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Abstract 

Ischemic injury in the heart is followed by an increase in SNS activity and 

the higher this activity, the poorer patient outcomes. An index of SNS activity in 

models of ischemia can be achieved by measuring NE, β-AR, and perhaps 

indirectly PDE4 to give an intracellular aspect on SNS signaling. A 20 minute 

ischemia-reperfusion was induced in a rat model with physiological 

measurements at 2-5 weeks post IR. At 3 weeks post IR, rats displayed increased 

PDE4 expression, decreased β 1-AR expression, increased plasma NE, decreased 

tissue NE storage, increased Doppler E/A ratio and unchanged LV ejection 

fraction. PET analysis with FDG revealed no infarct at 2 weeks, while analysis 

with [
13

N]NH3 displayed no resting flow defect but revealed trends in flow 

reserve impairment as early as 2.5 weeks with recovery at 5 weeks post-surgery. 

Applications of this model could be non-invasive imaging of PDE4 with (R)-

[
11

C]Rolipram PET at early time points for development towards prognostic and 

therapy guidance in humans. 
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1.1 Heart Disease 

1.1.1 Heart Failure  

Heart failure (HF) is the development of cardiac structural abnormalities 

that prevent the adequate delivery of oxygen to the body’s metabolizing tissues 

(Dickstein et al. 2008). The etiology of HF is complex, involving diet, genetics, 

and lifestyle (Yusuf et al. 2001) and will be only briefly described here (for an 

extensive review, see Blair et al. (2013) and McMurray et al. (2012)). Clinically 

HF is defined by symptoms of dyspnea (breathlessness), edema in extremities, 

and fatigue. Signs of HF include increased jugular venous pressure, abnormal 

cardiac apex beat and pulmonary crackles, and in 50% of cases, a depressed left 

ventricle (LV) ejection fraction (EF). Approximately two thirds of all HF cases 

are caused by coronary artery disease however hypertension, diabetes, viral 

infection, alcohol abuse, chemotherapy and idiopathic (probable genetic basis) are 

also contributing factors (McMurray et al. 2012; Ackerman et al. 2011). In 

patients with systolic dysfunction from myocardial infarction (MI), maladaptive 

remodeling occurs. The surviving myocardium and surrounding extracellular 

matrix eventually lead to a dilated LV and reduced contractility (McMurray 2010, 

Shah et al. 2011). If untreated, systolic dysfunction progressively worsens 

because of additional myocyte death by repeated MI as well as increasingly 

harmful compensatory mechanisms by neurohormonal activation. The two 

neurohormonal systems at play are the renin-angiotensin-aldosterone system 

(RAAS) and the sympathetic nervous system (SNS). Together these systems may 

cause additional myocyte death while attempting to correct depressed LV output. 
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The blockade of these systems is the basis of HF treatment (McMurray 2010; 

Shah et al. 2011).  

The compensatory mechanisms mentioned above combat low pump 

function but produce hemodynamic overload in the heart. Changes in cell size and 

protein expression eventually become maladaptive and the heart becomes unable 

to sustain sufficient cardiac output (Kuwahara et al. 2012; Barry et al. 2008; 

Thum et al. 2007). The LV may experience systolic dysfunction, diastolic 

dysfunction, or both in the progression from compensating to decompensating 

HF. Systolic dysfunction involves an EF of less than 40% in humans (Levy & 

Linker 2008) and increased end-diastolic LV volume (Hess 1993). The etiology of 

systolic dysfunction, which is prevalent in HF, stems from coronary artery 

disease, hypertensive cardiovascular disease, and less frequently, from dilated 

cardiomyopathy and myocarditis (Dougherty et al. 1984; Cohn et al. 1990). These 

pathologies incur loss of cardiac muscle cells and replacement with interstitial 

fibrosis (Federmann & Hess 1994). Reduced pump function is compensated by 

the Frank-Starling phenomenon and increased SNS activity (Packer 1992). 

Primary compensation is increased diastolic filling causing increased stroke 

volume, producing an enlarged LV with higher end-diastolic pressure. Primary 

compensation also includes enhanced SNS activity, increasing stroke volume, 

chronotropy and ionotropy. These primary compensatory mechanisms produce 

high wall stress and greater oxygen demands on the heart and thus primary 

compensation side-effects must be compensated with secondary compensations: 

development of hypertrophy, inhibition of SNS by baroreceptor reflex, and 
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release of atrial natriuretic peptide (ANP; diuretic and vasodilator). As systolic 

dysfunction progresses, both primary and secondary compensatory strategies 

become maladaptive as Beta-adrenoceptor (β-AR) signal transduction and 

baroreceptor reflex lose their vital function. Eventually the heart is unable to 

achieve adequate cardiac output (Federmann & Hess 1994).  

Cardiovascular diseases are a major cause of mortality and morbidity 

worldwide (Garjarsa & Kloner 2010), accounting for 1 in every 3 deaths in the 

United States and an estimated cost of $312.6 billion in 2009 (Go et al. 2012). 

Approximately 23 million people worldwide (McMurray et al. 1998) and 400,000 

people in Canada are living with symptomatic HF with 33% mortality in the first 

year of diagnosis (Liu et al. 2001) and 50% mortality in the fifth year (Levy et al. 

2002; Roger et al. 2004).  

1.1.2 Diastolic Dysfunction 

 Diastolic dysfunction (DD) involves resistant filling and higher filling 

pressures in the LV (Hess 1993). Many patients with DD are asymptomatic in 

regards to HF as well as preserved EF (Nagarakanti & Ezekowitz 2008). DD may 

progress into diastolic heart failure (DHF) which displays many signs and 

symptoms of HF (dyspnea, edema, low exercise capacity), but with preserved EF 

(Nagarakanti & Ezekowitz 2008). A percentage of 30-55% of HF patients have 

DHF, without systolic dysfunction (Redfield et al. 2003; Senni et al. 1998; Vasan 

1995). The diagnosis of DD can be made with invasive catheterization to measure 

cavity pressures or with mitral valve (between left atria (LA) and LV velocity 
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measurements such as the E/A ratio. Both E and A occur during diastole. E refers 

to the peak blood flow velocity wave during the rapid filling of the LV while the 

A is a later wave resulting from atrial contraction. This is a measure of diastolic 

filling, not function, and an E/A ratio from 1 to 1.5 is normal in humans. Early in 

DD, the E/A ratio is < 1. Atrial contraction increases and early velocity decreases 

because early mitral velocity filling (E) is slowed and the atrial contraction (A) is 

compensating. As DD progresses and LA pressure increases, causing E/A ratio > 

1, and impaired atrial contraction representing a transition in diastolic filling from 

poor relaxation to impaired filling. When DD becomes severe, the LV compliance 

is low and the LA pressure increases producing a large E wave and small A wave. 

Thus an E/A ratio > 2 is observed (Nagarakanti & Ezekowitz 2008).  

1.1.3 Fetal Gene Program 

HF induces a new type of protein expression to help compensate for pump 

function. As the heart attempts to compensate with hemodynamic overload, genes 

that are abundantly expressed during fetal development become upregulated 

(Olson 2004) though are usually silent during adulthood (Barry et al. 2008; Thum 

et al. 2007; Li et al. 1996). These genes include fetal isoforms of α-actin, β-actin, 

ventricular calcium channels and smooth muscle α-actin as well as the hormones 

ANP and brain natriuretic peptide (Kuwahara et al. 2012). There is a close 

relationship between fetal gene expression program and the adult failing heart 

gene program (Thum et al. 2007). The activation of this program initially 

increases contractility and maintains cardiac output but sustained stress and 
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protein isoform alterations, may eventually lead to cardiac dysfunction (Kuwahara 

et al. 2012).  

1.1.4 Ischemia Reperfusion Injury and Myocardial Stunning 

 MI is a result of myocardial ischemia, yet the extent of infarction depends 

on both ischemia and reperfusion phases of injury (Black 2000). Unlike the 

fibrosis in HF, ischemic myocardium that has blood flow re-established is 

reversible if ischemia lasts for 20 minutes or less (Braunwald & Kloner 1982). A 

complete coronary occlusion causes MI slowly over hours but ischemia followed 

by reperfusion creates a damaging inflammatory response (Park & Lucchesi 

1999). After a brief ischemic episode a phenomenon called stunning occurs when 

the heart receives adequate perfusion but not contracting normally. (Heyndrickx 

et al. 1978). Braunwald & Kloner (1982) described this phenomenon as a slow 

recovery after an ischemic episode, involving the reestablishment of adenosine 

triphosphate (ATP) and creatine phosphate (CP) stores. More recent evidence has 

implicated oxygen, calcium, pH, inflammation and the mitochondria in stunned 

myocardium (Yellon et al. 2007) (Figure 1.2).  

     Oxygen is thought to play a role by means of increased oxygen free radicals 

(Zweier 1988) and the reduced availability of nitric oxide (NO) because of 

hypoxic conditions prior to reperfusion (Zweier & Talukder 2006), but animal and 

human studies have shown contradictory results. Numerous clinical trials in 

mitigating IR injury have been largely disappointing despite promising animal 

study results (Yellon & Hausenloy 2007). Reperfusion causes a sudden increase 



 

7 

 

in intracellular calcium causing sarcolemma mitochondrial overload and lethal 

hypercontraction of cardiac cells (Piper et al. 1998). The pH of ischemic tissue is 

acidic, and the fast alkalinisation during reperfusion damages myofibrils 

(Lemasters et al. 1996). Inflammation is caused by chemical attractants released 

during ischemia, clogging the vasculature with leukocytes that release harmful 

reactive oxygen species and catabolic enzymes (Winten-Johansen 2004). Finally, 

the non-selective mitochondrial surface PTP channel has a role in causing stunned 

myocardium as it opens during the calcium overload caused by ischemia-

reperfusion, depolarizing the membrane and preventing oxidative phosphorylation 

from occurring. Cells affected by ischemia lose their stores of ATP, causing cell 

death (Hausenloy, D.J., & Yellon, D.M. 2003; Kim et al. 2006; Griffiths & 

Halestrap 1995). Ischemic episodes may or may not develop into HF so the study 

of mechanism, diagnostics and treatments are of great interest (Yellon & 

Hausenloy 2007). 

1.1.5 IR Rat Model Characteristics 

 Rat models of IR injury are explored in the hopes of understanding the 

counter-intuitive mechanism of severe myocardial injury despite the 

reestablishment of blood flow during thrombolysis, stenting, and angiography 

(Klocke et al. 2007). Unlike chronic occlusion resulting in MI, IR is accomplished 

by placing a protective piece of 0.5 mm PE-10 tubing atop the coronary artery 

prior to ligation to protect artery integrity (Klocke et al. 2007). Animal models of 

IR aide in the development of clinical damage mitigation techniques such as 
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ischemic preconditioning, post conditioning, immunosuppression, and redirecting 

of cardiac metabolism (Frank et al. 2012).  

 In the rat heart, oxygen free radicals are thought to be directly responsible 

for post IR ventricular dysfunction (Ambrosio et al. 1991; Zweier et al. 1987), 

further shown by the efficacy of anti-oxidant superoxide dismutase (Petty et al. 

1994). Oxygen free radicals were known to be produced by neutrophils, and the 

initial finding of the complement system as a major inflammatory and exacerbater 

of IR injury in rat myocardium (Hill & Ward 1969). Lastly, as ischemic 

myocardium is reperfused, the abundance of hydrogen ions produced from 

anaerobic glycolysis are anti-ported out of the cell as Na+ is imported. High 

intracellular Na+/Ca
2+

 exchanger on the sarcoplasmic reticulum releases high 

amounts of Ca
2+

 into the cell causing hyper-contracture and damage to the 

myocardium (Lemasters et al. 1996). In an attempt to correct this, inhibition of the 

Na+/H+ exchanger was first shown with amiloride and improved ventricular 

function in Langendorff perfused rat hearts (Karmazyn 1988). Rat models of IR 

injury are continually being explored for pre-clinical studies to determine the 

mechanism and drug targets for alleviating IR injury.  

1.1.6 MI Rat Model Characteristics 

  The rat model of MI is commonly used by means of coronary artery 

ligation, first described by Pfeffer et al. (1979). Under anaesthesia, the heart is 

externalized and the proximal coronary artery ligated, resulting in visible cyanosis 

distal to the ligature. A period of high mortality occurs within 48 hours after 
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surgery (Tucci 2009). In Sprague-Dawley rats, the rat model used in this work, 

the mortality after surgery is 36% (Liu et al. 1997). The necrosis of 

cardiomyocytes from MI reduces EF and causes LV dilation and the size of 

infarction in rat correlates well increased LV volume and diastolic pressure (Tucci 

2009). Increased LVDP can be detected by E/A ratio (>1.5) to provide insight on 

diastolic dysfunction 1 week after MI (Saraiva et al. 2007) while neurohormonal 

markers diverge from normal values (Francis et al. 2001).  With a large MI (>40% 

of LV mass), rats will experience pulmonary congestion as early as one week 

post-surgery (Antonio et al. 2009). Rats with MIs causing necrosis in 46% of the 

LV mass develop HF at 3 weeks with reduced cardiac output and inability to 

increase cardiac output during stress and exercise (cardiac reserve) (Pfeffer et al. 

1979). 

1.2 Sympathetic Mechanisms of Action in the Heart 

The nervous system of vertebrates is divided into central (brain and spinal 

cord) and peripheral (somatic and autonomic) nervous systems. The autonomic 

nervous system (ANS), a branch of the peripheral nervous system, consists of the 

SNS and parasympathetic nervous systems (PNS) (Figure 1.1) both of which 

facilitate efferent signalling to the body (Hildreth et al. 2009). The hypothalamus 

integrates outgoing information (Forster 1998) and centrally regulates the SNS 

output to the body (Snitker et al. 2000). Most organs receive both SNS and PNS 

inputs. Cardiac ventricles are innervated by the SNS and PNS (Pierpont et al., 

1985). SNS activation results in the release of norepinephrine (NE) at sympathetic 

nerve terminals and increases cardiac chronotopy and ionotropy while 
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epinephrine (EPI), released from the kidney’s adrenal medulla into the circulation 

acts on blood vessels and the heart muscle (Lymperopoulos et al. 2007; 2012). 

These neurotransmitters are important in the development of cardiovascular 

disease. Research in the past decades have established that the compensatory over 

activity of the SNS after an ischemic insult is detrimental to the heart and thus 

SNS inhibitors (β-Blockers, angiotensinogen converting enzyme inhibitors, 

aldosterone receptor blockers)  are also a benefit to cardiac disease patients 

(Lymperopoulos 2013).  

1.2.1 Myocardial NE Function and Distribution 

 The sympathetic nervous system is vital to heart function (Malpas 2010). 

NE was discovered in 1946 (Von Euler 1946) within sympathetic nerve terminals 

and is a neurotransmitter and hormone that regulates vital bodily functions, but 

also important in the pathophysiology of many cardiovascular, neural, psychiatric 

and endocrine disorders (Eisenhofer et al. 2004). Part of the catecholamine 

family, NE influences nearly all tissues and regulates and/or is essential in the 

synthesis of certain hormones, especially during stress (Kvetnansky et al. 2009).  

NE is synthesized from the amino acid tyrosine (Figure 1.4). Within post-

ganglionic sympathetic neurons that innervate the heart, tyrosine enters the 

neuron and undergoes the first and rate limiting step of NE synthesis: 

hydroxylation by tyrosine hydroxylase to dihydroxyphenylalanine (DOPA) 

(Kaufman & Kaufman 1985; Nagatsu et al. 1964). DOPA is decarboxylated to 
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dopamine (DA) by aromatic L-amino acid decarboxylase. In the cardiac neurons 

that utilize NE, DA-β-hydroxylase produces NE (Fernstrom & Fernstrom 2007).   

SNS activation leads to NE release from neuronal storage vesicles (Brodde & 

Michael 1999). NE is able to activate nine adrenergic receptors in the vasculature 

and synapse region: three α1 adrenoceptors (α1A, α1B, α1D), three α2 adrenoceptors 

(α2A, α2B, α2C), and three β-adrenoceptors (β1, β2, β3) (Bylund et al., 1994). Upon 

release, approximately 80% of the NE is recycled back to the sympathetic neuron 

by the NE transporter (NET) (Leineweber et al. 2002). The remaining NE 

activates one or more of the 9 adrenergic receptors or spills over into the 

surrounding circulation (Leineweber et al., 2002).  When NE binds to a β-AR and 

through signal transduction the dissociation of the intracellular G-protein complex 

occurs (Rockman et al. 2002).  

