoinsulinemia (Reed et. al., 2000; Srinivasan et. al.,
2005; Zhang et. al., 2003). The intraperitoneal route of administration theoretically
reduces the effective dose of STZ delivered in each animal as compared with intravenous
injection, resulting in a milder form of DM (Reed et al. 2000). These animals have been
shown to exhibit characteristics of DM, including impaired glucose tolerance, sustained
hyperglycemia, hypoinsulinemia, and dyslipidemia (Ganguly et al. 1987, Thackeray et. al
2011a, Thackeray et. al. 2011b). Insulin has been shown to be effective in inducing
euglycemia in this model, providing a means of assessing the effects hyperglycemia on f3-
AR density, but also the role of insulin-induced euglycemia on preserving or restoring
receptor expression. This model has been used previously in our group to study
sympathetic dysfunction in DM (Thackeray et. al 2011a, Thackeray et. al. 2011b).

1.5.2) Zucker Rats

1.5.2.1) Zucker Obese and Zucker Lean Rats

ZO rats are a well characterized model of obesity and pre-DM, owing to a

missence mutation (fa/fa), resulting in a truncated leptin receptor and hyperleptinemia
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(Zucker and Zucker, 1961). Impaired leptin signalling in ZO rats contributes to the
development of obesity starting between three and five weeks of age (Chua et. al., 1996a;
Chua et. al., 1996b; Phillips et. al. 1996) with increased levels of circulating leptin,
insulin, and FFA relative to Zucker lean (ZL) (+/+) rats (Pico et. al., 2002; Hardie et. al.,
1996), their non-obese counterparts with intact leptin receptors and signalling. ZO rats
display insulin resistance, high levels of circulating insulin (apparent at three weeks of
age) (Beck, 2000), and FFA (Bugger and Abel, 2009), while blood glucose levels remain
normal. ZO rats provide a better pre-DM euglycemic obese control for studying the
effects of hyperglycemia on cardiovascular disease in type-2 DM than ZL rats alone.

1.5.2.2)Zucker Diabetic Fatty Rats

The ZDF rat is the most widely studied model of type-2 DM. ZDF was developed
by selective breeding for hyperglycemia in the ZO (fa/fa) strain. Studies in ZDF rats have
shown altered myocardial metabolism, with a shift toward increased FA oxidation
(Bugger and Abel, 2009). Cardiac dysfunction has also been identified in ZDF rats using
echocardiography (Fredersdorf et. al., 2004; Marsh et. al., 2007; Zhou et. al., 2000) and
pressure-volume analysis (Radovits et. al., 2009), including reduced %EF, increased
MVD, and reduced HR. Greater increases in NE levels have been observed in ZDF than
in their euglycemic obese ZO counterparts and compared to ZL rats by 14 weeks of age
(Marsh et al. 2007). The effect of elevated NE on cardiac B-AR and function is still not
well studied in ZDF; specifically, the time course of altered B-AR expression in ZDF
needs to be explored. This will help establish time points for future experiments assessing
cardiac SNS in ZDF rats and potentially the effect of glycemic control with insulin

sensitizers on the progression of DM and its relationship with altered -AR expression.
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1.6)Hypoglycemic Therapies and Reduced SNS
1.6.1)Insulin Replacement

Treatment of type-2 DM focuses on reducing blood glucose and/or increasing
insulin sensitivity. Insulin replacement is used to treat type-1 DM or as a last stage of
treatment of type-2 DM as B-cell exhaustion and apoptosis evokes hypoinsulinemia
(Nicholson and Hall, 2007). Good glycemic control has been associated with improved
sympathetic innervation in the heart (Stevens et. al., 1999) and normalization of blood
glucose by insulin has been associated with restoration of SNS innervation, decreased NE
levels and normalization of B-AR expression patterns in the heart (Ramanadham et. al.,
1983; Dincer et. al., 2002; Thackeray et. al., 2013; Sherma et. al., 2008). Studies
assessing the role of insulin therapy in restoring f-AR expression provide strong
evidence as to the role of hyperglycemia and altered insulin signalling in cardiovascular
disease at the level of the B-AR (Dincer et. al., 2002). Less is known about the temporal
nature of insulin replacement therapy on cardiac SNS innervation. It remains unclear if
insulin therapy provided after a period of sustained hyperglycemia is as effective at
inducing euglycemia and restoring cardiac B-AR expression in the heart as when it is
provided at the onset of hyperglycemia.
1.6.2)Insulin Sensitizers

