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ABSTRACT 

Heart failure is associated with alterations in noradrenergic 3',5'-cyclic adenosine 

monophosphate (cAMP)-mediated phosphodiesterase 4 (PDE4) signaling. 

Comprehensive study of the intracellular mechanism involved in the progression of heart 

failure is hindered by the limitations of in vitro techniques. Intracellular cAMP levels 

regulate PDE4 expression and activity. Positron emission tomography (PET) imaging 

with the carbon-11 labeled PDE4-specific inhibitor (/?)-rolipram provides an in vivo 

index of PDE4 enzymes, and therefore an indirect index of cAMP signaling. The aim of 

this research was to characterize (/?)-[' 'CJrolipram for use in cardiac PET imaging and to 

evaluate post-receptor changes in animal models of adriamycin-induced cardiotoxicity 

and post-infarct heart failure. (/?)-[''CJRolipram exhibits PDE4-specific binding, 

selectivity for the PDE4 isozyme over other cardiac PDE enzymes, and responsiveness to 

treatments affecting cAMP levels, as established using biodistribution and 

autoradiography techniques in rats. Reduced PDE4 intracellular adrenergic response to 

acute increase in noradrenaline levels suggested a diminished post-receptor signal 

transduction in adriamycin-treated rats correlated with decreased retention of the (3-

adrenergic antagonist [ H]CGP12177. Small-animal cardiac PET imaging with (i?)-

["CJrolipram detected increased PDE4 in the non-infarcted left ventricle 8 weeks 

following myocardial infarction with decreased P-adrenergic receptor expression and 

normal myocardial blood flow. (7?)-[nC]Rolipram sensitivity to altered noradrenergic 

signaling in animal models of cardiac dysfunction suggests potential application for this 

radiotracer in non-invasive imaging of alterations in post-receptor cAMP-mediated PDE4 

signal transduction in humans. 
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1. INTRODUCTION 

Heart failure is defined as the inability of the heart to satisfy the metabolic needs 

of the tissues. It is the final common pathway for a number of different cardiac disorders 

(Katz, 1989; Parmley, 1989; Lloyd-Jones et al., 2010), and a major cause of morbidity, 

hospitalization and mortality worldwide (Lloyd-Jones et al., 2010). In a population older 

than 65 years of age, the incidence of heart failure approaches 1 % in the United States, 

with the associated cost in 2010 estimated at above $39.2 billion (Lloyd-Jones et al., 

2010). In Canada, approximately 400 000 people are living with congestive heart failure, 

with an average mortality rate for one- and five-years following diagnosis of 

approximately 33 and 50%, respectively (Liu et al., 2001). The increase in the average 

age in worldwide population will lead to an increased prevalence of cardiovascular 

disease and heart failure, necessitating more effective therapy and improved early 

diagnosis. 

In the current therapeutic scheme, nuclear imaging is utilized to confirm the 

presence and assess the scope of the pathological state. Increased availability and 

affordability of positron emission tomography (PET) imaging with novel tracers further 

enables nuclear cardiology to evaluate altered molecular mechanisms that underlie heart 

failure, aiding diagnosis, improving the understanding of the pathology and facilitating 

evaluation of current and future treatments. 

1.1. Cardiac innervation by the autonomic nervous system 

/. 1.1. Anatomy of the cardiac nervous system 

2 
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Anatomically, the complex of nerves modulating cardiac function is composed of 

the afferent and efferent neurons which interact at the local cardiac level, the 

paravertebral ganglia and the brain stem. Afferent sensory outputs from the cardiac 

ventricles carry the information on blood pressure, flow and chemical milieu from the 

receptors in the left ventricle, carotid sinus, and the aortic arch to the brainstem. These 

inputs are integrated in the medulla with efferent neurons, modulating the feedback 

control onto the heart through the sympathetic and parasympathetic branches of the 

autonomic nervous system (ANS) (Higuchi and Schwaiger, 2006). 

Efferent neuronal bodies are located in the paravertebral ganglia (Hildreth et al., 

2009), with the sympathetic efferent cardiac innervation generally proceeding from the 

paravertebral ganglia (e.g. stellate) through the mediastinal nerves to the heart. The 

parasympathetic cardiac innervation involves projections from the preganglionic neurons 

in the medulla through the vagus nerve. The cardiac components of the vagus and 

sympathetic nerve bundles form the cardiac plexus at the base of the heart, with fibres 

interacting with the intrinsic cardiac nervous system, or proceeding directly to the cardiac 

tissues (Armour, 2004). 

Postganglionic efferent sympathetic fibers travel along the epicardial vascular 

structures, enter the myocardium with coronary vessels (Higuchi and Schwaiger, 2006) 

and branch out, innervating cardiac regions through terminal varicosities (Shepherd and 

Vanhoutte, 1981). These "swellings" on the nerve fibers are the neuroeffector junctions 

of the cardiac innervation, the equivalents of neuromuscular junctions in the skeletal 

muscle fibers (Loffelholz and Pappano, 1985; Crick S.J., 2000). 

3 
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1.1.2. ANS modulation of cardiac function 

Function of the heart is controlled by the sympathetic and parasympathetic 

branches of the ANS through their neurotransmitters noradrenaline (NA) and 

acetylcholine. Activation of the sympathetic branch of the ANS in response to physical or 

psychological stress increases the cardiac output by accelerating the heart rate and 

strengthening contractility through the post-synaptic adrenergic receptors. 

Parasympathetic control predominates in periods of low demand, enforcing low heart rate 

and decreased energy utilization. As exemplified by the behaviour of the transplanted 

(denervated) heart, the automatic contractions of the myocardium are not dependent on 

external input. A heart devoid of ANS control exhibits tachycardia and is unable to 

regulate its function in response to changes in the metabolic demand (e.g. exercise) 

(Spann et al., 1966; Cotts and Oren, 1997). 

1.2. Noradrenergic myocardial control 

1.2.1. Noradrenaline synthesis and release 

Most NA release is from the sympathetic fibers originating from the extrinsic 

nuclei, even though some intracardiac neuronal cell bodies contain catecholamines 

(Higuchi and Schwaiger, 2006). The synthesis of NA begins with the rate-limiting step, 

the conversion of the amino acid L-tyrosine to L-hydroxyphenylalanine by the tyrosine 

hydroxylase enzyme. L-hydroxyphenylalanine is converted to dopamine by the aromatic 

L-amino acid decarboxylase enzyme. Final step in the reaction chain is the synthesis by 

phenylethanolamine-N-methyltransferase of NA, which is stored in vesicles at the 

sympathetic varicosities (Shepherd and Vanhoutte, 1981; Hildreth et al., 2009). A 

4 
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stimulatory impulse propagating down the axon opens the voltage-gated N-type Ca 

channels at the varicosities, increasing intracellular Ca levels. The NA-containing 

vesicles migrate to the plasma membrane in response to increased Ca levels, fuse with 

the lipid bilayer and excrete the neurotransmitter (Shepherd and Vanhoutte, 1981; Kurz et 

al., 1995). NA release is susceptible to autoregulation by presynaptic p2 and (X2 adrenergic 

receptors, which affect vesicle docking and exocytosis (Boudreau et al., 1993; Parker et 

al., 1995; Newton and Parker, 1996). Additionally, parasympathetic system influences 

NA release through the cholinergic receptor (Azevedo and Parker, 1999). Presence of 

presynaptic H3 histamine receptors at the adrenergic nerve endings in the heart allows 

heterologous regulation by inhibiting the NA release (Levi and Smith, 2000; Koyama et 

al., 2003). Species differences exist in the NA release, with differences in resting cardiac 

adrenergic tone even reported between different rat strains (Osadchii et al., 2007). Figure 

1-1 summarizes the processes involved in the release, reuptake and breakdown of the 

cardiac NA. 

1.2.2. NA reuptake and degradation 

Eighty percent of the NA released in the heart is absorbed by the reuptake 

mechanisms into the presynaptic nerve from the synaptic cleft (Link and Caldwell, 2008). 

Uptake-1 NA transporter (NAT) proteins carry NA across the lipid bilayer using the 

energy derived from the Na+ gradient (Bohm et al., 1997; Higuchi and Schwaiger, 2006). 

The non-energy dependent uptake-2 mechanism present in non-neuronal tissues, 

transports monoamines into the cardiac myocytes and the vascular endothelial cells 

(Higuchi and Schwaiger, 2006). 

5 
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Cardiomyocyte PrAR' p2-AR' 

tcAMP <s "" • i 

t contraction 
t heart rate 

cAMP 

a rAR' 

PLC 

Figure 1-1: Schematic representation of the sympathetic varicosity and the post­
synaptic cardiomyocyte. NA (blue triangles) is transported down the axon 
to the varicosity, where it is released in response to Ca2+ influx. Release of 
NA is inhibited by the activation of 012-AR and H3 histamine receptors on 
the presynaptic membrane. Stimulation of pVAR potentiates the release of 
NA. Released NA interacts with the post-synaptic ai-, pi- and pVAR to 
regulate myocardial contractility and heart rate. NA is taken up by the NA 
transporter (NAT) into the presynaptic varicosity, where it is broken down 
by the monoamine oxidase (MAO) enzymes. 
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NA and other monoamines are broken down by the monoamine oxidase (MAO) 

enzymes. Two distinct subtypes (MAO A and B) are present in cardiac tissue, with MAO 

A displaying a high affinity for NA and serotonin (5HT). Under normal conditions, the 

MAO A subtype accounts for approximately 66% of the cardiac monoamine breakdown, 

as confirmed by the immunohistochemistry experiments showing a higher presence of 

MAO A protein in the cardiomyocytes than MAO-B (Billett, 2004). 

1.3. Cardiac a-adrenergic receptors 

In 1948, Dr. Ahlquist established that the post-synaptic responses to 

catecholamines in the heart and other organs can be classified as either a- or B-receptor 

mediated, initiating decades of inquiry into the expression, regulation and physiological 

roles of the adrenergic receptors (Ahlquist, 1948; Frishman, 2008). Both a- and B-

adrenergic receptors (a-AR and B-AR) are found in the myocardium, where they 

modulate distinct physiological roles (Bristow, 1993). 

oci-AR account for approximately 15% of the total cardiac adrenoceptors 

(Bristow, 1993), and are localized to the post-synaptic plasma membrane of cardiac 

myocytes (Brodde et al., 2001). As illustrated in Figure 1-2, agonist stimulation of 

these receptors activates the phospholipase C (PLC) cleavage of phospholipids in the 

plasma membrane phosphatidylinositol (4,5)-bisphosphate (PIP2) to cytosolic 

inositol (l,4,5)-trisphosphate (IP3) and membrane-bound hydrophobic second 

messenger diacylglycerol (DAG). Ultimately, activation of a-AR regulates the activity 

of the protein kinase C (PKC), phospholipase A2 and the release of arachidonic acid 
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Figure 1-2: Schematic representation of the signaling cascades initiated by a Gsa- and 
Goq-coupled receptors, represented by B-AR and the muscarinic 
acetylcholine receptors (mAchR). Agonist stimulation of the P-AR 
stimulates AC through the Gas subunit to increase production of cAMP, 
which activates intracellular PKA. Stimulation of the Goq-coupled ixiAchR 
leads to PLC breaking PIP2 into intracellular IP3 and membrane-bound 
DAG second messenger, activating PKC. 
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(Berridge, 1987; Brodde et al., 2001). Stimulation of the cci-AR regulates Ca2+ 

channels through the activation of PKC pathway (Myslivecek and Trojan, 2003), with 

positive inotropic effects (Brodde et al., 2001; Triposkiadis et al., 2009). 012-ARs are 

found on the pre- and post-synaptic membrane in the heart and are coupled to the 

inhibitory Gat subunit (Riemann et al., 2003). Stimulation of pre-synaptic 012-AR 

decreases the outflow of NA by inhibiting cyclic adenosine 4,5-monophosphate (cAMP) 

generation in the varicosity, thereby providing negative feedback to excess synaptic NA 

(Boudreau et al., 1993; Parker et al., 1995). 

1.4. Cardiac p-adrenergic receptors 

Three (3-AR subtypes designated Pi-, P2- and p3-AR have been cloned so far, with 

all of the subtypes detected in different concentrations in the mammalian heart (Brodde et 

al., 2001). Putative P4-adrenoceptor is now widely accepted to be an alternate, 

propranolol-resistant state of the Pi-AR, with unclear role in signal transduction and 

cardiac regulation (Kaumann et al., 2001; Myslivecek and Trojan, 2003). Pi-AR and P2-

AR subtypes account for approximately 85% of total cardiac adrenoceptors in humans 

(Bristow, 1993). While Pi- and P2-AR coexist on ventricular myocytes, Pi-AR is the 

dominant cardiac subtype (Alexander et al., 1975), outnumbering the P2-AR two- to four­

fold in the myocardium of humans, pigs and rats (Bristow et al., 1989; Liang and Mills, 

2002; Myslivecek and Trojan, 2003; Brouri et al., 2004), while negligible amounts of P3-

AR are present in the heart (0.25% of all p-AR in left ventricle) (Liang and Mills, 2002; 

Myslivecek and Trojan, 2003). 
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Administration of the Pi- and P2-AR agonist isoproterenol increases the strength 

of cardiac contraction, primarily by its short-term effects through the pVARs (Bristow et 

al., 1989; Katano and Endoh, 1990; Katano and Endoh, 1992; Akhter et al., 1997). With 

prolonged agonist exposure, however, stimulation of p r AR was found to be pro-

apoptotic and detrimental to the cardiac functioning (Benjamin et al., 1989; Communal et 

al., 1998; Communal et al., 1999; Zaugg et al., 2000; Brouri et al., 2004; Hu et al., 2006; 

Heather et al., 2009), while P2-AR has been proposed to be cardioprotective (Communal 

et al., 1999; Shizukuda and Buttrick, 2002). As noted by Lefkowitz, et al. (Lefkowitz et 

al., 2000), distinct roles for p r and P2-AR subtypes are evident from the fact that even 5-

fold overexpression of the Pi-AR elicits cardiomyopathy in a mouse model (Engelhardt et 

al., 1999), while 100-fold overexpression of the P2-AR elicits increased contractility of 

cardiomyocytes, with no pathological effects (Liggett et al., 2000). 

1.5. P-AR signal transduction 

J.5.1. Gprotein-coupled receptor 

Agonist binding to the P-AR, as in other G protein-coupled receptors (GPCRs), 

causes a dissociation of the associated G protein complex, releasing the G„ and Gpy 

subunits (Gilman, 1987; Chidiac, 1998; Rockman et al., 2002). Depending on the G 

protein a subunit associated with the receptor, agonist binding can lead to the stimulation 

(through the Gsa subunit) or inhibition (Gja) of adenylyl cyclase (AC), or activation of 

PLC by the Gq/Gn subunit (Gilman, 1987; Rockman et al., 2002). p r and p2-ARs are 

linked through the Gas to AC stimulation (Cleator et al., 1999; Brodde et al., 2001). p2-
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AR has also been shown to couple with the Gja subunit and inhibit AC (Daaka et al., 

1997; Xiao et al., 1999; Rockman et al., 2002). 

1.5.2. A denylyl cyclase 

The AC family of proteins is composed of 9 members (I-IX); types V and VI 

predominate in mammalian cardiac tissues (Katsushika et al., 1992; Krupinski et al., 

1992; Tobise et al., 1994; Espinasse et al., 1995; Tang et al., 2010). AC is co-localized at 

the plasma membrane with P-ARs and G proteins (Dupre et al., 2007). All ACs convert 

adenosine triphosphate (ATP) to the second messenger cAMP. Gsa activation occurs 

through the interaction of the G protein subunit with two AC cytoplasmic domains CI 

and C2, while the inhibition by Gja has been postulated to involve the cytoplasmic 

domain CI, at a location distinct from the stimulatory site (Sunahara et al., 1996; Dzimiri, 

1999). 

1.5.3. Cyclic adenosine 4,5 monophosphate 

cAMP was first discovered in 1957 by Earl Sutherland as the second messenger to 

the hormone adrenaline and has since been identified as a key component of the 

intracellular signal-transduction of dopamine, 5HT and histamine receptors (Bristow et 

al., 1989; Beavo and Brunton, 2002). Within the cardiac adrenergic signaling, brief 

exposure of cells to the P-AR agonist isoproterenol results in a rapid elevation in cAMP 

reaching ~10 p.M, persisting less than 5 min (Violin et al., 2008). Intracellular cAMP 

exerts its functional effects primarily through the regulation of the protein kinase A 

(PKA). 
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1.5.4. Protein kinase A 

PKA, in its inactive basal state, is a heteromer of two catalytic and two regulatory 

subunits (Taylor et al., 1990; Bauman and Scott, 2002). Binding of cAMP to the 

regulatory subunit disassembles the holoenzyme, with the free catalytic subunits 

detaching and phosphorylating the intracellular target effector proteins (Taylor et al., 

1990). The cAMP-binding site on the regulatory subunit of the PKA is susceptible to 

competitive inhibition by a stereoisomer of cAMP, (7?p)-cAMP, which is capable of 

binding the regulatory-catalytic complex without dissociating the individual subunits (de 

Wit et al., 1984; Botelho et al., 1988). 

1.5.5. Cardiac effector proteins 

In the myocardium, activation of PKA following (3-AR stimulation 

phosphorylates the L-type Ca2+ channels, ryanodine receptors (RyR), troponin I, 

sarcoplasmic reticulum Ca2+-ATPase (SERCA2a), myosin binding protein C (MBP-C) 

and phospholamban (PLB), among other effectors, as illustrated in Figure 1-3 (Jurevicius 

and Fischmeister, 1996; Li et al., 2000; Takahashi et al., 2006; Yamamoto et al., 2008). 

Ultimately, cAMP-mediated cardiac PKA activation affects Ca2+ influx into the cytosol 

and the sensitivity of the contractile machinery to Ca2+, thereby increasing the strength of 

cardiomyocyte contraction. Physiologically, tissue-dependent modulation of cell function 

implicates cAMP in the control of processes ranging from thermogenesis to memory 

formation, with abnormal levels and responsiveness associated with pathological states 

(Yoshida et al., 2001). 
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Figure 1-3: Regulation of cardiac Ca levels and contractility by the p-
AR/AC/cAMP/PKA signal transduction cascade. Agonist stimulation of P-
AR activates AC to increase production of cAMP. Elevated intracellular 
levels of cAMP stimulate PKA to phosphorylate cell surface L-type Ca2+ 

channels, sarcoplasmic reticulum Ca2+-ATPase (SERCA) and ryanodine 
receptor Ca2+ channels (RyR). Additionally, phosphorylation of the 
troponin and myosin binding protein C (MBP-C) increases efficiency of 
the contraction by sensitizing the sarcomere proteins to Ca2+. 
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1.6. Regulation of P-AR responsiveness and expression 

P-AR function and expression, as with a number of other GPCRs, is modulated by 

intracellular signaling pathways, including its own cAMP/PKA cascade. At baseline 

conditions, the P-ARs are distributed almost equally between the sarcolemma and the 

light vesicle fraction representing the internalized and therefore agonist-insensitive 

receptor population (Maisel et al., 1985; Maisel et al., 1987). Upon agonist stimulation, 

desensitization of the P-ARs proceeds through either homologous or heterologous 

desensitization (Wallukat, 2002). 

1.6.1. Homologous desensitization offi-AR 

p-AR homologous desensitization, described in Figure 1-4, is dependent on the agonist 

stimulation of the receptor initializing a downregulation cascade within seconds of 

receptor stimulation (Wallukat, 2002). GPCR kinases (GRKs), specifically the P-AR 

kinase (P-ARKl), phosphorylate the agonist-bound Pi- and P2-AR at the cytosolic tail of 

the receptor protein (Pitcher et al., 1992; Freedman et al., 1995; Koch et al., 1995; 

Chuang et al., 1996; Wallukat, 2002). Phosphorylation by the GRK of the receptor causes 

the translocation of the cytosolic protein P-arrestin to the surface receptor and its binding 

to the third intracellular loop and the C-terminal tail (Bouvier et al., 1988; Barak et al., 

1997; Bohm et al., 1997). The membrane-bound Gpr subunit released on receptor 

activation plays a role in recruiting the P-ARKl to the cell membrane (Pitcher et al., 

1992; Koch et al., 1993). P-arrestin binding to the P-AR sterically hinders G protein 

coupling, uncoupling the receptor from the downstream signaling (Lefkowitz, 1998) 
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© ® 

Figure 1-4: Schematic representation of the homologous desensitization of the £}-AR. 
Agonist binding at the cell surface receptor detaches the Gsa and Gpy 

subunits (1). Agonist-bound receptor is phosphorylated by the G protein-
coupled receptor kinase (GRK) (2). Phosphorylated receptor binds to the 
P-arrestin protein, which is localized to the cell surface through the 
interaction with the GpY subunit (3). p-arrestin serves as an adapter to 
anchor the entire receptor-P-arrestin complex to the clathrin proteins in the 
membrane areas (4). Endocytosis of the clathrin-covered pits as an 
internalized vesicle removes the receptor from the cell surface, and 
neutralizes its signaling (5). The receptor in the vesicle undergoes 
degradation in a lysosome (6), or is recycled back to the cell surface (1). 
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(Violin et al., 2008). The process of P2-AR receptor phosphorylation by the GRKs results 

in receptor deactivation with a half-life of 70s (Violin et al., 2008). 

In addition to the decoupling from the G protein, |3-arrestin serves to link the 

GRK-phosphorylated receptors to the clathrin cages (Lin et al., 1997), thus sequestering 

the receptors into endocytotic vesicles that remove the P-ARs from the cell surface 

(Pearse and Robinson, 1990; Drake et al., 2006). The internalized vesicles are directed 

either back to the cell surface, recycling the receptor, or to the lysosomal degradation of 

the protein (Dzimiri, 1999; Drake et al., 2006). Inhibition of P-arrestin increases cAMP 

production following agonist stimulation of the P-AR, while receptor internalization is 

reduced (Ann et al., 2003). 

1.6.2. Heterologous desensitization of P-AR 

Heterologous, or agonist-independent desensitization of P-AR proceeds through 

the phosphorylation of the receptor by the intracellular kinases PKA and PKC, and may 

be initiated by the activation of other receptors and signaling pathways (Castellano and 

Bohm, 1997). Receptors phosphorylated in this process exhibit decreased ability to 

activate the G protein (Pitcher et al., 1992; Freedman et al., 1995; Castellano and Bohm, 

1997; Rockman et al., 2002). This process is generally slower than the homologous 

desensitization (ti/2 of 3.5 min, vs ~20 sec for the p-ARK phosphorylation) (Castellano 

and Bohm, 1997; Mills, 2002; Violin et al., 2008). 

1.6.3. Control of P-AR transcription 
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[3-ARs are decreased by 60-90% in studies performed in cell lines following 

sustained agonist stimulation (Harden, 1983; Sibley and Lefkowitz, 1985). Hadcock et al. 

have observed a 45% decrease in P-AR mRNA in MF-2 hamster vas deferens cells after 1 

hr of isoproterenol treatment, implicating decreased receptor protein transcription 

(Hadcock and Malbon, 1988). In vivo, stimulation of the rat post-synaptic (3-ARs through 

infusion of isoproterenol or NA has been associated with a downregulation within 7 days 

(Chang et al., 1982). Persistent stimulation of the receptors by i.p. administration of 

isoproterenol leads to a downregulation of the receptors (Kimura et al., 1993). 

1.7. Phosphodiesterase-4 

1.7.1, Phosphodiesterase superfamily 

Signal transduction cascades of the second messenger nucleotides cAMP and 

cyclic guanosine-monophosphate (cGMP) terminate with their catalysis to the 

corresponding mononucleotides adenosine-monophosphate (AMP) or guanosine-

monophosphate (GMP) by the phosphodiesterase (PDE) family of enzymes in a process 

dependent on the presence of cofactors Zn2+ or Mg2+ (Liu et al., 2001; Laliberte et al., 

2002; Zhao et al., 2003). To date, 21 genes have been discovered that encode 

approximately 50 different PDE enzyme isoforms grouped into 11 subfamilies (PDE1-

11) according to the mononucleotide selectivity, amino acid sequence, kinetic properties 

and regulatory profile (Houslay and Adams, 2003; Wong et al., 2006; Omori and Kotera, 

2007; Esposito et al., 2009; Zhang, 2009). cAMP is selectively broken down by the 

PDE4, 7 and 8 subfamilies, while PDE5, 6 and 9 are cGMP-specific and PDE1, 2, 3, 10 

and 11 hydrolyze both cyclic nucleotides with equal affinity (Torphy, 1998; Conti and 
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Jin, 1999; Houslay and Adams, 2003; Omori and Kotera, 2007). Table 1-1 summarizes 

the properties of the PDE subfamilies. 