1.2.2 Myocardial β-Adrenoceptor Function, Expression, and Regulation 

Cardiac contractility is mediated through β-ARs (Barbuti & DiFrancesco 

2008). Many species have β-ARs with the same seven transmembrane structure, 

suggesting their importance (Dessy & Balligand 2010). β1-ARs are coupled to 

stimulatory Gs proteins while myocardial β2-ARs are coupled to Gs proteins 

(Hausdorff et al. 1989; Strulovici et al. 1984) as well as the inhibitory Gi 

(Abramson et al. 1988; Xiao et al. 1995). First cloned by Emorine et al. (1989), 

β3-ARs are present in most cardiac cells and have a different coupling profile than 

β1 and β2 (Dessy & Balligand 2010). In the human ventricle, β3-AR appears to 

preferentially couple to Gi (Gauthier et al., 1996) however, Gs coupling was 
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observed (Gauthier et al. 1998). In the human heart, β1-AR and β2-AR comprise 

about 95-98% of the β-AR population on myocytes (Brodde 1993) with 3-5% β3-

AR (Liang & Mills 2002; Myslivecek & Trojan 2003). β1-AR to β2-AR are 

respectively expressed in atria at an approximately 70%:30% ratio, while in the 

ventricles at a  ratio of 80%:20% (Brodde 1991).  

NE increases myocardial contractility largely through β1-AR in both atria 

and ventricles while β2-AR stimulation causes only sub-maximal contractile force 

(Kaumann et al., 1989; Motomura et al. 1990). Myocardial β-AR activation 

stimulates adenylyl cyclase (AC) localized in the plasma membrane and G 

proteins located within the cell (Figure 1.6) (Dupre et al. 2007). Activation or 

inhibition of AC occurs based on the G protein subunit (Gsα activation or Giα 

inhibition) (Gilman 1987). All nine members of ACs catalyze adenosine 

triphosphate (ATP) into the second messenger, cyclic adenosine monophosphate 

(cAMP) ACs type V and VI predominate in the cardiac tissue of mammals (Tang 

et al. 2010). AC activation increases cAMP which activates protein kinase A 

(PKA) and phosphorylates a number of targets to increase contractility (discussed 

below) (Walsh & Van Patten, 1994; Kaumann & Molenaar, 1997). While all β-

ARs have the ability to stimulate AC, β3-ARs appear to preferentially stimulate 

endothelial nitric oxide synthase (eNOS) (Brixius et al. 2006). β3-AR agonists do 

not decrease or increase contractility (Cohen et al., 1999; Kaumann & Molenaar, 

1996; Skeberdis et al.2008) likely due to their distinct coupling to NOS signalling 

(Kirstein et al., 1995) causing peripheral vasodilation with subsequent SNS 
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activation, tachycardia (Berlan et al., 1994; Shen et al., 1994; Tavernier et al., 

1992) and ionotropy (Donckier et al., 2001; Shen et al., 1996).  

β-ARs are susceptible to internalization and degradation (Lefkowitz & 

Shenoy 2005; Pitcher et al. 1998; Freedman & Leftowitz 1996). Excessive 

stimulation of G-protein coupled receptors (GPCR) causes phosphorylation by a 

GPCR kinase (GRK). This event makes the receptor a high affinity target for β-

arrestin, which blocks the cytoplasmic site from activation (Wilden, 1995; 

Krupnick et al., 1997). The β-arrestins interact with clathrin and other endocytotic 

proteins to internalize the receptors, leading to three outcomes: 

dephosphorylation, resensitization and return to plasma membrane, degradation 

by lysosomes, or activation of different cell pathways (Reiter and Lefkowitz 

2006).  

β1-ARs are found on the surface of fibroblasts, myocytes and 

lymphocytes. β1-AR are distributed uniformly on the myocyte surface while 

active β2-AR are only found within transverse tubules (Nikolaev et al. 2010). 

Brodde et al. (1986) reported approximately 10 times higher β-AR density in 

circulating lymphocytes than atrial appendage, however, a linear relation between 

densities was found. Density of β-AR  in dermal fibroblasts (Kotanko et al. 1992) 

was similar to results found by Brodde et al. (1996) in the atrial appendage. To 

my knowledge, β-AR levels have not been measured post-IR.  
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1.2.3 cAMP/PKA Intracellular Signalling 

 Cyclic adenosine monophosphate (cAMP) is an important 2
nd

 messenger 

for numerous cellular functions and its levels increase with β-AR stimulation 

(Beavo & Brunton 2002; Houslay & Milligan 1997) (Figure 1.6). Intracellular 

cAMP is synthesized at the cellular membrane by AC and its action results in 

cellular responses through the activation of PKA (Colledge & Scott 1999; Rubin 

1994). PKA signalling is considered to be a fine-tuned molecular switch instead 

of a catalyst (Taylor et al. 2012). Unlike metabolic enzymes, designed to produce 

a product from a reactant, PKA is a switch that turns on and off a cascade of 

events (Taylor et al. 2013) by interacting with cAMP. The external structure of 

PKA consists of two catalytic subunits and two regulatory subunits (Taylor et al. 

1990; Bauman & Scott 2002). Binding of cAMP to PKA disassembles PKA’s 

regulatory units from its catalytic subunits, enabling the phosphorylation of target 

proteins. PKA’s internal structure consists of an N-terminal lobe with a β-sheet 

and a C-terminal helical lobe (C-lobe), features conserved in all protein kinases. 

ATP binds to a glycine rich loop on PKA, distinct from ATP binding sites in other 

ATPases (Ramakrishnan et al. 2002). PKA positions the adenine ring at the base 

of a large hydrophobic pocket between the N and C lobes. The phosphate group is 

wedged between the glycine and catalytic loops before  it moves to the active site 

to be added to the target protein (Taylor et al. 2013). cAMP is eventually 

degraded into 5’-AMP by phosphodiesterases (PDEs) (Conti & Jin 1999; 

Manganiello & Degerman 1999) and PKA joins back with its regulatory subunits 

to become inactive (Taylor et al. 2013). 
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1.2.4 PKA-Stimulated Cardiac Effector Proteins 

Heart rate contraction is mediated by a rise in intracellular Ca
2+

 due to 

cellular membrane depolarization. Ca
2+

 binds to troponin C, facilitating the 

production of actin-myosin cross-bridging and sliding thick and thin muscle 

filaments (Marks 2013). This event occurs rapidly during each heartbeat. The 

process is facilitated by a number of receptors that are influenced by cAMP-PKA 

signalling, generally increasing strength and rate of contraction in the heart. L-

type Ca
2+

 channels are located on the cell surface and allow Ca
2+

 movement to 

and from the sarcoplasmic reticulum, a major store of calcium in the cell (Bodi et 

al. 2005). The channel is regulated by sympathetic signalling which thus 

influences the rate and strength of myocyte contraction (Keef et al. 2001; Van der 

Hayden 2005). PKA phosphorylates L-type Ca
2+

 channels on Ser-1928, 

increasing its responsiveness to agonists (Perets et al 1996; Gao et al 1997; Hulme 

2003). PKA phosphorylation opens the ryanodine receptor 2 (RyR2) which is an 

intracellular Ca
2+

 channel on the sarcoplasmic reticulum (SR), responsible for 

releasing and sequestering calcium with each heartbeat. Ca
2+

 is pumped back into 

the SR by sarcoplasmic/endoplasmic reticulum Ca
2+

 ATPase 2a (SERCA2a). 

Phospholamban regulates the Ca
2+

 affinity of SERCA2a and its phosphorylation 

by PKA results in increased Ca
2+

 uptake, enhancing lusitropy (Marks 2013). 

Ca
2+

/calmodulin dependent kinase 2 (CaMK2) is also activated by β-AR 

stimulation (Baltas et al. 1997). Further studies implicated sympathetic-induced 

CaMK2 phosphorylation with Ca
2+

 handling proteins (Kuschel et al. 1999; 

Ferrero 2007; Said 2002). Phospholamban can be directly phosphorylated by 
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CaMK2 (Simmerman et al. 1986) resulting in lusitropic effects of SERCA2A 

(Marks 2013). Cardiac myosin binding protein C (cMyBP-C) can be 

phosphorylated by PKA resulting in decreased Ca
2+

 sensitivity and increased 

cross bridge formation (Gordon et al. 2000; Solaro & Rarick 1998) although 

studies of these effects have been inconsistent (de Tombe & Stienen 1995; 

Janssen & Tombe 1997; Johns et al. 1997). Stelzer et al. (2006) sought to clarify 

the contradictions  by using transgenic mice deficient in cMyBP-C. The authors 

discovered that PKA phosphorylation of cMyBP-C increased the acceleration of 

force after beta-adrenergic stimulation (Stelzer et al. 2006). Indeed, cAMP/PKA 

signalling has far reaching implications on cardiac function and its study in 

respect to SNS signalling requires more exploration. 

1.2.5 NE & β-AR in heart failure 

The SNS had been implicated in the pathophysiology of cardiac 

dysfunction and remodelling. An ischemic episode causing significant cell death 

results in compensatory increases in NE release from subcortical (Aggarwal et al. 

2002) and cardiac sympathetic nerve terminals (Lymperopoulos et al. 2007;2012). 

Over time, excessive NE causes β1-AR to be downregulated, shifting the β1-

AR:β2-AR ratio from 80%:20% to 50%:50% in the failing heart (Bristow et al. 

1982;1986). This β1-AR downregulation has been confirmed numerous times in 

HF models and in humans (Hadcock & Malbon 1988; Ungerer et al. 1993; Ahmed 

2003). 
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 While β2-AR is not downregulated in HF, it is dysfunctional in a manner 

termed “uncoupling” (Bristow et al. 1982; 1986; Rockman et al. 2002).β2-AR 

stimulation appears to improve cardiac function and reduce apoptosis (Dorn et al. 

1999; Liggett et al. 2000), but this coupling mechanism is disrupted in HF 

(Nikolaev et al. 2010). “Coupling” refers to the G proteins that interact with each 

β-ARs to produce a signal cascade. After prolonged stimulation by a β2-AR 

agonist, signal transduction is disrupted (Sibley et al. 1987, Hausdorff et al. 1990, 

Benovic et al. 1987). Phosphorylation events on tertiary protein structure reduce 

Gs activity thus attenuating AC production of cAMP (Strader et al. 1989, 

Hausdorff et al. 1990). 

While β3-AR agonists decrease contractile force (Gauthier 1996; Gauthier 

1998), they are upregulated in human HF patients (Moniotte 2001) and thought to 

be a “brake” on β1 and β2 signalling by acting through Gi and eNOS producing 

vasodilation (Moens 2010). Most attention is paid to the status of β-ARs because 

of the benefits of β-blocker therapy, however, changes in NE storage and cycling 

are also important.  

 Increased plasma NE (spill over from the heart tissue) is observed in the 

failing heart (Schlaich et al. 2003; Brunner-La Rocca et al. 2001). There is a 

significant negative relationship between interstitial NE concentration and β-AR 

density (Delehanty et al. 1994), confirming NE as the source of desensitization. 

Increased plasma NE is a predictor of progressive heart disease and worsening HF 

causing death (Brunner-La Rocca et al. 2001). Tissue NE, or NE storage, is 
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decreased in failing hearts (Chidsey et al. 1964; Chidsey 1963; Brunner-La Rocca 

et al. 2001), nearly eliminated from infarcted zones of the myocardium, while a 

50% decrease post-infarction and full recovery is observed in non-infarcted 

myocardium (Mathes et al. 1971). NE spillover is thought to be mediated in part 

by decreased NE reuptake (Petch & Nayer 1979) and enhanced by loss of NE 

nerve terminals as seen in rapid pacing and NE infusion in canines (Qin 2002). 

The excess NE is excreted in urine, as demonstrated by HF patients. Increased NE 

urine levels were observed according to worsening NYHA class (Chidsev et al. 

1965). The above explanation applies to HF as well, where HF heart rate and 

myocardial contractile force are impaired even when electrically stimulated 

(Covell et al. 1966). Increased cardiac output (L/min) during exercise (cardiac 

reserve) is impaired in HF patients, correlating with poor survival outcomes 

(Williams 2005). These results have been well studied in animal models of MI 

however their physiology post-IR has not been documented.  

1.3 Phosphodiesterases 

1.3.1 PDE Characteristics 

 Within the cell and important to β-AR signal transduction are a super 

family of proteins called phosphodiesterases (PDEs). PDEs are largely 

responsible for degrading the second messenger cyclic adenosine monophosphate 

(cAMP) and cyclic guanosine monophosphate (cGMP) (Beavo 1995; Soderling & 

Beavo 2000; Corbin & Francis 1999). There are eleven families, PDE1-PDE11, 

three are cAMP specific (4, 7 & 8), three are cGMP specific (3,6 & 9), and five 
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hydrolyze both (1,2,3,10 & 11) (Cameron & Baillie 2012). All eleven families 

share a common catalytic domain, but the rest of the enzyme can vary greatly 

(Francis et al. 2011). Some PDE genes contain multiple promoter regions, 

regulatory and transcription factors that result in alternative splicing and a large 

molecular diversity (Bender & Beavo 2006; Conti & Beavo 2007). The families 

of PDE1-4 are widely expressed whereas PDE5-11 are more tissue specific 

(Francis et al. 2011).  

PDE1 is expressed in the brain, heart, lung, and smooth muscle 

(Reneerkens et al. 2009; Dent et al. 1998; Sonnenburg et al. 1998; Yan et al. 

1994; Kostic et al. 1997) and has a role in vascular remodelling (Chan & Yan 

2011). PDE2 expression is widespread including brain, heart, adrenal cortex and 

platelets (Reneerkens et al. 2009; Ito et al. 1996; Martins et al. 1982) and has a 

function in cardiovascular remodelling and therapies (Mehel et al. 2013). PDE3 

and PDE4 provide most of the cAMP hydrolyzing activity in most cardiovascular 

cells (Francis et al. 2011). PDE3 is involved in many tissues and a player in 

myocardial contractility, clot formation, vascular smooth muscle, and 

immunology (Beavo & Reifsnyder 1990; Thompson 1991; Weishaar 1985; 

Komas et al. 1996; Manganiello et al. 1995). A review of PDE4 literature will 

follow.  

PDEs 5-11 are more tissue specific than PDEs 1-4 but hold great potential 

for therapeutics and drug discovery (Francis et al. 2011). PDE5 is found to be 

important within the vascular and respiratory smooth muscle (Francis et al. 2006), 
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cerebral Purkinje cells (Shimizu-Albergine 2003), endothelial cells (Zhu et al. 

2005) and gastrointestinal epithelial cells (Sopory et al. 2004).The PDE6 family is 

required for light perception and found in the eye  relatively  abundantly (~20 um) 

compared to other tissues (Burns & Arshavksy 2005; Cote 2006). PDE7 are 

present in high amounts within the cells of the immune system (Bloom & Beavo 

1996). PDE8 is found in the testis, spermatozoa (Baxendale & Fraser 2005; Vasta 

et al. 2006) and Leydig cells, the producers of leutizing hormone (LH) (Vasta et 

al. 2006). PDE8 is found in adrenal glands, where steroids are produced (Tsai et 

al. 2011) and also with thyroid stimulating hormone (TSH) in adrenocortical 

disease (Horvath et al. 2010). PDE9 is present in the mammalian brain and seen 

as a potential target for Alzheimer’s disease (van Staveren et al. 2002; 

Remeerlems et al. 2009; Reyes-Irisarri et al. 2007). PDE10 is present in neural 

cells and a target for psychiatric disorders (Francis et al. 2011). PDE11 protein 

and mRNA are found in abundance in the hippocampus and are responsible for a 

large part of the cAMP regulation there (Kelly et al. 2010). Despite the same 

conserved catalytic domain, PDEs vary widely in their function and distribution.  