Unlike reducing blood glucose with exogenous insulin, insulin sensitizers act to
improve the body’s responsiveness to endogenous insulin to reduce blood glucose.
Metformin, is a biguanide that is one of the main pharmacological approaches to the
management of insulin resistance in type-2 DM (Stumvoll et. al., 2007). Metformin acts

to improve insulin sensitivity and reduce blood glucose. While the exact mechanisms of
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metformin’s actions are not fully understood, it appears to exert its function by
stimulating AMPK (Zhou et. al., 2001; Viollet et. al., 2009). AMPK can mediate GLUT4
translocation independent of insulin signaling through the Rab GTP-ase activating protein
AS160 (Kramer et al. 2006). Metformin-mediated improvements in glucose uptake have
effects in several tissues such as decreased hepatic glucose output (Nicholson and Hall,
2011) as well as increased glucose deposition and utilization in peripheral tissues like the
skeletal muscle, ultimately reducing blood glucose. Metformin has been used extensively
in managing hyperglycemia in both type-1 and type-2 DM since it can act independently
of circulating insulin levels and tissue insulin resistance. Blood glucose levels, glucose
tolerance, and insulin sensitivity are improved in ZDF rats treated with metformin
(Shoghi et. al., 2009).

Rosiglitazone is a second generation thiazolidinedione used in the treatment of
type-2 DM (Nicholson and Hall, 2011). Rosiglitazone acts predominantly on adipocytes
and skeletal muscle, activating peroxisome proliferators-activated receptor-y to alter gene
expression of proteins involved in FFA metabolism in adipocytes. This mechanism leads
to decreasing circulating FFA by 20-40% and improves insulin sensitivity (Fonseca et.
al., 2000; Phillips et. al., 2001; Fonesca 2008). Rosiglitazone also helps redistribute fat
from visceral to subcutaneous deposits, and increases the ratio of high-density to low-
density lipoproteins, both of which are cardioprotective (Adams et. al., 1997; McGuire
and Inzucchi et. al., 2008). In contrast to this cardioprotection, rosiglitazone may be
associated with an increased instance of myocardial infarction and heart failure (Nissen
and Wolski et. al., 2007), but subsequent investigations have not found a clear link

between rosiglitazone and adverse cardiovascular outcomes (Woo, 2009). More recently,
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rosiglitazone has been associated with impairment of beneficial exercise-induced reverse
remodeling in the left ventricle, which may be due to fluid retention (Roes et. al., 2011).
It has been suggested that rosiglitazone may have vascular complications but remains
neuroprotective (Palomares et. al., 2012). Myocardial imaging studies in ZDF rats have
shown improvements in myocardial substrate utilization when treated with rosiglitazone
(van der Brom et. al., 2009). Attempts to induce euglycemia in STZ rats with metformin
and rosiglitazone by our group have been unsuccessful, presumably due to the lack of
native insulin production. This may suggest a model of type-2 DM that exhibits
hyperinsulinemia may be more successful. In future experiments, normalizing blood
glucose levels and improving insulin sensitivity with these drugs in ZDF rats should
reduce NE levels in the heart and plasma, restoring B-AR expression and left ventricular
function.
1.7)PET and the SNS

PET is an imaging modality that uses radiolabelled compounds in tracer doses to
visualize and quantify pathways and receptor targets in the body in three dimensions.
Compounds or drugs that interact with specific pathways or receptors are coupled with
cyclotron-produced radionuclides to form PET tracers. PET tracers undergo positive beta
decay, emitting a positron (antiparticle of an electron), which will collide with an electron
in an annihilation reaction near the origin of the decay, producing a pair of collinear
gamma photons at 511 keV traveling in opposite directions. The two photons are then
detected by scintillation crystals in the PET cameras surrounding the body in 360°. The
opposite but collinear nature of the decay allows the two gamma photons to be detected

simultaneously, defining a line of response by electrical collimation, which is then
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reconstructed to produce an image (Figure 1.7). In PET, the image produced has a colour
scale, where brightness is proportional to tracer retention, giving an indication of receptor
density or metabolic activity within an organ in vivo (Figure 1.8). PET imaging has high
spatial resolution (6-10 mm), high molecular sensitivity (10™'-10" mol/L), high
temporal resolution (2-10 seconds), and high radiotracer sensitivity relative to other
imaging techniques, making it a useful tool for characterizing biological processes in vivo
in different tissues of the body (Matthews et. al., 2011). The high spatial resolution of
PETrelative to other imaging modalities like SPECT, is due to PETs lower positron range
and electrical collimation, making it a powerful too for assessing the SNS in vivo,
especially in small animals or patients with elevated body mass where sensitivity may be
inherently reduced (Rahmim and Zaidi, 2008).
1.7.1)PET as Guide to Heart Disease and Therapy