PDE isozymes are distributed throughout the body, playing a part in physiological 

processes including vision (PDE6) (Lamb and Pugh, 2006), olfaction (PDE4) (Borisy et 

al., 1993), penile erection (PDE5) (Moreland et al., 1998), airway constriction (PDE4) 

(Sturton and Fitzgerald, 2002), memory formation (PDE2 and PDE4) (Barad et al., 1998; 

Monti et al., 2006; Reneerkens et al., 2009), cardiac contractility (PDE3 and PDE4) and 

inflammation (PDE4) (Barnette et al., 1998). Expression of PDE1, 2, 3, 4, 5, 7 and 9 have 

been reported in the cardiac tissues (Lugnier, 2006; Mongillo et al., 2006). 

1.7.2. Phosphodiesterase-4 subfamily 

PDE4 isozymes are distinguished by their high affinity for cAMP (Km of 1-5 uM 

(Torphy et al., 1992; Houslay and Milligan, 1997; Omori and Kotera, 2007). This PDE 

subfamily was the subject of intense study due to the efficacy of PDE4 inhibitors in 

treatment of asthma and depression (Zeller et al., 1984; Bertolino et al., 1988). Recent 

genetic association studies have linked PDE4 with ischemic stroke (Gretarsdottir et al., 

2002) and with spinal regeneration (Nikulina et al., 2004). Transcriptional variants of the 

four PDE4 genes (PDE4A, PDE4B, PDE4 C and PDE4D) encode over 20 distinct 

isoforms (Rao and Xi, 2009), classified as long, short and super-short depending on the 

presence of upstream conserved regions (UCRl and UCR2) flanking a catalytic site 

comprising 270-400 amino acids common to all subtypes (Beavo, 1995; Conti and Jin, 

1999) (Figure 1-5, Table 1-2). Differences in the N-terminus regions of PDE4 subtypes 

lead to distinct localized cellular compartments, differences in susceptibility to 
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Table 1-1: Comparison of properties of phosphodiesterase (PDE) enzymes. 

Subfamily Genes Expression Substrate 

PDE4 

Inhibitor Property 
PDE1 

PDE2 

PDE3 

PDEIA 
PDE IB 
PDEIC 

PDE2A 

PDE3A 
PDE3B 

Brain, heart, smooth muscle, 
lung2'3'4'5'6 

Brain, heart, adrenal cortex, 
platelets2'7'8 

Heart (PDE3A only)1, brain, smooth 
7 1 0 

muscle, kidneys, platelets ' 

cAMP/cGMP 

cAMP/cGMP 

cAMP/cGMP 

zaprinast 

EHNA, 
dipyridamole 

Cilostamide, 
amrinone, milrinone 

Ca2+-CaM-stimulated 

cGMP-stimulated 

cGMP-inhibited9 

PDE4A 
PDE4B 
PDE4C 
PDE4D 

Brain, heart, skeletal muscle, 
adipose tissue, immune cells, 
pancreas 

cAMP Rolipram, 
Ro 20-1724 

Characterized by 
rolipram inhibition 

PDE5 PDE5A Brain, lung, smooth muscle, skeletal 
muscle, kidneys, platelets2'11,12'13'154 

cGMP Sildenafil, 
vardenafil 

PDE6 PDE6A 
PDE6C 
PDE6D 
PDE6G 

15 Retinal rod and cone cells , pineal 
gland2'16'17 

cGMP Zaprinast, vardenafil Phototransduction, 
high hydrolysis rate 15 

PDE7 

PDE8 

PDE9 

PDE 10 

PDE11 

PDE7A 
PDE7B 

PDE8A 
PDE8B 

PDE9A 

PDE10A 

PDE11A 

T-cells, brain21'22, skeletal 
muscle18'20, fetal tissues19, lung, 
testes21 

Thyroid gland, brain (PDE8B)22'23, 
testis, spleen, colon, small intestine, 
ovary, placenta, kidneys2 

Brain2'25'26 

Brain2'28 

Skeletal muscle, prostate, testis, 
salivary glands , parasympathetic 
ganglia30, brain31 

cAMP18"19 BRL5048132 

cAMP23 

cGMP 

cAMP/cGMP27 

cAMP/cGMP 

TwoPKA 
71 

phosphorylation sites 

IBMX-insensitive 
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1 Osadchii et al., 2007 
2 Reneerkens et al., 2009 
3Dentetal., 1998 
4 Sonnenburg et al., 1998 
5 Yanetal., 1994 
6 Kostic et al., 1997 
7Itoetal., 1996 
8 Martins et al., 1982 
9 Movsesian et al., 2009 
lOReinhardtetal., 1995 
11 Giordano et al., 2001 
12Hotstonetal., 2008 
13 Koteraetal., 2000 
14 Yanakaetal., 1998 
15 Cote, 2004 
16 Holthues and Vollrath, 2004 

17Morinetal., 2001 
18 Bloom and Beavo, 1996 
19Hanetal., 1997 
20 Michaeli et al., 1993 
21 Sasaki et al., 2002 
22 Perez-Torres et al., 2003 
23 Kobayashi et al., 2003 
24 Wang etal., 2001 
25 Reyes-Irisarri et al., 2007 
26 van Staveren et al., 2002 
27 Soderling et al., 1999 
28 Seeger et al., 2003 
29Makhloufetal., 2006 
30 Loughney et al., 2005 
31 Wong et al., 2006 
32 Smith et al., 2004 

EHNA erythro-9-(2 hydroxy-3-nonyl)adenine 
IBMX 3-isobutyl-l-methylxanthine 
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H-bond: 
cnnuolhng ttio 
conformational 
switch detected 
by altered 
rolipram 
inhibition 

A model for the PKA-controlled conformational 
switch in the UCR1 region of PDE4D3 

ser 54 phosphorylation status: 

activity status: 

rolipram Inhibition status: 

NONE 

LOW 

FULL 

HIGH 

Figure 1-5: Proposed conformational change elicited by the PKA phosphorylation of 
the Ser54 residue in PDE4D3 isozyme. From Hoffman et al, 1999 
(Hoffmann et al., 1998). 
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Table 1-2: Classification of PDE4 isozymes by the structure into long, short and super-
short enzymes. 
Gene Structure Variant Reference 
PDE4A Long 

Super-short 
Dead-short 

4A4/5 
4A81 

4A10 
4A11: 

4A12 

4A72 

1,2 

Terry et al., 2003; Abi-Gerges et al., 2009 
Abi-Gerges et al., 2009 
Rena et al., 2001; Abi-Gerges et al., 2009 
Renaetal., 2001 
Rena et al., 2001 
Renaetal., 2001 

PDE4B Long 

Short 
Super-short 

4B1J 

4B33 

4B46 

4B2 
4B57 

3,4 

Kostic etal., 1997 
Kostic etal., 1997 
Shepherd et al., 2003 
Kostic et al., 1997; Richter et al., 2005 
Cheung et al., 2007 

PDE4C Long 4C1° Owens etal., 1997 
4C28 Owens etal., 1997 
4C38 Owens etal , 1997 

7?~ 
4,9 

PDE4D Long 

Short 
Super-short 

4D3 
4D4 
4D5y 

4D74 

4D84 

4D94 

4D1 
4D2 
4D64 

4D10 
4D11 

3,4,9 

3,4,9 

Bolger et al., 1997; Kostic et al., 1997 
Bolger et al, 1997; Richter et al., 2005 
Bolger etal., 1997 
Richter et al., 2005 
Richter et al., 2005 
Richter et al., 2005 
Bolger et al., 1997; Kostic et al., 1997; Richter et al., 2005 
Bolger et al., 1997; Kostic et al., 1997; Richter et al., 2005 
Richter et al., 2005 
Chandrasekaran et al., 2008 
Chandrasekaran et al., 2008 
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phosphorylation, and interactions with different scaffolding proteins (Houslay et al., 

2007). 

1.8. PDE4 expression 

PDE4 enzymes are expressed in virtually every tissue in the body, with the brain, 

heart, lung and skeletal muscle tissue exhibiting highest levels (McLaughlin et al., 1993; 

Engels et al., 1994; Houslay et al., 1998). mRNA quantification by real-time polymerase 

chain reaction (RT-PCR) has detected all four PDE4 subtypes in the human brain, liver, 

lung, kidney and cardiac tissue (Engels et al., 1994; Engels et al., 1995). Overall PDE4 

mRNA expression in rat tissues is higher than in humans (Bian et al., 2004), while the 

relative levels of isozymes in the rat brain and heart are different from the human 

expression profile (Engels et al., 1994; Engels et al., 1995). PDE4A, B and D, but not the 

PDE4C, subtypes are found in the rat brain and heart tissues (Bolger et al, 1994; Engels 

et al, 1994; Kostic et al., 1997; Iona et al., 1998; Takahashi et al., 1999; Takahashi et al., 

2002; Houslay and Adams, 2003; Abi-Gerges et al., 2009). In isolated ovine cardiac 

nuclei, 56% of the total cAMP-hydrolyzing activity is due to PDE4, with the rest 

accounted for by the PDE3 enzymes (Lugnier et al., 1999). 

1.9. PDE4 regulation 

1.9.1. PKA phosphorylation 

Cell permeable form of cAMP, dibutyryl-cAMP (db-cAMP), and agents that 

increase cAMP synthesis (e.g. isoproterenol by P-AR agonism or forskolin by AC 

activation) rapidly (within 15-30 min) elevate PDE4 activity (Sette et al., 1994; Verghese 

23 



Miran Kenk In vivo assessment of PDE4 with (i?)-[uC]rolipram 

et al., 1995; Chang et al., 1997; Liu and Maurice, 1999; Murthy et al., 2002). PDE4 

activity in isolated monocytes increases 2-fold 18-24 hours after treatment with db-

cAMP, returning to baseline levels after 48 hours of continous treatment (Verghese et al., 

1995). Maximal PDE4 activity increase was observed in these cells after 4 hours of 

stimulation (Verghese et al., 1995). The ability of the PKA inhibitor H89 to block these 

increases in enzyme activity, as well as the PDE4-stimulating effect of the PKA activator 

5,6-dichloro-l-P-D-ribofuranosyl benzimidazole 3',5'-cyclic monophosphate SP-isomer 

(cBIMPS) and membrane permeable cAMP analogue 8-Br-cAMP, implicate PKA 

phosphorylation of PDE4 in the observed increase in catalytic function (Alvarez et al., 

1995; Chang et al., 1997; Liu and Maurice, 1999; Murthy et al., 2002). PKA-mediated 

phosphorylation of the PDE4 enzyme occurs at the Ser-54 residue in the UCRl region of 

the long isoforms, disrupting the hydrogen bond, placing a negative charge at that 

position and switching the conformation of the entire enzyme to the high activity form 

(Sette and Conti, 1996; Hoffmann et al., 1998; Torphy, 1998; Liu and Maurice, 1999) 

(Figure 1-5). Ser54 phosphorylation was observed to affect only the long forms of the 

PDE4 isozymes, since the shorter isoforms lack the relevant UCRl region (Sette and 

Conti, 1996; Richter et al., 2005). In addition to increased catalytic activity, PKA-

phosphorylated PDE4 exhibits increased affinity for the inhibitor rolipram, with the IC50 

values decreased 6-15 times upon phosphorylation (0.68 uM to 0.11 uM with PDE4D3; 

123 nM to 8 nM with PDE4A4) (Sette and Conti, 1996; Hoffmann et al., 1998; Laliberte 

et al., 2002), which has been recently confirmed in vivo (Itoh et al., 2010). 

1.9.2. ERK phosphorylation 

24 



Miran Kenk In vivo assessment of PDE4 with (R)-[ Cjrolipram 

Mitogen-activated protein kinase (MAPK) extracellular-signal regulated kinase 2 

(ERK2) phosphorylates PDE4 isozymes at a site within the catalytic region (Liu and 

Maurice, 1999; MacKenzie et al., 2000), inhibiting the catalytic activity of the long 

isoforms and stimulating the short isoforms (Hoffmann et al., 1998; Zhang, 2009). 

Susceptibility of PDE4 isozymes to the regulation by the kinases of two distinct 

intracellular signaling pathways allows individual subtypes to differentially respond by 

increased expression and phosphorylation, depending on their immediate intracellular 

milieu, providing precise control over cAMP levels in the cellular compartments (Kostic 

etal., 1997). 

1.9.3. Increased PDE4 enzyme expression 

Studies in vascular smooth muscle cells, human monocytes, human umbilical vein 

endothelial cells as well as rat tissues have demonstrated increased PDE4 expression and 

activity with sustained (> 2 hrs) increases in cAMP levels (Torphy et al., 1992; Engels et 

al., 1994; Manning et al., 1996; Rose et al., 1997; Torphy, 1998; Tilley and Maurice, 

2002; Campos-Toimil et al., 2008). Increases in PDE4 activity were attenuated by the 

transcription inhibitor actinomycin-D or protein synthesis disruptor cycloheximide, 

implicating de novo protein synthesis (Torphy et al., 1992; Tenor et al., 1996; Erdogan 

and Houslay, 1997; Campos-Toimil et al., 2008). 

1.9.4. Decreased PDE4 activity and expression 

Modulation of PDE4 activity and expression is susceptible to downregulation, as well as 

stimulation, by the intracellular cAMP levels. Administration of a non-selective 

25 



Miran Kenk In vivo assessment of PDE4 with (-/?)-[''CJrolipram 

antagonist propranolol and 6-OHDA-induced destruction of the noradrenergic neurons 

reduce cAMP-catalyzing activity and PDE4 (PDE4A and B) expression in brain tissues 

(Ye et al., 1997; Farooqui et al, 2000). 

1.10. PDE4 and cAMP compartmentalization 

Considering that free diffusion of cAMP in the cytosol is estimated to occur 

rapidly (130-700 |im2/sec) (Houslay et al., 2007), the specificity and variability of 

intracellular responses to the second messenger can only be explained by the presence of 

molecular barriers to the propagation of the signal. PDE subtypes underlie the formation 

of discrete regions of signal-amplification ("compartmentalization") by creating 

intracellular cAMP gradients through co-localization with the P-AR, AC, and the effector 

proteins. Involvement of PDE is demonstrated by the free diffusion of the P-AR initiated 

signal to propagate throughout the cell in the presence of the non-selective PDE inhibitor 

3-isobutyl-l-methylxanthine (IBMX) (Jurevicius and Fischmeister, 1996; Houslay and 

Milligan, 1997). In the adult rat ventricular myocyte, PDE4 is the foremost catalytic 

enzyme that maintains intracellular cAMP compartments, with PDE3 inhibitors only 

affecting the free distribution if PDE4 activity is already suppressed (Leroy et al., 2008). 

Individual subtypes of PDE4 exist in discrete pools within the cell (Jin et al., 1998), 

suggesting that compartmentalization is maintained by a complex system of co-

localization with distinct proteins. A-kinase anchoring protein (AKAP) is one of the 

scaffolding proteins that plays a role in compartmentalization by targeting PKA to the 

cell surface receptors, placing it to the proximity of AC and PDE4 (Bauman and Scott, 

2002; Baillie et al., 2005). 
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1.11. Heart failure 

1.11.1. Definition and aetiology 

Heart failure is a progressive pathological state defined by the inability of the 

heart to adequately meet the circulatory demands of the body (Bristow et al., 1982; 

Ramani et al., 2010), most frequently associated with coronary artery disease and/or 

hypertension (Ramani et al., 2010). A normal heart fails in its physiological function 

following a short-term injury, such as myocardial infarction (MI), or as a result of a 

sustained unfavourable condition such as valve disease or hypertension (Ramani et al., 

2010). The tissue and systemic responses that follow cardiac dysfunction form the 

maladaptive cascade of alterations at the neurohormonal and histological level. 

Using ischemic insult as an example, a heart that suffered a myocardial infarction 

undergoes a remodeling process that is initially compensatory, but can culminate in heart 

failure with a significant enough defect. At its most basic, post-infarct remodeling is a 

progressive change in the volume and geometry of the left ventricle (Bengel, 2009). The 

process itself can be divided into an early (first 72 hours) and late phase. The early phase 

involves local (peri-infarct) events, including the expansion of the necrosis around the 

infarct zone, degradation of extracellular collagen, wall thinning and ventricular 

dilatation, with possible externalization of (3-AR (Maisel et al., 1985; Sutton and Sharpe, 

2000; Dobrucki and Sinusas, 2010). Compensatory mechanisms are mobilized at this 

stage, with the altered hemodynamics stimulating the sympathetic adrenergic system, 

resulting in increasing catecholamine synthesis and release. In the late stages, myocyte 

hypertrophy occurs, with the heart distributing wall stresses more evenly across the intact 
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myocardium (Sutton and Sharpe, 2000). Coronary flow rate of the heart is significantly 

reduced in the ischemic area immediately following infarction, with a gradual increase 

over the next 14 days, likely due to anastomoses and collateral vessel formation, reaching 

control values after three months (Bester et al., 1972). 

1.11.2. Heart failure as a hyper adrenergic state 

Studies published in 1964 initially found left ventricular NA to be decreased to 

50% or less then normal levels in heart failure patients (Chidsey et al., 1963; Chidsey et 

al., 1963; Chidsey et al., 1964), leading to a period in which (3-blockers were 

counter indicated in heart failure therapy and adrenergic agonists as inotropic agents saw 

wide use, resulting in increased mortality (Nony et al., 1994). Organ-specific tracer 

kinetic techniques have subsequently shown that the failing heart is actually in a 

hyperadrenergic state, with a NA spillover rate up to 50 times higher than normal levels 

(Thomas and Marks, 1978). Currently, it is recognized that the failing heart is 

sympathetically overstimulated, with the plasma NA concentration correlating directly 

with the severity of cardiac dysfunction (Thomas and Marks, 1978; Cohn et al., 1984; 

Swedberg et al., 1984; Leimbach et al., 1986; Eisenhofer et al., 1996; Bristow, 2000; 

Osadchii et al., 2007). 

Increased sympathetic nervous system stimulation and resultant elevation of 

cardiac adrenergic tone is initially compensatory and aimed at re-establishing cardiac 

function through increasing contractility. With sustained sympathetic hyperactivity, 

persistent adrenergic stimulation turns maladaptive and pathogenic (Floras, 2003; Houser 

and Margulies, 2003). Adrenergic hyperactivity is a common factor in heart failure, 
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regardless of the underlying etiology (Leimbach et al., 1986; Eisenhofer et al., 1996; El-

Armouche et al., 2003; Osadchii et al., 2007). Cardiac release of NA could be increased 

up to 20-fold in HF patients (Swedberg et al., 1984; Hasking et al., 1986) reaching levels 

observed in the heart of a healthy person at near maximal exercise exertion (Hasking et 

al., 1986; Patel et al., 1996). Similar increases in plasma and myocardial NA were 

observed in animal models of heart failure utilizing drug-induced, surgical and genetic 

models of heart failure in rabbits, rats, mice, hamsters and dogs (Tong et al., 1991; 

Ikegaya et al., 1992; van Veldhuisen et al., 1994; Yoshikawa et al., 1994; Takahashi et 

al., 2002; Lymperopoulos et al., 2007). In a number of animal models of heart disease, 

prolonged presence of heart failure may result in the depletion of cardiac NA, reducing 

the cardiac circulating levels (Vogel and Chidsey, 1969; Hajjar et al., 1993). Since heart 

failure is a hyperadrenergic state, use of P-AR blockers reduced mortality by 30-69% 

(Packer et al., 1996). 

1.11.3. Alterations in P-AR expression and function 

In a first report of P-AR downregulation in the failing heart, Bristow et al. 

observed a 2-fold reduction in receptor levels, as established by studies on cardiomyocyte 

membranes obtained from NYHA level IV heart failure patients with severe functional 

defects (Bristow et al., 1982). In the three decades since, decreased P-AR levels were 

confirmed in human patients and animal cardiopathology models (Sanbe and Takeo, 

1995; Akhter et al., 1997; Tse et al., 2000; Yoshida et al., 2001). Specifically, left 

anterior descending coronary artery (LAD) ligation reduced isoproterenol responsiveness 

(Yoshida et al., 2001), with a -25% decrease in the total P-AR density (Sanbe and Takeo, 
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1995). Decreased Bmax of 125I-labeled Pi-AR antagonist (-)iodocyanopindolol in the right 

ventricular endomyocardial biopsy tissues has been observed in subjects with moderate 

(38.2%) or severe (57.7%) dysfunction (Fowler et al., 1986). The same series of 

experiments have shown a diminished contractile response in the failing heart to the pi-

selective agonist dobutamine and normal response to Ca2+, suggesting that the contractile 

machinery of the cardiomyocytes remains functional (Fowler et al., 1986). 

Adrenergic receptor density in heart failure is altered in a subtype-specific 

fashion. pVAR density decreases from 60 fmol/mg to -35 fmol/mg in failing human 

hearts, while the expression of p2-AR is not altered (-20 fmol/mg) (Satwani et al., 2004). 

In a rat model of ligation-induced ischemic heart failure, Pi-AR expression as a 

proportion of total P-AR decreases from 81.5% to 67.1% 10 weeks following infarct 

(Pfeffer et al., 1979; Witte et al., 2000). Spontaneously hypertensive rats in heart failure 

display a 25% decrease in total P-AR Bmax and increased relative proportion of P2-AR 

from 44 to 53% (Xiao et al., 2003). Canine pacing-induced heart failure studies exhibit a 

change in P1/P2 ratio from 72/28 to 45/55, without a reduction in total P-AR density (Tse 

et al., 2000; Laurent et al., 2001). 

GRK phosphorylation of the P-AR is increased in heart failure (Ungerer et al., 

1993; El-Armouche et al., 2003), correlating with increased P-ARK1 expression and 

activity (Akhter et al., 1997; Choi et al., 1997). Induction of P-ARK1 with an inhibitor 

peptide in the ventricular myocytes isolated from failing hearts of a hypertensive rat 

model increased basal and isoproterenol-stimulated cAMP production and improved 

contractile function (Eckhart and Koch, 2002). Downregulation of P-AR in heart failure 

was postulated to proceed through the heterogenous desensitization processes, with the 
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receptors being sequestered into the endocytotic vesicles and rendered unresponsive to an 

agonist by internalization. Phosphorylation of p2-AR by PKA has been shown to switch 

the receptor G-protein coupling from Gsct to the inhibitory G,a subunit through the 

recruitment of P-arrestin to the receptor (Baillie et al., 2003). 

1.11.4. Alterations in the post-receptor cAMP signaling cascade 

In contrast to the well-characterized changes in the P-AR cell surface expression 

in pathological states, alterations in the signal transduction elements that follow receptor 

activation are still contentious, with proposed alterations illustrated in Figure 1-6. While 

some studies have reported a decrease in Gsa in human patients and animal disease 

models (Longabaugh et al., 1988; Kessler et al., 1989; Horn and Bilezikian, 1990; 

Yoshida et al., 2001), other groups reported normal protein expression and mRNA 

(Feldman et al., 1988; Sethi et al., 1994; Bohm, 1995), or even an increase (Ikegaya et 

al., 1992; Sethi et al., 1998; Movsesian et al., 2009). More consensus exists on the Gia 

subunit, with a number of groups reporting increases in subunit activity (evaluated as the 

capability of the Gia inhibitor pertussis toxin to remove inhibition of AC and catalyze 

ADP-ribosylation), mRNA levels and protein expression in heart failure (Feldman et al., 

1988; Sethi etal., 1998). 

Canine and rabbit studies have confirmed the decreases in AC activity in 

cardiomyocytes from failing hearts (Akhter et al., 1997; Tse et al., 2000). Following 

induction of myocardial infarction in male Sprague-Dawley rats (occlusion of the left 

coronary artery), AC activity in purified sarcolemmal preparations is decreased in the left 

and increased in the right ventricle (Sethi et al., 1997). In a canine model of pacing-
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Figure 1-6: Schematic representation of the reported alterations in the activity of the 
components of NA signaling in heart failure. At physiological state, NA 
release stimulates post-synaptic Pi- and pVAR, which are linked to the 
activation of the AC by the Gsa subunit or, in case of P2-AR, also to 
inhibition of the AC by the Gja subunit. AC converts ATP to cAMP, which 
is broken down to adenosine monophosphate by the PDE4 enzyme. In 
heart failure, NA levels are elevated, increasing the stimulation of the 
post-synaptic receptors (1). Downregulation of the pVAR occurs through 
heterologous and homologous desensitization (2). p2-AR signaling is 
switched to inhibit the AC more strongly (3). Gsa subunit expression is 
generally found to be unaltered in heart failure (4). Gja subunit expression 
is elevated in heart failure (5). Finally, most studies with heart failure 
models show decreased activity and expression of the AC (6). 
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induced heart failure, responsiveness at the AC level to isoproterenol is diminished at 4 

days of tachycardia. However, AC response to the direct activator forskolin is attenuated 

only at 24 days of pacing (Ping et al., 1997), suggesting a different time-course for 

downregulation of the individual components of the (3-AR signal transduction. In other 

models, the response of AC activity to direct stimulation by the forskolin derivative 

colforsin daropate is preserved following LAD ligation (Sanbe and Takeo, 1995; 

Toyoshima et al., 1998; Yoshida et al., 2001), suggesting that some of the reported 

decreases in AC activity may reflect increased activity of the AC-inhibiting Gja subunit. 