1.3.2 Phosphodiesterase 4 

 In rat cardiomyocytes, PDE3 and PDE4 are responsible for 90% of cAMP-

hydrolysis (Kaasik & Ohisalo 1996; Mongillo et al. 2004). PDE4 is a potent 

regulator of cAMP, distinctly classified because of its unique inhibition by the 

drug Rolipram (Wachtel 1982). Km values of PDE4-cAMP interaction are 

approximately 25 fold lower than PDE4-cGMP (Reeves et al. 1987). There are 
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three isoforms PDE4 in the rat heart, PDE4A, PDE4B, PDE4D, totalling 

approximately 24 isoforms (Kenk 2010). PDE4C mRNA is not found in the rat 

heart (Kostic et al. 1997). PDE4 alone accounts for 30-60% of cAMP hydrolysis 

in the rat heart (Mongillo et al. 2004; Richter et al. 2011; Kaasick & Ohisalo 

1996). 60% of PDE4 cAMP-hydrolyzing activity is accomplished by PDE4D, 

while 30% and 10% is done by PDE4B and A, respectively (Kostic et al. 1997; 

Mongillo et al. 2004; Richter et al. 2005). Localization of rat cardiac PDE4 

isoforms has been reported on the sarcolemma (Okruhlicova et al. 1996) the Z-

line of sarcomeres (Mongillo et al. 2004) while also shown to be an integral 

component of the ryanodine receptor in mice and humans (Lehnart 2005) and 

mainly cytosolic in dogs (Weishaar et al. 1987, Smith et al. 1997).  

1.3.3 PDE4 Structure  

PDE4s are 1,039 amino acid long proteins with a molecular weight of 119 

kDa (Eichinger et al. 2005) though these characteristics vary based on the 

isoform.  All PDEs contain the same three domains, a conserved catalytic domain 

and regulatory N and C termini (Thompson 1991; Boldger 1994). The catalytic 

domain of the 11 PDE families is approximately 300 amino acids long (Ke 2004) 

and looped into 17 alpha helices (Xu et al. 2000). Three subsets of these 300 

amino acids form the only pocket large enough (~450 Å3
) to fit cAMP (Ke 2004). 

Biochemical studies have also shown that PDE4s require a divalent metal, usually 

Mg
2+

 or Zn
2+

, for catalytic activity (Hardman et al. 1971). The biochemical role of 

http://en.wikipedia.org/wiki/Å
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these metals is still a source of debate, though stability of the protein with cAMP 

(Ke 2004) and a catalytic role (Huai et al. 2003) are well supported.  

The proposed mechanism of cAMP catalysis by PDEs (Ke 2004) begins 

with the entrance of cAMP into the catalytic pocket where two divalent metals 

hold the phosphate group, polarizing the phosphate-oxygen bond, and making it 

positively charged. A histidine residue protonates the phosphate group causing 

further polarization and a site for a nucleophilic attack. A water molecule held by 

one of the divalent metals attacks the phosphate as a nucleophile causing a break 

between one of the phosphor-oxygen bonds. 

1.3.4 PDE4 Compartmentalization 

 The diffusion of cAMP is estimated at a rapid 700 um
2
/s (Oliveira et al. 

2010). If cAMP was unhindered, PKA would activate all of its targets rapidly and 

indiscriminately instead of activation at specific subcellular sites important for 

cell function (Stangherlin & Zaccolo 2012). PDE4 isoforms are found throughout 

the cell, localized in the cytoplasm and attached to proteins to control cAMP 

pools. Both PDE4A1 and A5 are associated with the cell membrane (Baillie et al. 

2002; Beard et al. 2002). In rat myocytes, isoforms of PDE4B and D are localized 

on the Z line of sarcomeres (Mongillo et al. 2004) and L-type calcium channels 

(Leroy et al. 2011). PDE4D3 has been found to form complexes with the 

ryanodine receptor, PKA and muscle a kinase anchoring protein (mAKAP) (Marx 

et al. 2000). Other protein interactions include PDE4D3 and myomegalin (Verde 

et al. 2001), PDE4D5 and activated C-kinase 1 (Bolger et al. 2002, Yarwood et al. 
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1999), PDE4D5 and β-arrestin (Ballie et al. 2007; Perry et al. 2002), PDE4D and 

gravin (Willoughby et al. 2006), PDE4D5 the receptor for activated C kinase 

1 (RACK1), focal adhesion kinase  (FAK) (Serrels et al. 2010), and PDE4D4 with 

exchange proteins activated by cAMP (Epac) and mAKAP (Dodge-Kafka et al. 

2005). In summary, PDE4 isoforms are distributed widely throughout the 

myocyte and interact with cellular components to control cAMP pools and 

signaling. 

1.3.5 PDE4 Regulation 

 PDEs are regulated both in the long and short term (Figure 1.8), by 

hormones, neurotransmitters, light, and oxygen derivatives (Francis et al. 2011). 

PDE4s functional role is determined by cellular location, modifying proteins and 

post-translational splicing (Cameron & Ballie 2012). Each PDE4 isoform has the 

same catalytic subunit, but they differ in their N-terminal domain (McCahill et al. 

2008) which affects their protein-protein interaction and protein-lipid anchoring 

(Cameron & Ballie 2012). Within this N-terminal domain are the upstream 

conserved regions (UCR) 1 and 2. These are not present in all PDE4 subtypes but 

are the key functional modulators of PDE4 activity due to their phosphorylation 

site by ERK, MAP kinase and PKA. UCR1 has a PKA phosphorylation site 

(MacKenzie et al. 2002) while ERK phosphorylation of the catalytic subunit 

occurs (Ballie et al. 2000) but UCRs usually determine activity regulation 

afterwards (Houslay & Ballie 2003). Phosphorylation by PKA increases PDE4 

activity, increasing its ability to hydrolyze cAMP (Cameron & Ballie 2012). 

http://en.wikipedia.org/wiki/PTK2
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Phosphorylation by ERK as no effect on isoforms without UCRs, but it inhibits 

PDE4 isoforms with UCRs, which is then countered by the activation of PKA 

with large cAMP levels (Hoffman et al. 1999). These mechanisms occur quickly, 

since treatments increasing cAMP synthesis, also increase PDE4 activity in a 

matter of hours (Verghese et al. 1995).  

 Long term regulators of PDE4 include ubiquitination, caspase 

modification and phosphatidic acid. PDE4D5 ubiquination occurs on the C-

terminus by murine double minute (MDM2) after β-adrenergic activation (Li et al. 

2009) and initial ubiquination primes the enzyme for further ubiquination leading 

to inactivated PDE4D5 by arrestin molecules (Cameron & Ballie 2012). PDE4A5 

can be cleaved by caspase 3 (Huston et al. 2000). Huston et al. (2000) found 

caspase 3-specific cleavage sites that remove 10 kDa from the N-terminus of the 

enzyme, a region containing SH3 binding domain for tyrosine kinase. The 

removal of this key site affects its activity, inhibitor sensitivity and anchoring 

ability. Finally, long PDE4 isoforms, those containing one or more UCRs, have 

binding sites for phosphatidic acid (PA) (Nemoz et al. 1997). Long PDE4 

isoforms bind PA within the N-terminus region, increasing Vmax without affecting 

Km (Grange et al. 2000) and cAMP levels decrease (El Bawab et al. 1997).  

Apart from the above regulatory factors, PDE4 is also transcriptionally 

modulated. Vicini & Conti (1997) discovered an intronic PDE4D promoter region 

that is responsive to follicle stimulating hormone (FSH), increasing subtype 

expression of some isoforms, but not others. This group also found the promoter 

was responsive to cAMP, increasing PDE4D expression which in turn will 
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stabilize cAMP levels (Conti et al. 1995). In PDE4A, several interesting promoter 

regions were found including a TATA box, CREB binding site (Olsen & Bolger 

2000; Sassone-Corsi 1988; Montminy 1997) and AP1-binding sites (Olsen & 

Bolger 2000).  PDE4D5 has also been shown to have two CRE sites (Le Jeune et 

al. 2002). Indeed, there is a variance of promoter sites between isoforms. D’Sa et 

al. (2002) showed that neurons utilized different PDE4 isozymes based on their 

activity at a given time. PDE4 enzymes share a common catalytic domain, but 

their promoter regions and interactions with modifiers differ greatly. 

1.3.6 PDE4 Regulation of cAMP 

 Cardiac PDE4 is the most important controller of cAMP pools produced 

by NE stimulation in rats. In rat myocytes, PDE4 inhibition produces a larger 

increase in cAMP compared to PDE3 inhibition during β-AR stimulation by 

isoproterenol (Mongillo et al. 2004). In contrast, when stimulating AC with 

forskolin, PDE3 inhibition produces a larger cAMP pool than PDE4 inhibition 

(Mongillo et al. 2004). cAMP is generated at the interior cell surface by adenylyl 

cyclase (Beavo & Brunton 2002; Conti et al. 2007) and translates into many 

cellular responses by activating PKA (Colledge & Scott 1999; Rubin 1994). All 

PDE4 subtypes are in turn regulated by PKA phosphorylation (Sette & Conti 

1996) on a single serine residue (Sette & Conti 1996). This phosphorylation 

disrupts a hydrogen bond, creating a negative charge and changing the entire 

PDE4 enzyme to a high activity state (Sette & Conti, 1996; Hoffman et al., 1998; 

Torphy, 1998; Liu & Maurice, 1999). PDE4 activity (ρmol cAMP hydrolyzed per 

min per gram of tissue) is increased by 60% by PKA phosphorylation (Mackenzie 
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et al. 2002) and 100-200% for the longer PDE4 subtypes PDE4A4 and PDE4D3 

(Houslay & Adams 2003). 

1.3.7 PDE4 in Cardiovascular Disease 

PDE activity is preserved in compensated cardiac disease, but impaired in 

animal models of HF and consistent clinical observation has not been conducted 

on PDE function in human heart disease (Osadchii 2007). A study by Richter et 

al. (2011) demonstrated that PDE4A and D activity is reduced in humans with 

idiopathic dilated cardiomyopathy. A number of isoform specific knockouts have 

been developed in regards to PDE4 to reveal their function. A PDE4A knockout 

model has been developed, thus far no overt phenotypes have been discovered 

(Jin et al. 2005). Leroy et al. (2011) investigated PDE4B knockout in mice and 

concluded its importance with respect to intracellular calcium cycling by the 

notable improvement in cardiac contractility and response to β-AR stimulation. 

While these changes were not seen in PDE4D knockout, these mice exhibit 

progressive cardiac dysfunction and worsening outcomes with induced MI 

(Lehnart 2005). This is thought to be caused primarily by increased PKA 

phosphorylation of RyR receptor, making the sarcolemma “leaky”, thus 

producing progressive HF and arrhythmia (Lehnart 2005, Wehrens 2003). The 

role of PDEs [and PDE4] in cardiac disease is an ongoing field of investigation 

(Osadachii et al. 2007).  
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1.4 PET Imaging 

1.4.1 Basis of PET 

A method of diagnosis and monitoring CVD is positron imaging 

tomography (PET), a technique that employs the venous injection of a radioactive 

tracer, measurement of its biodistribution, and three-dimensional quantification 

for analysis of molecular physiology (Figure 1.3). PET is able to non-invasively 

detect pathologies when no major lesions are present (Frey 1989; Herscovitch 

1990; Sedvall et al. 1988). This modality has been implemented in cancer, 

cardiac, and neurologic diagnostic imaging. A molecule/drug of interest is 

labelled with a neutron-deficient radioisotope such as 
13

N, 
11

C, 
15

O and 
18

F 

produced from a cyclotron. The tracer travels through the body and emits 

positrons as it decays. Positrons travel less than 1-8 mm in the body, depending 

on the isotope, before annihilating with the subject’s electrons (Zhang et al. 

2008), producing two anti-parallel gamma rays of 511 keV. The circular PET 

camera that surrounds the subject contains scintillation crystals, detecting the γ-

rays. After randoms, decay, attenuation, and scatter corrections, a three-

dimensional PET image of the target organ is produced from the numerous 

camera slices. Different tracers provide unique information and clinical utility that 

can quickly and non-invasively distinguish normal and disease physiology (Wahl 

2009). Most compounds or drugs have the potential to be chemically radio-

labelled, making PET imaging a modality with tremendous potential for 
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pathophysiological investigation, thus the investigation into new animal models 

and tracers is of great research interest. 

1.4.2 PET in Cardiac Disease 

 Myocardial perfusion imaging is the most used PET modality for  

cardiovascular disease (CVD) patients (Hendel et al. 2009). 
82

Rb, 
13

N, 
18

F and 
15

O 

water are available PET tracers for myocardial perfusion imaging (Higuchi & 

Bengel 2008; Heller et al. 2009). These tracers reliably detect perfusion defects 

caused by stenosis or microvascular dysfunction that may lead to tissue necrosis 

and fibrosis (Rischpler et al. 2013). Another tracer, [
11

C]-hydroxyephedrine 

(HED), is an analogue of NE that can be used to image the sympathetic 

innervations of the heart (Munch et al. 2000; Schwaiger et al. 1991). Aside from 

blood flow and viability, novel tracers are being explored to assess risk 

stratification, therapy guidance and response to therapy (Rischpler et al. 2013). 

Collectively, the development and study of PET tracers enable enhanced 

understanding of cardiovascular disease physiology and future diagnostics and 

treatments. 

1.4.3 FDG and Rest/Stress [
13

N]NH3 PET Utility in Cardiovascular 

Assessment 

Both 2-Deoxy-2-[
18

F]Fluoroglucose (FDG) and [
13

N]NH3 are cyclotron 

produced tracers used routinely in clinical cardiac PET imaging. An analogue of 

glucose, FDG, is used to detect myocardial viability. FDG is transported into 

myocytes by GLUT1 and GLUT4 transporters where it is metabolised by 
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hexokinase V to FDG-phosphate. No further metabolism occurs nor is the tracer 

able to leave the cell (Kearfott et al. 1984). This uptake is only observed in viable 

myocardium and the size of a FDG uptake defect provides prognostic value in 

humans (Ghosh et al. 2010).  

 [
13

N]NH3 is a PET tracer commonly used for perfusion assessment of the 

heart. Injected [
13

N]NH3 diffuses freely across the capillary and cell 

membranes (rate constant k1), where it is metabolized into [
13

N]-glutamine by α-

ketoglutarate-glutamate reactions and bound (k3), or washed back out of the 

cellular space (rate constant k2).  The metabolized tracer is trapped within the 

myocardial muscle cells so the subsequent washout (rate constant k4) is assumed 

to be zero during estimation of myocardial blood flow (Choi et al. 1993).  

[
13

N]NH3 PET has been shown to be an excellent predictor of future cardiac 

events (Fiechter et al. 2013). Physiological cardiac reserve, the ability to increase 

cardiac output, is a considerable indicator of exercise capacity, and thus 

cardiovascular health (Cooke et al. 1998). Analysis of the difference between rest 

myocardial perfusion and pharmacologically induced stress perfusion (myocardial 

flow reserve) improves the detection of coronary stenosis (Fiechter et al. 2013). 

One such stress perfusion protocol is with step-wise infusion of β-AR agonist 

dobutamine in rats (Croteau et al. 2004) for applications in coronary stenosis 

disease modeling. To date many models of cardiac dysfunction have been 

investigated with PET tracers leading to clinical applications. To date, few studies 

have investigated cardiac ischemia reperfusion injury with PET.  
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1.5 Imaging PDE4 with PET 

1.5.1 (R)-[
11

C]Rolipram 

Rolipram ((R/S)-4(3-cyclopentyloxy-4-methoxyphenyl)-2-pyrrolidone) 

(Figure 1.9) is a drug that inhibits all PDE4 isozymes. Originally tested as an 

antidepressant (Wachtel, 1983; Zeller et al. 1984; Bertolino et al. 1988) it was 

soon retracted because of nausea side effects (Zeller et al. 1984). Rolipram is still 

widely utilized in cancer, cardiac, and neurologic disease research. (R) and (S) 

Rolipram was originally labelled with C-11 by DaSilva et al. (1997) in order to 

non-invasively quantify PDE4 levels in brain and cardiac tissue as an index of 

cAMP and sympathetic nervous system activity. PET imaging of the SNS in 

cardiac diseases could provide important information, notably risk stratification 

and therapy guidance (Rischpler et al. 2013).  