Little progress has been made in altering the clinical course of heart failure, and
cardiovascular disease remains a leading cause of death world wide. Cardiovascular
disease is not a single entity, but a common pathway for a number of cardiac and non-
cardiac processes. Patient populations are diverse and individual responses to
pharmacological intervention can vary widely. PET and its ability to study metabolic
pathways and receptors in vivo may provide some insight into treating cardiovascular
disease by allowing more stringent stratification of patient populations and by providing
evidence for pathological patterns of metabolism and receptor expression (Matthews et.
al., 2011; Bengel, 2011). Pathological changes in metabolism, such as changes in glucose
and lipid metabolism in the heart (Welch et. al., 2006), and receptor expression, such as

changes in B-AR expression (Bengel, 2011; Naya et al. 2009), can be identified by PET.
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Monitoring these changes in vivo using PET may provide insight into the etiology of an
individual patient’s cardiovascular disease to determine and optimize a specific
personalized therapeutic approach. Furthermore, baseline readings of such processes can
be compared with readings after therapeutic interventions to determine if a particular
treatment is having the desired effect and if not allow for alternate approaches (Matthews
et. al., 2011). ["*F]- fluorodeoxyglucose (FDG) PET/CT is being applied in such a
manner to help identify lymphoma based on increased glucose uptake and then stratifying
patients to optimize therapy (Hutchings and Barrington, 2009). Given the prognostic
utility identified in the ADMIRE-HF trial, assessing the SNS is an attractive target for
PET in characterizing and optimizing treatments for cardiovascular disease in individuals
to improve patient outcomes (Bengel, 2011). Assessing SNS integrity in animal models
can similarly provide insight into the role of the SNS in the development of several
cardiovascular pathologies like DM and how pharmacological treatments can impact this
integrity within individual animals at multiple timepoints.
1.7.2)PET Tracers for SNS

The two main targets for PET in assessing SNS in the cardiovascular system are
the presynaptic and postsynaptic neurons. Presynaptic neurons regulate NE production,
release, and metabolism to control NE concentration within the synapse and its
availability to bind postsynaptic receptors on cardiomyocytes. In the heart, postsynapatic
B-AR bind NE and mediate its cellular responses related to cardiomyocyte function. A
brief review of PET tracers that have or may be applied by our group to assess cardiac

SNS innervation are below (Figure 1.4).
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1.7.2.1)Presynaptic

1.7.2.1.1)[" C]-Hydroxyephedrine

[''C]-hydroxyephedrine (HED) is the most common PET tracers of presynaptic
sympathetic innervation. Like NE, HED is taken up with high affinity by NET in
presynaptic neurons, but unlike NE, HED is not metabolized by catechol-O-methyl
transferase and is resistant to oxidative deamination by monoamine oxidase (Cheng,
2006). Characterization studies established high affinity for [''CJHED for NET
(k;i=20.9nM) (Raffel and Chen, 2004), with 85-90% specific uptake determined by
desipramine pretreatment in rats (Thackeray et, al. 2007). A direct correlation exists
between [''CJHED retention and NET expression. Previous work by our group has
identified that [“C]HED retention is reduced after 8 weeks of STZ-induced
hyperglycemia in high-fat fed rats (Thackeray et. al., 2011b), and that retention is
restored when blood glucose is normalized with insulin (Thackeray et al., 2013).
Metformin was less successful in reducing blood glucose and failed to restore [''CJHED
retention in this model, potentially because despite any improvement in insulin
sensitivity, native insulin production is very low. This suggests that a truer model of type-
2 DM, with intact endogenous insulin production, may be a better for assessing the role
of insulin sensitizers in reducing blood glucose and restoring SNS integrity.