1.11.5. Phosphodiesterase-4 in animal models of cardiac dysfunction 

Direct involvement of PDE4 in the pathogenesis of heart failure has been shown 

by the progressive development of cardiomyopathy in the genetic knockout of the 

PDE4D enzyme, without a reduction in P-AR levels (Lehnart et al., 2005). In human 

failing cardiac tissues, a reduction in RyR-bound PDE4D phosphorylation and activity 

has been observed (Lehnart et al., 2005). Pacing-induced cardiac failure in dogs with left 

ventricular hypertrophy displayed no change in PDE4 catalytic activity, despite 

significant decreases in pVAR density and AC activity (Tse et al., 2000). Conversely, 

PDE4 levels were slightly increased in the rat cardiomegaly model involving chronic (12 

day) administration of isoproterenol (Tse et al., 1978). In the pressure-induced congestive 

heart failure rat model, 18 weeks on high-salt diet increases PDE4 mRNA levels and 

activity, in parallel with a decrease in cardiac fractional shortening (Takahashi et al., 

2002). Similar model of hypertension-induced cardiac hypertrophy displays unchanged 

PDE4 levels despite the loss of acute responsiveness to isoproterenol, as evidenced by the 
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preserved contractile response to PDE4 inhibitors (Osadchii et al., 2005). Studies 

utilizing aortic banding to induce cardiac hypertrophy show P-AR desensitization with a 

concomitant reduction in PDE4A and PDE4B, and no change in PDE4D (Abi-Gerges et 

al., 2009). Cardiac hypertrophy resulting from chronic stimulation of P-AR receptors in 

rats exhibited preserved contractile response to PDEs, despite reduced inotropic response 

to agonists. 

1.12. Cardiac PET imaging 

1.12.1. Cardiac positron emission tomography imaging 

Positron emission tomography (PET) is a nuclear imaging technique that utilizes a 

three-dimensional quantification of radiolabeled tracer distribution within the body, as 

illustrated in Figure 1-7, to gain insight into physiological and pathological processes at 

the molecular level. A cyclotron-produced neutron-deficient radioisotope is incorporated 

into a molecule with a desired pharmacological profile and injected into a patient or 

experimental animal. The "tracer" distributes through the body according to its unique 

pharmacokinetic and pharmacodynamic properties. The unstable isotope decays by the 

emission of a positron, which travels a short distance through the body and annihilates 

with an electron to emit two anti-parallel y-rays of 511 keV. PET cameras consist of 

photon-sensitive scintillation crystals arranged in a ring around the test subject that record 

the coincident events. Following electronic amplification of the signal, volumetric density 

of the decay events is calculated and corrected for scatter and attenuation, resulting in a 

three-dimensional PET "image". The distribution of the tracer depends on the nature of 

the labeled compound. 
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Figure 1-7: Radiolabeled tracer (a molecule of interest which has an incorporated 
neutron-deficient radioisotope) is injected into the subject, distributes 
according to the labeled compound's pharmacokinetic and 
pharmacodynamic profile and decays through emission of a positron (e*) 
(A). Released positron annihilates with an electron (e") within the tissue, 
emitting two anti-parallel 511 keV y-rays (photons). A ring of scintillation 
crystals detects coincident event (B), allowing the location and frequency 
of the tracer decay events to be calculated. Following corrections for 
scatter and attenuation, a three-dimensional PET image is obtained, 
representing the volumetric density of decays, and thereby the tracer 
distribution (C). 
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PET imaging is routinely applied in the evaluation of myocardial perfusion using 

tracers like [13N]NH3, [ l50]H20 and [uC]CO (Di Carli and Dorbala, 2006). Recent years 

have seen major advances in myocardial imaging, moving beyond perfusion visualization 

towards high resolution and sensitivity in vivo evaluation of molecular targets such as 

transporter proteins, receptors and second messenger molecules (Chun et al., 2008; 

Bengel, 2009). A number of physiological processes in the myocardium have been 

targeted, including metabolism (with [18F]FDG and [nC]acetate), apoptosis (with 

[18F]fluoroannexin), NA reuptake (with [uC]hydroxyephedrine ([nC]HED)) and post­

synaptic receptors ([uC]methylquinuclidinyl benzilate (MQNB), [HC]CGP12177, 

["C]CGP12388, [18F]fluorocarazolol, [nC]ICI-OMe) (Grierson et al., 2004; Lautamaki 

et al., 2007; Shirani and Dilsizian, 2009). 

1.12.2. PET noradrenergic imaging targets 

Once the involvement of NA signaling in the pathophysiology of heart failure, 

hypertension, obesity and other disorders was established, a number of techniques were 

devised to measure NA outflow and signaling. These included mathematical analysis of 

the heart rate variability and assessment of the firing of the sympathetic nerves by 

microneurography, evaluated by an electrode inserted into the peroneal nerve bundles 

(Floras, 2003; Vallbo et al., 2004; Charkoudian and Rabbitts, 2009). Alternatively, 

measurements of radiotracer dilution have been applied to quantify the plasma spillover 

of NA, reflecting the balance between NA release, reuptake and metabolism (Esler et al., 

1984). Both techniques are relatively indirect, with microneurography measuring the 

sympathetic efferent signal onto the skeletal muscle and extrapolating to the cardiac 
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innervation, while spillover measurements provide no indication of the NA levels in the 

cardiac muscle itself. PET imaging provides a method for non-invasive direct 

measurements of NA release and uptake, as well as post-synaptic receptor signaling. 

The predictive value of clinical PET imaging of pre- and post-synaptic aspects of 

adrenergic signal transduction in the heart has been demonstrated (Pietila et al., 2001; 

Higuchi and Schwaiger, 2006; Link and Caldwell, 2008). The single photon emission 

computed tomography (SPECT) agent metaiodobenzylguanidine (MIBG), labelled with 

I, provided the first imaging studies of the pre-synaptic NA uptake (Wieland et al., 

1981). Since the initial studies, I-labeled MIBG is routinely used in the clinical 

assessment of cardiac adrenergic innervation with prognostic value (Agostini et al., 2008; 

Link and Caldwell, 2008). The NA-analogue [uC]meta-hydroxyephedrine ([nC]HED) 

has seen widespread use as a PET agent for the assessment of cardiac innervation and 

noradrenergic transmission (Ungerer et al., 2000; Pietila et al., 2001). nC-labeled 

adrenaline has been applied to measure the myocardial catecholamine uptake, showing 

that a defect in noradrenergic innervation is larger than the defect in [13N]NH3-measured 

blood perfusion, with the mismatched area providing a substrate for initiation of 

ventricular arrhythmias (Sasano et al., 2008). 

Post-synaptic receptor antagonists [nC]CGP12177 and [UC]CGP12388 can be 

used for quantification of (3-adrenergic receptors (P-ARs) with in vivo PET studies. 

[nC]CGP12388 PET imaging has demonstrated decreased receptor presence in idiopathic 

heart failure patients (de Jong et al., 2005). A growing volume of publications testifies to 

the clinical applicability of this tracer class in imaging cardiac disorders such as 

idiopathic, dilated or ischemic heart failure (Delforge et al., 1991; Van Waarde et al, 

37 



Miran Kenk In vivo assessment of PDE4 with (/?)-[' 'CJrolipram 

1992; Elsinga et al., 2001; Delforge et al., 2002; Doze et al., 2002; de Jong et al., 2005; 

Link and Caldwell, 2008). It is therefore evident that non-invasive evaluation of the pre-

and post-synaptic elements of the noradrenergic signaling cascade is of great value both 

in the clinical setting, as well as in the elucidation of neurohormonal dysfunction in the 

progression of cardiac pathologies. 

1.12.3. Potential for PET imaging with C-labeled PDE4 inhibitor rolipram 

All PDE4 isozymes are inhibited by rolipram ((/?/5)-4(3-cyclopentyloxy-4-

methoxyphenyl)-2-pyrrolidone; Figure 1-8) (Houslay et al., 1998; Houslay et al., 2005; 

Lugnier, 2006). Clinically, rolipram has been tested as an antidepressant showing 

promising effectiveness in human and animal studies (Wachtel, 1983; Zeller et al., 1984; 

Bertolino et al., 1988), but failing to reach wide-spread application due to its emetic side-

effects (Zeller et al., 1984; Esposito et al., 2009). In cardiac studies, rolipram has been 

found to potentiate the action of inotropic agents and modulate cardiac contractility 

(Kajimoto et al., 1997). Rolipram exists as (R)- and (5)- stereoisomers, with the (R)- form 

being 10-15 times more potent in eliciting antidepressant action (Wachtel, 1983) and ~20 

times more effective at inhibiting PDE4 (Schneider et al., 1986). (i?)-Rolipram reversibly 

binds PDE4 (Liu et al., 2001), inhibiting the enzyme activity with IC5o values of 1-5 nM 

(Houslay et al., 1997; Houslay et al., 1998; Laliberte et al., 2000). 

Both (R)- and (<S)-rolipram have been labeled with C-ll with the aim of 

quantifying PDE4 levels in the tissues non-invasively using PET (DaSilva et al., 1997). 

Since the PDE4 expression and phosphorylation state is regulated by intracellular cAMP 
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Figure 1-8: Structures of PDE4-specific inhibitors (i?)-rolipram and (S)-rolipram. 
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levels, (7?)-[nC]rolipram binding was proposed as an index of PDE4 levels and, 

indirectly, a method of evaluating changes in cAMP signaling in the brain, heart and 

other PDE4-rich tissues (Lourenco et al., 1999; DaSilva et al., 2001; Lourenco et al., 

2001). 

Rolipram undergoes extensive metabolism, with six separate products of phase I 

metabolic reactions identified in the mammalian plasma following [3H]rolipram injection 

(Figure 1-9) (Krause and Kiihne, 1992; Krause and Kiihne, 1993; Krause et al., 1993). 

Taking into consideration the location of the C-ll label on the rolipram molecule, a 

number of proposed metabolites would remain radioactive. The proportion of these 

labeled metabolites in the total detected radioactive signal needs to be quantified to 

obtain any meaningful measure of PDE4-specific binding of the unchanged (R)- and (S)-

[ C]rolipram tracers for PET imaging. 

1.13. Hypotheses 

The general hypothesis of this project was that (-/?)-[''CJrolipram can detect 

alterations in cAMP-mediated PDE4 signaling a) following acute treatments affecting 

neurohormonal transmission; b) in rat models of adriamycin (ADR)-induced 

cardiotoxicity and c) post-MI remodelling. The secondary hypotheses of this project are: 

1) cardiac PDE4 binding can be measured in animal models using (7?)-[HC]rolipram; 2) 

(5)'[nC]rolipram has the potential to quantify non-specific binding of (7?)-["C]rolipram 

in rat myocardium; 3) high performance liquid chromatography (HPLC) column-switch 

methods can evaluate radiolabeled metabolites of (-/?)-["CJrolipram in rat plasma and 

organs; 4) (7?)-["C]rolipram can detect and correlate changes in PDE4 levels in vivo in 
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Figure 1-9: Metabolic pathways of rolipram, as elucidated by Krause et al., 1992. Six 
different metabolites are formed from the phase I biotransformation 
reactions. From Krause, 1992 (Krause and Kiihne, 1992). 
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rat myocardium after acute treatments affecting cAMP levels and PDE4 regulation; 

5) changes in adrenergic signaling can be assessed at the (3-AR level (using 

[3H]CGP12177) and PDE4 level (using (/?)-[ "CJrolipram) following ADR treatment in 

rats; 6) (/?)-[ "CJrolipram can measure changes in PDE4 levels in vivo in a rat 

myocardium undergoing remodelling following myocardial infarction and 7) alterations 

in (i?)-["C]rolipram in vivo retention following myocardial infarction in animal models 

reflect in vitro changes in PDE4 enzyme expression and/or enzyme activity. 

1.14. Objectives 

The objectives were to: 1) prepare and purify (R)- and (S)-desmethylrolipram 

precursors for (R)- and (S)-[ CJrolipram radiosynthesis; 2) characterize time course and 

PDE4 binding selectivity of (R)- and (5)-[uC]rolipram in various rat heart compartments; 

3) establish (S)-[ CJrolipram potential to measure non-specific binding of (R)-

["CJrolipram in various cardiac compartments; 4) evaluate metabolites of (R)- and (5)-

[ CJrolipram present in rat venous plasma, as well as in cardiac tissue using a novel 

"HPLC column-switching" method; 5) evaluate changes in (/?)-[''CJrolipram binding 

following various acute pharmacological treatments affecting cAMP levels and PDE4 

regulation in normal rats; 6) evaluate alterations in (R)-[l'CJrolipram binding to PDE4 

and [ HJCGP12177 to P-AR, respectively, in ADR-induced cardiotoxicity; 7) evaluate 

alterations in (R)-[ CJrolipram binding to PDE4 in myocardial remodelling following a 

myocardial infarction; and 8) establish whether in vivo changes in (7?)-["C]rolipram 

binding to PDE4 correspond to in vitro changes in PDE4 expression and/or activity in 

rats following myocardial infarction. 
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1.15. Introduction to manuscripts 

The following six manuscripts are listed in the order of publications. 

1.15.1. Manuscript #1 

Prior to the experiments detailed in this manuscript, (R)-[ C]rolipram has 

undergone basic characterization, providing preliminary data supporting its use in PET 

imaging of the brain. Manuscript #1 details the results of ex vivo biodistribution 

experiments measuring (•/?)-[''(^rolipram retention in the whole heart, brain and lung 

tissues following treatments affecting adrenergic, histaminergic, dopaminergic and 

serotonergic transmission. Since all four neurotransmitters have receptors that are linked 

to cAMP regulation by the Gsa stimulatory subunit, sensitivity of (R)-[ C]rolipram 

retention to pharmacological agents affecting NA, histamine and 5HT, but not dopamine, 

signaling supports the use of the tracer in future imaging studies with disorders that 

exhibit altered neurotransmitter levels. 

1.15.2. Manuscript #2 

The second manuscript in this thesis expands on the concepts presented in the 

previous publication, which suggested potential for the use of (R)-[uCJrolipram in 

evaluation of alterations in PDE4 levels and cAMP signaling in neurotransmitter 

signaling pathways in the heart. Biodistribution experiments presented in the manuscript 

#2 established specific binding of (/?)-["CJrolipram to PDE4 in cardiac tissues, skeletal 

muscle, lungs, liver and pancreas, but not in the white and brown adipose tissue. 
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Administration of increasing doses of unlabeled (R)- and (5)-rolipram was used to 

establish a dose-response relationship and estimate ED50 values for blocking (R)-

["CJrolipram retention with both enantiomers. Co-administration of saturating doses of 

subtype-selective PDE inhibitors confirmed the selectivity of (•/?)-[' 'CJrolipram binding 

to PDE4 over other PDE subtypes found in the heart. In vivo results were validated by in 

vitro autoradiography. Administration of (^-["CJRolipram with unlabeled (7?)-rolipram, 

(5)-rolipram and Ro 20-1724 exposed PDE4-specific binding, albeit with lower affinity 

than the (i?)-[ CJrolipram enantiomer. This manuscript expands the applicability of in 

vivo quantification of PDE4 levels with (./?)-[''CJrolipram beyond the brain to the 

periphery in the heart, skeletal muscle, lungs and the pancreas, with potential use in 

cardiac disorders, diabetes and obesity. 

1.15.3. Manuscript #3 

Manuscript #3 presents the quantification of radioactive metabolites in rat plasma, 

brain, heart, pancreas, skeletal muscle and brown adipose tissue following administration 

of (R)- and (S)-[''CJrolipram. A column-switching HPLC technique measured the 

contribution of unchanged radiotracer to the total radioactivity signal. Labeled 

metabolites were found to be hydrophilic, and thus not likely to cross the cell membrane. 

Furthermore, co-administration of a saturating dose of unlabeled (i?)-rolipram affected 

the relative proportion of the peak representing unchanged (i?)-["C]rolipram, indicating 

that the metabolites do not bind PDE4 specifically. Findings of this study were combined 

with the results of PDE4-blocking studies of manuscripts #1 and #2 to identify the 

contributions of radioactive metabolites (44%), specific (15%) and non-specific (R)-
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[ C]rolipram binding (41%) to the total measured radioactive signal in plasma and 

tissues at 45 min following tracer administration. 

1.15.4. Manuscript #4 

Increased (./?)-[''CJrolipram binding following desipramine challenge was used to 

measure intracellular NA responsiveness in a rat ADR-induced cardiotoxicity model. 

Biodistribution studies using (•/?)-[''CJrolipram, [UC]HED (for evaluation of presynaptic 

innervation) and [3H]CGP12177 (for quantifying P-AR binding) were performed on rats 

treated for two weeks with ADR in a protocol previously shown to elevate cardiac NA. 

Assessment of neurohormonal changes was correlated with evaluation of cardiac function 

using echocardiography. Baseline (/?)-[''C]rolipram and [nC]HED retention were 

unchanged, [3H]CGP12177 retention was diminished and (./?)-[''CJrolipram response to 

desipramine challenge was attenuated 3 weeks following last ADR injection. The multi-

tracer approach in these studies detected decreased P-AR signaling that precedes cardiac 

dysfunction, suggesting potential for PET imaging in ADR cardiotoxicity and other forms 

of heart failure. 

1.15.5. Manuscript #5 

A review of the recent publications describing the use of (R)-[ C]rolipram and 

PET imaging to measure alterations in PDE4 levels has been assembled for publication in 

Current Radiopharmaceuticals. (R)-[] CJRolipram is the first tracer that allows in vivo 

non-invasive quantification of cAMP-mediated PDE4 using PET. Due to the involvement 

of cAMP signaling in the proposed molecular mechanisms of depression, schizophrenia 
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and other neuropsychiatric disorders, great interest exists in imaging brain PDE4 using 

(•/?)-[''CJrolipram and PET. Alterations in myocardial NA signaling in heart failure and 

PDE4 involvement in the control of cardiac contractility indicate potential for cardiac 

PET imaging using (R)-[['CJrolipram. Manuscript #5 proposes a consensus on aspects of 

(R)-[ CJrolipram characterization and applications, including presence of specific 

binding, PDE4-selectivity of tracer, safety profile, pharmacokinetics and potential PET 

imaging applications. 

1.15.6. Manuscript #6 

Deployment of the Siemens Inveon small-animal PET camera at the University 

of Ottawa Heart Institute allowed full dynamic assessment of the tracer retention over a 

60 minute scan. Rats underwent [13N]NH3 (to quantify myocardial blood flow and 

measure the infarct size) and (7?)-["C]rolipram (to measure myocardial PDE4 in the non-

infarcted myocardium). While pVAR expression was decreased 8 weeks following MI, 

myocardial blood flow in the non-infarcted myocardium was unchanged and in vivo (R)-

[''CJrolipram retention was increased. This study used (R)-[ CJrolipram in vivo PET 

imaging to confirm the involvement of alterations in PDE4 enzyme and cAMP signaling 

in the intracellular pathological processes that follow changes in sympathetic regulation 

of the myocardium in heart failure. 
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CHAPTER 2: MANUSCRIPT #1 

47 



Miran Kenk In vivo assessment of PDE4 with (./?)-[''Cjrolipram 

Life Sciences 79 (2006) 356-364 

Increasing synaptic noradrenaline, serotonin and 

histamine enhances in vivo binding of 

phosphodiesterase-4 inhibitor (jR)-[nC] rolipram in rat 

brain, lung and heart 

Celia M. Lourencoa, Miran Kenka'b'c, Rob S. Beanlandsb and Jean 

N. DaSilvaa'b'c'* 

a PET Centre, Centre for Addiction and Mental Health, 250 College St., Toronto, 

Ontario, Canada, M5T1R8 

Cardiac PET Centre, Division of Cardiology, University of Ottawa Heart Institute, 40 

Ruskin St., Ottawa, Ontario, Canada, K1Y 4W7. 

c Department of Cellular and Molecular Medicine, Faculty of Medicine, University of 

Ottawa, 451 Smyth Rd., Ottawa, Ontario, Canada, K1H8M5. 

Received 16 August 2005; accepted 11 January 2006 

Corresponding author. Cardiac PET Centre, University of Ottawa Heart Institute, 40 

Ruskin St., Ottawa, Ontario, Canada Kl Y 4W7. Tel.: +1 613 7985555x19704; fax: +1 

613 7615406. 

E-mail address: jdasilva@ottawaheart.ca (J.N. DaSilva) 

0024-3205/$ - see front matter © 2006 Elsevier Inc. All rights reserved. 

Doi: 10.1016/j.lfs.2006.01.010 

48 

mailto:jdasilva@ottawaheart.ca


Miran Kenk In vivo assessment of PDE4 with (R)-[[ 'CJrolipram 

Contributions of authors 

Work performed in this manuscript was initiated at the Centre for Addiction and 

Mental Health in Toronto, ON and completed at the University of Ottawa Heart Insitute.. 

The design and execution of the experiments were performed jointly by the senior PhD 

student that initiated the project, PhD candidate Celia M. Lourenco and myself. Dr. 

Beanlands provided a clinical perspective on the data. Dr. DaSilva (supervisor) and I 

worked jointly on manuscript preparation and submission. 

49 



Miran Kenk In vivo assessment of PDE4 with (/?)-[' 'Cjrolipram 

Abstract 

Phosphodiesterase-4 (PDE4) is one of the main enzymes that specifically 

terminate the action of cAMP, thereby contributing to intracellular signaling following 

stimulation of various G protein-coupled receptors. PDE4 expression and activity are 

modulated by agents affecting cAMP levels. The selective PDE4 inhibitor (7?)-rolipram 

labeled with C-l 1 was tested in vivo in rats to analyze changes in PDE4 levels following 

drug treatments that increase synaptic noradrenaline (NA), serotonin (5HT), histamine 

(HA) and dopamine (DA) levels. We hypothesized that increasing synaptic 

neurotransmitter levels and subsequent cAMP-mediated signaling would significantly 

enhance (/?)-[' Cjrolipram retention and specific binding to PDE4 in vivo. Pre-treatments 

were performed 3 h prior to tracer injection, and rats were sacrificed 45 min later. 

Biodistribution studies revealed a dose-dependent increase in (/?)-[' '(^rolipram uptake 

following administration of the monoamine oxidase (MAO) inhibitor tranylcypromine, 

NA and 5HT reuptake inhibitors (desipramine [DMI], maprotiline; and fluoxetine, 

sertraline, respectively), and the HA H3 receptor antagonist (thioperamide), but not with 

DA transporter blockers GBR 12909, cocaine or DA Di agonist SKF81297. Significant 

increases in rat brain and heart reflect changes in PDE4 specific binding (total -

nonspecific binding [coinjection with saturating dose of (i?)-rolipramj). These results 

demonstrate that acute treatments elevating synaptic NA, 5HT and HA, but not DA 

levels, significantly enhance (R)-[ Cjrolipram binding. Use of (R)-[ Cjrolipram and 

positron emission tomography as an index of PDE4 activity could provide insight into 

understanding disease states with altered NA, 5HT and HA concentrations. 

© 2006 Elsevier Inc. All rights reserved. 
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Introduction 

Phosphodiesterase-4 (PDE4) is the main enzyme that selectively hydrolyzes 

cAMP into 5'AMP following stimulation of various G protein-coupled receptors, 

including P-adrenergic (P-AR) and histamine (HA) H2 receptors (Delgado et al., 2003; 

Xiang et al., 2005). By terminating the action of intracellular cAMP, PDE4 plays a key 

role in several cAMP-mediated signaling pathways. Disturbances in the cAMP-mediated 

signal transduction pathways of various neurotransmitters, such as noradrenaline (NA), 

serotonin (5HT), dopamine (DA) and HA, have been demonstrated in numerous 

neuropsychiatric and cardiovascular disorders (Wachtel, 1990; Cowburn et al., 1992; 

Feldman, 1993). Increasing cAMP levels through blocking of PDE4 enzymatic activity 

with PDE4 inhibitors such as rolipram (4-(3-cyclopentyloxy-4-methoxyphenyl-2-

pyrrolidone) has been demonstrated to improve symptoms in a wide variety of disorders, 

including asthma (Torphy, 1998), chronic obstructive pulmonary disease (Sturton and 

Fitzgerald, 2002), atopic dermatitis (Hanifin et al., 1996), multiple sclerosis (Dinter et al., 

1997), dementia (O'Connolly et al., 1988; Saletu et al., 1992), and depression (Wachtel, 

1990). In cardiac studies, rolipram has been found to potentiate the action of inotropic 

agents and modulate cardiac contractility (Kajimoto et al., 1997). 