1.5.2 Previous Cardiac Results with (R)-[
11

C]Rolipram  

(R)-[
11

C]Rolipram was found to selectively bind all PDE4 subtypes in rat 

myocardium with fast clearance and kinetics that match blood flow (Lourenco et 

al. 2001; Kenk et al. 2007). Labelled metabolites of (R)-[
11

C]Rolipram were not 

found to bind PDE4, and were categorized into the non-specific binding 

compartment in kinetic modelling (Kenk et al. 2008). (R)-[
11

C]Rolipram binding 

was dose-dependently increased by treatments that increase NE, histamine and 

serotonin, but not dopamine (Lourenco et al. 2006). Using CGP12177, a β-AR 

antagonist, the elevated (R)-[
11

C]Rolipram binding with treatments elevating NE 

was blocked (unpublished results), confirming that (R)-[
11

C]Rolipram binding is 
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mediated by β-AR receptors (Lourenco et al. 2006).  Using desipramine (DMI), a 

NET blocker, to elevate synaptic NE, (R)-[
11

C]Rolipram uptake can test PDE4 

responsiveness. This method is similar to how Cooke et al. (1998) tested cardiac 

reserve, the ability of the heart to respond appropriately to stress. Cardiac reserve 

is impaired in cardiac dysfunction (Cooke et al. 1998).  Increased (R)-

[
11

C]Rolipram uptake after DMI treatment indicated PDE4 expression after 

sustained SNS activity, thus PDE4 was deemed “responsive” in Sham animals. 

PDE4 non-responsiveness was observed in obese rats and rats following the anti-

cancer treatment, adriamycin, a known cardiotoxic drug (Greene et al. 2009; Kenk 

et al. 2010, respectively).  (R)-[
11

C]Rolipram in rats demonstrates high 

myocardial uptake, specific PDE4 binding, and reproducible uptake 

measurements (Logan distribution volume (DV)) all obtained at low receptor 

occupancy and dose (<10%, <0.2 ug/kg, respectively) (Thomas et al. 2011). The 

above results indicate (R)-[
11

C]Rolipram provides high LV contrast, reliably 

detects changes in cardiac PDE4, and provides insight into several disease 

models, providing support for exploration of (R)-[
11

C]Rolipram in animal models 

of cardiac dysfunction for the study of cAMP/PDE4 with PET.  

1.5.3 Study Rationale 

 To date much research focus is on animal models of permanent MI that 

produce reduced EF though nearly 50% of patients with HF symptoms show 

normal EF (Sharma & Kass 2014). Furthermore, approximately 20% of HF 

patients have unrecognized MI, a phenomenon of having an MI without 
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symptoms (Pride et al. 2013). In addition, the study of infarcted myocardium and 

remodelling is not possible using PET, as shown by Kenk et al. (unpublished) 

with (R)-[
11

C]Rolipram, since the total ligation of the left anterior descending 

(LAD) coronary artery prevents the tracer to go in the infarcted area. A model of 

cardiac dysfunction with flow to the area at risk and preserved EF has yet to be 

extensively explored to assess these shortcomings of MI animal models. A rodent 

model of IR injury could provide insight into clinical situations such as unstable 

angina, percutaneous intervention, and coronary artery bypass grafting.  

  The exploration of 20 min and 45 min IR models in the thesis sought to 

explore this with the use of PET tracers and other measurements of SNS 

activation and cardiac dysfunction. This thesis continues the work of Kumiko 

McKasey, who in a 20 min IR model at 2 weeks post-surgery observed no resting 

flow defect using [
13

N]NH3 PET and a 60% increase in angiotensin II type 1 

receptor in area at risk and a 115% increase in the infarct of MI model (McKasey 

2012). Blockade of this receptor minimizes LV hypertrophy suggesting its role in 

cardiac dysfunction and renal failure (Amann et al. 1998; Dickhout et al. 2011). 

This supported the 20 min IR as a model of cardiac dysfunction with flow to the 

area at risk for investigation of remodelling pathophysiology with PET tracers. 

Next this thesis sought to understand PDE4 physiology post-cardiac 

dysfunction in the remodelling phase (2-5 weeks) post-surgery as much research 

focuses on the early and late stages (less than 72 hours or 8 or more weeks, 

respectively). During 2-5 weeks post-surgery there are significant changes in 
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cardiac physiology including systolic pressure, end diastolic volume, (Gaudron et 

al. 1990), BNP levels (Choi et al. 2013) and development of fibrotic scar 

(Sanchez-Mas et al. 2014). If timepoints of changes PDE4 expression are found 

between 2-5 weeks post-surgery, this timepoint will be further analyzed with 

markers of cardiac dysfunction and SNS signalling. The long term goal of this 

thesis is to enhance understanding of PDE4 as a potential biomarker of SNS 

activity post ischemic injury, as this has not been extensively documented.
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Figure 1.1: Parasympathetic and Sympathetic anatomical divisions, innervated 

organs and physiological consequences. Reproduced from 

http://www.yesselman.com/ans.jpg. 

http://www.yesselman.com/ans.jpg
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Figure 1.2: Cellular mechanisms of ischemia-reperfusion injury. Cellular 

pathways during both ischemia and reperfusion contribute to produce calcium 

overload. Ischemia produces excess protons by means of anaerobic glycolysis, 

activating H+/Na+ exchanger. Excess intracellular Na+ stimulates Na+/Ca2+ 

exchange at the sarcoplasmic reticulum. Reperfusion produces cytokine 

attractants that cause neutrophil accumulation, vascular plugging, release of 

degrative enzymes, oxygen free radicals and the opening of the MPTP, 

depolarizing mitochondria and preventing oxidative phosphorylation from 

occurring. Calcium overload damages myofibrils and their ability to contract 

normally. Ischemic episodes of 20 min or less may produce transient LV 

dysfunction but no lasting blood flow defect while episodes 20 min or more 

produce permanent infarction. Adapted from Yellon & Hausenloy 2007. 

Abbreviations; IR, ischemia reperfusion, MPTP, mitochondrial permeability 

transition pore.  
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Figure 1.3: A pharmacological molecule of interest that is labelled with a neutron 

deficient isotope is injected in vivo, is distributed through tissues and decays over 

time with positron (e
+
) emissions. Positrons annilate with naturally occurring 

electrons (e
-
) (A) to produce to antiparallel (180

o
 from each other) gamma rays (γ) 

that are detected on a circular scintillation crystal module (B) providing location, 

frequency and time of annilation events to be recorded and processed into slices 

(C). PET image slices are corrected for scatter and attenuation before a three-

dimensional PET image is obtained.  
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Figure 1.4: Schematic of sympathetic neuronal norepinephrine (NE) synthesis 

and release into synaptic space. The amino acid L-Tyrosine (Tyr) enters the 

neuron and is converted to L-dihydroxyphenalanine (DOPA) by tyrosine 

hydroxylase (TH). Next DOPA is converted to dopamine (DA) by Dopamine 

decarboxylase (DD) and finally Dopamine is converted to NE by Dopamine β-

Hydroxylase (DBH). An action potential on the neuron triggers the influx of 

calcium (Ca++) caused vesicles of NE to be released into the synapse where most 

is recycled back to the neuron by NE transporter (NET) which can be blocked by 

desipramine (DMI). Figure modified from: 

http://www.cvpharmacology.com/NE%20syn-release.gif. 

http://www.cvpharmacology.com/NE%20syn-release.gif
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Figure 1.5: Chemical structure of the sympathetic nervous system 

neurotransmitter norepinephrine. 
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Figure 1.6: Intracellular consequences of NE stimulation of β1, β2 and β3-

adrenergic receptors. Dissociation of G-subunits (Gs and Gi) activates adenylyl 

cyclase (AC), Extracellular signal-related kinase (ERK) or nitric oxide synthase 

(NOS). AC converts adenosine triphosphate (ATP) into cyclic adenosine 

monophosphate (cAMP) which removes the regulatory subunit of phosphokinase 

A (PKA) freeing it to phosphorylate targets. Most cardiac cAMP is metabolized 

by phosphodiesterase 4 (PDE4) but PDE3 is also an important metabolizer. G-

protein related kinase (GRK) and β-arrestin (β-Arr) inhibit β2-AR function while 

Phosphoinositide 3-kinase is another 2
nd

 messenger important in insulin 

signalling. Figure modified from Lohse et al., 2003. 
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Figure 1.7: cAMP-specific PKA signalling and its effect on intracellular calcium 

and contractility. NE stimulation to β-ARs stimulates the G protein dissociation 

and activating adenylyl cyclase (AC). AC converts adenosine triphosphate (ATP) 

to cyclic adenosine monophosphate (cAMP). cAMP activates phosphokinase A 

(PKA) that phosphorylates a number of targets to increase intracellular Ca++, 

increasing strength and speed of contraction. PKA phosphorylates troponins, 

removing the inhibition on actin. Phosphorylation of the Ryanodine receptor 

(RyR) and sarcoplasmic reticulum Ca
2+

-ATPase (SERCA) releases the internal 

stores of calcium. PKA phosphorylation of the L-type Ca
2+

 channel allows entry 

of extracellular calcium while phosphorylation of myosin binding protein C 

(MBP-C) increases sensitivity of the sarcomere to Ca
2+

. Figure modified from the 

thesis of Miran Kenk 2010.  
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Figure 1.8: cAMP-specific PKA signalling and its regulation on PDE4. NE 

stimulation to β-ARs stimulates the G protein dissociation and activating adenylyl 

cyclase (AC). AC converts adenosine triphosphate (ATP) to cyclic adenosine 

monophosphate (cAMP). cAMP activates phosphokinase A (PKA). 

Phosphodiesterase 4 (PDE4) catalyzes the hydrolysis of cyclic adenosine 

monophosphate (cAMP) to adenosine monophosphate (AMP). PKA regulates 

PDE4 by phosphorylated, increasing its activity in the short term (15 min) and in 

the long term (>2 hr) by binding to cAMP-responsive element binding protein 

(CREB) that binds to cAMP responsive element (CRE) in DNA promoter region, 

resulting in de novo protein synthesis.  
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Figure 1.9: Chemical structure of the PDE4-specific inhibitor (R)-[
11

C]Rolipram.  
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1.6.0 Hypothesis 

1) Dysfunctional cAMP-mediated signalling measured at the PDE4 level is 

observed at early time points 2-5 weeks post-surgery in rats with myocardial 

reperfusion injury and MI that accompany any changes in SNS activity and 

cardiac function 

1.6.1 Objectives 

1) To develop a model of IR injury that has no resting flow defect to permit 

future study of the area at risk with PET tracers.  

2) Develop a timeline of PDE4 protein expression in the early healing phase 

of post IR and MI injury (2-5 weeks).  

3) With the above aims explored, test timepoints with changed PDE4 protein 

expression and activity for correlation with multiple measurements of 

cardiac dysfunction and SNS activity.  

1.6.2 Specific Aims 

1) FDG and [
13

N]NH3 PET will be used to assess blood flow and 

myocardial viability in both 20 min and 45 min IR models.  

2) Non-invasive echocardiography and Doppler will be used to assess 

systolic and diastolic function in both 20 min and 45 min IR models.  

3) Western Blot of PDE4 in suitable rat model from 2-5 weeks post-

surgery will be conducted.  
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At timepoint post-surgery when PDE4 protein expression is altered in appropriate 

model: 

4) Western Blot of β1-3-AR to assess alterations from ischemia. 

5)  Measurement of plasma and tissue NE levels using commercially 

available ELISA and custom designed high performance liquid 

chromatography (HPLC), respectively, to measure SNS activity.  

6) PDE4 activity will be measured using commercially available kit.  
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CHAPTER 2 
 

Methods 
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2.0 Study Design 

 The overall study protocol is shown in Figure 2.1. The first goal of this 

thesis was to produce a model of cardiac dysfunction with no resting flow defect. 

Kenk et al (unpublished) sought to investigate (R)-[
11

C]Rolipram PET in a model 

of MI, but none of the tracer entered the infarcted area. Here, two models were 

tested, 20 and 45 minute periods of ischemia by temporary ligation of the left 

anterior descending coronary artery. Through FDG, [
13

N]NH3, and 

echocardiography it was shown that 45 minutes of ischemia produced a small 

scale fibrosis and resting flow defect. While this model may be beneficial for 

understanding small scale infarction by reperfusion injury, the differences 

between 45 min IR and MI may be too subtle for the scope of a Master’s thesis. 

With no defect produced with FDG or [
13

N]NH3 PET as well as preserved ejection 

fraction in PET in the 20 min IR model, its investigation was extended to test for 

changes in PDE4 expression from 2-5 weeks. These timepoints were tested due to 

their importance in remodelling and healing.  3 weeks post 20 min IR was found 

to have increased PDE4 expression in all isoforms and investigation of SNS 

markers (Cardiac and NE levels), PDE4 activity as well as other measurements of 

cardiac dysfunction (echocardiography, mitral valve doppler, histology). 
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2.1 Animal Surgery 

2.1.1 Animals 

Male Sprague-Dawley rats (200-275 g) (Charles River, Montreal, Canada) 

were housed in pairs for 1 week with free access to food and water on a 12-hour 

light/dark cycle. All animal experiments within this work were conducted in 

adherence with the University of Ottawa Animal Care Committee and the 

Canadian Council on Animal Care for the use and care of laboratory animals.  

2.1.2 IR Surgery 

All Western Blots, NE analyses, Doppler’s, and PDE4 activity assays 

were done on rats that underwent surgery performed by Mr. Rick Seymour. 2 

week IR rats and MI rats that were imaged with FDG and rest/stress [
13

N]NH3 

underwent surgery by Dr. Stephanie Thorn. All other rats that were imaged had 

IR or MI induced by Mr. Rick Seymour. 

 Male Sprague-Dawley rats were anesthetised with 2 mL/min isoflurane, 

quickly intubated, and attached to a ventilator prior to procedure described by 

Klocke et al. (2007). A cranial-caudal incision was made on the chest followed by 

blunt dissection of the pectoral muscle. The ribcage was then exposed, and the 

third or fourth intercostals space retracted based on where the heartbeat was felt. 

Silk suture was placed under the left anterior descending coronary artery with a 

small curved needle. A polypropylene (PE50) tube was placed between the suture 

knot and the artery for safe removal of the occlusion. The animal remained on the 
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ventilator with the ligation for 20 min or 45 min, at which point the suture was 

removed, blood flow re-established and the chest cavity was then closed. Animals 

were recovered on high oxygen and analgesics for 48 hrs. Sham animals 

underwent the same surgery with open chest cavity but no ligation was 

performed.  

2.1.3 MI Surgery 

All Western Blots were done on rats that underwent surgery performed by 

Mr. Rick Seymour. 2 week IR rats and MI rats that were imaged with FDG and 

rest/stress [
13

N]NH3 underwent surgery by Dr. Stephanie Thorn. All other rats that 

were imaged had IR or MI induced by Mr. Rick Seymour. 

 The same surgical method was employed as the above-mentioned surgery 

but without the PE50 tubing and as described by Higuchi et al. (2008). The 

ligation was permanently kept in place after the chest cavity was closed and 

sutured. Animals were recovered on high oxygen and analgesics. Sham animals 

underwent the same surgery with open chest cavity but no ligation was 

performed.  

2.2 Echocardiography 

Technical acquisition on echocardiography was performed by Marika 

Kolajova. Echocardiography was conducted using Vevo 770 high-resolution 

imaging system (VisualSonics, Toronto, Ontario). Rats were anesthetised with 

isoflurane (1-3%). Chest and stomach hair were removed. Parasternal long and 
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short axis views were recorded in B and M mode. Motion of the heart walls was 

recorded with summative cardiac cycles in ECG-based kilohertz visualization 

(EKV) mode (Cherin et al. 2006). A 716B scanhead was used with transducer 

frequency of 23.5 MHz, focal length of 17.5 mm and field of view at 32 mm. M-

mode was used to inspect wall motion defects, if present. Analysis of B-mode 

EKV cine loops measured the dimensions of the myocardium during systole and 

diastole for calculations of ventricular volume. Measured dimensions allowed for 

the calculation of ejection fraction (EF), fractional shortening (FS), stroke volume 

(SV), and LV mass using manufacturer software (Vevo 770 3.0.0, Visual Sonics).  

2.3 PET Imaging 

 All PET image acquisition was completed in collaboration with Dr. 

Stephanie Thorn, Marika Kolajova, Christine Archer, Julia Petyrk, Dr. Etienne 

Croteau and radiochemistry staff. PET image analysis was completed with the 

supervision of Dr. Rob de Kemp and Jennifer Renaud.   