1.7.2.2)Postsynaptic

1.7.2.2.1)["C]-CGPI12177

The B-AR antagonist 4-(3-tert-Butylamino-2-Hydroxypropoxy)-Benzimidazol-2-
One (CPG12177) (Figure 1.9), has been used to study B-AR populations in various
tissues, including the heart (Van Waarde et. al., 1992; Naya et. al., 2009; Thackeray et.

al., 2011a). CGP12177 is hydrophilic, binding to cell surface receptors, giving a better
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representation of active cell surface receptor populations compared to other lipophilic
radiotracers such as such as [* H]-dihydroalprenolol, which can cross the cell membrane
and bind inactive receptors in the cytoplasm. Moreover, CGP12177 exhibits increased
specificity and appears to bind only B-AR, compared to tracers like ['%1)-
iodocyanopindolol that may also bind non-specifically to serotonin receptors in the brain
(Morin et. al. 1992; de Jong et. al., 2002). [''C]-CGP12177 has been used to study f-AR
populations in cardiac disease states such as idiopathic dilated cardiomyopathy in vivo
using PET (Delforge et. al., 2002; Naya et. al., 2009). While [''C]-CGP12177 has not yet
been synthesized by our group, [*H]-CGP12177 provides an opportunity to explore this
tracer in a proof-of-concept model, for the utility of longitudinal imaging studies with
[''C]-CGP12177, to serially evaluation B-AR density in diabetic animal models and
patients. [*H]-CGP12177 has been used to study B-AR populations in ex vivo
biodistributions (Van Waarde et. al., 1992; Thackeray et. al., 2011a), binding with high
affinity to B;-AR (K4=0.3nM) and B,-AR (K4 = 0.9nM) and with lower affinity to f3-AR
(K4 =90nM) (Mohell and Dicker, 1989; Van Waarde et. al., 1992). While ex vivo
biodistributions are limited by the terminal nature of the experiment only allowing for a
single time point to observe receptor binding, biodistributions also provide a direct
quantitative assessment of receptor binding in a tissue without any reconstruction.
Previous work in our lab has demonstrated the specificity of [’H]-CGP12177 binding by
blocking uptake with unlabeled CGP12177 and the non-selective B-AR antagonist
propanolol and that [*’H]-CGP12177 retention in the heart is reduced after 8 weeks of

sustained hyperglycemia in high-fat fed STZ rats (Thackeray et. al., 2011a).
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1.7.2.2.2) ["'C]-CGP12388

Similar in structure to CGP12177, 4-(3-(Isopropylamino)-2-Hydroxypropoxy)-
Benzimidazol-2-One (CGP12388), is an interesting alternative to CGP12177 in
quantifying B-AR. CGP12388 has a simpler radiochemical synthesis that CGP12177 by
circumventing [''C]-phosgene and using the labeling synthon [''C]-acetone to improve
the efficiency and specific activity of synthesis (Elsinga et. al., 2001). Characterization
has show similar kinetics to CGP12177 (Momos et. al., 2004 ; Elsinga et. al., 2001; Doze
et. al., 2002). While CGP12388 has not been used previously in our group, it may provide
an attractive alternative to [“C]—CGP12177 with a more robust and reproducible
synthesis for future work using PET.

1.7.2.2.3) (R)- ["'C]-Rolipram

(R) - [''C]-Rolipram does not assess B-AR, but acts within cardiomyocytes to
quantify post-receptor secondary messaging at the level of phosphodiesterase (PDE)4. In
the heart, B-AR stimulation by NE increases cAMP levels. PDE4 enzymes terminate
cAMP signalling by catalyzing second messengers to their inactive 5’-adenosine
monophosphate derivatives (Zhao et. al., 2003). PDE4 isozymes are inhibited by
rolipram and (R)-[''C]-Rolipram has been applied as a PET tracer used for the evaluation
of PDE4 levels and alterations in cAMP signalling pathways in the brain and heart.
(Lorenco et al. 1999; Kenk et. al., 2011). High contrast in cardiac tissue uptake compared
to surrounding tissues, combined with the involvement of PDE4 in cardiac contractility
and pathological remodeling make this tracer a promising tool for in vivo imaging of
myocardial diseases (Kenk et. al., 2011). Rolipram may provide unique information
regarding post-adrenergic receptor signalling within cardiomyocytes and may be useful in

quantifying B-AR signalling in individuals receiving -blocker therapy. Our group has
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demonstrated a dose dependent increase in PDE4 binding in response to NE in
biodistributions with (R) - [“C]—Rolipram (Lourenco et. al. 2006) and that in the
myocardium this binding is specific to PDE4 and not other PDE isoforms (Kenk et. al.,
2007). Changes in PDE4 activity have been observed using (R)-[''C]-Rolipram PET
following cardiomyocyte stimulation with the B-AR antagonist desipramine (Thomas et.
al. 2011). These tracers provide tools to assess cardiac sympathetic integrity at pre- and
post-synaptic sites as well as at an intracellular level. This work will contribute to the
development of CGP12177 in assessing cardiac B-AR expression in models of DM. In
the long term, this will help develop PET tracers capable of assessing the cardiac SNS at