PDE4 isozymes are distributed throughout the body. The four distinct genes, 

PDE4A, B, C, and D are widely expressed in the human brain, whereas PDE4A, B and D 

subtypes have been found in the mammalian heart and lung (Engels et al., 1994; Houslay 

et al., 1998). Most human inflammatory cells exhibit PDE4 activity. PDE4 is localized in 

both particulate and soluble cellular fractions from different tissues and cell lines (Schneider 

et al., 1986). The tritiated form of the more active enantiomer of (i?)-rolipram was shown 
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to bind reversibly and stereospecifically with high affinity (K^ 1-5 nM) to all subtypes of 

the Mg -induced PDE4 conformation, which is the active holoenzyme complex 

(Houslay et al., 1998; Laliberte et al., 2000). Recently, we have demonstrated that (R)-

rolipram labeled with carbon-11 binds selectively in vivo in rat brain, heart and lung, and 

that this binding can be significantly reduced by PDE4 inhibitors, indicating presence of 

specific binding in these organs (DaSilva et al., 2001; Lourenco et al., 2001). This tracer 

displayed potential for imaging the human brain with positron emission tomography 

(PET) (DaSilva et al., 2002). 

PDE4 expression and activity are altered by changes in cAMP production 

(Houslay et al., 1998; Conti and Jin, 1999). In the short-term, an increase in intracellular 

cAMP levels causes phosphorylation of PDE4 enzymes by protein kinase-A (PKA), 

rapidly (within 15 min) increasing PDE4 activity and its affinity for rolipram (Sette et al., 

1994; Madelian and La Vigne, 1996). Prolonged (>2 hours) elevation of cAMP levels 

leads to increased transcription of the PDE4 enzyme, increasing PDE4 expression in the 

tissues (Engels et al., 1994; Manning et al., 1996; Torphy, 1998). 

Chronic treatments with the NA transporter (NAT) blocker desipramine (DMI), 

selective 5HT reuptake inhibitors (SSRI) fluoxetine or sertraline, or monoamine oxidase 

(MAO) inhibitor tranylcypromine significantly increased PDE4A and B mRNA and 

proteins in rat cerebral cortex (Takahashi et al., 1999; Ye et al., 2000). Miro et al. (Miro 

et al., 2002) reported upregulation of PDE4 mRNA 2 h following fluoxetine treatment. 

In vitro, PDE4 activity was upregulated within 2 h of incubation with HA (Delgado et al., 

2003). Prolonged (3-adrenoceptor stimulation using the p2 agonist salbutamol increased 

total soluble PDE activity by 58%, which coincided with an elevation in the expression of 
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PDE4A and B, but not D, mRNA and protein (Manning et al., 1996). PDE4 A, B, and D 

were reported to be upregulated within 2 h in human monocytes, following exposure to 

dibutyryl-cAMP or rolipram (Verghese et al., 1995) or to salbutamol (Manning et al., 

1996;Torphy, 1998). 

The purpose of this study was to evaluate in vivo the changes in PDE4 specific 

binding as measured with (R)-[ CJrolipram in rat brain, heart and lung, following acute 

treatments increasing synaptic NA, 5HT, HA or DA levels. We hypothesized that 

increasing synaptic neurotransmitter levels and subsequent cAMP-mediated signaling 

would enhance (/?)-[ CJrolipram retention and specific binding to PDE4. These 

experiments will provide the basis for future use of (i?)-["C]rolipram and PET to image 

disorders with altered synaptic levels of NA, 5HT, HA or DA in neuropsychiatry or 

cardiovascular diseases, such as in depression, schizophrenia, Parkinson's disease or 

heart failure. 

Materials and methods 

Animals 

All experiments were conducted in accordance with the recommendations of the 

Canadian Council on Animal Care and with approval from the Animal Care Committee 

at the Centre for Addiction and Mental Health, and University of Ottawa. Male Sprague-

Dawley rats (Charles River, Montreal, Canada) were housed in groups of two and 

maintained on a 12-h light/dark cycle, with free access to food and water. 

Chemicals 
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All drugs were purchased from Sigma-Research Biochemical International, 

except for sertraline-HCl (Pfizer), cocaine-HCl (BDH) and SKF81297HBr (a kind gift 

from SmithKline and Beecham, PA). DMIHC1, tranylcypromine-HCl and 

fhioperamide-HCl were dissolved in 0.9% sterile saline. FluoxetineHCl was dissolved in 

5/95 ethanol/0.9% saline. MaprotilineHCl, sertraline-HCl, GBR 12909, cocaine and 

SKF81297-HBr were dissolved in warm 5/20/75 ethanol/l,2-propanediol/0.9% saline. 

(7?)-[nC]rolipram was synthesized as previously described (DaSilva et al., 2001) with 

high radiochemical purity (>95%) and specific activity >400 mCi/umol at the time of 

first injection. 

Biodistribution studies 

Experiments were carried out as previously described (Lourenco et al., 2001) with 

rats weighing 180-230g. For injections via a tail vein, rats were immobilized in a rodent 

restrainer (Harvard Apparatus, Canada) and the tail immersed in a warm water bath (~45 

°C) for vasodilation. The dose of (i?)-[nC]rolipram administered was 0.8-2.0 mCi (29.6-

74 MBq) in -0.3 mL of the formulation. In each experiment, all animals received 

approximately the same mass dose (0.27-0.67 u.g) of (/?)-[''C]rolipram. Rats were killed 

45 min after radioligand injection. Concentration of radioactivity was measured in 

dissected organs and expressed as % injected dose per gram of tissue (%ID/g). This value 

was multiplied by rat body weight (%ID/g BW) to normalize for differences in body 

mass and allow meaningful comparisons. 

Drug treatments increasing synaptic neurotransmitters 
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Treatments with tranylcypromine (1, 5, 10 and 20 mg/kg; n = 4, 5, 8 and 6, 

respectively), DMI (1, 5, 10, 20, 30 and 40 mg/kg; n = 4, 4, 9, 7, 9 and 4, respectively), 

maprotiline (5, 20, 30 and 40 mg/kg; n = 4, 8, 8 and 4, respectively), sertraline (1, 5, 10, 

20, 30 and 40 mg/kg; n = 4, 3, 5, 7, 7 and 5, respectively), fluoxetine (0.2, 0.5, 1.0, 10, 20 

and 30 mg/kg; n = 4, 5, 4, 9, 4 and 4, respectively), thioperamide (1, 5, 7, 10, 20 and 30 

mg/kg; /? = 4, 4, 4, 9, 8 and 4, respectively), GBR 12909 (10 mg/kg; n = 4), cocaine (20 

mg/kg; « = 4) and SKF81297 (3 and 10 mg/kg; « = 4 and 5, respectively) were 

administered by intraperitoneal injection 3 h prior to the radiotracer. Control rats were 

administered vehicle solutions, 3 h prior to radiotracer. Drug treatments were selected 

based on doses commonly used to increase synaptic neurotransmitter levels (Johnson et 

al., 1980; Garcia-Sevilla and Zubieta, 1986; Giralt and Garcia-Sevilla, 1989; Oishi et al., 

1989; Malagie et al., 1995; Takahashi et al., 1999; Zahniser et al., 1999; Budygin et al., 

Lett 2000 Mar 3), or exert effect on postsynaptic receptors (Arnt et al., 1988). 

Determination ofPDE4 specific binding 

Selected drug treatments that displayed increases in (R)-[l'C]rolipram uptake 

were repeated in the presence of a saturating dose (1 mg/kg) of unlabeled (i?)-rolipram 

(Lourenco et al., 2001), in order to block PDE4 and thus measure the non-specific 

binding of the radioligand. Rats were pretreated with i.p. administrations of DMI (10 

mg/kg, n = 4), tranylcypromine (10 mg/kg, n = 4), maprotiline (30 mg/kg, n = 5), 

fluoxetine (10 mg/kg, n = 4), sertraline (40 mg/kg, n = 5) or thioperamide (10 mg/kg, n = 

9), 3 h prior to radiotracer. (R)-[ Cjrolipram was coinjected with a saturating dose of 

unlabeled (i?)-rolipram (1.0 mg/kg) (Lourenco et al., 2001). Specific binding was 
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calculated by subtracting the %ID/g BW in the presence of the (7?)-rolipram blocking 

dose (non-specific binding) from the %ID/g BW in the absence of (7?)-rolipram (total 

binding). Percent change in specific binding was calculated as the percent difference in 

%ID/g BW values in organs of treated and control animals. 

Statistical analysis 

All data are expressed as means of %ID/g BW ± standard deviation, with % 

change values presenting the difference between the control and treated animals. 

Statistical analysis was carried out on the %ID/g data using one-way ANOVA followed 

by Bonferroni's post-hoc comparison test. To account for any pharmacokinetic effects 

that the pharmacological treatments may exert on radiotracer distribution, additional 

statistical analysis was performed, using a multivariate general linear model with blood 

as a covariate (mean comparison with Bonferroni confidence interval adjustment to 

obtain comparison between treatments). All analyses were performed using SPSS 12.0.1 

statistical analysis software. Since no statistically significant difference was found in the 

tissue retention of radioactivity between rats pretreated with saline and 5/20/75 

ethanol/l,2-propanediol/0.9% saline, the data from all vehicle-treated rats were pooled {n 

= 44) and used in the statistical calculations. Differences with a p value <0.05 were 

considered statistically significant. 

Results 

Treatments increasing synaptic monoamines and histamine 
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The highest uptake of radioactivity was observed in the brain, followed by the lung and 

heart. These three PDE4-rich organs displayed higher activity levels when compared to 

blood (see controls in Figures). Pretreatment with the nonselective MAO inhibitor 

tranylcypromine led to a dose-dependent increase in (R)-[ C]rolipram retention, with 

significance observed at 10 and 20 mg/kg doses (Figure 2-1). Taking blood as a 

covariate, significant increases are observed with a 20 mg/kg dose in the brain, and 10 

and 20 mg/kg dose in the heart. Figure 2-2A and B depict a dose-dependent enhancement 

in (R)-[ C]rolipram retention after increasing synaptic NA following pretreatments with 

NAT inhibitors DMI and maprotiline. Higher doses elicited significant increases in 

PDE4-rich organs, while lower doses had no detectable effect. Increases determined to be 

significant with blood taken as a covariate are seen in the brain and heart with DMI and 

maprotiline. Increasing synaptic 5HT after pretreatment with SSRIs fluoxetine and 

sertraline also produced similar dose-response effects (Figure 2-3A and B), with 

significance observed in the heart at higher doses of fluoxetine (blood taken as a 

covariate). Pretreatments with the HA H3 antagonist thioperamide increased (R)-

[nC]rolipram binding in a dose-dependent manner (Figure 2-4). Using blood as a 

covariate, radioactivity retention in the brain and heart, but not the lung, was significantly 

elevated at doses of 10, 20 and 30 mg/kg (Figure 2-4). Interestingly, using blood as a 

covariate, no effect on (7?)-[nC]rolipram retention was observed with high doses of DA 

reuptake inhibitor GBR 12909, catecholamine uptake inhibitor cocaine, and DA Di full 

agonist SKF81297 (Figure 2-5). Table 2-1 presents percent changes in (/?)-[''C]rolipram 

retention after treatments in comparison to controls. 
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• Controls (n=44) 
D Tranylcypromine 1 mg/kg (n=4) 
• Tranylcypromine 5 mg/kg (n=5) 
O Tranylcypromine 10 mg/kg (n=8) 
• Tranylcypromine 20 mg/kg (n=6) 

Brain Lung Heart Blood 

Figure 2-1: Dose-dependent effect of treatments with MAO inhibitor tranylcypromine 
on (•/?)-[''C]rolipram binding. Data are presented as mean of percent 
injected dose per gram of tissue multiplied by body weight (%ID/g BW) ± 
standard deviation. * p<0.05 one-way ANOVA with Bonferonni post hoc, 
+p<0.05 general linear model, with blood as a covariate. 
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300 

B 
300 

Brain 

• Controls (n=44) 
ID Desipramme 1 mg/kg (n=4J 
Q Desipramme 5 mg/kg (n=4) 
D Desipramme 10 mg/kg (n=9) 
H Desipramme 20 mg/kg fn=7) 
B Desipramme 30 mg/kg (n=9j 
D Desipramme 40 mg/kg (n=4) 

Lung Heart Blood 

• Controls (n=44) 
P Maprotiline 5 mg/kg (n=4) 
0 Maprotiline 20 mg/kg (n=8) 
D Maprotiline 30 mg/kg (n=8) 
D Maprotiline 40 mg/kg (n=4) 

Brain Lung Heart Blood 

Figure 2-2: Dose-dependent effect of treatments with noradrenaline reuptake 
inhibitors desipramine (A) and maprotiline (B) on (/?)-['!C]rolipram 
binding. Data are presented as mean of percent injected dose per gram of 
tissue multiplied by body weight (%ID/g BW) ± standard deviation. 
*p<0.05 one-way ANOVA with Bonferonni post-hoc, +p<0.05 general 
linear model, with blood as a covariate. 
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300 n 

B 
300 

Brain 

• Controls (n=44) 
m Fluoxetine 0 2 mg/kg (n=4) 
H Fluoxetine 0 5 mg/kg (n=5) 
• Fluoxetine 1 0 mg/kg (n=4) 
a Fluoxetine 10 mg/kg (n=9) 
SI Fluoxetine 20 mg/kg (n=4) 
D Fluoxetine 30 mg/kg (n=4) 

Lung Heart Blood 

• Controls (n=44) 
CD Sertraline 1 mg/kg (n=4J 
0 Sertraline 5mg/kg (n=3) 
D Sertraline 10mg/kg (n=5) 
B Sertraline 20 mg/kg (n=7) 
• Sertraline 30 mg/kg (n=7J 
D Sertraline 40 mg/kg (n=5) 

Brain Lung Heart Blood 

Figure 2-3: Dose-dependent effect of treatments with selective serotonin reuptake 
inhibitors fluoxetine (A) and sertraline (B) on (/?)-[''CJrolipram binding. 
Data are presented as mean of percent injected dose per gram of tissue 
multiplied by body weight (%ID/g BW) ± standard deviation. *p<0.05 
one-way ANOVA with Bonferonni post hoc, +p<0.05 general linear 
model, with blood as a covariate. 
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350 -, 
• Controls (n=44) 
ID Thioperamide 1 mg/kg (n=4) 
0 Thioperamide 5 mg/kg (n=4) 
DThioperamide 7 mg/kg (n=4) 
BThioperamide 10 mg/kg (n=9) 
DThioperamide 20 mg/kg (n=8) 
DThioperamide 30 mg/kg (n=4) 

Brain Lung Heart Blood 

Figure 2-4: Dose-dependent effect of treatment with H3 receptor antagonist 
thioperamide on (R)-[ C]rolipram binding. Data are presented as mean of 
percent injected dose per gram of tissue multiplied by body weight (%ID/g 
BW) ± standard deviation. *p<0.05 one-way ANOVA with Bonferonni 
post hoc, +p<0.05 general linear model, with blood as a covariate. 
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300 

• Controls (n=44) 
• GBR 12909 10 mg/kg (n=4) 
E3 Cocaine 20 mg/kg (n=4) 
P SKF81297 3 mg/kg (n=4) 
D SKF81297 10 mg/kg (n=5) 

Brain Lung Heart Blood 

Figure 2-5: Effect of treatments increasing synaptic dopamine levels and Di agonist 
SKF81297 on (R)-[] 1C]rolipram binding. Data are presented as mean of 
percent injected dose per gram of tissue multiplied by body weight (%ID/g 
BW) ± standard deviation. *p<0.05 one-way ANOVA with Bonferonni 
post hoc, +p<0.05 general linear model, with blood as a covariate. 
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Table 2-1: Percent change3 in (i?)-[uC]rolipram retention in rat tissues following acute 
drug treatments. 

Treatment 

Tranylcypromine 

Desipramine 

Maprotiline 

Fluoxetine 

Sertraline 

Thioperamide 

GBR12909 
Cocaine 
SKF81297 

1 mg/kg 
5 mg/kg 
10 mg/kg 
20 mg/kg 
1 mg/kg 
5 mg/kg 
10 mg/kg 
20 mg/kg 
30 mg/kg 
40 mg/kg 
5 mg/kg 
20 mg/kg 
30 mg/kg 
40 mg/kg 
0.2 mg/kg 
0.5 mg/kg 
1.0 mg/kg 
10 mg/kg 
20 mg/kg 
30 mg/kg 
1 mg/kg 
5 mg/kg 
10 mg/kg 
20 mg/kg 
30 mg/kg 
40 mg/kg 
1 mg/kg 
5 mg/kg 
7 mg/kg 
10 mg/kg 
20 mg/kg 
30 mg/kg 
10 mg/kg 
20 mg/kg 
3 mg/kg 
10 mg/kg 

Percent change in 
Brain 

- 15 
3 

24 
34 
10 
14 
7 
10 
32 
22 
13 
10 
32 
50 
8 
3 
13 
29 
25 
32 
- 1 
3 
3 
16 
17 
19 
1 
9 

28 
41 
66 
85 
-2 
- 1 
-33 
-15 

Lung 
- 12 
-3 
44 
27 

-12 
9 
13 
20 
22 
-3 
-4 
-8 
23 
49 
21 
11 
17 
23 
27 
34 
-4 
-10 
13 
24 
29 
36 
0 
4 
6 
4 
31 
29 
-6 

-13 
-42 
-18 

tissue 
Heart 

-13 
2 

43 
34 
4 
1 
12 
13 
37 
23 
8 

-2 
37 
56 
4 

-1 
8 

31 
38 
39 

-14 
8 
1 

25 
27 
42 
-3 
2 
17 
33 
46 
62 
-5 

-18 
-35 
- 18 

Blood 
-13 
-9 
27 
10 
5 
8 
11 
9 
12 
0 
14 
-4 
14 
33 
- 1 
-2 
- 1 
13 
12 
15 
6 
10 
12 
23 
19 
24 
-2 
3 
18 
19 
36 
35 
0 

-7 
-36 
-26 

a Percent change in radiotracer retention (determined as percent injected dose per gram of 
tissue multiplied by weight of the rat) between the treated rats and the bank of controls (n 
= 44). n values for treatments are shown in figures. 
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Table 2-2: Percent 
treatments increasinj 

DMI 
Brain 20.6 
Lung 27.3 
Heart 21.6 

change in specific binding 
g synaptic neurotransmission. 

TRAN 
23.8 
77.9 
67.5 

MAP 
32.1 
10.0 
48.4 

of (R)-[u 

FLUOX 
34.6 
57.4 
65.2 

CJrolipram 

SERT 
24.8 
82.2 
80.7 

following acute 

THIO 
31.4 
-52.7 
1.8 

Percent changes in specific binding of (R)-[ CJrolipram following drug treatments. 
Specific binding was calculated by subtracting the %ID/g B W in the presence of the (/?)-
rolipram blocking dose (1 mg/kg i.v., coinjected with the radioligand) or non-specific 
binding, from the %ID/g BW in the absence of (7?)-rolipram or total binding. 
To determine total binding, rats were administered: DMI (10 mg/kg, 3 h prior to 
radioligand injection, n = 9); tranylcypromine (TRAN: 10 mg/kg, i.p., 3 h prior, n = 8); 
maprotiline (MAP: 30 mg/kg i.p., 3 h prior, n = 8); fluoxetine (FLUOX: 10 mg/kg, i.p., 3 
h prior, n = 9); sertraline (SERT: 40 mg/kg i.p., 3 h prior, n = 7) or thioperamide (THIO: 
10 mg/kg, i.p., 3 h prior, n = 9), injected with (R)-[ CJrolipram and sacrificed 45 min 
later. To determine non-specific binding, animals were treated again with the drug 
challenges as above (DMI n = 4; TRAN n = 4; MAP n = 5; FLUOX n = 4; SERT n = 5; 
THIO n = 9), and then coinjected with a blocking dose of (7?)-rolipram (1 mg/kg, i.v.), 
and sacrificed 45 min later. 
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PDE4 specific binding determination 

Similar increases in PDE4 specific binding (20-35% change over controls) were 

obtained in the brain after selected drug treatments were repeated in the presence of (R)-

rolipram, confirming that the changes in total tracer retention (Table 2-1) reflect (R)-

[ CJrolipram specific binding to PDE4 (Table 2-2). In periphery, equivalent changes in 

the specific binding were found only after treatments with NA reuptake inhibitors (10-

49%). On the other hand, tranylcypromine and SSRIs produced a higher change in PDE4 

specific binding in comparison to (R)-[]'CJrolipram total retention (57-83% vs. 23-44%, 

see Tables 2-1 and 2-2). Following thioperamide treatment, specific binding was 

decreased in the lung and remained unchanged in the heart, suggesting underlying 

changes in non-specific binding or tracer delivery. 

A number of treatments at higher doses significantly affected (•/?)-[''CJrolipram 

presence in the blood in comparison to the controls. Using blood as a covariate in 

statistical analysis allows for the effect of treatment on tracer binding to PDE4 to be 

analyzed, taking into account the different blood levels of (i?)-["CJrolipram. 

Discussion 

Imaging post-receptor signal transduction with PET has potential not only in 

psychiatry (Fujita and Innis, 2000), but also in neurological and cardiovascular disorders. 

PDE4 is an essential component of the cAMP-mediated signal transduction and plays an 

important role in signaling and cell function by controlling cAMP levels formed 

following stimulation of several neurotransmitter systems. Previous studies demonstrated 

that PDE4 expression and activity are regulated by cAMP levels. (R)-[ CJrolipram has 
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shown potential for measuring PDE4 expression and activity in in vivo studies (Lourenco 

et al., 2001). The use of (/?)-[' 'CJrolipram to measure PDE4 binding and as an indirect 

index of cAMP signaling with PET could provide insight into understanding several 

pathologies with altered cAMP levels, and their treatments. 

In the studies reported here, we have shown that treatments elevating cAMP 

levels increased (7?)-[HC]rolipram retention in PDE4-rich organs brain, heart and lung, 

presumably through stimulating PDE4 expression and/or phosphorylation since an 

increase in PDE4 specific binding was also detected. Elevations in synaptic monoamines 

following administration of the MAO inhibitor tranylcypromine increased (R)-

[ CJrolipram binding to PDE4 in rat brain and heart. These results support the increases 

in PDE4 protein detected by immunoblot analysis following repeated treatments with 

antidepressants, including phenelzine, an irreversible MAO inhibitor (Ye et al., 2000). 

In the brain, the noradrenergic system has been identified as one of the main 

neurotransmitter systems regulating PDE4 activity through stimulation of postsynaptic P-

adrenergic receptors (Whalin et al., 1989; Ye et al., 2000). Higher doses used in our 

studies elicited an increase in brain (R)-[l '(^rolipram retention following administration 

of DMI or maprotiline, proving the susceptibility of PDE4 enzymes to regulation by 

synaptic NA levels in the brain. In cardiac tissues, PDE4 isozymes are involved in the 

regulation of NA signaling through the Pi-AR and P2-AR which modulate cardiac 

contractility and overall function (Miiller et al., 1990; Kajimoto et al., 1997; Koch et al., 

2000; Xiang et al., 2005). Observed potentiation of PDE4 binding to (R)-[l 'CJrolipram in 

the heart by NAT inhibitors confirms the responsiveness of cardiac PDE4 enzymes to 

enhanced NA signaling. 
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5HT reuptake inhibition by the SSRIs dose-dependently increased (R)-

[ C]rolipram binding to PDE4 in the brain, lungs and heart. Fluoxetine increases 5HT 

levels by inhibiting reuptake, causing a stimulation of postsynaptic 5HT receptors. 5HT4, 

5HT6 and 5HT7 receptor subtypes are positively coupled to AC through the Gsa subunit 

(Ruat et al., 1993; Ruat et al., 1993; Torres et al., 1995), resulting in increased cAMP 

production with reported amplification of PDE4 expression in chronic studies (Takahashi 

et al., 1999; Ye et al., 2000). Increased brain retention of (R)-[ C]rolipram are in line 

with the findings of Miro et al. (2002) that PDE4 expression is upregulated rapidly with 

fluoxetine administration. Recently detected presence and functional involvement of 

5HT4 in cardiac tissues (Bach et al., 2001; Brattelid et al., 2004) suggest that the observed 

increase in (7?)-[nC]rolipram binding to PDE4 in the whole heart likely reflects the 

amplification of cAMP signaling through that receptor subtype. 