2.3.1 [
13

N]NH3 PET Imaging 

Rats were anesthetised with isoflurane (1-2%) and placed on scanning bed 

of the Siemens Inveon™ small animal PET scanner (Siemens, Knoxville, TN; 

12.7 cm axial field-of-view, spatial resolution < 1.4 mm). [
13

N]NH3 (44.4-74 

MBq (1.2-2.0 mCi)) bolus injection was administered over 30 seconds (< 1.0 mL 

volume) via 26 G catheter inserted into the tail vein. List-mode data was gathered 

over 30 min followed by a 10 min transmission scan. PET data was acquired into 

20 frames (12 x 10 sec, 3 x 60 sec and 5 x 300 sec), reconstructed on a 128 x 128 
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image matrix with 0.34 x 0.34 x 0.80 mm pixel size with expectation 

maximization 3D/maximum a posteriori (OSEM3D/MAP; β=1.0 OSEM3D 

iterations=2 MAP iterations=18). Corrections were applied for dead-time, isotope 

decay, detector efficiencies, randoms, scatter, and attenuation for image 

reconstruction. Data analysis and LV orientation was done with in-house software 

FlowQuant©. Myocardial blood flow (mL/min/g) polar maps were generated 

using the 0.5-2.5 min data and a one compartment model with constant 

distribution volume estimation.   

2.3.2 Rest-Stress Dobutamine [
13

N]NH3 PET 

Rats were anesthetised with 2% isoflurane and underwent a rest [
13

N]NH3 

scan as described above. After a 1 hour washout of [
13

N]NH3 from the rest scan, 

the rats underwent dobutamine stress [
13

N]NH3 scan as previously described 

(Croteau et al. 2004). Dobutamine (Novophram) was administered in a 3 stepwise 

increase progression, 5 µg/kg/min for 2 min, 10 μg/kg/min for 2 min, 20 

μg/kg/min for 9 min. [
13

N]NH3 bolus containing 44.4-125.8 MBq (1.2-3.4 mCi) 

was injected at the 9th minute of dobutamine infusion when the rat heart rate is at 

its peak.  

Analysis of [
13

N]NH3 PET was conducted on IR rats 2.5, 4, and 5 weeks 

post-surgery in 20 min IR rats. Anterolateral flow [stress/rest] (ratio reserve) and 

[stress – rest] (delta reserve) were subtracted from contralateral LV wall of the 

same rat (Figure 2.4). With this methodology, Sham rats would theoretically have 

the same ratio and delta reserve values in anterolateral LV and contralateral LV 
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wall, as the healthy heart increases blood flow uniformly throughout the LV. 

Thus, subtracting anterolateral ratio and delta reserve from contralateral 

(inferoseptal) in shams would produce an expected value of zero. Stenosis in the 

anterolateral wall impairs flow during stress, making the ratio reserve and delta 

reserve values smaller compared to normal myocardium. Anterolateral wall ratio 

and delta reserves subtracted from the normal, remote myocardium of the 

contralateral (inferoseptal) wall of the same rat would theoretically produce a 

negative value. The greater the ischemia, the less blood flow to the anterolateral 

wall, thus the difference between anterolateral and contralateral reserves would be 

greater (more negative).  

2.3.3 FDG PET Imaging 

2-4 days post 45 min IR surgery, rats (n=4) underwent FDG PET to assess 

myocardial viability and potential of further model development. Rats were 

anesthetised with 2% isoflurane and injected via tail vein with 40.7-44.4 MBq 

(1.1-1.2 mCi) of activity. Tracer uptake was 1 hr prior to a 10 min static scan of 

the LV.  

2.4 Histology 

 Hearts were dissected out following animal sacrifice while being perfused 

with the preservative paraformaldehyde (4%). Tissue slides were stained using 

standardized methods for Masson Trichrome and Hematoxylin/Eosin stains by 

technical services of the pathology and laboratory medicine department at the 

University of Ottawa. These procedures included fixation in 10% neutral buffered 
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formalin and a 20:1 fixative ratio. Automatic tissue processing into 5 µM slices 

was completed at room temperature. Imaging of slices was performed with Lecia 

microscope using Leica workstation software (Leica Microsystems Inc., 

Richmond Hill, Ontario).  

2.5 Western Blot 

All Western Blots were reproduced by Marika Kolajova. PDE4 and β-AR 

protein expression were assessed with immunoblotting techniques using Bio-Rad 

Western Blot system (Bio-Rad Laboratories, Ltd., Mississauga, Ontario) 

according to manufacturer’s instructions. Hearts were excised, and the LV was 

separated into area at risk, border zone, or remote myocardium (Figure 2.2) for IR 

rats, and infarct, peri-infarct, and non-infarcted areas of MI rats. Areas at risk and 

infarct zones were determined as uniform in discoloration and consistency. 

Border zone and peri-infarcted areas were defined as the heterogeneous area 

surrounding the area at risk/infarct that separated it from visibly normal 

myocardium. Visibly normal myocardium was dissected and labeled as remote 

myocardium in IR rats and non-infarct in MI rats.  Sham tissue was dissected 

from identical areas of LV and was of similar mass. Tissue samples were frozen 

and powdered with mortar and pestle in liquid N2. 100-400 mg powdered tissue 

was homogenized (2 x 15 sec with polytron homogenizer) in approximately  500-

700 µL of lysis buffer (25 mM Tris-HCl, 2% Triton X100, pH 7.8), complete 

protease inhibitor cocktail (Roche Canada, Mississauga, Ontario) and lysed for 20 

min on ice. Sample lysates were centrifuged for 10 min at 12,000 g and aliquots 
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were taken for storage at -80
o
C. Pierce Bicinchoninic acid (BCA; Novagen, San 

Diego, USA) was used to determine protein concentration of lysate. Sample 

lysates were diluted in 2x Sample Buffer (10% Sodium dodecyl sulfate  (SDS), 

Glycerol, 1M Tris (pH 6.8), 1% bromphenol blue, 3.08% w/v DL-dithiothreitol), 

boiled for 3 min (except samples for PDE4D blotting, which were heated at 56
o
C 

for 3 min) and pulse centrifuged at 9,500 x g. Lysates were injected onto 8% Tris-

glycine reducing gel and underwent SDS-PAGE. After separation on gel at 150 V 

for ~65 min, protein was transferred to polyvinylidene fluoride (PVDF) 

membranes for ~20 hours at 43 V and 0.12 A. After transfer, protein was treated 

with blocking solution (150 mM NaCl, 10 mM Tris, 1% Tween 20 and 5% milk, 

pH 8) for 1 hr. Incubation with primary antibody was done at manufacturer-

recommended dilutions and duration (listed below). Secondary antibody 

incubations (listed below) were administered at recommended dilutions for 1 hr. 

Absorbed antibodies were visualized with horseradish peroxidase-conjugated 

groups on the secondary antibodies with enhanced chemiluminescence substrate 

(Western Lighting® Plus-ECL, Perkin Elmer Inc., Waltham, MA, USA). Imaging 

was conducted with FluoroChem HD image station (Alpha Innotech, San 

Leandro, CA). Image analysis was conducted with AlphaEase FC IS-990 software 

(Alpha Innotech). Data was expressed as ratios of target protein to 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) protein band intensity, and 

normalized to mean sham control for each PVDF membrane.  

Antibodies: all antibodies used were prepared in 2.5% milk/Tris buffered 

saline with Tween 20 ( TBST, except β1-AR was in 2% bovine serum albumin 

http://en.wikipedia.org/wiki/Sodium_dodecyl_sulfate


 

54 

 

(BSA)) and at the following dilutions and sources: PDE4A, 1:1000, FabGennix 

International Inc., Product #PD4 112AP. PDE4B, 1:1000, Santa Cruz 

Biotechnology, Product #sc-25812. PDE4D, 1:200, Santa Cruz Biotechnology, 

Product #sc-25814. β1-AR, 1:1000, Abcam, Product #ab3442. β2-AR, 1:200, 

Santa Cruz Biotechnology, Product #sc-570.β3-AR, 1:200, Santa Cruz 

Biotechnology, Product #sc-1473. GAPDH, 1:5000, Santa Cruz Biotechnology, 

Product #sc-25814. Goat anti-rabbit IgG-HRP, 1:5000, Santa Cruz Biotechnology 

Product #sc-2004. Donkey anti-goat IgG-HRP, 1:5000, Santa Cruz Biotechnology 

Product #sc-2020, Lot# F1212. Donkey anti-mouse IgG-HRP, 1:5000, Santa Cruz 

Biotechnology Product #sc-2314, Lot# C2012. 

2.6 PDE4 Enzyme Assay 

 All PDE4 activity assay experiments were performed by Marika 

Kolajova. PDE4 activity, the rate of hydrolysis of cAMP (ρmol/min/g), in cardiac 

tissue was measured with PDE4 Enzymatic Assay Kit (PDEasy-200, FabGennix; 

Frisco, Texas) based on previously described methods (Thompson and Appleman, 

1971). Tissue was excised from the rat after sacrifice, frozen and powdered with 

mortar and pestle in liquid N2. Samples were stored at -80
o
C. The same 

homogenization protocol was conducted with Western Blot as mentioned above 

but with SolO buffer (FabGennix) replacing lysis buffer. Sample protein was 

added to incubation buffers and blocked samples included 50 mM (R/S) 

Rolipram. [
3
H]cAMP substrate at 1 µM final concentration was incubated 10 min 

with shaking at 34
o
C. PDE4 hydrolysis of cAMP was terminated by boiling 
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samples for 3 minutes. The lysis reaction produces 5’-AMP and is then converted 

to [
3
H]adenosine with western diamondback rattlesnake venom (Crotalus Atrox). 

[
3
H]adenosine was separated from [

3
H]AMP and [

3
H]cAMP with pre-activated 

ion exchange resin (FabGennix). Ion exchange resin was added to each tube, 

vortexed and incubated on ice for 20 min. Tubes were then centrifuged at 13,000 

x g for 2 min. The supernatant contained unbound [
3
H]adenosine only and was 

removed, mixed with scintillation fluid (BCS-NA scintillation cocktail, 

Amersham), and quantified with β-scintillation counter (1219 RackBeta liquid 

scintillation counter, LKB Wallac, Perkin-Elmer). The separation of [
3
H]AMP 

and [
3
H]cAMP, and subsequent scintillation measurement provided the fractional 

amount of hydrolysed product, and thus total PDE activity. PDE4 activity was 

calculated as the fraction of PDE hydrolysis of cAMP inhibited by 50 µM 

Rolipram, and expressed as ρmol of cAMP hydrolyzed per minute per mg of 

protein.  

2.7 Cardiac NE Concentration 

Cardiac NE measurements (ng/mg of protein) were completed in equal 

collaboration with 4
th

 year research student Ehsen Tayyabi. Samples of 100-400 

mg of three LV regions were dissected out after sacrifice. Samples were separated 

into area at risk, border zone, or remote myocardium for IR animals and infarct, 

peri-infarct, and non-infarcted areas of MI rats. Areas at risk and infarct zones 

were determined as uniform in discoloration (fibrosis) and consistency. 

Borderzone and peri-infarcted areas were defined as the heterogeneous area 
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surrounding the area at risk/infarct that separated it from visibly normal 

myocardium (Figure 2.2). Visibly normal myocardium was dissected and labelled 

as remote myocardium in IR rats and non-infarct in MI rats.  Sham tissues were 

dissected from identical areas of LV and were of similar mass. Samples were 

immediately placed on dry ice, later powdered with liquid N2, homogenized in 1.5 

mL 80/20 v/v ethanol and 0.1 M formic acid, then centrifuged at 14,000 x g. 

Supernatant was poured into conical flask and solvents removed with rotational 

evaporation at 60
o
C. Residue on the walls of the flask was reconstituted with 1 

mL 0.1 M formic acid, 1 mL 1.5 M Tris, 0.05 M Ethylenediaminetetraacetic acid 

(EDTA) (pH 8.5) and filtered (0.2 µM) prior to use with HPLC. Injection volume 

of sample was 100 µL with 250 µl of both 0.1 M formic acid and 1.5 M Tris, 0.05 

M EDTA (pH 8.5).  

Sample preparation was followed by injection onto column-switch HPLC 

static 1 mL loop as previously described by (Thackeray et al.2013). Pump 1 

delivered 2 mL of 1.5 M Tris Base, 0.05 EDTA (1 mL/min) across capture 

column (Direct Connect refillable guard column, 2 × 20 mm, Alltech, Deerfield, 

IL, USA) packed with aluminum oxide (Type WA4, Sigma) to trap NE from 

sample, while removal of Tris, plasma proteins, and macromolecules was done 

with 10 mL of deionized water across the capture column at 1 mL/min. After 

rinsing, column flow was switched  delivering NE sample towards the analytical 

column via mobile phase: 5/95 methanol / 50 mM ammonium formate, 0.27 mM 

EDTA, 0.346 mM octane sulfonic acid (pH 2.85, 1 mL/min). Elution from 

capture column to analytical column was terminated after 2 min. Eluents of both 
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columns were analyzed by two detectors: Ultraviolet (UV) absorbance detector 

and electrochemical detector (ECD). Signals from sample contents were 

integrated and converted to voltage using the PeakSimple 6-channel 

chromatography system. Chromatograms were then analyzed using PeakSimple 

3.67 software. NE standards were run at varying concentrations (ng/mL) to create 

a standard curve and relationship (r
2
 > 0.999) between NE concentration and area 

under curve (AUC) of ECD voltage peaks. Mass of NE obtained from AUC was 

corrected for dilutions, tissue mass, volume and mass lost from containers.  

2.8 Plasma NE Concentrations 

Blood samples were obtained from Sprague-Dawley rats by tail vein 26 

gauge catheter under 2% isoflurane anaesthesia. Animals were under anaesthesia 

for no more than 5 minutes during total procedure as described by Popper et al. 

(1977). After collection, plasma was isolated by centrifugation at 1,600 x g for 4 

minutes and kept at -80
o
C. NE ELISA kit BA E-5200 (Labor Diagnostika Nord, 

Nodhorn, Germany) was used to measure NE in 50 uL of rat plasma. Briefly, NE 

was extracted using a cis-diol trapping gel, then acylated and enzymatically 

modified. The sample in suspension was removed from the extraction plate and 

incubated with primary antibody overnight at 4
o
C. Samples were washed 4 x 5 

min and then incubated with secondary antibody for 30 minutes. Next samples 

were washed 4 x 5 min and incubated with TMB to detect horseradish peroxidise 

on secondary antibody for 25 min. After incubation, absorbance was measured at 

450 nm. Sample NE concentration was determined by referring to standard curve 
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absorbance and correcting for dilution. Concentrations calculated from the 

standard curve were multiplied by the correction factor of 0.2 because the volume 

of standards was 10 µL while volume of samples was 50 µL (10/50 = 0.2).  

2.9 Statistical Analysis 

 All data are expressed as mean ± standard deviation (SD). Data was 

compared using unpaired two tailed student’s t-test, or paired when appropriate. 

One-way ANOVA was used on all Western blot analysis (one per timepoint), 

followed by student’s t-test when appropriate. Statistical analyses of the data 

presented in Fig 3.04 were done using one-way ANOVA with bonferonni post 

hoc. with p < 0.05 considered significant.  
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Figure 2.1: Experimental workflow throughout this thesis. The initial objective 

was to extend the work of McKasey (2012) with an IR rat model for the 

investigation of PET tracers that non-invasively measure SNS signalling. Both 20 

min IR and 45 min IR models were investigated. 45 min IR rat displayed a small 

anterolateral infarct and was deemed too similar to MI for investigation within the 

scope of a master’s thesis. 20 min IR rat model was observed to have no resting 

blood flow or glucose uptake defect and was selected for PDE4 protein level 

analysis from 2-5 weeks post-surgery. 3 weeks post-surgery displayed increased 

PDE4 protein expression and the investigation at this timepoint was extended to 

include the listed measurements of cardiac function and SNS activity. 

Abbreviations: β-AR , β-adrenergic receptor, FDG, 2-Deoxy-2-

[
18

F]Fluoroglucose, IR, ischemia reperfusion, MI, myocardial infarction, NE, 

norepinephrine, PDE4, phosphodiesterase 4, PET, positron emission tomography.  
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Figure 2.2: Representative photograph of 3 weeks post-surgery 20 minute 

ischemia-reperfusion rat post-mortem with area at risk, borderzone, and remote 

myocardium areas labelled for dissection. The suture is also labelled as it 

produces epicardial fibrosis by wound healing, not ischemia.   
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Figure 2.3: Representative Western blot, isoform, and molecular weight of 

PDE4A, PDE4B, PDE4D and GAPDH expression  in rat LV homogenates. 