multiple levels.
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Figure 1.1: Common symptoms associated with metabolic disease. (Adapted from
Maric-Bilkan, 2013.)
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Figure 1.2: Overview of normal insulin signalling, AMPK mediated GLUT4
translocation (A), and how FFA contribute to the impairment of insulin-stimulated
GLUTH4 translocation (B). In normal insulin signalling, insulin binding
autophosphorylates the insulin receptor activating insulin receptor substrate (IRS). IRS
mediates the activation of PI3-K. PI3-K binds to PDK-1, facilitating GLUT 4
translocation through protein kinase C (PKC){ activation as well as through the
phosphorylation of protein kinase B, also known as Akt, which mediates the translocation
of intracellular GLUT4 storage vesicles to the cell surface via AS160 for glucose uptake.
AS160 can also be activated by AMPK in the absence of insulin when there is an increase
in the AMP to ATP ratio, such as may occur following a contraction. In insulin
resistance, increased FFA uptake raises intracellular LCFACo0A and provides a substrate
for non-oxidative processes, such as triglyceride, DAG, and ceramide formation. DAGs
contribute to the activation of various serine kinases such as PKC isoforms other than
PKCC, molecular target of rapamycin (mTOR), and c-Jun N-terminal kinases (JNK),
which may reduce the capacity of IRS to be activated by insulin binding to the insulin
receptor. Ceramides perturb insulin signalling by attenuating Akt phosphorylation.
Increases in FFA oxidation may also contribute to increases in oxidative stress and the
production of reactive oxygen species (ROS). ROS have also been implicated in reduced
GLUTH4 translocation through the activation of serine kinases and attenuation of insulin
signalling downstream of Akt. (Adapted Kraegan and Cooney, 2008)
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Figure 1.3: Illustration of the autonomic nervous system with its parasympathetic and
sympathetic branches as well as specific target organs and physiological responses to
stimulation. Parasympathetic signaling molecule acetylcholine (Ach) and cholinergic
receptor family are indicated on the left. Sympathetic signalling molecules epinephrine
(epi) and norepinephrine and the a- and B-adrenergic receptor family are indicated on the
right. Generally, the stimulatory effects of the sympathetic branch are antagonized by the
parasympathetic branch. (Adapted from www.users.rcn.com. (Accessed September 24,
2013).
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Figure 1.4: Pre-synaptic synthesis and release of NE (‘) into the synaptic cleft. Post-
synaptic stimulation of B-AR and subsequent Gs-facilitated activation of AC, converting
ATP to cAMP, stimulating PKA to increase intracellular calcium is indicated on the left.
The potential mechanism of inhibitory Gi signalling inactivating AC, reducing cAMP and
preventing PKA-mediated increases intracellular calcium is indicated on the right. Site of
action of SNS PET tracers are within the cleft are indicated. Presynaptic [''CJHED ( 0)
acting at NET, postsynaptic [''C]-CGP12177 and 12388 ( ®) acting at the p-AR, and

intracellular (R)- [''C) Rolipram (.) acting at PDE4. (Adapted from Thackeray et. al.
2012.)
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Figure 1.5: General illustration of receptor desensitization, internalization and recycling.
Following non-specific or specific stimulation of a GPCR, activated PKA can mediate
heterologous desensitization through receptor phosphorylation on the third intracellular
loop. Agonist-specific stimulation can also induce receptor phosphorylation on the C-
terminus by GRK. B-arrestin can bind GRK phosphorylated receptors to facilitate
clathrin-mediated endocytosis. Internalized receptors are dephosphorylated and recycled
back to the plasma membrane, or shuttled to lysosomes for degradation. (Adapted from
Lefkowitz, 1998.)
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Figure 1.6: (A) The chemical structure of streptozotocin (B) and its methylnitrosourea
moiety responsible for its apoptotic effects through DNA alkylation. (Adapted from
Lenzen. 2008.)
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Figure 1.7: Overview of PET scan. PET tracers acting at a specific site undergo a
positron decay that travels a short distance until colliding with an electron in an
annihilation reaction, releasing two gamma rays (y) traveling 180° to one another. These
gamma rays are detected by cameras surrounding the subject in 360°. This information is
reconstructed using the line of response of the gamma rays to determine where the
radioisotope decay took place. This provides an in vivo image, and based on the PET
tracer used, will indicate receptors density or metabolic processes like glucose uptake,
relative to a colour scale of intensity, with brighter areas indicating increased tracer
binding and darker areas a reduction in tracer binding. (Adapted from: www.jens-
langner.de_ftp_MScThesis.)
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Figure 1.8: PET Colour Scale. Greater myocardial distribution of [''C]-CGP12177
uptake obtained by PET in a normal subject (A) compared to a patient with left
ventricular dysfunction related to idiopathic dilated cardiomyopathy (B). The left
ventricular anterior (An), intraventricular septal (S), and left ventricular lateral (L) walls
are indicated. (Adapted from Merlet et. al., 1993.)