Stimulation of dopaminergic signaling did not affect (R)-[ CJrolipram binding to 

PDE4 in any of the organs studied. While SKF81297 did elicit a decrease in radioactivity, 

a corresponding decrease in blood activity levels was observed, indicating that 

diminished availability of tracer caused an artificially low retention value not likely due 

to function. Even though Di receptor is coupled to Gsa and its stimulation increases 

intracellular cAMP levels (Kebabian and Calne, 1979), modulation of cAMP signaling 

within the dopaminergic system following both enhanced synaptic DA or direct Di 

agonist stimulation did not affect (-/?)-[' 'C]rolipram binding in our study. Makhay et al. 

(2001) reported that Di agonist SKF38393 does not substitute for rolipram in 

discriminative stimulus effect, which points to a lack of involvement of PDE4 in Di-

mediated signaling pathway. The DA Di system was previously shown to be associated 
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with PDE1 rather than PDE4 enzymes (Polli and Kincaid, 1994; Mori et al., 2000). These 

findings differ from the observations of Harada et al., (2002) who have detected a dose-

dependent decrease in (^)-["C]rolipram specific binding in striatum and frontal cortex of 

conscious monkeys following treatment with a Di antagonist SCH23390. The same group 

also reported a dose-dependent increase of (7?)-[uC]rolipram binding in monkey stratum 

after methamphetamine treatment (Tsukada et al., 2001). Differences with the current 

study may relate to species differences. Thus, further work is required to clarify the role 

of PDE4 in DA-mediated signal transduction in vivo in various species. 

Stimulation of HA synthesis and release through H3 antagonism by thioperamide 

(Gomez-Ramirez et al., 2002) potentiated (i?)-[*'CJrolipram binding to PDE4 in the brain 

in a dose-dependent manner. Postsynaptic H2 receptors are known to be coupled to 

elevated AC activity (Lemos Legnazzi et al., 2000) and increase PDE4 activity 2- to 3-

fold in blood mononuclear white cells (Delgado et al., 2003) and neutrophils (Dasi et al., 

2000), explaining the increased radiotracer binding measured in our study. While 

radioactivity levels were significantly elevated in the heart following thioperamide 

injections, these increases were not blocked by (i?)-rolipram, suggesting that changes in 

total binding are due to factors affecting non-specific binding of (./?)-[' CJrolipram. 

Cardiac H3 receptors have been shown to behave as heterogenic receptors on presynaptic 

terminals, modulating release of NA in the heart (Levi and Smith, 2000). It was not 

possible to detect this interaction using (i?)-[uC]rolipram, as thioperamide treatment 

affected non-specific binding of the tracer in the periphery. 

Lung retention of (7?)-["C]rolipram exhibited a trend towards an increase 

following treatments affecting NA and 5HT signaling, but these changes did not reach 
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significance when blood is taken as a covariate. However, even though PDE4 subtypes 

are present in mammalian lungs, there is little potential to use (/?)-[''C]rolipram for lung 

imaging due to the low in vivo lung density (0.26 g/cm3) in comparison to heart and liver 

(1.05 g/cm3) in the chest area. 

In conclusion, our present study indicates that (R)-["C]rolipram binding to PDE4 

responds to acute treatments elevating synaptic NA, 5HT and HA, but not DA levels, 

demonstrating tracer selectivity for discrete functions. This work extends our prior 

characterization of (./?)-[''CJrolipram (Lourenco et al., 2001) and supports that it is a 

promising radioligand for non-invasive imaging of disorders with altered levels of those 

neurotransmitters. Work currently in progress is aimed towards analyzing the effects of 

various pharmacokinetic factors on (R)-[ C]rolipram retention. 
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Abstract 

Introduction: Phosphodiesterase-4 (PDE4) enzymes specifically break down the second 

messenger cAMP, thereby terminating the intracellular signaling cascade that plays an 

essential role in neurohormonal modulation of many physiological systems. PDE4 

activity and expression are regulated by cAMP levels, suggesting that measurement of 

PDE4 provides an index of intracellular cAMP signaling. 

Methods: Male Sprague-Dawley rats were administered (R)- or the less active 

enantiomer (S)-["CJrolipram and sacrificed 30 min later with tracer retention measured 

in various tissues. Co-injections with saturating doses of unlabeled (7?)-rolipram, (5)-

rolipram and Ro 20-1724, as well as subtype-selective PDE inhibitors vinpocetine, Bay 

60-7550, cilostazol and zaprinast were used to establish binding selectivity for PDE4 

over PDE1, PDE2, PDE3 and PDE5 subtypes, respectively. Autoradiography was 

performed to substantiate results of biodistribution studies in the myocardium. 

Results: In vivo (./?)-[' 'CJrolipram retention was dose-dependently reduced by co-

injections of (i?)-rolipram and (5)-rolipram (ED50 values of 0.03 mg/kg and 0.2 mg/kg, 

respectively). Vinpocetine, Bay 60-7550, cilostazol and zaprinast had no effect on (R)-

["CJrolipram binding, while (7?)-rolipram and Ro 20-1724 reduced the tracer uptake to 

non-specific levels in PDE4-rich tissues. 

Conclusions: In addition to brain, (7?)-["CJrolipram binds selectively to PDE4 across all 

cardiac regions, skeletal muscle, lungs and pancreas, but not in the adipose tissues. In 

vivo findings were confirmed by in vitro autoradiography studies, suggesting that (R)-

[ CJrolipram can be applied to evaluate alterations in central and peripheral PDE4 levels 

and cAMP-mediated signaling. 
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1. Introduction 

Cyclic 3',5'-adenosine monophosphate (cAMP) second messenger is an important 

component of signaling cascades initiated by a number of neurohumoral pathways 

modulating cardiac (Movsesian, 1998) and metabolic functions (Robidoux et al., 2004). 

Alterations in cAMP-mediated signaling have been reported in various disorders 

affecting a number of physiological systems, including asthma (Torphy, 1998), heart 

failure (Takahashi et al., 2002), dementia and depression (Wachtel, 1990). 

Phosphodiesterase-4 (PDE4) is one of the main enzymes that specifically 

hydrolyse cAMP (Vmax=0.3-ll umol/(min/mg), Km=2-S uM) (Hughes et al., 1997), 

thereby terminating the intracellular signaling following stimulation of the Gsa subunit of 

various G protein-coupled receptors including P-adrenergic (P-AR), adenosine A2 and 

histamine H2 receptors (Movsesian, 1998; Torphy, 1998; Lourenco et al., 2006). PDE4 

enzymes are distributed throughout the body, being present in all major organs (Engels et 

al., 1994; Hughes et al., 1997; Lourenco et al., 2001), with the greatest concentrations 

expressed in the brain (Schneider et al., 1986; Lourenco et al., 2001). High concentrations 

of PDE4 are also contained in the lungs, heart (Engels et al., 1994; Takahashi et al., 2002; 

Lourenco et al., 2006) and skeletal muscle (Enoksson et al., 1998). The pancreas is 

reported to express PDE4 enzymes (Hughes et al., 1997; Pyne and Furman, 2003), as do 

types of cells in the immune system (Torphy, 1998); however, platelets and red blood 

cells are devoid of PDE4 activity (Maurice et al., 2003). PDE4 has been shown to be 

expressed in white and brown adipose tissues (WAT and BAT), but to a much lesser 

extent than PDE3 (Nagaoka et al., 1998; Coudray et al., 1999). The four distinct PDE4 

genes, PDE4A, B, C and D, are widely expressed in the human brain and skeletal muscle, 
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whereas PDE4C is absent in the remainder of the above-mentioned tissues (Hughes et al., 

1997; Houslay et al., 1998). PDE4 activity and density are regulated acutely by 

intracellular cAMP levels via phosphorylation by protein kinase A (PKA) and 

extracellular signal-related kinase (short-term) (Laliberte et al., 2002), as well as by de 

novo protein synthesis following prolonged elevation in cAMP levels (long-term) (Engels 

et al., 1994; Manning et al., 1996; Houslay et al., 1998; Torphy, 1998). 

The more active enantiomer of the widely used selective PDE4 inhibitor rolipram 

((7?)-4-(3-cyclopentyloxy-4-methoxyphenyl)-2-pyrrolidinone) binds reversibly and 

stereospecifically with high affinity (K^l-5 nM) to all subtypes of the Mg2+-induced 

PDE4 conformation, which is the active holoenzyme complex (Houslay et al., 1998; 

Laliberte et al., 2000; Laliberte et al., 2002). The less active enantiomer (S)-rolipram 

binds to PDE4 with 10- to 30-fold lower affinity (Schneider et al., 1986; Hughes et al., 

1997; Laliberte et al., 2000; Laliberte et al., 2002). From in vitro studies, binding of 

rolipram to PDE4 has been reported to occur at two sites, called the high- and low-

affinity rolipram binding site (HARBS and LARBS, respectively) (Jacobitz et al., 1996; 

Souness and Rao, 1997). 

Both enantiomers of rolipram have been radiolabeled in our laboratory with C-l 1 

and tested for potential use in positron emission tomography (PET) imaging of brain 

disorders (DaSilva et al., 1997; Lourenco et al., 1999; DaSilva et al., 2001; Lourenco et 

al., 2001). The most active stereoisomer (i?)-[MC]rolipram has already found wide 

application in imaging brain cAMP signaling in rats (Fujita et al., 2005; Lourenco et al., 

2006), monkeys (Tsukada et al., 2001; Harada et al., 2002; Tsukada et al., 2004), pigs 

(Parker et al., 2005) and humans (DaSilva et al., 2002). Due to their function in the 
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regulation of cardiac contraction, lipolysis and thermogenesis (conversion of food-

derived energy into heat) (Nagaoka et al., 1998; Coudray et al., 1999; Collins and Surwit, 

2001; Robidoux et al., 2004), the cAMP-specific PDE4 enzymes also present great 

interest for PET imaging in the periphery. (R)-[ CjRolipram and PET imaging would 

allow serial assessment of PDE4 and yield insight into the mechanisms underlying 

disorders such as heart failure, obesity and diabetes. This paper presents studies exploring 

in vivo binding selectivity of (R)-[l C]rolipram in peripheral organs, with the goal of 

establishing its potential for use in evaluation of PDE4 regulation in myocardial and 

metabolic disorders. 

2. Materials and methods 

2.1. Materials 

(R)- and (S)-[uC]rolipram were synthesized as previously described (DaSilva et 

al., 1997; DaSilva et al., 2001) with high radiochemical purity (>95%) and specific 

activity (10.7-58.5 GBq/umol; 290-1580 mCi/umol) at the time of first injection. All 

drugs were purchased from Sigma-Aldrich (Canada), except for Bay 60-7550, which was 

purchased from Axxora (San Diego, CA), and (/?)-rolipram from Tocris (Ellisville, MI). 

Unlabeled (R)- and (5)-rolipram, as well as Bay 60-7550, Ro 20-1724 and vinpocetine, 

were dissolved in ethanol/propylene glycol/0.9% saline 5/20/75 (v/v/v), while cilostazol 

and zaprinast were dissolved in 0.9% saline/DMSO 2/1 (v/v). 

2.2. Animals 
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Male Sprague-Dawley rats (Charles River, Montreal, Canada) weighing 200-275 

g were maintained on a 12-h light/dark cycle with free access to food and water. All 

animal experiments described herein were conducted according to the guidelines of the 

University of Ottawa Animal Care Committee and the Canadian Council on Animal Care 

for the use and care of laboratory animals. Competition studies were carried out as 

previously described for (R)- and (5)-[uC]rolipram (Lourenco et al., 1999). 

Briefly, nonanesthetized rats were killed by decapitation 30 min after injection of 

18.5-59.2 MBq (0.5-1.6 mCi) of radiotracer (0.37-1.29 ug of cold mass injected). A 

blood sample was collected from the trunk into a heparinized tube and tissues quickly 

removed. The heart was dissected into right and left atria, right and left ventricle and 

septum. A sample of the skeletal muscle (quadriceps), lung, liver, intrascapular BAT, 

abdominal WAT, pancreas, as well as the entire brain, was also removed. All tissues were 

washed in saline, blotted and counted (decay-corrected) in a gamma-counter along with 

aliquots of injected solution as standards and then weighed. Radioactivity retained is 

expressed as percent of injected dose per gram (%ID/g) of tissue. 

2.3. Evaluation of PDE subtype binding selectivity 

To evaluate the susceptibility of (i?)-[uC]rolipram to blocking by unlabelled 

rolipram stereoisomers, (^?)-rolipram (0.001-1 mg/kg) and (5)-rolipram (0.01-3 mg/kg) 

were co-injected with the radiotracer via the tail vein. The binding selectivity of (R)-

[MC]rolipram was evaluated by administration of high pharmacologic doses of unlabelled 

inhibitors of PDE subtypes; unlabeled (R)- and (^-rolipram (1 and 3 mg/kg, co-injected 

iv, respectively), Ro 20-1724 (30 mg/kg, co-injected iv) (Kant et al., 1980), vinpocetine 
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(10 mg/kg ip, 15 min prior to tracer injection) (Sauer et al., 1988), Bay 60-7550 (3 

mg/kg, co-injected iv) (Boess et al., 2004), cilostazol (10 mg/kg, co-injected iv) (Hotta et 

al., 1998) and zaprinast (10 mg/kg, co-injected iv) (Ng and Pang, 1998). (5)-

[nC]Rolipram was co-injected with Ro 20-1724 (30 mg/kg, iv), (i?)-rolipram (1 mg/kg, 

iv) and (£)-rolipram (1, 3 and 10 mg/kg, iv). Control rats were administered vehicle 

solutions. The animals were sacrificed and the tissue concentration of radioactivity 

determined as described above. 

2.4. In vitro autoradiography studies 

Autoradiography studies were carried out with (R)- and (S)-[ 'Cjrolipram using 

methods adapted from Strome et al. (Strome et al., 2005). Briefly, short axis heart slices 

of 20 urn thickness were cut with a Leica cryostat (CM3050S, Leica Microsystems) at -

18°C, thaw-mounted onto glass slides (three slices per slide) and kept at -80°C until the 

day of the experiment. Slides were pre-washed in incubation buffer (50 mM Tris-HCl, 

120 mM NaCl, 5 mM KC1, 2 mM CaCl2, 1 mM MgCl2), incubated with 5 nM of (R)- or 

(S)-[ CJrolipram for 45 min, washed three times for 1 min in cold (4°C) incubation 

buffer, dipped in saline and dried. A standard curve for storage imaging was obtained by 

placing 5-ul droplets of serial dilutions of the incubation buffer onto a thin-layer 

chromatography (TLC) plate (silica, Whatman). Three slides per PDE inhibitor were 

incubated with radiotracer in the presence of 10 uM vinpocetine, Bay 60-7550, cilostazol, 

zaprinast, Ro 20-1724 or racemic (Z?AS)-rolipram in 50 ml staining dishes. Dried slides 

and the TLC plate were exposed to the multisensitive storage phosphorus screen (Kodak 

Screen-K, BioRad) for 2 h in a light-impermeable cassette. The phosphor screen was 
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removed under dim lighting and scanned using a BioRad Personal Molecular FX Imager 

at 50-um resolution. Analysis was performed using Quantity One software (BioRad, 

Philadelphia), producing a measure of total counts within a 5-mm region drawn on the 

left ventricle, corrected for background signal. This value was correlated to activity, 

using a standard curve obtained from standards run within the same experiment, to obtain 

the radiotracer retention in Becquerel per cubic centimeter. Dividing this amount by the 

specific activity at the beginning of incubation resulted in a measure of protein binding, 

expressed in picomole per cubic centimeter. This procedure was repeated with another 

formulation of each tracer. 

2.5. Statistical Analysis 

All data are expressed as means of %ID/g ± S.D. Statistical analysis was carried 

out using one-way ANOVA followed by Bonferroni's post hoc comparison test. To 

account for any pharmacokinetic effects that the pharmacological treatments may exert 

on radiotracer distribution, additional statistical analysis was performed using a 

multivariate general linear model with blood as a covariate (mean comparison with 

Bonferroni confidence interval adjustment to obtain comparison between treatments). All 

analyses were performed using SPSS 14.0 statistical analysis software. Since no 

statistically significant difference was found in the tissue retention of radioactivity 

between rats pretreated with saline and other vehicles, the data from all vehicle-treated 

rats were pooled (n=\2) and used in the statistical calculations. In statistical test used, 

differences with a P value <.05 were considered statistically significant. 
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3. Results 

3.1. (R)-[ C]Rolipram in vivo binding selectivity studies 

Co-injections of (7?)-rolipram dose-dependently blocked (7?)-[nC]rolipram 

retention in the brain, skeletal muscle, lungs (Figure 3-1 A) and all cardiac regions (Figure 

3-1B). Since cardiac uptake was uniform across all cardiac compartments (Figure 3-1B), 

for clarity and simplicity of expressing these data, the left ventricle is presented in 

following figures as the representative heart region. At a saturating dose of unlabeled (R)-

rolipram (1 mg/kg iv), radiotracer retention was blocked by 81% in the brain and -30% 

in heart regions (Table 3-1). (5)-Rolipram co-injections also dose-dependently reduced 

(R)-[ C]rolipram uptake in the rat brain, myocardium, skeletal muscle and lungs (Figure 

3-2; 69% reduction in the brain, 34% in the heart; Table 3-1). Both (R)- and (S)-rolipram 

co-injections reduced (^)-[nC]rolipram retention to the same nonspecific levels, with the 

less active (S)- enantiomer needing a higher dose to elicit an equivalent effect. The ED50 

values in the brain and heart were determined to be 0.03 mg/kg for (i?)-rolipram and 0.2 

mg/kg for (5)-rolipram (Table 3-1). 

Distribution of (/?)-[''CJrolipram was significantly reduced by co-injection with 

saturating doses of the selective PDE4 inhibitors Ro 20-1724 and (7?)-rolipram in the 

brain, cardiac tissues, skeletal muscle, lungs and pancreas (Figure 3-3), whereas no effect 

was observed following treatments with high pharmacologic doses of vinpocetine, Bay 

60-7550, cilostazol or zaprinast (selective PDE1, PDE2, PDE3 and PDE5 inhibitors, 

respectively; Figure 3-3). (5)-[uC]Rolipram retention in tissues studied was not 

susceptible to blocking by the PDE4 inhibitors, including a high dose of (S^-rolipram (10 

mg/kg) (Figure 3-4). 
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Figure 3-1: Effect of co-injection of (7?)-rolipram (0.001-1 mg/kg iv) with (R)-
[nC]rolipram on radioactivity uptake in rat brain, skeletal muscle, lungs, 
liver, blood (A) and cardiac tissues (B). Nonanesthetized animals were 
sacrificed 30 min following radiotracer injection (18.5-59.2 MBq). Data 
are presented as mean %ID/g of tissue ±S.D. P<.05 one-way ANOVA 
compared to controls with Bonferonni post hoc; +P<.05 compared to 
controls with the general linear model, using blood as a covariate. 
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• Controls (n=12) 
D(S)-rolipram 0.01 mg/kg co-in]ected (n=4) 
o(S)-rolipram 0.05 mg/kg co-injecled (n=8) 
o(S)-rolipram 0.1 mg'kg co-in|ected (n-12) 
a (S)-rolipram 0.2 mg/kg co-in|ected (n=4) 
a (S)-rolipram 0.5 mg/kg co-injected (n=12) 
a(S)-rolipram 1 mg/kg co-ir\|ected (n=4) •-
• (S)-rolipram 3 mg/kg co-injected (n-4) 

Ventricle Muscle 

Figure 3-2: Effect of co-injection of (S)-rolipram (0.01-3 mg/kg iv) with (R)-
[uC]rolipram on radioactivity uptake in rat brain and peripheral tissues. 
Nonanesthetized animals were sacrificed 30 min following radiotracer 
injection (18.5-59.2 MBq). Data are presented as mean %ID/g of 
tissue±S.D. P<.05 one-way ANOVA compared to controls with 
Bonferonni post hoc; +P<.05 compared to controls with the general linear 
model, using blood as a covariate. 
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• Controls (n= 12) 
B Vinpocetine 10 mgkg i.p 15 mm pnor (n=8) 
a Bay 60-7550 1 mg'kg co-in|ected (n=4) 
• Cilostazol 3 mg/kg co-injected (n=7) 
aZapnnast 10 mg'kg i.p.. coinjected (n=8) 
D Ro 20-1724 30 mg'kg co-injected (n-7) 
• (R)-rdipram 1 mg.'kg co-injected (n-18) 

Brain Left Skeletal Lung Liver BAT WAT Pancreas Blood 
Ventricle Muscle 

Figure 3-3: Effect of co-administration of (./?)-[''Cjrolipram with PDE inhibitors 
vinpocetine (PDEl), Bay 60-7550 (PDE2), cilostazol (PDE3), zaprinast 
(PDE5), Ro 20-1724 (PDE4) and (R)-rolipram (PDE4) on (/?)-
[ Cjrolipram uptake in rat tissues. Nonanesthetized animals were 
sacrificed 30 min following radiotracer injection (18.5-59.2 MBq). Data 
are presented as mean %ID/g of tissue ±S.D. P<.05 one-way ANOVA 
compared to controls with Bonferonni post hoc; +P<.05 compared to 
controls with the general linear model, using blood as a covariate. 
BAT=brown adipose tissue, WAT=white adipose tissue. For BAT, WAT 
and pancreas, n=4, for all other tissues, as depicted in the legend. 
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• Controls (n=9) 
0R0 20-1724 30 mg/kg competed (n=4) 
a(R)-rolipram 1 mg/kg connected (n=4) 
• (S)-rolipram 1 mg/kg comjected (n=3) 
e(S)-rolipram 3 mg/kg comjected (n=6) 
o(S)-rolipram 10 mg/kg comiocted (n=4) 
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Figure 3-4: Effect of co-injection of (5)-[uC]rolipram (18.5-59.2 MBq) with PDE4 
inhibitors Ro 20-1724, (7?)-rolipram and (S)-rolipram on radioactivity 
uptake in rats. Nonanesthetized animals were sacrificed 30 min following 
radiotracer injection. Data are presented as mean %ID/g of tissue ±S.D. 

86 



Miran Kenk In vivo assessment of PDE4 with (R)-[ CJrolipram 

Table 3-1: Blocking of (/?)-[''CJrolipram retention in brain and left ventricle with 
unlabeled (Z?)-rolipram (1 mg/kg co-injected iv) and (^-rolipram (3 mg/kg co-injected 
iv). 

(7?)-Rolipram 
Brain 
Left ventricle 

(5)-Rolipram 
Brain 
Left ventricle 

Control 
(%ID/g) 

0.60 
0.38 

0.60 
0.38 

Blocked 
(%ID/g) 

0.11 
0.27 

0.19 
0.25 

Blocking 
(% 

81 
30 

69 
34 

reduction) 
ED50 
(mg/kg) 

0.03 
0.03 

0.2 
0.2 

Data are expressed as % change compared to (/?)-["CJrolipram injection alone (% 
change=((radiotracer uptake with blocker-radiotracer uptake alone)/radiotracer uptake 
alone)* 100). 
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3.2. Autoradiography studies 

Retention of (i?)-["C]rolipram was significantly blocked by 58 and 65% when 

cardiac tissues were incubated in the presence of PDE4 inhibitors (i?/S)-rolipram and Ro 

20-1724, respectively, while vinpocetine, Bay 60-7550, cilostazol and zaprinast had no 

significant effect (Figure 3-5). (S)-[ 'CjRolipram retention to cardiac slices showed no 

significant decreases when incubated with the PDE inhibitors (data not shown). 

4. Discussion 

Previous studies have shown the potential for using (R)-[ CJrolipram as a 

radiotracer in the evaluation of the cAMP-mediated signaling in the brain (Lourenco et 

al., 1999; Lourenco et al., 2001; Tsukada et al., 2001; Harada et al., 2002; Tsukada et al., 

2004; Fujita et al., 2005; Parker et al., 2005; Lourenco et al., 2006). Work performed to 

date has established binding selectivity of (/?)-[''CJrolipram for PDE4 over PDE1 in the 

brain and established the presence of specific binding in rat brain, lungs and the whole 

heart (Lourenco et al., 2001), with retention levels responding to treatments altering 

cAMP signaling (Lourenco et al., 2006). Imaging of intracellular second messenger 

components of post-receptor signal transduction has been proposed as a new direction for 

brain (Fujita and Innis, 2000) and cardiac (Chen et al., 2005) PET imaging, since 

alterations in signal-transduction cascades have been observed in neuropsychiatric and 

myocardial disorders. Current work was aimed to evaluate and establish the potential for 

using (R)-[l'CJrolipram as an in vivo marker of PDE4 binding in various PDE4-rich 

organs in the periphery. 