Molecular weights were determined from the literature, for review see Kenk 

(2010). Abbreviations: GAPDH, glyceraldehyde 3 phosphate dehydrogenase, 

kDa, kilodalton, LV, left ventricle, PDE4A, phosphodiesterase 4A, PDE4B, 

phosphodiesterase 4B, PDE4D, phosphodiesterase 4D. 
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Figure 2.4: schematic of cardiac flow reserve analysis using [
13

N]NH3 PET example ischemic rat. 

1 compartment model calculation of blood flow during [
13

N]NH3 PET was obtained in the first 2 

minutes of scan time in both rest and stress, and flow (ml/min/g) data was exported into 17 

segment model (A). Flow ratio reserve (Stress blood flow/Rest blood flow) was calculated in the 

anterolateral portion of the LV and subtracted from the flow ratio reserve in the contralateral LV 

zone while flow delta reserve (Stress blood flow – Rest blood flow) was calculated in the 

anterolateral portion (basal anterior, basal anterolateral, mid anterior, mid anterolateral zones of 17 

segment) (B). Anterolateral ratio and delta flow reserve was subtracted from the respective 

contralateral LV portion from the same rat (C).  
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CHAPTER 3 
 

Results 
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3.1 Imaging Models of IR with PET, Histology and 

Echocardiography to Assess Cardiac Dysfunction 

 Imaging was conducted on both 20 min IR and 45 min IR rat models to 

determine the extent of ischemia, viability, systolic and diastolic dysfunction 

present. The goal was to produce a model of cardiac dysfunction with no resting 

flow defect at rest for the future study of the area at risk with PET tracers.  

3.1.1 Surgical Mortality and Contributions of Surgeons  

During an initial pilot study (n=20), rats underwent 20 minute IR (n=3), 

45 minute IR (n=4) and sham control (n=5). Mortality during the pilot study 

surgery performed by Dr. Stephanie Thorn, for 45 min IR rats was 7 out of 11 

(63.6%) during the surgery. For 20 min IR rats in the pilot study mortality was 1 

in 4 (25%) 2 weeks after surgery. Next a group (n=36) of 20 min ischemia-

reperfusion (n=21), total ligation myocardial infarct (MI) (n=5) and sham (n=14) 

underwent surgery by Mr. Rick Seymour. Mortality was for MI rats was 1 out of 

5 (20%) during the surgery, and 2 out of 21 (9.5%) for 20 min IR rats. All 

Western Blots, NE analyses, Doppler, and PDE4 activity assays were done on rats 

that underwent surgery performed by Mr. Rick Seymour. 2 week IR rats and MI 

rats that were imaged with FDG and rest/stress [
13

N]NH3 underwent surgery by 

Dr. Stephanie Thorn. All other rats that were imaged had IR or MI induced by Mr. 

Rick Seymour.  

3.1.2 Echocardiography 

 Echocardiography was conducted on the LV to measure cavity 

dimensions during systole, diastole, cardiac output and mitral valve velocities, all 
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measurements of cardiovascular health. Within the pilot study, both 20 min (n=3) 

and 45 min IR (n=3) rat surgery (performed by Dr. Stephanie Thorn) produced 

anterolateral wall motion defect with significant left ventricle ejection fraction 

(LVEF) reduction (p<0.05) at 2 weeks and 7 weeks compared to Sham (Table 1). 

20 min IR model was further investigated with Mr. Rick Seymour as surgeon. 20 

min IR rats (n=12) showed no significant LVEF depression at 3 weeks (Table 2). 

There were no significant changes in stroke volume, diastolic or systolic volume 

(Figure 3.00). Mitral valve acceleration time in 20 min IR rats displayed a 

significant increase in E/A ratio compared to sham at 3 weeks (Figure 3.01) 

(p<0.05).  These results indicate possible systolic dysfunction in 45 min IR rats 

and impaired diastolic filling in 20 min IR rats.  

3.1.3 FDG and [
13

N]NH3 Positron Emission Tomography 

 FDG PET was performed on 45 min IR rats to analyze myocardial 

viability, 2-4 days post-surgery and exhibited consistent anterolateral infarct 

(Figure 3.02). This infarct zone was confirmed using FlowQuant© software at 2 

weeks with both FDG and [
13

N]NH3 PET imaging (Figure 3.03). This was further 

analyzed and a myocardial blood flow and glucose defect match of 17% of the LV 

(n=4) in 45 min IR rats was observed (Figure 3.04). This region of poor uptake 

represents necrotic myocardium in 45 min IR rat LV. 

3.1.4 Rest/Stress Dobutamine [
13

N]NH3 PET 

 Analysis of [
13

N]NH3 PET was conducted on IR rats 2.5, 4, and 5 weeks post-

surgery in 20 min IR rats only to test myocardial reserve, an index of 

cardiovascular health (Table 3). Anterolateral flow stress/rest (ratio reserve) and 
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stress – rest (delta reserve) were subtracted from contralateral LV wall from the 

same rat. Sham exhibited close to zero difference in delta and ratio reserve, while 

IR rats had decreases in ratio and delta differences in anterolateral region 

compared to contralateral control (Figure 3.05). MI rats showed a very negative 

trend in both ratio reserve and delta reserve (Figure 3.05) and greater negative 

values than IR rats at every time point. For IR rats, 2.5 week IR had the most 

negative ratio and delta difference followed by 4 weeks and then 5 weeks though 

statistically these trends were not significant (ANOVA with p>0.05 considered 

significant) 

3.1.5 Histology 

Masson Trichrome histology is a stain that can image collagen in vitro, 

revealing the extent of fibrosis in the myocardium, if present. 3 weeks post-

surgery, 20 min IR rats were dissected by area at risk, borderzone and remote 

myocardium (Figure 2.2). 45 min IR rat heart histology displayed non-transmural 

anterolateral infarcts with fibrotic scarring (Figure 3.06) confirming the infarct 

zone identified by PET imaging. Masson Trichome staining in 20 min IR rats at 3 

weeks post-surgery display anterolateral epicardial fibrosis (Figures 3.07 and 

3.08). Total ligation MI rats at 3 weeks post-surgery exhibit anterolateral 

transmural fibrosis and wall thinning (Figures 3.07 and 3.08).  
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    sham (n=5) 20 min (n=3) 45 min (n=4) 

2 week EF 75.324 ± 7.2% *59.2 ± 4.9% *56.9 ± 7.9% 

  FS 58.632 ± 7.1% 40.9 ± 4.4% 40.59 ± 8.2% 

7 week EF 76.8 ± 10.0% *60.3 ± 2.8% *58.2 ± 8.7% 

  FS 57.4 ± 10% 44.36 ± 2.9% 40.9 ± 10.4% 

 

Table 1: Sham, 20 min IR, and 45 min IR EF and FS measured with 

echocardiography at 2 and 7 weeks post-surgery. All surgeries within this table 

were performed by Dr. Stephanie Thorn. Student’s t-test was performed with p < 

0.05 considered significant (*). Abbreviations: EF, ejection fraction, FS, 

fractional shortening, IR, ischemia reperfusion.   

 

 Baseline 3 weeks post-surgery 

EF FS E/A EF FS E/A 

n 6 6 3 6 6 3 

Sham 77.5 ± 7.0% 59.53 ± 5.9% 1.07 ± 0.10% 75.7 ± 9.9% 56.7 ± 10.2% 1.14 ± 0.11 

n 12 12 5 12 12 5 

20 min IR 76.6 ± 5.7% 58.1 ± 6.0% 1.19 ± 0.14% 71.9 ± 13.8% 53.5 ± 13.1% 1.49 ± 
0.20* 

 

Table 2: Sham and 20 min IR rat model measurements of EF, FS and E/A ratio 

(mitral valve velocity at early (E) and atrial (A) peak flows) at baseline and 3 

weeks post-surgery. All surgeries in the table were performed by Mr. Rick 

Seymour. Student’s t-test was performed with p < 0.05 considered significant (*). 

Abbreviations: EF, ejection fraction, FS, fractional shortening, IR, ischemia 

reperfusion.  
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Figure 3.00: Echocardiography measurements of stroke volume (SV), diastolic 

volume and systolic volume at baseline and 3 weeks after surgery in sham and 20 

min IR rat model. Abbreviations: IR, ischemia reperfusion, SV, stroke volume. 
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Figure 3.01: Sham and 20 min IR rat model measurement E/A ratio at baseline 

and 3 weeks post-surgery using Doppler echocardiography on the mitral valve in 

short axis view. E refers to the early peak flow velocity of blood through the 

mitral valve while A refers to the atrial or late peak flow velocity through the 

mitral valve.   Student’s t-test was performed with p < 0.05 considered significant 

(*). Abbreviations: IR, ischemia reperfusion.  
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Figure 3.02: Left ventricle polar map uptake of [

18
F]FDG  measured by PET camera 2-4 

days post 20 minute IR or 45 minutes IR surgery. S (septal wall), P (posterior wall), L 

(lateral wall). Abbreviations: IR, ischemia reperfusion, FDG, 2-Deoxy-2-

[
18

F]Fluoroglucose.    
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Figure 3.03: Polar map of LV [
13

N]NH3 and [
18

F]FDG uptake 2 weeks post-45 

min LAD ischemia-reperfusion injury. Match polar map integration of the two 

tracers is also presented. Abbreviations: IR, ischemia reperfusion, LV, left 

ventricle, FDG, 2-Deoxy-2-[
18

F]Fluoroglucose. 



 

72 

 

 

 

Figure 3.04: Quantification of % normal LV as measured by [
13

N]NH3 and FDG 

uptake 2 weeks post-45 min LAD ischemia-reperfusion injury. Abbreviations: 

LAD, left anterior descending [coronary artery], LV, left ventricle, FDG, 2-

Deoxy-2-[
18

F]Fluoroglucose. 
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Table 3: Raw data of Ratio and Delta reserve in the anterolateral LV, (LAD) and 

inferoseptal LV (RCA). Ratio reserve is the stress [
13

N]NH3 measured flow 

divided by the rest flow, and is unitless. Delta reserve is the [
13

N]NH3 measured 

flow is subtracted from the rest flow and is expressed in mL/min/g while ratio 

reserve is unitless. This data is graphed in Figure 3.04. Abbreviations: IR, 

ischemia-reperfusion, LAD, left anterior descending coronary artery, LV, left 

ventricle, MI, myocardial infarction, RCA, right coronary artery. 
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Figure 3.05: Cardiac flow reserve analysis using [
13

N]NH3 PET in 2.5, 4 and 5 week post 

IR rats. 1 compartment DV constant calculation of blood flow [
13

N]NH3 PET was 

obtained in the first 2 minutes of scan time, and flow (ml/min/g) data was exported into 

17 segment model. (A) Flow ratio reserve (Stress blood flow/Rest blood flow) was 

calculated in the anterolateral portion of the LV and subtracted from the flow ratio 

reserve in the contralateral LV zone. (B) Flow delta reserve (Stress blood flow – Rest 

blood flow) was calculated in the anterolateral portion (basal anterior, basal anterolateral, 

mid anterior, mid anterolateral zones of 17 segment) of the LV and subtracted from the 

flow delta reserve in the contralateral. One way ANOVA was conducted with (p<0.05) 

considered significant. Abbreviations, IR, ischemia-reperfusion, LV, ischemia 

reperfusion, MI, myocardial infarction, PET, positron emission tomography.  
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Figure 3.06: Compiled LV polar map of rats (n=3) using [
13

N]NH3 PET at 2.5 

weeks post MI and analyzed with FlowQuant © software. Myocardial blood flow 

is expressed in mL/min/g of tissue. This data is part of Figure 3.04. 

Abbreviations: LV, left ventricle, MI, myocardial infarction. 
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Figure 3.07: Masson Trichrome staining of 45 min IR rats, 2-4 days post-surgery, 

short axis rat cardiac slices (n=2). Panel A and B (1.0x magnification) and C and 

D (2.0x magnification) both show anterolateral fibrotic scarring in blue and 

normal myocardium in red. Abbreviations: LV, left ventricle, RV, right ventricle. 
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Figure 3.08: Masson Trichome staining of (A) Sham, (B) 20 minute ischemia-

reperfusion, and (C) total ligation short axis rat cardiac slices (0.49x 

magnification) of left and right ventricle 3 weeks post-surgery. Anterolateral 

fibrotic scarring is shown in blue and normal myocardium in red Abbreviations: 

IR, ischemia reperfusion, LV, left ventricle, MI, myocardial infarction, RV, right 

ventricle. 
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Figure 3.09: Masson Trichome staining of (A) Sham, (B) 20 minute ischemia-

reperfusion, and (C) total ligation short axis rat cardiac slices (1.62x 

magnification) of anterolateral wall of left ventricle 3 weeks post-surgery. 

Anterolateral fibrotic scarring is shown in blue and normal myocardium in red. 

Abbreviations: IR, ischemia reperfusion, MI, myocardial infarction. 
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3.2 Western Blot of PDE4 20 min IR and MI 2-5 Weeks Post-

Surgery  

 

 
The 20 min IR rat model was selected for investigation of changes in PDE4 

protein expression from 2-5 weeks, an important healing/remodelling phase after 

cardiac dysfunction. The heart was dissecting out into area at risk, border-zone 

and remote myocardium based on qualitative features shown in Figure 2.2.  

Differences in PDE4 protein expression may represent changes in cardiac health 

and/or SNS activity.  

3.2.1 Representative Western Blots 

 PDE4 isoform identification was done by molecular weight in accordance with 

the literature (PDE4A: Abi-Gerges et al. 2009, Rena et al. 2001. PDE4B: Kostic 

et al., 1997, Richter et al., 2005, Shepherd et al. 2003. PDE4D: Bolger et al. 1997, 

Kostic et al. 1997, Richter et al. 2005) and all rats displayed unchanged GAPDH 

expression at all timepoints, shown by representative Western Blot (Figure 2.3). 

3.2.2 Western Blot at 2 Weeks Post Surgery 

 At 2 weeks post-surgery, 20 min IR rats showed no significant 

downregulation of PDE4A, PDE4B or PDE4D in area of the myocardium (Figure 

3.10, Figure 3.11). 

3.2.3 Western Blot at 3 Weeks Post Surgery 

PDE4A is significantly increased (p<0.05) in borderzone and remote 

myocardium, but not in the area at risk (Figure 3.12). 20 min IR rats showed 

significant increase (p<0.05) in the area at risk for PDE4B2, PDE4B4, 
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PDE4D1/2, PDE4D4, PDE4D3/5 isoforms (Figure 3.13). No significant changes 

in PDE4B or D expression were observed in the borderzone or remote 

myocardium 3 weeks post-surgery in 20 min IR rats (Figure 3.13). 

MI surgery rats showed no change in PDE4A expression (Figure 3.14), 

PDE4B2 and PDEB4 expression significantly increased (p<0.05) in the infarct 

zone and PDE4B4 expression in the non-infarcted zone, PDE4D1/2 levels were 

significantly (p<0.05) increased in the infarct zone, while PDE4D3/5 was 

decreased in the peri-infarct zone (p<0.05) (Figure 3.15). All other PDE4D 

isoforms were unchanged.  

3.2.4 Western Blot at 4 Weeks Post Surgery 

 20 min IR rats showed increased expression in PDE4A isoform in the 

remote myocardium only (p<0.05). No other significant differences were shown 

at 4 weeks post IR surgery compared to Sham (Figure 3.16, 3.17).  

3.2.5 Western Blot at 5 Weeks Post Surgery 

 20 min IR rats displayed no changes in any PDE4 isoform expression at 5 weeks 

post-surgery compared to Sham (Figure 3.18, 3.19). 
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Figure 3.10: Western Blot quantification of PDE4A isoform expression in area at 

risk, borderzone, and remote left ventricle homogenates at 2 weeks post-20 min 

IR. Data is normalized to GAPDH, then expressed as a ratio to sham-treated 

controls. Student’s t-test was performed with p < 0.05 considered significant (*). 

Abbreviations: GAPDH, glyceraldehyde 3 phosphate dehydrogenase, IR, 

ischemia reperfusion, PDE4A, phosphodiesterase 4A.  
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Figure 3.11: Western Blot quantification of PDE4B and PDE4D isoform 

expression in area at risk, borderzone, and remote left ventricle homogenates at 2 

weeks post-20 min IR. Data is normalized to GAPDH, then expressed as a ratio to 

sham-treated controls. Student’s t-test was performed with p < 0.05 considered 

significant (*). Abbreviations: GAPDH, glyceraldehyde 3 phosphate 

dehydrogenase, IR, ischemia reperfusion, PDE4B, phosphodiesterase B, PDE4D, 

phosphodiesterase 4D.  
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Figure 3.12: Western Blot quantification of PDE4A expression in infarcted, peri-

infarcted and non-infarcted left ventricle homogenates at 3 weeks post-20 min IR. 