40



0

N HN =‘{’O

. CENH NH
ﬂﬁfﬂ”x ﬁh;lﬂ*”““w’”‘“‘NJi

| HO P oH
["'C}-CGP 12177 [''CJ-CGP 12388

Figure 1.9: Structure of CGP12177 and CGP12388. Site for [“C] and [3H] radioisotope
labels indicated by (*) and (*) respectively.
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2) HYPOTHESIS AND OBJECTIVES
2.1)Hypothesis
The primary hypothesis is that elevated blood glucose levels and increased plasma
and cardiac NE levels will lead to the downregulation of B-AR expression in the heart
that will be identified with [3 H]-CGP12177, and will contribute to the deterioration of left
ventricular function.
The secondary hypotheses are:
1. Elevated NE and reduced B-AR expression correlate with progressive diastolic
dysfunction as estimated by echocardiography
2. Invitro measurements of NE and B-AR subtype expression correlate to ex vivo
[*H]-CGP12177 binding results.
2.2)Objectives
The primary objective of this study is to explore the development of cardiac SNS
dysregulation at the level of the B-AR in two rat models of DM — high-fat fed moderate-
dose STZ and ZDF — as compared to strain- and age-matched controls in two separate
experiments. Measurements obtained serially by non-invasive techniques will be
corroborated by terminal invasive procedures and correlated with in vitro data collected
post-mortem.

Specific aims are:

2.2.1) High-Fat Fed STZ Hyperglycemic Rats
1. Assess ["H]-CGP12177 retention in control and diabetic groups after

treatment with insulin to normalize blood glucose.
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2. To compare the effect of insulin treatment and decreased blood glucose on NE
and B-AR density when provided early (1 week) or late (6 week) post-STZ.

3. Serial and non-invasive evaluation of left ventricular systolic and diastolic
function using echocardiography.

4. Serially measure of blood glucose to identify hyperglycemia in diabetic
groups and to evaluate the ability of insulin to reduce it.

5. Western blotting and high-performance liquid chromatography (HPLC) will
be performed to corroborate [*H]-CGP12177 findings by determining cardiac
B1-3-AR protein expression and by evaluating plasma and cardiac NE levels in
vitro, respectively.

6. Commercially available kits will be used to measure specific metabolic
markers, including insulin (ELISA), FFA (coulometric), leptin (RIA).

2.2.2) Zucker Rats

1. Assess [3H]—CGP12177 retention in ZL, ZO and ZDF at 10 weeks of age, at

the onset of overt hyperglycemia.

2. Assess [3H]—CGP12177 retention in ZL., ZO and ZDF at 16 weeks of age, after

the ZDF have undergone a sustained period of hyperglycemia.

3. Serial and non-invasive evaluation of left ventricular systolic and diastolic
function using echocardiography.

4. Serially measure blood glucose and insulin to identify hyperglycemia in

diabetic groups.
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5. Western blotting and HPLC will be performed to corroborate [*H]-CGP12177
findings by determining cardiac 3;.3-AR protein expression and by evaluating
plasma and cardiac NE levels in vitro, respectively.

6. Commercially available kits will be used to measure specific metabolic

markers in plasma including insulin (ELISA), FFA (ELISA), leptin (RIA).
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3) MATERIALS AND METHODS
3.1) Animals, Drugs, and Materials
3.1.1) Animals
Animal experiments were conducted in accordance with the recommendations of
the Canadian Council on Animal Care and with the approval of the Animal Care
Committee of the University of Ottawa. Animals were housed in single or in pairs and
maintained on a 12h light/dark cycle with ad libitum access to food and water.