88 



Miran Kenk In vivo assessment of PDE4 with (R)-[l 'C]rolipram 

Figure 3-5 Myocardial protein binding, as evaluated using autoradiography studies 
Cardiac slices were incubated with 5 nM (/?)-['1C]rolipram with or 
without 10 uM inhibitors of PDEl (vinpocetine), PDE2 (Bay 60-7550), 
PDE3 (cilostazol), PDE4 (Cff/S>rolipram, Ro 20-1724) or PDE5 
(zaprinast). P<.05 one-way ANOVA compared to controls with 
Bonferonni post hoc. 
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Sympathetic nervous system control of cardiac contractility and heart rate occurs 

through modulation of NA signaling through P-AR present on cardiomyocytes. pV and 

P2-AR coexist in the myocardium where they are positively coupled to Gsct and activate 

adenylyl cyclase following agonist binding, producing cAMP (Movsesian, 1998). While 

PDE3 and PDE4 isozymes represent the major cAMP-hydrolyzing activities in cardiac 

ventricular nuclei (Maurice et al., 2003; Lugnier, 2006), the presence of PDE1, PDE2, 

PDE5, PDE7 and PDE9 enzymes has also been observed in the heart (Lugnier et al., 

1999). Increasing cAMP levels by PDE4 inhibition using Ro 20-1724 was reported to 

improve cardiac contractility and heart rate (Herzer et al., 1998), while treatment with 

rolipram enhanced isoproterenol-induced cAMP accumulation in the rat myocardium 

(Xiang et al., 2005). 

Alterations in NA signaling and downstream cAMP-mediated signal transduction 

have been reported in animal models of obesity, with an associated impairment in NA-

stimulated lipolysis and fhermogenesis (Levin et al., 1983; Collins and Surwit, 2001). 

Increased NA and cAMP levels with corresponding down-regulation of P3-AR were 

reported in obese rodent BAT (Bronnikov et al., 1999; Robidoux et al, 2004). 

Additionally, PDE4 has been found to be a major cAMP-catalyzing enzyme in the 

skeletal muscle of mice (Bloom, 2002), with suggested influence on thermogenesis. In 

combination with the involvement of PDE4 isozymes in modulation of lipolysis in 

adipocytes (Enoksson et al., 1998), PDE4 regulation of cAMP may thus play an 

important role in pathologies involving energy homeostasis, such as diabetes and 

metabolic syndrome. In fact, PDE4 was reported to modulate glucose-induced insulin 
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release through PKA signaling in the pancreatic islets (Renstrom et al., 1997; Pyne and 

Furman, 2003). Imaging of (/?)-[''CJrolipram as an index of PDE4 binding and cAMP 

signaling may thus be beneficial to understanding and treating diabetes and other 

metabolic conditions. 

The 30-min time point was selected for the biodistribution studies presented here 

on the basis of previously published time-course experiments (Lourenco et al., 2001), 

which displayed a good tissue/blood signal ratios at this sacrifice time. The observed 

dose-dependent blockade of (i?)-[uC]rolipram retention in the brain, cardiac tissue and 

lungs by (R)- and (5)-rolipram confirms our previous observations (Lourenco et al., 

2001), and indicates that specific binding to PDE4 is present in peripheral tissues in 

addition to the brain. Higher doses of (-^-rolipram were required to block (R)-

[nC]rolipram binding to PDE4 (ED50 of 0.03 and 0.2 mg/kg for (R)- and (S)-rolipram, 

respectively), in accordance with the lower affinity of the (S)- enantiomer for the enzyme 

in vitro (~10x lower) (Schneider et al., 1986). As expected, high doses of inhibitors of 

PDE1, PDE2, PDE3 and cGMP-specific PDE5 exhibited no effect on (R)-[]'C]rolipram 

binding. These results were confirmed by in vitro autoradiography studies in myocardial 

tissues. This observation is in line with previous studies reporting rolipram to bind 

selectively to PDE4 (Schneider et al, 1986; Lourenco et al., 2001). Selectivity of (R)-

[nC]rolipram for PDE4 over other PDE subtypes was also observed in the skeletal 

muscle, pancreas and lung, with radioactivity retention in those tissues displaying 

susceptibility to blocking by treatments with PDE4 inhibitors only. Selective inhibitors of 

PDE7 and PDE9 were not tested despite their presence in the heart as insensitivity of 
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PDE7 to rolipram has been well established (Gardner et al., 2000; Lugnier, 2006), and 

PDE9 is being expressed at low concentrations in the heart (Maurice et al., 2003). 

Even though in vitro investigations have implicated PDE2, PDE3 and PDE4 in 

metabolic regulation in WAT and BAT (Nagaoka et al., 1998; Coudray et al., 1999), 

PDE4 activity in these tissues is reportedly low (~l-9 pmol/[min/mg]), with PDE3 being 

a major contributor to cAMP hydrolysis (five and four times higher than PDE4 in WAT 

and BAT, respectively) (Nagaoka et al., 1998). The inability to detect in vivo PDE4-

specific binding in adipose tissues with (./?)-[''Cjrolipram may be attributed to both the 

low PDE4 density in adipose tissues and specific activity of the tracer that is too low to 

allow study of these sites without saturation. 

While (i?)-[nC]rolipram binding in the lungs was shown in this study to be 

specific for PDE4, any imaging applications of the tracer in this tissue would be made 

difficult by the low density of the tissue (0.26 g/cm3 for lungs, compared to 1.05 g/cm in 

the heart). High retention of (i?)-["C]rolipram observed with uptake expressed per gram 

of tissue would not translate to a high signal contrast between the lung uptake and 

surrounding tissue in a volumetric expression (activity/cubic millimeter of tissue) 

relevant to PET imaging (Muzik et al., 1993). 

Rolipram binds to PDE4 enzymes at two distinct sites (HARBS and LARBS; 

Kd=~0J and 40 nM, respectively) (Schneider et al., 1986; Jacobitz et al., 1996; Souness 

and Rao, 1997). Central (i?)-rolipram binding to HARBS (IC50=~2-5 nM) was reported 

to correlate with behavioural effects (Schmiechen et al., 1990). While it has been argued 

that HARBS are only present in the brain and not in the periphery (Schneider et al., 1986; 

Zhao et al., 2003), specific binding of (•/?)-["Cjrolipram obtained in this study as well as 
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in our previously published findings (Lourenco et al., 2001; Lourenco et al., 2006) 

indicates the presence of saturable HARBS in cardiac tissues, skeletal muscle, lungs and 

pancreas. ED5o values of 0.03 mg/kg obtained in our study for inhibition of tracer binding 

by unlabelled (7?)-rolipram in vivo in the cardiac tissues indicate that at tracer doses it is 

unlikely that the observed specific binding of (/?)-[''CJrolipram reflects retention at the 

LARBS. Since the active form of PDE4, which exhibits high affinity binding to rolipram 

and accounts for HARBS binding, is dependent on the presence of Mg cations at the 

catalytic site (Laliberte et al., 2000; Xu et al., 2000; Liu et al., 2001), conditions in the 

physiological milieu are likely to favor the active holoenzyme conformation of the PDE4 

enzyme. It is thus likely that the in vivo conditions in our experiments preserve the 

HARBS in the periphery, accounting for the discrepancy with the previously published in 

vitro results. 

Overall, lower levels of PDE4-specific binding were observed in the peripheral 

tissues (30—40% of total binding) in comparison to the brain (-80%). This may reflect 

higher PDE4 levels in the brain, higher levels of nonspecific binding, or the presence of 

radiolabeled metabolites of (</?)-[''CJrolipram in the periphery. Further studies are 

currently being performed to analyze the presence of radiolabeled metabolites in 

peripheral tissues. In contrast to the observations in the brain (Lourenco et al., 2001), use 

of (5)-[nC]rolipram may be suitable for measuring (i?)-["C]rolipram nonspecific binding 

in the periphery, as very little specific binding was observed with the less active 

enantiomer at the specific activities used in this study. Work is currently in progress by 

our group using large animals, addressing the pharmacokinetic issues and the potential 

use of less active enantiomer in tracer kinetic modeling and imaging. 
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In conclusion, our present study indicates that (•/?)-[''C]rolipram, unlike the (S)-

enantiomer, binds selectively to PDE4 in the brain, myocardium, lungs, skeletal muscle 

and pancreas, but not in the BAT and WAT. Involvement of PDE4 enzymes in post­

synaptic regulation of cAMP signaling in a number of receptor signal transduction 

cascades provides a rationale for applications of (./?)-[''C]rolipram in evaluating changes 

in intracellular cAMP signaling. Observations presented here expand on previous work 

that established the potential for use of (•/?)-[''C]rolipram as a PET tracer in the brain, 

opening up possible applications for this radiotracer in PET imaging of PDE4 and cAMP 

signaling in cardiac and metabolic disorders. 
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Abstract 

Introduction: To complement recent studies using the high-affinity nC-labeled 

phosphodiesterase-4 (PDE4) inhibitor (i?)-rolipram and the less active enantiomer (S)-

["CJrolipram for in vivo quantification of PDE4 levels, we evaluated the presence of 

radiolabeled metabolites and their potential binding to PDE4 in the rat plasma, brain, 

heart, pancreas, skeletal muscle and brown adipose tissue. 

Methods: A reverse-phase capture and analytical HPLC column-switch method was used 

to detect (7?)-[nC]rolipram, (5)-[uC]rolipram and their radiolabeled metabolites in rat 

plasma and tissue extracts. The relative proportion of PDE4-specific binding of the 

radiotracers and their labeled metabolites was analyzed following co-injections with a 

saturating dose of unlabeled (Z?)-rolipram at 45 min post-tracer injection in tissue 

extracts. 

Results: Radiolabeled metabolites were found in the plasma (72-75% of total radioactive 

signal), and in the heart, skeletal muscle, pancreas and brown adipose tissue (44-52%), 

but not in the brain. In comparison to polar labeled metabolites, the proportion of 

unchanged (./?)-[''Cjrolipram was reduced in PDE4-rich organs by co-injection of 

unlabeled 0/?)-rolipram. Conversely, no changes were obtained in brown adipose tissue, 

or with (5)-[nC]rolipram, suggesting that radiolabeled metabolites of (i?)-[uC]rolipram 

display no specific binding to PDE4. 

Conclusions: Radiolabeled hydrophilic metabolites are unlikely to compete with (R)-

["Cjrolipram for PDE4-specific retention. However, due to the high proportion of the 

radioactive metabolites in the total radioactive signal, any kinetic modeling calculations 
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in the peripheral tissues will need to take into account the presence of labeled 

metabolites. 

© 2008 Elsevier Inc. All rights reserved. 

Keywords: nC-Labeled metabolites; HPLC; Imaging cAMP-mediated signaling; PDE4; 

Positron emission tomography 
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1. Introduction 

Cyclic 3',5'-adenosine monophosphate (cAMP)-mediated signal transduction is 

initiated following agonist binding on a number of G protein-coupled receptors. This 

second messenger is produced following activation of adenylyl cyclase by the stimulatory 

subunit of the G protein (Gsa), and hydrolyzed by the phosphodiesterase (PDE) 

superfamily of enzymes, comprising at least 11 different families. Enzymes of the PDE4 

subfamily (PDE4A-D) are selective for cAMP and are characterized by susceptibility to 

inhibition by rolipram (Houslay, 2001). Density and activity of the PDE4 enzymes are 

regulated by intracellular cAMP levels through increased protein expression (long-term) 

(Houslay, 2001) and increased phosphorylation by protein kinase A or extracellular 

signal-regulated kinase (Laliberte et al., 2002). PDE4 is expressed in the brain, heart, 

lungs, skeletal muscle, pancreas and, to a lower extent, in the white and brown adipose 

tissues (Wachtel, 1990; Nagaoka et al., 1998; Torphy, 1998; Pyne and Furman, 2003). 

Modulation of the enzyme has been associated with affective disorders and memory in 

the brain (Wachtel, 1990), as well as in the inflammatory mechanisms of asthma (Torphy, 

1998). Cardiac PDE4 plays a role in regulating myocardial contractility (Takahashi et al., 

2002), while PDE4 in the skeletal muscle, adipose tissues and the pancreas regulates 

metabolic processes, including thermogenesis and glucose homeostasis (Nagaoka et al., 

1998; Pyne and Furman, 2003). 

Rolipram binding to PDE4 is stereospecific and reversible, with (i?)-rolipram 

exhibiting high affinity (Kd 1-5 nM) and the (5)-rolipram enantiomer 10- to 30-fold lower 

affinity (Schneider et al., 1986). We have recently reported that " C-labeled (i?)-rolipram 

in tracer doses binds to PDE4 selectively in PDE4-rich organs such as the brain, heart, 
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lungs, skeletal muscle and pancreas, but not in the adipose tissues (Kenk et al., 2007). 

Conversely, (S)-[nC]rolipram displayed no PDE4-specific binding. The lower levels of 

PDE4-specific binding observed in rat PDE4-rich peripheral tissues (30-40% of total 

binding at 30 min postinjection and - 4 1 % at 45 min) compared to the brain (80% at both 

time points) (Lourenco et al., 2001; Kenk et al., 2007) may reflect higher PDE4 

expression in the brain, higher nonspecific binding and/or the presence of radiolabeled 

metabolites, in the periphery. Prior to using (./?)-[''Cjrolipram to measure PDE4 levels 

noninvasively by positron emission tomography (PET), it is important to ascertain the 

presence and proportion of "C-labeled metabolites in the tissues of interest for kinetic 

modeling calculations in quantitative studies. At least six labeled metabolites were 

separated by HPLC in rat plasma following administration of 3H-labeled racemic 

rolipram (Krause and Kiihne, 1992). 

The purpose of this study was to evaluate the proportion of unchanged (R)-

[nC]rolipram, (5)-[uC]rolipram and their "C-labeled metabolites (if any) in plasma and 

tissues of interest, using a sensitive column-switch HPLC method. Additionally, this 

procedure was applied to determine the relative proportion of PDE4-specific binding of 

unchanged radiotracers in comparison to the total radioactivity following co-injections of 

a saturating dose of unlabeled (i?)-rolipram. 

2. Materials and Methods 

2.1. Chemicals 

Acetonitrile, methanol, urea and ammonium formate were purchased from Sigma 

(Sigma-Aldrich, Canada). Unlabeled (^-rolipram (Tocris Bioscience, Missouri) was 
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dissolved in 5/20/75 ethanol/propylene glycol/saline (v/v/v). (R)-[l'C]Rolipram and (5)-

[nC]rolipram were synthesized as previously described (DaSilva et al., 2001) with high 

radiochemical purity and specific activity (12.6-40.2 GBq/ umol; 341-1489 mCi/umol at 

the time of injection in animals). 

2.2. In vivo metabolism studies 

All experiments were conducted in accordance with the recommendations of the 

Canadian Council on Animal Care and with approval from the Animal Care Committee 

at the University of Ottawa. Male Sprague-Dawley rats («=28 total; Charles River, 

Montreal, Canada) were housed in groups of two and maintained on a 12-h light/dark 

cycle, with free access to food and water. Rats weighed 250-500 g at the time of the 

experiment. For injections via a tail vein, rats were immobilized in a rodent restrainer 

(Harvard Apparatus, Canada) and the tail warmed under a heat lamp for vasodilation. In 

each experiment, all animals received 0.8-12.0 mCi (29.6^44 MBq) of (R)-

[ C]rolipram or (S)-[ CJrolipram in 0.2-0.3 mL of the formulation, corresponding to a 

mass dose of 0.2-7.8 ug. Rats were sacrificed at either 30 or 45 min following radiotracer 

administration by decapitation, with blood collected from the trunk. Heart, brain and 

samples of quadriceps skeletal muscle, brown adipose tissue and pancreas were rapidly 

dissected and placed on ice (n=3 for each tissue). 

2.3. Ex vivo sample preparation 

Plasma samples for HPLC analysis were prepared following blood centrifugation 

(3000xg, 5 min). Dissected tissue samples were homogenized in 10 mL 80/20 
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EtOH/water (v/v) using a Polytron homogenizer (PT 1200, Kinematica AG, Lutzen), then 

centrifuged (82000xg) for 15 min. Supernatant was collected and evaporated, then 

redissolved in CH3CN (200 uL) and 1 mL 1/99 CH3CN/water (v/v). Plasma and tissue 

solutions were filtered through 0.22 urn Cathivex-GS (Millipore, Ireland) syringe filters 

and injected onto the HPLC system. 

2.4. Chromatography conditions and analyses 

A modification of the HPLC column-switch method developed by Hilton et al. 

(Hilton et al., 2000) (see Scheme 1 from Hilton et al. for illustration) was used to quantify 

tissue and plasma metabolites. Eluted solvents were analyzed by two detectors in series: a 

UV absorbance detector (Waters 486) and a dual bismuth germanium oxide (BGO) 

HPLC coincidence radiation detector (Bioscan), linked to a chromatography data 

integration system (PeakSimple with attached PC running PeakSimple data analysis 

software, version 3.29). Eluted radioactivity levels were recorded in real time, with 

detected peaks integrated and subsequently corrected for radioactive decay and noise. It 

is important to note that radioactivity detection was not saturated, allowing proper 

analysis of the proportion of each peak relative to each other. Columns used in the 

analysis were Column 1: a capture column made from a refillable guard column (Alltech 

In-Line capture column, 2><20 mm; Mandel, Canada) with 2-um frits (2-mm filter 

elements, Alltech) hand-packed with polymeric reverse phase sorbent (Oasis HLB; 

Waters Corp.); and Column 2: an analytical column (Aqua C18 5 urn 125 A 250x4.60 

mm; Phenomenex). In Step 1 (at the time of sample injection, 0-4 min), Solvent 1 [1/99 

acetonitrile/water (v/v) at 2 ml/min] was eluted using a Waters 510 pump through a six-
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port valve onto Column 1 and, downstream, to the four-port valve that directs the outflow 

to the detectors (see Ref. (Hilton et al., 2000)). Step 2 (4-6 min): 4 min after sample 

injection, when the UV absorbance subsides to baseline (see Figures 4-1, 4-2 and 4-3), 

switching both the six- and four-port valves redirects the flow of Solvent 1 to waste; and 

Solvent 2 [45/55 acetonitrile/0.1 M ammonium formate (v/v) at 1 ml/min, delivered by 

the second Waters 510 pump] back-flushes the capture column onto Column 2 and to the 

detectors. Step 3 (6-20 min): after the solvent front is observed by UV (2-3 min 

following switch), the six-port valve is returned to its original position, allowing the 

capture column to be re-equilibrated and prepared for the next sample injection. At the 

end of analysis, the four-port valve is switched back to the initial state, prior to the next 

injection. Under these experimental conditions, up to 4 ml of plasma or tissue 

homogenate extracts can be injected onto the system without clogging the capture 

column. Administration of large volumes can compensate for the radioactive decay, 

especially at later time points after injection of radiotracer in animals. The capture 

column could sustain at least five consecutive sample injections, before it needed to be 

repacked. 

2.5. Control analysis 

Control experiments were carried out with (i?)-[nC]rolipram or (£)-[nC]rolipram 

added to blood, brain and heart (as representative peripheral tissue) obtained from 

untreated rats to establish whether the radioactivity peaks are affected by factors outside 

the biotransformation processes in vivo and determine recovery capabilities. Blood and 

tissues were incubated with radiotracers for 30 or 45 min at 37°C then homogenized, 
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Figure 4-1: Sample chromatogram depicting the radioactive peaks with the injection 
of plasma, 45 min following (7?)-[uC]rolipram (A) or (5)-[nC]rolipram 
(B) administration. Columns and solvents were switched at 4 min. 
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Figure 4-2: Sample chromatogram depicting the radioactive peaks with the injection 
of brain homogenate, 45 min following (./?)-[''CJrolipram administration. 
Columns and solvents were switched at 4 min. 
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Figure 4-3: Sample chromatogram depicting the radioactive peaks with the injection 
of heart homogenate, 45 min following (7?)-[nC]rolipram administration 
(A) and co-injected with a blocking dose of unlabeled (i?)-rolipram (B). 
Columns and solvents were switched at 4 min. 
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centrifuged and filtered as above, prior to injection on the HPLC system. In order to 

determine whether protein binding affects retention of unchanged radiotracers and 

radiolabeled metabolites at the capture column, urea (6.65 M) was added to samples of 

plasma obtained at 45 min following (i?)-[nC]rolipram injection, as well as to plasma 

from a control rat spiked with authentic (-/?)-[' 'CJrolipram. 

2.6. Determination of specific binding 

Rats were co-injected with a blocking dose of unlabeled (-K)-rolipram (1.0 mg/kg 

(Kenk et al., 2007)) to evaluate the nonspecific binding of (/?)-[''CJrolipram and (S)-

[nC]rolipram in the tissues of interest (n=3). Retained radioactivity levels in these 

conditions represent nonspecifically retained tracer and labeled metabolites. Tracer-

specific binding corresponds to the difference between nonblocked (total binding) and 

blocked (nonspecific binding) tissue levels. 

2.7. Statistical analyses 

Statistical analysis was carried out using one-way ANOVA followed by 

Bonferroni's post-hoc comparison test. All analyses were performed using SPSS 14.0 

statistical analysis software. Differences with a P value <.05 were considered statistically 

significant. 

3. Results 

3.1. Method validation 
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HPLC analysis of blood and heart incubated 30 or 45 min at 37°C with (R)-

["Cjrolipram or (£)-[''C]rolipram displayed only one peak corresponding to the 

unchanged radiotracer with consistent retention times (Rt) (data not shown), proving that 

labeled metabolite peaks detected following tracer administration in rats are products of 

in vivo metabolic processes, not resulting from breakdown of the radiotracers in the 

blood of the animals. 

3.2. Analysis of labeled metabolites of (R)-[ C]rolipram and (S)-[ C]rolipram in 

plasma 

Following administration of (/?)-[''CJrolipram or (5)-[uC]rolipram, three distinct 

radioactivity peaks were detected in the rat plasma, with retention times of <30 s, 

approximately 7.4 min and 11.6 min (Figure 4-1). Injections of authentic (R)-

[nC]rolipram or (5)-[uC]rolipram formulations identified the third radioactivity peak 

[retention time 11.6 min] as unchanged radiotracer. Peak 1 corresponds to hydrophilic 

labeled metabolites eluted from the capture column (i?t <30 s). Peak 2 (Rt 7.4 min) 

represents hydrophilic labeled metabolites that elute close to the solvent front of the 

analytical column, 3.4 min after column and solvent switch. Slightly reduced presence of 

unchanged radiotracer relative to preceding two peaks is observed at 45 min compared to 

30 min following (7?)-[HC]rolipram or (5)-[nC]rolipram injection (Table 4-1). 

Urea was added to the injected samples to disrupt protein binding, maximize 

elution of the macromolecules (e.g., protein) and retention of radiolabeled compounds by 

the capture column sorbent (Hilton et al., 2000). The proportion of unchanged radiotracer 

(Peak 3) was not affected by the addition of urea, but it did alter the ratios of Peak 1 and 
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Table 4-1: Labeled metabolites in the plasma of rats administered (i?)-["CJrolipram or 
(S'H11 CJrolipram 30 and 45 min following radiotracer administration and effect of 
addition of urea. 

(/?)-[" CJRolipram 

(5)-[nC]Rolipram 

Time 
30 min 
45 min 
45 min + urea 
30 min 
45 min 

Peak 1 * 
30.6±1.1 
32.5±7.4 
22.4±3.5 
51.5±5.8 
55.9±2.2 

Peak 2 * 
41.5+1.8 
42.516.2 
49.612.2 
19.911.0 
23.214.3 

Peak 3 * 
27.8+0.7 
25.014.9 
28.115.7 
28.514.8 
20.916.5 

* Peak 1: Hydrophilic metabolites eluting from the capture column; Peak 2: hydrophilic 
metabolites eluting at the analytical column solvent front; Peak 3: unchanged radiotracer. 
n=2—5 rats per study. 
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Peak 2 (Table 4-1). Since there was no effect on retention of unchanged radiotracers 

relative to the labeled metabolite peaks, deproteinization with urea was not deemed 

necessary in further sample preparations. 

3.3. Analysis of labeled metabolites of (R)-[" C] rolipram and (S)-[UC] rolipram in tissues 

In the brain homogenates, only the peak corresponding to unchanged (R)-

[nC]rolipram (Figure 4-2) or (5)-[HC]rolipram was observed 45 min following tracer 

injection. Conversely, radiolabeled metabolite peaks of both radiotracers were detected in 

the homogenates of the heart (as representative peripheral tissue; Figure 4-3A), brown 

adipose tissue, skeletal muscle and the pancreas (Table 4-2) at similar levels (44-56% of 

total radioactivity detected in the tissue samples). 