Data is normalized to GAPDH, then expressed as a ratio to sham-treated controls. 

Student’s t-test was performed with p < 0.05 considered significant (*). 

Abbreviations: GAPDH, glyceraldehyde 3 phosphate dehydrogenase, IR, 

ischemia reperfusion, PDE4A, phosphodiesterase 4.   
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Figure 3.13: Western Blot quantification of PDE4B and PDE4D isoform 

expression in infarcted, peri-infarcted and non-infarcted left ventricle 

homogenates at 3 weeks post-20 min IR. Data is normalized to GAPDH, then 

expressed as a ratio to sham-treated controls. Student’s t-test was performed with 

p < 0.05 considered significant (*). Abbreviations: GAPDH, glyceraldehyde 3 

phosphate dehydrogenase, IR, ischemia reperfusion, PDE4B, phosphodiesterase 

4B, PDE4D, phosphodiesterase 4D. 
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Figure 3.14: Western Blot quantification of PDE4A isoform expression in 

infarcted, peri-infarcted and non-infarcted left ventricle homogenates at 3 weeks 

post post LAD total ligation surgery. Data is normalized to GAPDH, then 

expressed as a ratio to sham-treated controls. Abbreviations; LAD, left anterior 

descending [coronary artery], GAPDH, glyceraldehyde 3 phosphate 

dehydrogenase, MI, myocardial infarction, PDE4A, phosphodiestase 4A.  
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Figure 3.15: Western Blot quantification of PDE4B and PDE4D isoform 

expression in infarcted, peri-infarcted and non-infarcted left ventricle 

homogenates at 3 weeks post post LAD total ligation surgery. Data is normalized 

to GAPDH, then expressed as a ratio to sham-treated controls. Student’s t-test was 

performed with p < 0.05 considered significant (*). Abbreviations; LAD, left 

anterior descending [coronary artery], GAPDH, glyceraldehyde 3 phosphate 

dehydrogenase, MI, myocardial infarction, PDEB, phosphodiesterase B, PDE4D, 

phosphodiesterase D. 
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Figure 3.16: Western Blot quantification of PDE4A expression in area at risk, 

borderzone, and remote left ventricle homogenates at 4 weeks post-20 min IR. 

Data is normalized to GAPDH, then expressed as a ratio to sham-treated controls. 

Student’s t-test was performed with p < 0.05 considered significant (*). 

Abbreviations; GAPDH, glyceraldehyde 3 phosphate dehydrogenase, IR, 

ischemia reperfusion, PDE4A, phosphodiestase 4A. 
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Figure 3.17: Western Blot quantification of PDE4B and PDE4D isoform 

expression in area at risk, borderzone, and remote left ventricle homogenates at 4 

weeks post-20 min IR. Data is normalized to GAPDH, then expressed as a ratio to 

sham-treated controls. Abbreviations; GAPDH, glyceraldehyde 3 phosphate 

dehydrogenase, PDEB, phosphodiesterase B, PDE4D, phosphodiesterase 4D. 
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Figure 3.18: Western Blot quantification of PDE4A expression in area at risk, 

borderzone, and remote left ventricle homogenates at 5 weeks post-20 min IR. 

Data is normalized to GAPDH, then expressed as a ratio to sham-treated controls. 

Abbreviations: GAPDH, glyceraldehyde 3 phosphate dehydrogenase, IR, 

ischemia reperfusion, PDE4A, phosphodiestase 4A. 
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Figure 3.19: Western Blot quantification of PDE4B and PDE4D isoform 

expression in area at risk, borderzone, and remote left ventricle homogenates at 5 

weeks post-20 min ischemia-reperfusion. Data is normalized to GAPDH, then 

expressed as a ratio to sham-treated controls. Abbreviations; GAPDH, 

glyceraldehyde 3 phosphate dehydrogenase, IR, ischemia reperfusion, PDEB, 

phosphodiestase B, PDE4D, phosphodiesterase D. 
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3.3 Physiological Measurements of SNS Signalling at 3 Weeks 

Post IR  

 As described above, 20 min IR rats were selected for investigation and 

during the 2-5 weeks screen for alterations in PDE4 protein expression, 3 weeks 

was found to have multiple isoform upregulation. The investigation of this 

timepoint was extended to include measurements of cardiac dysfunction and SNS 

activity to test if an association with PDE4 expression was present.  

3.3.1 β-AR protein expression 

 At 3 weeks post-surgery, 20 min IR rats exhibited a significant 20% 

decrease (p<0.05) in β1 adrenoceptors in the area at risk, but no other changes in 

β1, β2, or β3 adrenoceptor expression in area at risk, borderzone, or remote 

myocardium (Figure 3.20). In MI rats, a significant 30% reduction (p<0.05) in β1 

adrenoceptor expression in the infarcted zone at 3 weeks post-surgery was 

observed, but no change in peri-infarcted or non-infarcted zones. No other 

changes were observed in any part of the myocardium with β2 or β3 adrenoceptors 

(Figure 3.21). 

3.3.2 PDE4 activity assay 

 PDE4 activity is the rate at which PDE4 can hydrolyze cAMP into 

5’AMP. This can be increased by phosphorylation from PKA. Highly active 

PDE4 is an indicator of high cAMP, and perhaps SNS signalling. No difference 

was detected in overall PDE enzyme activity or PDE4 enzyme activity at 3 weeks 

post-surgery in the area at risk, borderzone and remote myocardium (Figure 3.22). 
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This result suggests no change in PDE4 activity between 20 min IR model and 

Sham.  

3.3.3 Cardiac NE 

  Cardiac NE is the NE that is synthesized, stored and used in the heart. 3 

weeks post-surgery, 20 min IR rats displayed an 80% reduction in NE levels in 

the area at risk compared to Sham (p<0.05) while a 44% decrease was observed in 

borderzone compared to sham. In the remote myocardium zone, tissue NE was 

not significantly changed in 20 min IR rats compared to sham (Figure 3.23). A 

depressed level of NE indicates higher NE use, indicating higher SNS activity and 

is a predictor of increased mortality.  

3.3.4 Plasma NE 

 Plasma NE is an indicator of cardiovascular health, higher plasma NE is 

associated with higher mortality. No difference was found between baseline Sham 

and baseline IR rat plasma NE levels. At 3 weeks, a significant 37% increase in 

plasma NE was detected (p<0.05) compared to Sham (Figure 3.24).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

93 

 

 

Figure 3.20: Western Blot quantification of β1, β2 , β3 expression in infarcted, 

peri-infarcted and non-infarcted left ventricle homogenates at 3 weeks post-20 

min IR surgery. Data is normalized to GAPDH, then expressed as a ratio to sham-

treated controls. Student’s t-test was performed with p < 0.05 considered 

significant (*). Abbreviations; GAPDH, glyceraldehyde 3 phosphate 

dehydrogenase, IR, ischemia reperfusion, LAD, left anterior descending. 
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Figure 3.21: Western Blot quantification of β1, β2, and β3 expression in infarcted, 

peri-infarcted and non-infarcted left ventricle homogenates at 3 weeks post left 

LAD coronary artery ligation producing MI surgery. Data is normalized to 

GAPDH, then expressed as a ratio to sham-treated controls. Student’s t-test was 

performed with p < 0.05 considered significant (*). Abbreviations; GAPDH, 

glyceraldehyde 3 phosphate dehydrogenase, LAD, left anterior descending, MI, 

myocardial infarction.  
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Figure 3.22: PDE4 enzyme activity in the homogenates of non-infarcted and 

infarcted portions of LV of 20 min IR and sham-treated rats, expressed as pmol of 

cAMP hydrolyzed per min per mg of protein. PDE4 activity was determined by 

incubating the first (cAMP-hydrolyzing) step in the presence of (R/S)-Rolipram 

inhibitor. Student’s t-test was performed with p < 0.05 considered significant (*). 

Abbreviations: cAMP, cyclic adenosine monophosphate, IR, ischemia 

reperfusion, LV, left ventricle,  PDE, phosphosidesterase, PDE4, 

phosphodiesterase 4. 
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Figure 3.23: NE measrements from 3 week post-20 minute IR rat’s area at risk, 

borderzone and remote myocardium left ventricle using high performance liquid 

chromatography and electrochemical detection. Student’s t-test was performed 

with p < 0.05 considered significant (*). Abbreviations: IR, ischemia reperfusion, 

NE, norepinephrine.  
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Figure 3.24: Plasma NE measrements using ELISA at baseline (before surgery) 

and  3 week post-20 minute IR surgery. Baseline sham (n=7), Baseline 20 min IR 

(8), 3 week sham (n=7) and 3 week post-20 min IR surgery (n=6). Student’s t-test 

was performed with p < 0.05 considered significant (*). Abbreviations; ELISA, 

enzyme-linked immunsorbant assay, IR, ischemia reperfusion, NE, 

norepinephrine.  
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CHAPTER 4 
 

Discussion 
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4.0 Significant Findings & Potential Importance 

This thesis explores the SNS and its role in two models of IR, 45 min and 

20 min, as well as MI at early time points (2-5 weeks), deemed an important 

remodelling phase post myocardial injury. Special attention was paid to the 

intracellular cAMP-hydrolyzing enzyme PDE4. This thesis sought to test PDE4’s 

importance and responsiveness post ischemic injury, as an intracellular 

biomarker. A timeline of PDE4 expression was tested in 20 min IR and MI from 

2-5 weeks. A clear pattern of increased PDE4 expression occurred at 3 weeks in 

both 20 min IR and MI. This time point was further explored with 

echocardiography, Doppler, PDE4 activity, cardiac and plasma NE levels. Echo 

and analysis of NE revealed restrictive cardiac filling and increased NE turnover, 

respectively, supporting PDE4 as a potential biomarker of SNS activity. This 

thesis also supports the use of (R)-[
11

C]Rolipram PET to measure non-invasively 

PDE4 at early timepoints post ischemic injury for potential prognosis and therapy 

guidance.   

4.1 Animal Model Characteristics of 45 min IR surgery 

 In dogs, 30-60 min of IR injury produces similar myocardial necrosis as 

total ligation (Jennings et al. 1960), though it is unclear how long of an IR injury 

in rats would produce similar necrosis to MI. 45 min IR rat model was described 

by Gao et al. (2012) producing a small anterolateral infarct. The 45 min IR model 

was reproduced and showed myocardial glucose uptake defect at 2-4 days and 

low EF at 2 weeks through 7 weeks, and fibrosis confirmed by histology. The 
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model also displayed myocardial blood flow defect in the anterolateral wall using 

[
13

N]NH3 PET at 2 weeks, matching FDG uptake defect. The goal to produce an 

ischemic model without flow impairment at rest was not accomplished by this 

model and it was deemed unsuitable for the study of PET tracers in the area at 

risk/infarct zone. Though this model may have ischemia reperfusion injury and 

areas of damage with flow, the differences between 45 min IR model and MI 

model were predicted to be too subtle for the scope of a Master’s thesis. No 

further experiments were done with the 45 min IR model, however, this may 

develop into a suitable model for future investigation of small scale infarction.  

4.2 Animal Model Characteristics of 20 min IR surgery 

 20 min IR rat model was produced as described previously by our group 

(Thorn et al. unpublished; McKasey 2012). This model produces neither 

myocardial uptake defect with FDG at 2-4 days, nor any blood flow defect at 2 

weeks, confirmed by histology. Dobutamine rest/stress [
13

N]NH3 study through 

2.5-5 weeks post-surgery revealed only trends (p>0.05) in reduced myocardial 

flow reserve compared to sham. Despite this, it appears that with increased 

sample size, there may be a significant reduction in both myocardial ratio (stress 

flow/ rest flow) and delta (stress flow – rest flow), indicating impaired myocardial 

response to pharmacological stress that improves over time. Rats that underwent 

MI instead of IR appear to have more myocardial reserve impairment than age 

matched 20 min IR rats, though again this is not significant ( p>0.05). This is the 

first time, to our group’s knowledge, that rest/stress [
13

N]NH3 PET has been 

explored post IR or MI in rats. The 20 min IR rat model presents no resting flow 
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defect and an adequate model to study the area at risk post IR injury with PET 

tracers. The model was further explored for signs of diastolic dysfunction, 

activation of SNS and changes in β-AR and PDE4 expression as well as PDE4 

activity.  

Preserved EF is also observed in this model as late as 3 weeks post-

surgery, although this did not occur with Dr. Stephanie Thorn as surgeon. These 

rats (n=3) showed depressed LVEF at 2 weeks persisting to 7 weeks. This is 

attributed to the difficulty and variability in surgery, the low n number (n=3), and 

complications due to surgery and perhaps unexplained differences in surgical 

technique. Mr. Rick Seymour performed more rat surgeries (n=12), also with 

variability but the large n number accounted for this to give a preserved EF in this 

model. As stated in methods, only 2 week IR rats in the imaging studies were 

performed by Dr. Stephanie Thorn. All in vitro work with was produced from IR 

and MI rats that underwent surgery by Mr. Rick Seymour. 

4.3 Assessment of Systolic and Diastolic Function Using Echocardiography in 

20 min IR Rat Model 

Echocardiography of systolic and diastolic dysfunction produced similar 

results to previous work by our group (Thorn et al unpublished ; McKasey 2012; 

Kenk et al. unpublished ). Systolic dysfunction was not observed in this model as 

evidence from EF at baseline and 3 weeks while E/A ratio was elevated at 3 

weeks. Diastolic dysfunction has been linked to alterations in mitral filling 

patterns, slightly enlarged or normal LV and measured with the E/A ratio 
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(Federmann & Hess 1994). A low E/A ratio is associated with impaired relaxation 

with enhanced isovolumetric relaxation time and a high E/A ratio represents 

restrictive filling by means of shortened isovolumetric relaxation (Thomas 1993). 

Female Wistar rats also showed increased E/A ratio 1 week after MI (Saraiva et 

al. 2007) though there appears to be a large difference between female Wistar and 

male Sprague Dawley rat’s E and A waves. Variations undoubtedly occur 

between species and so to correct for this, baseline and 3 week E/A ratios were 

measured in rat mitral valves in both sham and 20 min IR rats. This established a 

baseline/normal value in Sprague-Dawley rats. 20 min IR rats also showed a 

significant increase in Doppler analysis E/A ratio compared to 3 week controls, 

while the baseline values or sham and IR rats were not different. This finding 

supports diastolic dysfunction by means of IR injury and creating restricted 

diastolic filling and increased LA pressure.  

4.4 Evidence of Increased SNS Activity in 20 min IR Model 

 

Elevated Plasma NE has long been associated with poor cardiac health 

outcomes (Cohn et al. 1995; Brunner-La Rocca 2001). NE spillover increased 

500% and 200% from the heart and kidney, respectively, in HF patients (Hasking 

et al. 1986). Interestingly, at 3 weeks post IR, rats show elevated levels of plasma 

NE indicating heightened SNS activity in response to ischemic injury.   

The appropriate way to collect plasma from rats for NE analysis can be a 

source of debate. Factors such as stress, anaesthesia and blood loss can affect 

circulating NE levels. As described by Popper et al. (1977), after sleeping for 3 

minutes rat plasma had NE levels approximately 30% lower (p < 0.01) than 



 

103 

 

awake rats, but when immobilized or decapitated for blood collection the NE 

levels rise dramatically over the same timeframe (300% and 900% respectively). 

Indeed, the presented data on NE plasma is likely underestimated but collected in 

a reproducible and humane way.  

  Literature points to HF reducing tissue NE levels and elevating plasma 

NE. High NE spillover is correlated with β1-AR receptor downregulation (Bristow 

et al. 1982) but how then are low tissue NE levels also present? The proposed 

mechanism is tissue NE is used up and not replaced as SNS activity remains high. 

NE spills over into the blood, and is eventually excreted in the urine. Tissue NE 

levels, within the atrium appendage, are depressed by approximately 50% in 

chronic HF patients, and low atrial NE levels correlated with low ventricular 

papillary muscle NE levels in humans (Chidsey et al. 1965). Increased plasma NE 

and decreased tissue NE are found in humans and increase the cumulative 

incidence of death (Brunner-La Rocca et al. 2001). In rats, Mathes et al. (1971) 

observed a rapid elimination of NE levels in the infarct zone of a MI rat model. In 

the non-infarct, a slow decrease of NE levels was observed at 3 weeks followed 

by full tissue NE level recovery at 5 weeks. Rats with HF have increased plasma 

NE and decreased tissue NE (Delehanty 1994). NE nerve terminals, measured by 

tyrosine hydroxylase histofluorescence, were reduced in HF and NE-infused rats 

(Qin et al. 2002). Indeed, low tissue NE stores are commonly found shortly after a 

variety of different ischemic episodes.  