3.1.1.1) High-Fat Fed STZ Hyperglycemic Rats

Male Sprague-Dawley rats (150-175g) were purchased from Charles River
Canada (Montreal, QC). Upon arrival, animals were maintained on regular chow diet
(Harlan Teklad 2019), consisting of 22% fat, 55% carbohydrate, and 23% protein per
kcal for one week. Following this period of environmental adjustment, animals were
switched to a high-fat diet (Research diets D12266B) consisting of 32% fat, 51%
carbohydrate, 17% protein by kcal for 10 weeks (Thackeray et. al,. 2011a, Thackeray et
al., 2011b)

3.1.1.2) Zucker Rats

Male ZL (+/+), ZO (fa/fa), and ZDF (fa/fa) were purchased from Charles River
Canada (Montreal, QC), at 7 weeks of age. Upon arrival animals were maintained on
Purina5008 (Purina Lab diets, St. Louis, MA, USA), consisting of 17% fat, 56%
carbohydrate, 27% protein as recommended by the manufacturer and widely used in
literature (Fu et. al., 2005; Jain et. al., 2010). Animals were given one week for

environmental adjustment, and then maintained on the same diet from 8 to 10 weeks of
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age or 8 to 16 weeks of age dependent on the predetermined experimental endpoint.
3.1.2) Drugs

[3H]—CGP12177 (41.6 Ci/mmol) was purchased from Perkin Elmer Health
Sciences (Toronto, ON, Canada). Sustain release insulin implants were purchased from
Linshin Canada (Toronto, ON). STZ was purchased from Sigma Aldrich (Toronto, ON,
Canada).
3.1.3) Materials

3.1.3.1) ex vivo Biodistribution

Scintillation fluid and tissue solubilizer were purchased from GE Healthcare
(Montreal, QC, Canada). H,O, (30%) was purchased from Columbus Chemical
Industries (Colombus, WI, USA). Isopropanol (70%) was purchased from Ricca
Chemical Company (Arlington, TX, USA). Glacial acetic Acid (99"%) was purchased
from Alfa Aesar (Ward Hill, MA, USA).

3.1.3.2) Western Blotting

Antibodies against rat B;-AR (Ab3546-100, lot #720174) were purchased from
AbCam (Cambridge, MA, USA) (Thackeray et. al., 2011a). Antibodies against 3,-AR
(SC-570, lot #G2611) (Dincer et. al., 2001), B3-AR (SC-1473, lot # B2411) (Dincer et.
al., 2001), and GAPDH (SC-32233) (Thackeray et. al., 2011a) were purchased from
Santa Cruz Biotechnologies (Santa Cruz, CA, USA). Secondary horseradish peroxidase
conjugated IgG antibodies goat anti-rabbit (SC-2004), donkey anti-goat (SC-2020), and
donkey anti-mouse (SC-2314) were also purchased from Santa Cruz Biotechnology.

3.1.3.3) in vitro Assays

Rat insulin and high range insulin ELISA kits were purchased from ALPCO
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Biotechnologies (Salem, NH, USA). FFA coulometric quantification kit was purchased
from Biovision Research Products (Mountain View, CA, USA). Rat Leptin RIA was
purchased from EMD Millipore (Billerica, MA, USA).

3.1.3.4) HPLC

Alumina oxide (activity grade: superl, type WA-4: acid), ammonium formate,
and L-(-)-norepinephrine bitartrate salt monohydrate (>99%) were purchased from
Sigma-Aldrich (Oakville, ON, Canada). Methanol, formic acid (98%), and 1-
octanesulfonic acid sodium salt monohydrate were purchased from EMD (Mississauga,
ON, Canada). Ethylenediamine tetraacetic acid (EDTA) was purchased from VWR
(Radnor, PA, USA). UV detection was performed with Waters 486 Tunable Absorbance
detector (Milford, MA, USA). NE was isolated using a Phenomenex Partisil SCX
analytical column (250 x 4.60mm) (Torrance, CA, USA). Electrochemical detection was
performed with ESA Coulochem III electrochemical detector (Sunnyvale, CA, USA).

3.2) Animal Models
3.2.1) High-Fat Fed STZ Hyperglycemic Rats

Male Sprague-Dawley rats were fed high fat diet for 2 weeks prior to STZ
administration. Following this period of high fat feeding, animals were administered a
single moderate intraperitoneal dose of STZ (45mg/kg) dissolved in 0.1M sodium citrate
buffer, producing STZ hyperglycemic, or they received vehicle alone producing
euglycemic STZ controls (Thackeray et al., 2011a, Thackeray et. al. 2013). STZ-
hyperglycemic animals were stratified 1 week post-STZ, keeping those with a blood
glucose >11mM as STZ-hyperglycemics, and removing those that were <1 1mM as

euglycemics. To determine the temporal effects of glycemic control, some STZ-
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hyperglycemic rats were administered subcutaneous sustain release insulin implants
(4U/day) at either 1 week post-STZ (early insulin) or 6 weeks post-STZ (late insulin) to
induce euglycemia until the terminal endpoint at 8 weeks post-STZ (Thackeray et. al.,
2013).