3.4. PDE4-specific binding of C-labeled metabolites 

Co-administration of unlabeled PDE4 inhibitor (7?)-rolipram with radiotracers 

significantly reduced the peak corresponding to unchanged (7?)-[nC]rolipram in the heart 

(as representative peripheral tissue; Figure 4-3B), skeletal muscle and pancreas (from 

47.9-55.9% to 17.5-25.3% of the total detected radioactivity) but not in the brown 

adipose tissue, while unchanged (5)-[ C]rolipram peak was unaffected (Table 4-2). 

4. Discussion 

Determination of the presence and proportion of labeled metabolites vs. 

unchanged radiotracer in plasma is essential in establishing metabolite- and decay-

corrected plasma time-activity curves used in pharmacokinetic modeling for the 

111 



Table 4-2: Proportion of labeled metabolites and unchanged (R)-[ Cjrolipram or (5)-[nC]rolipram in the tissue 
homogenates of rats 45 min following tracer administration in rats. 

Tissue Peak V Peak 2* Peaks 1+2* Peak 3* 

(i?)-["C]Rolipram 

(5)-[uC]Rolipram 

Heart 0=3) 

-Blocked 

Skeletal muscle (rc= 

-Blocked 

Pancreas («=3) 

-Blocked 

=3) 

Brown adipose tissue (n=3) 

-Blocked 

Heart (n=3) 

-Blocked 

Skeletal muscle (n: 

-Blocked 

Pancreas («=3) 

-Blocked 

-3) 

Brown adipose tissue («=3) 

- Blocked 

9.3±2.3 

13.0+8.2 

9.1±6.5 

19.3+10.5 

11.1+10.2 

15.5+5.2 

16.2+1.9 

21.1+2.8 

19.7+3.0 

21.4+9.4 

19.2+8.9 

33.8+10.5 

28.0+2.5 

39.4+13.6 

28.6+7.1 

28.7+7.9 

34.7+11.9 

64.7+4.0 

39.0+3.1 

63.1+6.9 

40.9+15.3 

59.2+5.2 

34.3+6.6 

36.1+13.5 

36.4+0.3 

36.4+4.6 

35.0+10.0 

29.1+9.4 

24.0+3.8 

11.1+5.8 

16.4+3.0 

14.6+1.8 

44.0 

77.7 

48.2 

82.4 

52.0 

74.7 

50.2 

57.2 

56.1 

57.8 

54.2 

62.9 

52.0 

50.5 

45.0 

43.3 

55.9+14.0 

22.3+4.3 * 

51.8+6.8 

17.5+4.3 * 

47.9+6.3 

25.3+0.1 * 

49.5+8.2 

42.8+15.9 

43.9+2.6 

42.2+13.6 

45.8+8.5 

37.1+11.6 

48.0+5.3 

49.5+9.0 

55.0+6.4 

56.8+6.5 

* Blocking of radiotracer retention was evaluated by co-injection of 1.0 mg/kg of unlabeled (7?)-rolipram. Peak 1: 
Hydrophilic metabolites eluting from the capture column; Peak 2: hydrophilic metabolites eluting at the analytical 
column solvent front; Peak 3: unchanged radiotracer. All blocking studies are «=3. *P<.05 One-way ANOVA with 
Bonferroni post hoc. 
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quantification of (7?)-["C]rolipram retention. Quantitative analysis of relative proportions 

of unchanged radiotracer and metabolites in the tissues of interest is a crucial component 

in the creation and verification of these kinetic models. The column-switch method 

developed by Hilton et al. (Hilton et al., 2000) displays the sensitivity and reliability 

required for rapid serial analysis of the radioactivity present in tissue and plasma samples. 

This method was used in the present study to quantify the proportions of unchanged 

radiotracers and their labeled metabolites. Removal of macromolecules from plasma and 

tissue samples through the capture column and observation of the elution pattern by UV 

absorbance prevent loading of macromolecules onto the analytical column and allow 

serial injections without clogging the system. 

Since the 45-min time point was best suited for observing PDE4 alterations in 

vivo (Lourenco et al., 2006), the ex vivo tissue evaluations were done at that time point. 

In the brain homogenates, only the peak corresponding to the unchanged (R)-

[ CJrolipram or (5)-[ 'C]rolipram was observed, indicating that labeled metabolites do 

not cross the blood-brain barrier. This finding is in agreement with our previous analysis 

using thin-layer chromatography (Lourenco et al., 2001). Conversely, hydrophilic 

radiolabeled metabolites of both radiotracers were detected in the homogenates of the 

heart, brown adipose tissue, skeletal muscle and the pancreas at similar levels (44-56% 

of total radioactivity detected in the tissue samples). 

It is important to note that 0-demethylated metabolites are no longer radioactive 

and are not of interest at tracer doses. Metabolism of rolipram has been previously shown 

to proceed through ether cleavage at the methoxy and pentyloxy groups and 

hydroxylation of the pentyl and pyrrolidone rings, followed by Phase II reaction resulting 
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in formation of hydrophilic sulphate metabolites (Krause and Kiihne, 1993). Different 

biotransformation products were previously observed in rats, rabbits, primates and 

humans (Krause and Kiihne, 1992). Krause and Kiihne (Krause and Kiihne, 1993) found 

three to five distinct metabolites in the plasma and reported a half-life of 1-3 h in all 

species following oral administration of (J?/5)-rolipram. Our method detected two distinct 

groups of radiolabeled metabolites, both more hydrophilic than the unchanged (R)-

[nC]rolipram or (S)-[uCJrolipram. These polar hydrophilic metabolites elute either from 

the capture column or at the solvent front of the analytical reverse phase column, and are 

unlikely to penetrate the cell membrane. Our findings showed no difference in relative 

proportions of labeled metabolites produced in vivo following administration of (R)-

[nC]rolipram or (5)-["CJrolipram, which is in accordance with previous work reporting 

that the chiral center of rolipram is not affected by biotransformation pathways in rats 

(Krause and Kiihne, 1993). 

The results presented here show that in the periphery, at 45 min postinjection, the 

combined proportion of hydrophilic radiolabeled metabolites of (/?)-[''CJrolipram 

accounts for 44-52% of the total activity present in the homogenates of the rat heart, 

skeletal muscle, pancreas and brown adipose tissue. Reduction of retention of (R)-

["CJrolipram relative to labeled metabolites following co-injection with cold (R)-

rolipram confirms recent in vivo biodistribution work that established the presence of 

(i?)-[uC]rolipram specific binding in these PDE4-rich organs (Kenk et al., 2007). No 

effect was observed with (^-["CJrolipram or the hydrophilic labeled metabolites, since 

their retention is not reduced by a saturating dose of cold (^?)-rolipram, suggesting the 

absence of specific binding to PDE4. Since the labeled metabolites did not display 
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binding to PDE4, no attempts were made to identify their structure and further determine 

their binding characteristics. While cAMP signaling and a number of PDE subtypes have 

been implicated in the modulation of metabolic processes in adipocytes, it was previously 

reported that PDE4 is not a major enzyme hydrolyzing cAMP in comparison to PDE3 

(Nagaoka et al., 1998), probably explaining the lack of effect observed in the brown 

adipose tissue. 

From our previous biodistribution work at 45 min postinjection, 41% of the total 

cardiac (R)-[ C]rolipram radioactive signal is susceptible to blocking by the saturating 

dose of unlabeled (i?)-rolipram and therefore reflects specific binding to PDE4 (Lourenco 

et al., 2001). The graphical representation presented in Figure 4-4 illustrates the 

proportions involved in the total myocardial signal: i.e., 44% labeled metabolites (Table 

4-2), 41% specific binding (Lourenco et al., 2001), with the remaining activity (15%) 

corresponding to the nonspecific binding of (/?)-[''CJrolipram. Whereas in the brain, the 

proportions of the signal published in Ref (Lourenco et al., 2001) correspond to 88% 

specific binding and 12% nonspecific binding. Interestingly, a similar proportion of 

nonspecific binding is observed in both tissues. 

Recent biodistribution studies with (•/?)-[''Cjrolipram in the peripheral tissues 

have detected a large proportion of radioactive signal resistant to blocking by saturating 

doses of (/?)-rolipram in comparison to the brain following (/?)-[' 'CJrolipram 

administration (Kenk et al., 2007). The results presented here suggest that a large portion 

of this nonspecific signal is due to the presence of radiolabeled metabolites which do not 

exhibit binding to the PDE4 enzyme and, to a lesser extent, to nonspecific binding of 

unchanged (i?)-[nC]rolipram (12-15% of total signal) at 45 min postinjection. These 
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Figure 4-4: Proportions of radioactive signal accounted for by labeled metabolites, 
specific and nonspecific binding in the heart (representative peripheral 
tissue) and brain homogenates in rats at 45 min postinjection of (R)-
[ CJrolipram. Specific binding (d l ) reflects the proportion of the 
radiotracer retention that can be blocked by (7?)-rolipram co-injection 
(41% and 88% in the heart and brain, respectively), as ascertained using 
biodistribution methods in Ref. (Lourenco et al., 2001). Metabolite 
proportion ( H ) is determined by HPLC column-switch methods (44% in 
the heart, not detected in the brain). (/?)-[''C]Rolipram nonspecific 
binding ( O ) corresponds to the remaining portion of radioactivity (15% 
in the left ventricle, 12% in the brain). 
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findings indicate that kinetic modeling of data obtained from (/?)-[''CJrolipram PET 

imaging in peripheral organs will likely need to account for the presence of labeled 

metabolites in the plasma and the peripheral organs. However, in vivo, the hydrophilic 

labeled metabolites are not expected to cross the cell membrane and bind to PDE4 

intracellularly. 

In conclusion, polar hydrophilic radiolabeled metabolites of (R)- and (5)-

["CJrolipram are present following tracer administration in plasma and homogenates of 

cardiac, skeletal muscle, pancreas and brown adipose tissues, but not the brain. Relative 

retention of unchanged (R)-[l 'CJrolipram was susceptible to blocking by co-injected (R)-

rolipram in PDE4-rich tissues, unlike the labeled metabolites and the less active (5)-

[ CJrolipram stereoisomer. Radiolabeled hydrophilic metabolites are thus unlikely to 

compete with (./?)-[' 'CJrolipram PDE4-specific retention. Since these radioactive 

metabolites account for approximately 44-52% of the total radioactive signal at 45 min 

postinjection, any kinetic modeling calculations in the peripheral tissues will need to take 

into account the presence of radiolabeled metabolites. This study emphasizes the need to 

perform metabolite studies for quantitative PET imaging with novel radiotracers. 
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Abstract 

Background. Altered sympathetic nervous system signaling is known to play a 

role in the cardiotoxicity of the anthracycline chemotherapeutic agents, but the interaction 

of pre- and postsynaptic function is not well understood. 

Methods and Results. Our aim was to study the noradrenergic signaling in an 

established rat model of adriamycin cardiotoxicity (15 mg/kg administered i.p. over 2 

weeks) using radiotracers having potential applicability for imaging with positron 

emission tomography (PET). Ex vivo biodistribution was performed 1 and 3 weeks post-

adriamycin treatment with the noradrenaline analogue ["CJ/rce/a-hydroxyephedrine 

([ C]HED), p-adrenergic receptor antagonist [ H]CGP12177, and phosphodiesterase-4 

inhibitor (/?)-[ "CJrolipram. Cardiac function (echocardiographic parameters) and 

heart/body weight ratio were not affected. Myocardial retention of [UC]HED, 

T i l , 

[ H]CGP12177, and (R)-[ C]rolipram were unchanged 1 week post-adriamycin. 

Compared to controls, 3 weeks post-treatment [3H]CGP12177 uptake decreased (left 

ventricle free wall and septum; P < 0.05), while [nC]HED and (/?)-['1C]rolipram uptake 

were unaffected. Following acute increase in myocardial noradrenaline levels with 

desipramine treatment, (R)-[l'C]rolipram retention increased in the left atrium, right 

ventricle, left ventricle free wall and septum (P < 0.05) in vehicle-, but not adriamycin-

treated animals. 

Conclusion. Our results suggest that adriamycin-induced toxicity exhibits no 

change in presynaptic noradrenaline uptake, but decreased p-adrenergic receptors in 

cardiac tissues, supporting a role for PET imaging of noradrenaline signaling in the study 

of anthracycline cardiotoxicity. (J Nucl Cardiol 2010) 
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INTRODUCTION 

Adriamycin (doxorubicin, ADR) is an anthracycline chemotherapeutic agent used 

in treatment of leukemias, lymphomas, and a number of solid tumours (Minotti et al., 

2004). Its application is limited by the severe cardiac side effects occurring at cumulative 

doses exceeding 550 mg/m2 (Lefrak et al., 1973; Minotti et al., 2004). The congestive 

heart failure that develops is characterised by hypotension, tachycardia, decreased QRS 

voltage and cardiac dilatation, culminating in ventricular failure that can be refractory to 

inotropic drugs and mechanical circulatory assistance (Singal et al., 1987; Weinberg and 

Singal, 1987; Minotti et al., 2004). Despite numerous techniques proposed to detect 

biochemical, neurohormonal, anatomical, and functional changes associated with ADR 

treatment, cardiac tissue biopsy remains the most accurate means of diagnosing early 

toxicity (Bristow et al., 1981; Panjrath and Jain, 2006; Dranitsaris et al., 2008). At present 

no reliable noninvasive method exists for assessing ADR-induced cardiac damage before 

the critical ADR dose is reached and the irreversible cascade of rapid myocardial 

deterioration is initiated. The heterogeneity of the patient response to ADR observed in 

the clinical setting necessitates improved noninvasive techniques for early detection of 

cardiotoxicity (Bristow et al., 1981; Marchandise et al., 1989; Dranitsaris et al., 2008). 

The molecular mechanism of ADR cardiotoxicity is not well understood, but is 

believed to involve free radical formation, apoptosis, defects in intracellular iron 

transport and altered myocardial energy metabolism (Singal et al., 1987; Beanlands et al., 

1994; Minotti et al., 2004; L'Ecuyer et al., 2006; Tokarska-Schlattner et al., 2006). ADR 

administration has also been associated with altered adrenergic signaling in the heart, 

with separate studies identifying changes in noradrenaline (NA) levels (Tong et al., 1991; 
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Nousiainen et al., 2001), presynaptic NA uptake-1 transporter (NAT) function (Kawada 

et al., 2000), and postsynaptic P-adrenergic receptor (P-AR) density (Yoshikawa et al., 

1994; Kizaki et al., 2004). However, a comprehensive evaluation of these different levels 

of sympathetic nervous system (SNS) signaling has not been conducted. In addition, there 

is limited data on alterations in postsynaptic neurohormonal signalling that follows 

stimulation of surface P-AR and how these changes impact downstream second 

messenger systems such as cAMP. 

We have recently developed and evaluated the radiolabeled phosphodiesterase-4 

(PDE4) inhibitor (/?)-['*C]-rolipram (Lourenco et al , 2006; Kenk et al., 2007). This 

tracer provides an index of cAMP activity and as such, a means to evaluate cAMP-

mediated signaling in the heart. Distribution of the p-adrenergic antagonist 

[5,7- HJCGP12177 reflects P-adrenergic receptor density in the heart (van Waarde et al., 

1992). [ 'Cjweta-Hydroxyephedrine (["C]HED) is a NA analogue commonly used in 

cardiac positron emission tomography (PET) studies to evaluate NA function and SNS 

innervation (Raffel and Wieland, 2001), with demonstrated potential in small animal 

cardiac imaging (Tipre et al., 2008). Cardiac [nC]HED retention has been shown to be 

inversely modulated by NA (deGrado et al., 1993; Raffel and Wieland, 2001; Thackeray 

etal., 2007). 

Our objective was to characterize the early alterations in SNS signaling in a 

model of ADR-induced cardiotoxicity that precedes physiological manifestations of 

cardiac dysfunction. This study explored alterations in NA signaling associated with 

ADR-induced cardiotoxicity at presynaptic (NA reuptake), postsynaptic (adrenergic 

receptors), and intracellular second messenger (PDE4) sites. 
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METHODS 

Animals 

Male Sprague-Dawley rats (Charles River, Montreal, Canada) initially weighing 

200-275 g were maintained on a 12-h light/dark cycle with free access to food and water. 

All animal experiments described herein were conducted according to the guidelines of 

the University of Ottawa Animal Care Committee and the Canadian Council on Animal 

Care for the use and care of laboratory animals. 

ADR Treatment 

Adriamycin (doxorubicin-HCl, Pharmacia Canada Inc., Mississauga, Ontario) was 

administered by six i.p. injections of 2.5 mg/kg each over 14 days, for a cumulative dose 

of 15 mg/kg. This model has been widely applied to induce ADR cardiotoxicity 

(Weinberg and Singal, 1987; Tong et al., 1991; Li et al., 2000; Ohkura et al., 2003). 

Control rats were injected with equivalent volumes of 0.9% saline solution. Injection site 

was observed during and following ADR administration to monitor for local tissue 

necrosis that could result from ADR extravasation. 

Materials 

[nC]HED radiosynthesis (specific activity 13.3-21.7 GBq/umol; 359.5-586.5 

mCi/umol) was carried out according to the methods described by Rosenspire et al 

(Rosenspire et al., 1990) and routinely used for clinical studies (Link et al., 2003). (R)-

[nC]Rolipram (specific activity 19.7-64.9 Gbq/umol; 532-1754 mCi/umol) was 

synthesized as previously described.(DaSilva et al., 2001) Tritiated radiotracer [5,7-3H](-
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)CGP12177 (specific activity 33 mCi/umol) was purchased from Perkin Elmer (Boston, 

MA). 

Echocardiography 

The VisualSonics Vevo 770 high-resolution imaging system was used to evaluate 

cardiac function before ADR treatment (baseline), and at 1 and 3 weeks following the last 

ADR injection. Rats were anaesthetised with 1-2% isoflurane. Parasternal long and short 

axis views were recorded in B- and M-mode using a 71 OB scanhead (VisualSonics, 

Toronto, Ontario) at the transducer frequency of 37.5 MHz (70 urn axial resolution, 15 

mm focal length, and 20 mm field of view). Heart rate was recorded during the image 

acquisition. 

M-mode still images were used to measure left ventricle internal diameter (left 

ventricle diastolic and systolic dimensions; LVDD and LVSD), left ventricle posterior 

wall (LVPW), and intra-ventricular septum (IVS) thickness at end diastole and peak 

systole. These dimensions were used to calculate the left ventricular volume in diastole 

and systole (LVDV, LVSV), stroke volume (SV), ejection fraction (EF), fractional 

shortening (FS), and left ventricular mass (LV mass) as follows: 

LVDV = (7/(2.4+LVDD)) x LVDD3 

LVSV = (7/(2.4+LVSD)) x LVSV3 

SV = LVDV - LVSV 

EF = ((LVDV - LVSV)/LVDV) x 100% 

FS = ((LVDD - LVSD)/LVDD) x 100% 

LV mass = 1.053 x (((LVDD + LVPW + IVS)3) - LVDD3 
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Biodistribution Studies 

Biodistribution studies were performed 1 and 3 weeks following the last ADR 

injection. On the day of the experiment, conscious rats were administered [nC]HED 

(62.9-74.0 MBq (1.7-2.0 mCi); 0.52-1.00 ug of cold mass injected) co-injected with 

[3H]CGP12177 (0.3 MBq (8 uCi); 6.8 ng of cold mass) or (#)-[''Cjrolipram (48.1-55.5 

MBq (1.3-1.5 mCi); 0.20-0.78 ug of cold mass) dissolved in approximately 0.2 mL of 

saline via a tail vein. Animals were sacrificed by decapitation 30 minutes following 

[UC]HED/[3H]CGP12177 or 45 minutes following (R)-[] 'CJrolipram. A blood sample 

was collected from the trunk into a heparinized tube and tissues quickly removed. The 

heart was dissected into right and left atria, right and left ventricle free wall (RA, LA, 

RV, LV) and intra-ventricular septum. A sample of the skeletal muscle (quadriceps) was 

also removed. All tissues were washed in saline, blotted and counted (decay-corrected) in 

a Packard Cobra II gamma-counter (Perkin Elmer, Boston, MA) with aliquots of the 

injected solution as standards and then weighed. Radioactivity retained is expressed as 

percent of injected dose per gram of tissue (%ID/g). 

For tritiated radiotracers, tissue retention was quantified using scintillation 

techniques following solubilization and decoloration.(van Waarde et al., 1992)Tissue 

samples (approximately 0.1 g) were solubilized using NCS-II tissue solubilizer 

(Amersham Biosciences; incubation with shaking for 4 h at 50°C), and the resulting 

solution decolorized using isopropanol and hydrogen peroxide (30°C for 30 minutes). 

Glacial acetic acid (60 uL) was added to counteract chemiluminescence. Following 

addition of 10 mL of scintillation fluid (Biodegradable Counting Scintillant, Amersham 
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Biosciences), radioactivity was counted in a liquid scintillation counter (1219 RackBeta, 

LKB Wallac), and expressed as tissue uptake ((cpm recovered/g tissue)/(cpm 

injected/body weight)). 

Post-DMI studies 

To evaluate responsiveness at the PDE4 level to acutely increased NA, a 

subgroup of ADR- and vehicle-treated rats were administered desipramineHCl (DMI, 20 

mg /kg; Sigma-Aldrich Inc, St Louis, MO) i.p., 3 h prior to (R)-[l'C]rolipram injection. 

Tracer administration and tissue processing were performed as described above. 

Statistical Analysis 

All data are expressed as mean ± standard deviation. [ C]HED, [ HJCGP12177 

and (7?)-[nC]rolipram data were compared using one-way ANOVA to detect differences 

between ADR-treated and control groups. The P values of individual tests were adjusted 

for multiple comparisons using the Bonferroni method. All tests used P < 0.05 for the 

critical value of statistical significance. 

RESULTS 

Animals 

ADR-treated animals showed virtually no weight gain during the 14 days of 

treatment (Figure 5-1; days 0-14), with some recovery in body weight after the last 

injection. Earliest mortality was observed 2 days following last ADR injection, with 7% 
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of the animals lost by 1 week and 33% by 3 weeks. At 3 weeks post-ADR, rats exhibited 

piloerection, ungroomed appearance, pale skin, and large volumes of ascites. 

Physiological Indices 

Echocardiographic studies showed no difference in ejection fraction or fractional 

shortening between ADR-treated rats and controls at baseline, 1 and 3 weeks following 

drug administration (Table 5-1). No difference in heart rate was observed between ADR-

and saline-treated rats. Whole heart weights of ADR-treated rats were significantly 

smaller than those of control animals on postmortem analysis. Heart weight to body 

weight ratios were not different (Table 5-2). 

Biodistribution Studies 

[ CJHED: A general trend towards an increase was observed at 1 week post-

ADR in cardiac tissues, without reaching significance (P values of 0.032, 0.077, 0.010, 

0.071, 0.192 in RA, LA, RV, LV, and septum, respectively, with the critical value of 

statistical significance adjusted for this multiple comparison being P < 0.006). [ C]HED 

uptake was similar between treated and untreated rats at 3 weeks following ADR (Figure 

5-2). 

[3H]CGP12177: Compared to controls, treatment with ADR significantly 

decreased the retention of [3H]CGP12177 in cardiac regions, reaching statistical 

significance in the LV and septum (P < 0.006), with a trend toward significance in the 

RA, LA, and RV (P values of 0.030, 0.080, and 0.020, respectively) at 3 weeks post-

ADR, but not at the earlier time point (Figure 5-3). 
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Weights of ADR- and vehicle-treated rats over the duration of the 
experiment. Day 0 represents the first ADR injection. ADR was 
administered in six i.p. injections over 2 weeks, with echocardiography 
and tracer distribution evaluated 7 (point A) or 21 days (point B) 
following last ADR injection. -3 to 21 days of treatment: ADR n = 43, 
controls n = 24; 21-35 days: ADR n = 15, controls n = 12. *P < 0.05. One­
way ANOVA compared to saline-treated controls. 
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Figure 5-2: [ C]HED retention 30 minutes following radiotracer administration is 
unchanged in cardiac tissues and decreased in the skeletal muscle 1 week 
(A) and unchanged 3 weeks post-ADR (B) in comparison to the saline-
treated controls. *P < 0.05. One-way ANOVA compared to saline-treated 
controls. 
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Figure 5-3: [ HJCGP12177 retention 30 minutes following tracer administration is 
unchanged 1 week (A) and significantly decreased in the LV and septum 
(B) 3 weeks following ADR treatment, in comparison to the saline-treated 
controls. *P < 0.05. One-way ANOVA compared to saline-infused 
controls. 
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Table 5-1: Echocardiography results 

LVVoljd LVVol;s SV(uL) % EF % FS LV mass HR (bpm) 

(uL) (uL) (mg) 

Baseline (n = 37) 209.9 ±43.9 48.0 ±17.6 161.9 ±39.3 76.8 ±9.2 47.2 ± 7.8 577.0 ±115.3 385.7 ±23.8 

1 Week 

Controls (n = 9) 292.6 ± 66.3 66.4 ±23.9 226.2 ± 52.8 77.3 ± 6.0 47.7 ± 6.0 949.9 ±184.6 354.6 ± 35.2 

ADR(n=15) 258.7 ±39.0 70.2 ± 22.4 188.5 ±31.4 73.1 ±7.2 43.7 ±6.2 725.9 ±237.5 345.7 ±46.7 

3 Weeks 

Controls (n = 4) 350.6 ±48.3 96.3 ± 39.6 254.3 ±25.1 73.2 ±8.7 44.3 ± 7.6 979.6 ±170.1 342.0 ± 49.7 

ADR(n = 4) 251.3 ±39.2 56.0 ±19.5 195.4 ±25.6 78.1 ±6.0 48.4 ±6.2 758.5 ±107.1 379.3 ±23.5 

* P < 0.05 using one-way ANOVA, compared to the baseline; ADR, Adriamycing; EF, ejection fraction; FS, fractional 
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Table 5-2: Postmortem analysis of heart size. 