Instead of being recycled, NE spillover eventually is excreted into the urine, thus 

tissue NE stores are depressed post IR injury. Increased NE excretion via urine is 
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correlated with worsening NYHA class (Chidsey et al. 1965). Smaller atrial NE 

concentrations are correlated with larger NE excretion (Chidsey et al., 1965). At 3 

weeks post IR there is a significant (p =0.025) 80% reduction in NE levels 

displayed in area at risk tissue from 3 week post IR rats. This reduction is similar 

in MI rats at 8 weeks post-surgery also done by our group (Tayyabi 2014). 

Interestingly this is the first exploration of tissue levels in a 20 min IR model.  

4.5 Western Blotting β-AR in 20 min IR Model and MI 

 β1-AR downregulation and maintenance of β2-AR density post MI 

demonstrated in this thesis is well supported by literature. β1-AR downregulation 

is commonly observed post MI in the heart in both humans and rat models 

(Bristow et al. 1982; Lohse et al. 2003; Ohte et al. 2012; Leosco et al. 2008; for 

review see Gilbert et al. 1993) while β2-AR are not downregulated but uncoupled 

(Bristow et al. 1989; Bristow et al. 1986). Thus current guidelines for treating 

post-MI patients endeavour to reduce catecholamine activation in the heart 

(Cesario & Fonarow 2002; Sauls & Rone 2005; Thygesen et al. 2007). β1-AR, not 

β2-AR, stimulation is thought to be responsible for cardiac hypertrophy (Morisco 

et al. 2001), supported by the efficacy of a meta-analysis of primarily β1-AR 

blocker therapy (Doughty et al. 1997) that are able to reduce mortality by 30-60% 

(Packer 1996). Interestingly, both 3 week MI and 3 week IR rats show similar β1-

AR downregulation.  

The complex timeline of SNS overactivity and β1-AR density post IR/MI 

is poorly understood. Many groups focus on HF and MI, later time points and a 

variety of models. With one week of constant infusion of NE, β1-AR ventricular 
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myocytes have actually been shown to be upregulated while β2-AR are 

downregulated (Zhao et al. 1996). In contrast, rats exposed to 3 weeks of constant 

hypoxia showed a ~25% downregulation in β1-ARs (Kacimi 1992), indirectly 

supporting ischemia as cause for SNS activity. This work demonstrates that MI 

and IR have similar β1-AR downregulation at 3 weeks and both restricted to the 

infarct and area at risk, respectively. Few studies have compared MI and IR 

damage during the healing phase, and this may be the first such comparison. This 

finding is additive to and supported by the theory that all etiologies of 

cardiomyopathy involve β1-AR downregulation, β2-AR uncoupling and tissue NE 

depletion, as observed in idiopathic dilated cardiomyopathy, post MI, remodelling 

pressure overload HF (Bristow et al. 1991) and now, IR injury.  

4.6 Western Blot of PDE4 and Measurement of PDE4 Activity in 20 min IR Rat 

Model 

The rationale for exploring the early time-point of 3 weeks is that 

literature has established a decrease in PDE4 expression, activity, or sensitivity to 

inhibitors at late (5 or more weeks) time-points post MI. Indeed, in the review by 

Osadchii (2007), PDE cAMP-hydrolyzing capabilities are impaired in many 

animal models of HF. PDE4 activity was depressed 6 weeks post LAD coronary 

artery ligation in rats and the heart muscle was non-responsive to cAMP increases 

by Rolipram (Afzal et al. 2010). 5 weeks post-aortic banding, rats had severe 

cardiac reserve impairment and approximate 60% reduction in PDE4A and B 

protein expression (Abi-gerges et al. 2009). In human ventricles, PDE4 activity 
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was decreased in idiopathic cardiomyopathy compared to normals (Richter et al. 

2011).  

2-3 weeks after an ischemic episode has been deemed an important time 

point in early ventricular remodelling in humans and animal models yet there is 

little data on β1-AR, PDE4 and NE levels, likely because recovery of contractile 

function is common. Theroux et al. (1977) demonstrated that 3 weeks post MI 

was an important “healing” phase post MI in dogs, observing that the infarct zone 

suffered initially from dyskinesia (erratic contraction) and later to akinesia (non-

contraction). This group also showed compensation in the contractile pattern of 

the non-infarcted zone. Human patients 2 weeks after admission that were 

assessed with cardiac catheterization, following Q wave (from ECG) myocardial 

infarcts caused expansion of the ventricle and this correlated with the progression 

from dyskinesis to akinesis in the infarcted zone (McKay et al. 1986). At 3 weeks 

post MI in rats, the ventricular infarct is apparent with greater ventricular volume 

(Fletcher et al. 1981) but continues to expand through time in moderate sized 

infarcts (Pfeffer et al. 1985). This finding demonstrates that mechanisms in the 

infarct and non-infarct are both working during remodelling (Pfeffer & 

Braunwald 1990). 

Through 2-5 weeks post MI and IR, a clear and novel pattern emerged at 3 

weeks post-surgery. Three isoforms of PDE4D and 2 isoforms of PDE4B were 

upregulated in the area at risk while PDE4A was upregulated in the borderzone 

and remote myocardium 3 weeks post IR. MI rat infarct also showed a similar 

trend. 1 PDE4D isoform and 2 PDE4B isoforms were upregulated in the infarct, 



 

107 

 

while PDE4D4 levels were depressed in the peri-infarct and PDE4B4 levels were 

elevated in the non-infarct. Other changes in PDE4 expression were decreased 

PDE4A expression at 2 weeks post IR surgery and increased PDE4A expression 

in the remote myocardium at 4 weeks post IR.  

 PDE4 expression increases with treatments that increase NE, serotonin, 

and   histamine, but not dopamine (Lourenco et al. 2006), and ischemic injury 

produces SNS activation (Triposkiadis et al. 2009) supporting the results 

presented here. Most research on activation of SNS occurs with respect to MI, not 

IR. One study by Graham et al. (2002) investigated post MI patients with 

preserved ejection fraction (mean 52%) and observed that they had higher 

sympathetic nerve activity than healthy controls and patients with stable coronary 

artery disease. Non-ischemic cardiomyopathy patients with low EF had lower 

sympathetic nerve activity than patients with ischemic cardiomyopathy (Notarius 

et al. 2007). Floras (2009) state that myocardial ischemia/infarction increases 

sympathetic outflow but does not necessarily correlate with increased EF. The 

findings presented displaying upregulated PDE4 in IR and MI area at risk/infarct 

support the hypothesis.  In addition, changes in NE tissue and plasma levels also 

support PDE4 involvement in SNS. Preserved EF in this model is in contrast to 

the established relationship between low EF and large infarct size (Pfeffer & 

Braunwald 1990). In summary, it appears that the heart at 3 weeks post IR is 

compensating and remodelling, PDE4 is more upregulated in IR than MI, 

indicating PDE4 expression is impaired in MI due to neuronal damage and unable 

to compensate.  
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PDE3 and PDE4 contribute approximately 90% of cAMP-hydrolyzing 

activity in the rat heart (Afzal et al. 2010, Richter et al. 2011; Mongillo et al. 

2004), murine heart (Richter et al. 2011, Xiang et al. 2005; Georget et al. 2003) 

and the sheep heart (Lugnier et al 1999). To investigate the effect of HF on the 

activity of PDE, one group investigated rats with LAD coronary artery ligation at 

6 weeks post-surgery (Afzal et al. 2010). Total PDE activity was significantly 

(p<0.05) reduced by 22% and PDE4 activity was decreased by 18%. In human 

idiopathic dilated cardiomyopathy, Richter et al. (2011) found an approximate 

33% and 20% decrease in PDE4A and D activity, respectively. 5 weeks post-

aortic banding in rats, Abi-Gerges et al. (2009) observed decreased activity of 

total PDE, PDE4A and B, but not D. Total PDE and PDE4 activity was 

unchanged in 20 min IR rats 3 weeks post-surgery. Previous work by our group 

(Kenk et al. unpublished ) investigated β1-AR and PDE4 at 8-12 weeks post MI. 

No changes were found in PDE4 isoform expression or activity, while β1-AR 

receptors were downregulated by 21%, similar to IR and MI rats at 3 weeks post-

surgery. MI rats at 8-12 weeks post-surgery only had mortality in the first 48 

hours, indicating that they are compensating despite the low EF and also 

supported by unchanged (R)-[
11

C] Rolipram uptake in the heart. Furthermore, 

when treated with DMI, MI rats displayed a ~30% increase in (R)-[
11

C]Rolipram 

uptake, similar to shams, indicating preserved PDE4 reserve response to increased 

NE. These finding are in agreement with current literature above and summarized 

well by Osadchii (2007) that PDE4 activity is significantly reduced in animal 

models of HF but preserved in compensated cardiac dysfunction.  



 

109 

 

 

Figure 4.0: Representation of alterations in cAMP/PDE4 signaling. Acute 

increases in NE result in increases in PDE4 expression in the rodent heart, while 

sustained increases in NE, like after a myocardial IR, downregulate β-AR but also 

continue to increase cAMP/PDE4. Sustained NE depletes storage within the 

neuron and causes spillover to the interstitial space and plasma. Adapted from 

Duman et al. (1997) and Kenk (2010). Abbreviations: β1-AR, beta-1 

adrenoceptor, cAMP, cyclic adenosine monophosphate, DMI, desipramine, NE, 

norepinephrine, NET, norepinephrine transporter, PDE4, phosphodiesterase 4.  

 

 

4.7  Clinical Relevance  

 

 Cardiovascular disease is characterized by activation of the SNS 

(Triposkiadis et al. 2009). Evidence of SNS upregulation includes increased 

urinary catecholamines, increase plasma NE, abnormal cardiovascular reflexes 

and increased sympathetic activation (Zhang et al. 2014). The degree of plasma 

NE (Cohn et al. 2003) and urinary (Chidsey et al., 1965) correlated with NYHA 

functional capacity and prognosis. More recently, CVD patients with low tissue 

NE and higher plasma NE were at greater risk of all-cause mortality than patients 
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with normal levels (Brunner-La Rocca 2001). The 20 min IR rat model, studied at 

3 weeks post-surgery, provides evidence of SNS upregulation with low tissue NE 

and high plasma NE but also PDE4 upregulation. This work provides support that 

PDE4 is an important member of the SNS signal transduction pathway in the 

heart, and unique as it is an intracellular protein.  

This rat model does not appear to develop the characteristics observed in 

“human HF”, but instead displayed signs of diastolic impairment and LV 

remodeling. Rats did not overtly exhibit (as monitored by Animal Care) the 

symptoms of human HF (breathlessness, peripheral and pulmonary edema) but do 

have significant changes in a variety of physiological measurements indicative of 

remodelling and neurohormonal activation present in human HF.  

 This model provides support for a novel measurement of SNS activity, a 

PDE4:β1-AR ratio (Figure 4.0). β-AR density can be measured non-invasively 

with β1-AR inhibitor [
11

C]CGP12177 PET and has been tested as safe and 

effective in humans (Merlet et al. 1993). PDE4 measurements can be achieved in 

a similar fashion with (R)-[
11

C]Rolipram PET, as Rolipram is a potent PDE4 

inhibitor (Wachtel, 1983; Zeller et al. 1984; Bertolino et al. 1988). (R)-

[
11

C]Rolipram has been deemed safe and produces relevant uptake in the human 

brain (DaSilva et al. 2002) and effective in the detection of major depression 

(Fujita et al. 2005) but not yet explored in human CVD. 

Theoretically, SNS activation produces high levels of PDE4 and depressed 

levels of β-AR in the post ischemic/infarcted myocardium. This scenario would 

produce a large PDE4:β-AR ratio compared to normal patients. End stage HF is 
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predicted to produce decreased PDE4 and β-AR, eventually lowering this ratio. A 

combination of symptoms (NYHA class) and PDE4:β-AR ratio could provide 

superior prognosis. [
11

C]CGP12177 and (R)-[
11

C]Rolipram may non-invasively 

provide an index of SNS signalling that can be used for patient therapy guidance 

and prognosis.  

4.8  Limitations 

While PDE4 comprises up to 50% of total PDE activity in the rodent 

heart, it comprises approximately 10% in human ventricles (Richter et al. 2011). 

PDE3 is the major PDE in the human heart whereas PDE4 is within the rodent 

heart (Eschenhagen 2013). PDE3 is expressed in higher levels in the heart and 

localized on the sarcoplasmic reticulum (Movsesian et al., 1991). Though PDE4 

may not be the major PDE in the human heart, this does not mean for certain that 

its measurement would not be useful, however, for translational studies, PDE1, 2 

and 3 also require rigorous investigation.  

It is unclear how the timeline post-surgery in a rodent model correlates 

with the timeline post MI/IR in humans. For example, it is unknown whether 3 

weeks post-surgery in rats would correlate in humans. A meta-analysis of cardiac 

dysfunction markers at various timepoints in both humans and rodent models 

could be conducted to further analyze this. A timeline like this could translate 

animal research to clinical trials faster by accounting for differences in the speed 

of injury and LV remodelling.  

Only 8 of the 25 or more PDE4 isoforms in the rat heart were measured 

with western blotting, as mentioned above, investigation of PDE3 in the rodent 
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heart may be important for pathophysiology. All surgical models come with 

variability within the same treatment group. This is present in this thesis, as 

demonstrated by the depressed LVEF (Table 1) by one animal surgeon, but not 

another (Table 2). Indeed the variability is higher in IR surgery versus MI, which 

also suffers from variability limitations as well as small infarct size (Tucci 2009). 

A variety of other methods to induce MI are available such as cryo-injury (Huwer 

et al. 2000) and radio frequency ablation (Antonio et al. 2009), the latter showing 

low mortality and low MI size variance. 

4.9  Conclusions and Future Directions 

 

After a 45 min IR injury, rats show a small sized infarct both with FDG 

PET imagining, [
13

N]NH3 imaging, and confirmation by histology. 45 min IR rats 

also have systolic dysfunction confirmed by low EF and anterolateral blood flow 

impairment making it perhaps a suitable model of small scale infarction but lack 

of blood flow to 18% of the LV prevents the uptake of PET tracers and its 

similarities to MI may be difficult to distinguish within the scope of a master’s 

thesis. This model could be further explored for investigation of small infarct 

physiology, but this work focused more on the 20 min IR rat model.  

After 20 min IR injury, rats have received an insult but are compensating 

with impaired pump function by effectively increasing SNS output to maintain 

normal EF. At 3 weeks post-surgery the increased SNS output preserves EF even 

with downregulated β1-AR and depleted tissue NE, causing spillover and elevated 

plasma NE. IR rats 2.5 to 5 weeks post-surgery show trends in impairment of 

myocardial reserve in the anterolateral wall but no resting flow defect. 
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Interestingly, PDE4 levels are increased at 3 weeks post-surgery as well, 

suggesting their connection to SNS activity and importance in compensation of 

cardiac output. These findings support the utility of the PDE4 inhibitor (R)-

[
11

C]Rolipram to study the area at risk with PET to assess cAMP-specific PDE4 

and thus infer SNS activity non-invasively post IR while the LV is remodelling. 

This project provides support for the pursuit of long term goals involving 

the assessment of PDE4 as a marker of SNS activity in animal models of ischemia 

and infarction. This work provides evidence that in a model of IR, classical 

measurements of SNS activity correspond to increased levels of PDE4. 

Establishing a more detailed timeline (1-10 weeks) of 20 min IR, 45 min IR, and 

MI SNS activity and PDE4 levels would provide a greater understanding of IR 

and MI compensation over time.  The 20 min IR model provides unimpaired 

blood flow at rest to the area at risk for the study of this region with various PET 

tracers such as [
11

C]CGP12177 and (R)-[
11

C]Rolipram. PDE3 is also an important 

cAMP-hydrolyzing agent in the rat heart and requires similar exploration that 

PDE4 has undergone in rodents. For translational studies, animal models that 

have meaningful PDE1 and PDE2 activity may need exploration, as these 

isoforms are also prominent in the human heart.  
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