Fed state blood glucose was measured weekly between 8-10am; body mass, and
diet consumption were monitored twice per week for 10 weeks, from 2 weeks pre-STZ to
8 weeks post STZ. Fed state saphenous blood samples were collected prior to terminal
biodistribution at 8 weeks post-STZ. Fed state trunk blood was collected at 8 weeks post
STZ following decapitation for in vitro assays. Serial echocardiography was performed at
0, 6, and 8 weeks post-STZ to measure systolic and diastolic function. Separate groups
excluded from the biodistribution were terminated by decapitation at the 8 week post-
STZ terminal endpoint to provide non-tritiated cardiac samples for Western blotting and
NE HPLC. Fasted samples were not collected for STZ groups as insulin treatment and the
associated risk of hypoglycemia precluded fasting in this model. Animal model timeline
is illustrated in Figure 3.1A.

3.2.2) Zucker Rats

Male ZL (+/+), ZO (fa/fa), and ZDF (fa/fa) were fed Purina 5008 from 8 weeks
of age until the experimental endpoint at either10 or 16 weeks of age. Fed state blood
glucose was measured weekly between 8-10am; body mass, and diet consumption was
monitored twice per week from 8 weeks of age until 10 or 16 weeks of age. Fed state
saphenous blood samples were collected at terminal endpoints at 10 or 16 weeks and
prior to terminal endpoints. Prior to terminal biodistributions animals were fasted

overnight to provide fasted state trunk blood for in vitro measurements at 10 and 16
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weeks of age. Serial echocardiography was performed at 10 and 16 weeks of age to
measure systolic and diastolic function. Separate groups excluded from the
biodistribution were terminated by decapitation at 10 and 16 week terminal endpoints to
provide non-tritiated cardiac samples for Western blotting and NE HPLC and fed state
trunk blood samples for in vitro assays. Animal model timeline is illustrated in Figure
3.1B.

3.2.3) Characterization of Animal Models

3.2.3.1) Blood Glucose Measurements

Fed state blood glucose was measured weekly between 8 and 10am using the
Accu-Chek Advantage blood glucose meter from Roche Diagnostics (Laval, QC,
Canada) (Thackeray et. al., 2011a). Animals were restrained; the right leg was shaven
then cleaned with isopropanol swabs to expose the saphenous vein, which was punctured
using a 23G needle to draw blood.

3.2.3.2) Diet Consumption

Diet consumption per cage in kcal was calculated at the indicated time points by
subtracting the mass of food remaining in the cage, from the mass of food that was
provided, then dividing by the number of days elapsed, to determine g consumed per cage
per day. If animals were housed in pairs, this number was divided by 2. Paired animals
were always matched for treatment or genotype. To determine kcal per animal, the
average daily mass of food in grams consumed by a rat was multiplied by the energy
content of the diet. The energy content of the respective diets was 4.41 kcal/g for the
high-fat diet (Research Diets D12266B) fed to the STZ rats and 4.15 kcal/g for the Purina

5008 diet fed to the Zucker rats (Equation 1).

49



Food Pr ovided (g)— Food Re maining (g)
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Equation 1: Diet consumption in kcal per day per rat.

3.2.3.3) NE Measurements by HPLC

NE measurements were performed on venous plasma samples and whole cardiac
homogenates (Thackeray et al., 2011b). At indicated time points, blood samples were
collected from restrained animals via the saphenous vein using EDTA-coated microvette
vacuum tubes. Blood samples were spun at 2100xg for Smin to isolate plasma, which was
aliquoted and stored at -80°C until use. Hearts were extracted following decapitation and
flash frozen in liquid nitrogen then hand-powdered and stored at -80°C until use.
Myocardial aliquots of ~100mg were homogenized in 80:20 ethanol:formic acid,
centrifuged at 16 000 xg for 30min. Supernatant evaporated in a rotary evaporator and
samples were reconstituted under 1ml 0.1 M formic acid and 1ml 1.5M TRIS 0.05M
EDTA (pH=8.5), and filtered with PharmAssure 0.2um filters (Pall Corporation, East
Hills, NY, USA).

In a two pump column-switching approach (Figure 3.2), plasma or cardiac
samples ~100ul were injected in solution with 250ul 0.1M formic Acid and 250ul 1.5M
TRIS 0.05M EDTA (pH=8.5) and delivered by pump1 (Water 515 HPLC pump)
(1ml/min) to an inline activated alumina oxide capture (Alltech Inline Refillable Guard
Column,