Heart weight (g) Body weight (g) Ratio (x 103) 
1 Week 
Controls (n = 10) 
ADR (n = 23) 

3 Weeks 
Controls (n = 12) 
ADR(n=15) 

1.06 ±0.1 
0.88 ±0.1 * 

1.18 ±0.1 
0.93 ±0.1 * 

428.7 ±47.8 
296.6 ± 22.8 * 

449.6 ± 32.2 
365.3 ±27.0* 

2.48 ± 0.3 
2.97 ±0.3 

2.62 ± 0.2 
2.55 ±0.2 

* P < 0.05 using one-way ANOVA analysis, compared to controls. ADR, Adriamycin. 
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(R)-[UC]Rolipram: No difference in (i?)-[nC]rolipram uptake was observed 

between ADR-treated and control animals at 1 or 3 weeks post-treatment (Figure 5-4). 

DMI-stimulation elicited a significant increase in (/?)-[''Cjrolipram uptake in control rats 

in the LA, RV, LV and septum (p<0.05), but not in ADR-treated animals 3 weeks 

following ADR administration (Figure 5-5). 

DISCUSSION 

A cardiotoxic "threshold" has been postulated by Bristow et al, below which 

uninjured tissues can compensate and preserve normal cardiac contraction, with 

functional indices deteriorating rapidly once this critical degree of damage is surpassed 

(Bristow et al., 1981). Assessment of cumulative subclinical damage that precedes overt 

symptomatic congestive heart failure could be valuable in predicting the safe dose of 

anthracychnes on a patient-specific basis (Dranitsaris et al., 2008). In the early stages of 

ADR-induced heart failure, elevated catecholamine levels have been proposed to 

compensate for cytotoxic damage and maintain cardiac output (Thomas et al., 2004). 

With subthreshold myocardial toxicity that does not exhibit contractile dysfunction, only 

morphological studies (i.e., invasive tissue biopsy) or neurohormonal changes could 

predict outcome and guide the ADR chemotherapy (Bristow et al., 1981). In this study, 

despite the absence of any change in the echocardiography-measured physiological 

indices or relative heart size at 3 weeks post-ADR, we observed decreased postsynaptic 

P-AR measured using [3H]CGP12177 and diminished responsiveness to acute elevations 

in NA levels measured using (R)-[l 'C]rolipram with DMI pretreatment. 
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Figure 5-4: Retention of (i?)-[uC]rolipram 45 minutes following tracer administration 
is not altered by treatment with ADR, as assayed 1 (A) and 3 weeks (B) 
following last ADR injection. 
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Figure 5-5: Three weeks following end of ADR treatment, the increase in (R)-
[nC]rolipram retention 45 minutes following radiotracer administration in 
response to DMI (20 mg/kg i.p., 3 h prior to radiotracer) is attenuated in 
the cardiac tissues in comparison to saline-treated animals. *P < 0.05. 
One-way ANOVA compared to saline-treated controls, with Bonferroni 
post hoc correction for multiple comparisons. 
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The NA analogue and "false" neurotransmitter [UC]HED is taken up into the 

presynaptic varicosity by NAT (uptake-1) and freely diffuses through the vesicles and 

plasma membrane back into the synaptic cleft (Raffel and Wieland, 2001). Its tissue 

uptake is therefore is therefore dependent on NAT expression (uptake-1), as well as on 

local NA levels (Thackeray et al., 2007). It is not susceptible to the metabolic breakdown 

that follows postsynaptic uptake (uptake-2) and terminates the presence of NA (Raffel 

and Wieland, 2001). While uptake-2 could affect NA-analogue tracers (Degrado et al., 

1995), Tipre et al. (Tipre et al., 2008) have shown the kinetics of HED in rats to 

correspond to those observed in isolated hearts and in human clinical imaging. In our 

study, [ 'C]HED retention showed a trend toward an elevation in the non-LV heart 

regions and was decreased in the skeletal muscle at 1 week post-ADR, but remained 

unchanged in all tissues at the 3 week time point. Therefore, despite an -80% elevation in 

myocardial NA levels reported by Tong et al. (Tong et al., 1991) at the 3 week time point 

using an identical animal model, our results suggest that no presynaptic dysfunction can 

be detected using [UC]HED at this 3 week stage in the progression of ADR 

cardiotoxicity. Studies with iodine-125-metaiodobenzylguanidine (125I-MIBG), aNA and 

[nC]HED analogue used in single photon emission computed tomography (SPECT) 

imaging, have shown no change in uptake after 3 weeks of ADR administration (2 mg/kg, 

once a week) and a decrease in uptake at 7 weeks, detected once the cardiac dysfunction 

is clearly observed (Wakasugi et al., 1992). 

Published studies using alternative chronic ADR administration protocols have 

shown a decrease of approximately 20% in Pi-AR mRNA (Kizaki et al., 2004). 

Desensitization of P-AR has been previously shown following prolonged stimulation, 
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proceeding through receptor phosphorylation (short-term) and receptor downregulation 

through decreased expression (long-term) (Bristow et al., 1982; Hausdorff et al., 1990). 

Since previous studies have shown NA to be increased at 3 weeks post-ADR,(Tong et al., 

1991) the diminished [3H]CGP12177 binding likely reflects the downregulation of P-

ARs. However, the hydrophilic nature of CGP12177 limits its binding to the receptors 

expressed at the cell membrane (Van Waarde et al., 1995), suggesting that the observed 

reduction in tracer retention reflects decreased cell surface receptor presence through 

both internalization and decreased expression. 

(R)-[ C]Rolipram retention and specific binding have been previously shown to 

increase by -~30% following acute elevation of synaptic NA levels through administration 

of reuptake inhibitor DMI (Lourenco et al., 2006). The observed increase in binding 

likely reflects elevated PDE4 expression (Engels et al., 1994; Manning et al., 1996) and 

phosphorylation, which increases the affinity of rolipram for PDE4 subtypes (Sette et al., 

1994; Madelian and La Vigne, 1996). Baseline (i?)-[nC]rolipram uptake is not altered 

between control and ADR-treated rats. This finding may be explained by the opposing 

factors of increased NA levels and decreased surface P-AR balancing each other out and 

resulting in normal signaling output at the intracellular postreceptor level. Alternatively, 

one can speculate that compensatory factors such as adenylyl cyclase downregulation, 

decreased Gs activity or increased G, activity following P2-AR stimulation may lead to 

cAMP levels and PDE4 activity and expression remaining unchanged at this point in the 

development of ADR cardiotoxicity at 3 weeks post-ADR (Calderone et al., 1991; Fu et 

al., 1994; Kizaki et al., 2004). Further experiments need to be performed to elucidate 

intracellular processes involved. In the current study, the diminished response to DMI 
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administration correlates with decreased [ HJCGP12177 retention, as reduced surface P-

AR presence potentially translates to decreased cAMP production. 

Our findings with [3H]CGP12177 can be translated into clinical studies using n C-

labelled CGP1277 and its isopropyl analogue CGP12388, developed for PET application 

(de Jong et al., 2005). While [nC]HED and (i?)-[nC]rolipram could provide insight into 

the molecular alterations involved in ADR cardiotoxicity at later time points, 

[HC]CGP12177 and related compounds hold promise for early detection of 

cardiotoxicity. Retention of these tracers could provide an in vivo index of cardiac P-AR 

expression and binding using serial noninvasive quantitative studies. Clinically, this 

information would be useful in directing ADR therapy, by detecting cardiotoxicity before 

it reaches levels that manifest physiologically. In vivo PET evaluation of P-AR 

expression and signaling could theoretically be used in other forms of heart failure. 

Further clinical studies are required in this regard. 

Mortality observed in our study corresponds to the previously published losses 

with this model (30% reported by Tong and Ganguly) (Tong et al., 1991). Animals 

exhibited characteristics of ADR toxicity, with decreased body weight gain and ascites 

(Tongetal., 1991; Li et al., 2000). 

Study Limitations 

One potential limitation of this study is the lack of information on the cardiac 

flow kinetics in individual groups, which may play a role in the differences in tracer 
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uptake through the effect on the tracer extraction fraction. Additionally, caution should be 

exercised when extrapolating data on noradrenergic signalling from animal models, due 

to potential species differences in factors that drive catecholamine kinetics (Tipre et al., 

2008). Pretreatment with DMI prior to (7?)-[nC]rolipram was only performed at 3 weeks 

following ADR administration. This DMI challenge was not performed at 1 week for 

logistical reasons, so we do not know if the alterations to second messenger response may 

have occurred earlier. Tissue NA levels were not measured as part of our experiments. 

Other groups have, however, quantified the myocardial NA levels with an identical 

disease model (Tong et al., 1991). No alterations in LV function were observed at the 

evaluated time points, preventing a direct correlation between changes in tracer retention 

and alterations in physiological parameters of LV performance. Previous studies have 

reported changes in LV ejection fraction following ADR treatment occurring at later time 

points (6 weeks) following the last injection (Ohkura et al., 2003). The 3 week protocol 

used here results in rapid and subacute toxicity, compared to the cardiac dysfunction that 

results from the human chemotherapy regimen, which progresses more slowly with 

weekly or less frequent ADR administration (Swain et al., 2003). Findings presented here 

warrant further investigation of neurohormonal PET imaging in patients being treated 

with anthracyclines. 

CONCLUSIONS 

In an animal model, ADR-induced toxicity exhibits decreased postsynaptic P-AR 

assessed by [ HJCGP12177, and impaired intracellular signalling response at the PDE4 
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level evaluated using (i?)-[11C]rolipram and DMI challenge. Reduced P-ARs and 

downstream impairment of second messenger signaling response appeared early in this 

ADR-toxicity model and may precede changes in LV function. The potential therefore 

exists for use of imaging with PET, particularly [UC]CGP12177 derivatives and other 0-

AR tracers, to study the progression of ADR cardiotoxicity or other forms of heart 

failure. 
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CHAPTER 6: MANUSCRIPT #5 
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ABSTRACT 

Cyclic adenosine monophosphate (cAMP) is the common second messenger in 

signal-transduction cascades originating at a number of monoamine receptors involved in 

neurotransmission, cardiac function and smooth muscle contraction. Altered regulation of 

cAMP synthesis (at receptors, G-protein subunits or adenylyl cyclase) and breakdown 

(phosphodiesterase (PDE)) has been implicated in a number of pathologies. The PDE4 

inhibitor (i?)-rolipram, and the less active (S)- enantiomer, have been labeled with 

carbon-11 and characterized by in vivo and in vitro experiments for use in the evaluation 

of altered PDE4 levels in the brain and cardiac tissues. (/?)-[''CJRolipram has been 

shown to bind selectively to PDE4 over other PDE isozymes, with specific binding 

reflecting approximately 80 and 40% of the total detected radioactivity in the brain and 

the heart, respectively. Tracer retention in PDE4-rich tissues is increased by cAMP-

elevating treatments, as detected by in vivo PET studies and ex vivo biodistribution 

experiments. In vivo PET imaging studies display strong region-specific signal in the 

brain and heart, as evaluated in rats, pigs, monkeys and humans. Reduced noradrenaline-

mediated signal transduction was observed in animal models of obesity and 

anthracycline-induced cardiotoxicity using (./?)-[''CJrolipram. Given the critical role of 

cAMP at the intersection of multiple hormonal pathways, with a good safety profile and 

well-characterized pharmacokinetics, (R)-[ 'CJrolipram PET imaging provides a novel 

tool for serial monitoring of cAMP-mediated signaling at the PDE4 level, yielding insight 

into pathological progression with potential for directing therapy. 

Keywords: cyclic adenosine-monophosphate, phosphodiesterase-4, positron emission 

tomography tracers, rolipram. 
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INTRODUCTION 

Cyclic adenosine monophosphate signaling 

Second messengers cyclic adenosine monophosphate (cAMP) and cyclic 

guanosine monophosphate (cGMP) transmit and modulate the extracellular signal from 

the plasma membrane G protein-coupled receptors (GPCRs) to the intracellular effector 

proteins (Beavo and Brunton, 2002). cAMP was first discovered in 1957 as the second 

messenger to the hormone adrenaline and has since been identified as a key component of 

the intracellular signal-transduction of the dopamine, serotonin and histamine receptors 

(Bristow et al., 1989; Beavo and Brunton, 2002). At the molecular level, agonist binding 

to the cell surface receptor detaches the G protein as subunit, which stimulates the 

adenylyl cyclase (AC) to increase cAMP production. Activation of receptors coupled to 

the inhibitory otj subunit, such as pVAR, decrease the activity of AC upon activation and 

reduce cAMP levels. 

Elevated cAMP levels cause the catalytic subunit of the protein kinase A (PKA) 

to disassociate from the regulatory subunit and phosphorylate intracellular effector 

proteins (Beavo and Brunton, 2002). For example, in the brain, activation of cAMP-

response element (CRE) transcription factor by the PKA-phosphorylated CRE binding 

protein (CREB) is considered to be a major component of cAMP-mediated antidepressant 

effects (Thome et al., 2000; Tardito et al., 2006). CRE activation modulates the 

transcription of more than 100 genes, including brain-derived neurotrophic factor 

(BDNF), anti-apoptotic protein Bcl-2 and other proteins involved in neural growth and 

plasticity (Tardito et al., 2006) (Figure 6-1 A). Conversely, in the myocardium, activation 

of PKA following P-AR stimulation modulates the L-type Ca2+ channels, the ryanodine 
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Figure 6-1: cAMP 2n messenger signaling in a neuron (A) and cardiomyocytes (B), 
showing examples of intracellular effector proteins. Activation of a GPCR 
causes stimulation of AC-mediated cAMP generation, increasing 
intracellular levels. cAMP elevation stimulates protein kinase A (PKA) 
activity. In the neuron, phosphorylation of cAMP response-element 
binding protein (CREB) in the nucleus stimulates transcription of genes 
that affect cell plasticity and growth. In the cardiomyocytes, PKA 
activation results in increased influx of Ca2+ through activation of Ca2+ 

channels on the plasma membrane (Ica2+) and the ryanodine receptors Ca 
channels (RyR) on the sarcollemal reticulum. Phosphorylation of the 
phospholamban (PLB) removes sarco/endoplasmic reticulum Ca2+-
ATPase (SERCA) inhibition, increasing Ca2+ influx into the cytosol. 
Additionally, phosphorylation of the troponin and myosin binding protein 
C (MBP-C) increases efficiency of contraction by sensitizing the 
sarcomere proteins to Ca2+. 
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receptors Ca channels (RyR), troponin I, myosin binding protein C (MBP-C) and 

phospholamban (PLB) among other effectors. Ultimately, cAMP-mediated cardiac PKA 

activation affects Ca influx into the cytosol, thereby increasing the strength of 

cardiomyocytes contraction (Figure 6-IB). Physiologically, tissue-dependent modulation 

of cell function implicates cAMP in the control of processes ranging from thermogenesis 

to memory formation, with abnormal levels and responsiveness associated with 

pathological states (Yoshida et al., 2001). 

Phosphodiesterase enzyme superfamily 

Phosphodiesterase (PDE) enzymes terminate the cAMP and cGMP signal by 

catalyzing the second messengers to their respective inactive 5'-adenosine 

monophosphate derivatives in a process dependent on the presence of cofactors Zn + or 

Mg2+ (Liu et al., 2001; Laliberte et al., 2002; Zhao et al., 2003). Genetically, this protein 

family is highly conserved through evolution, attesting to its physiological importance 

(Davis et al., 1989; Beavo, 1995; Conti and Jin, 1999; Conti and Beavo, 2007). Twenty-

one genes encoding approximately 50 different phosphodiesterase enzyme isoforms are 

grouped into 11 subfamilies (PDE1-11) according to amino acid sequence, kinetic 

properties and regulatory profile (Houslay and Adams, 2003; Wong et al., 2006; Esposito 

et al., 2009; Zhang, 2009). PDE4, 7 and 8 subfamilies exhibit specificity for cAMP, while 

PDE5, 6 and 9 are cGMP-specific and PDE1, 2, 3, 10 and 11 hydrolyze both cyclic 

nucleotides with equal affinity (Torphy, 1998; Conti and Jin, 1999; Houslay and Adams, 

2003). PDE isozymes are distributed throughout the body, playing a part in physiological 

processes including vision (PDE6) (Lamb and Pugh, 2006), olfaction (PDE4) (Borisy et 
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al., 1993), penile erection (PDE5) (Moreland et al., 1998), airway constriction (PDE4) 

(Sturton and Fitzgerald, 2002), memory formation (PDE2 and PDE4) (Barad et al., 1998; 

Monti et al., 2006; Reneerkens et al., 2009), cardiac contractility (PDE3 and PDE4) and 

inflammation (PDE4) (Barnette et al., 1998). 

Phosphodiesterase-4 enzymes 

One of the most studied PDE subfamilies are the PDE4 isozymes, which have 

been a target of pharmacological interventions in treatment of major depression (Zeller et 

al., 1984; Bertolino et al., 1988) and asthma (Houslay et al., 2005), as well as, more 

recently, a target in genetic association studies linking PDE4 with ischemic stroke 

(Gretarsdottir et al., 2003). Four genes (PDE4A, PDE4B, PDE4C and PDE4D) encode 

over 20 isoforms (Rao and Xi, 2009), classified by structure as long, short and super-

short depending on the presence of upstream conserved regions (UCR1 and UCR2) 

flanking a common catalytic site (Figure 6-2). All PDE4 isozymes break down cAMP 

with a Km of ~1 uM (Houslay et al., 1997) at the catalytic site located in a conserved 

region of 270-300 amino acids (Beavo, 1995; Conti and Jin, 1999). The uniqueness of 

individual isozymes arises from their N-terminus regions, leading to distinct regulation, 

intracellular localization and interactions with specific proteins (Houslay et al., 2007). 

A major and relatively recent addition to the understanding of cAMP signaling and the 

role of PDE isozymes is the concept of cAMP signal compartmentalization. Intracellular 

localization of cAMP effects is achieved through the sequestering of AC-mediated cAMP 

generation and its breakdown (by PDE enzymes) to distinct cellular compartments, 

forming intracellular gradients of cAMP concentration (Jin et al., 1998; Zaccolo and 
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Pozzan, 2002; Terry et al., 2003; Houslay et al., 2007). Initially, the large number of 

PDE4 subtypes was believed to facilitate differential regulation of short and long 

isoforms, however, it is now known that the differences in isozymes relate to intracellular 

modulator protein interactions with PDE leading to precise regulation of pools of cAMP 

around sites such as p-ARs or RyR (Perry et al., 2002; Baillie et al., 2003; Bolger et al., 

2003; Lynch et al., 2005). As an example, the N-terminal domain of PDE4A4 (and its 

rodent equivalent, PDE4A5) dictates redistribution of the enzyme intracellularly when 

exposed to inhibitors Ro 20-1724 and RS25344 (Terry et al., 2003). Most PDE4 subtypes 

are capable of interacting with (3-arrestin, which provides dynamic regulation of the 

cAMP signal initiated by P-AR activation, in parallel with the modulation of adrenergic 

sensitivity by the processes of receptor internalization and downregulation (Perry et al., 

2002; Lynch et al., 2005). 

PDE4 expression 

PDE4 expression is ubiquitous throughout a variety of organs, with the greatest 

levels observed in the brain, heart, lung and skeletal muscle (McLaughlin et al., 1993; 

Engels et al., 1994; Houslay et al., 1998). Real-time polymerase chain reaction (RT-PCR) 

studies quantifying mRNA expression have detected all four PDE4 subtypes in human 

brain, liver, lung, kidneys and hearts (Engels et al., 1994; Engels et al., 1995). 

Heterogeneous PDE4 expression within the human and rat brain was reported, with the 

regions of the cerebral cortex, the olfactory system, cerebellum, striatum and the 

hippocampus exhibiting high PDE4 mRNA and protein levels (Kaulen et al., 1989; 

Engels et al., 1994; Engels et al., 1995; Shakur et al., 1995; Iwahashi et al., 1996; Zhang 
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et al., 1999; Farooqui et al., 2000; D'Sa et al., 2005; Richter et al., 2005; Dlaboga et al., 

2008). 

Species differences have been reported in the PDE4 mRNA levels, with different 

relative expression of PDE4 isozymes in the brain and heart detected in rats, compared to 

human tissue (Engels et al., 1994; Bian et al., 2004). Additionally, the overall PDE4 

mRNA expression in most rat tissues is higher than in humans (Bian et al., 2004). While 

the relative tissue expression and importance of individual subtypes is still contentious, it 

has been established that PDE4A, B and D are present in the rat brain (Bolger et al., 

1994; Iona et al., 1998; Takahashi et al., 1999) and heart (Engels et al., 1994; Kostic et 

al., 1997; Takahashi et al., 2002; Abi-Gerges et al., 2009) tissues with minimal 

expression of PDE4C in those two organs. 

PDE4 regulation 

PKA-mediated phosphorylation increases PDE4 activity within 15 minutes of 

elevated cAMP levels, as evidenced by the ability of the PKA inhibitor H89 to block 

increases in enzyme activity (Chang et al., 1997). Phosphorylation of the PDE4 enzyme 

at the Ser-54 residue in the UCR1 region of the long isoforms (Figure 6-3) results in the 

disruption of a hydrogen bond and placement of a negative charge at that position, 

putting the enzyme in the high activity form (Sette and Conti, 1996; Hoffmann et al., 

1998; Torphy, 1998; Liu and Maurice, 1999). This phosphorylation was observed to 

affect only the long forms of the PDE4 isozymes (Richter et al., 2005), since the shorter 

isoforms lack the relevant UCR1 region. In addition to increased catalytic activity, PKA-

phosphorylated PDE4 has been shown to exhibit increased affinity for the inhibitor 
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rolipram ((./?/S)-4(3-cyclopentyloxy-4-methoxyphenyl)-2-pyrrolidone; Figure 6-4), with 

the IC50 values decreased 6-15 times upon phosphorylation (0.68 uM to 0.11 uM with 

PDE4D3; 123 nM to 8 nM with PDE4A4) (Sette and Conti, 1996; Hoffmann et al., 1998; 

Laliberte et al., 2002), which has been recently confirmed in vivo (Itoh et al., 2010). 

In addition to the activation of PDE4 activity by the P-AR-cAMP-PKA cascade, 

mitogen-activated protein (MAP) kinase extracellular receptor kinase 2 (ERK2) 

activation results in phosphorylation at a site within the catalytic region. Catalytic activity 

of long PDE4 isoforms phosphorylated at this site is inhibited (Hoffmann et al., 1999), 

while the short isoforms are stimulated (Zhang, 2009). A second ERK-phosphorylation 

site has been suggested on the long isoform PDE4D3 that may increase enzyme activity 

and induce translocation (Liu and Maurice, 1999). Additionally, activation of the MAP 

kinase signaling pathways through the protein kinase C reduces the stability of PDE4D 

mRNA in vascular smooth muscle cells (Liu et al., 2000). The dual regulation of PDE4 

provides a mechanism for complicated spatial and temporal regulation of the cAMP 

signal, allowing distinct cellular pockets to exhibit different cAMP responses to receptor 

stimulation, depending on the PDE4 subtype present. As an example, thyroid-stimulating 

hormone has been shown to increase PDE4D3 enzymes in the soluble and particulate 

fraction of the quiescent FRTL-5 thyroid cell, while long-term TSH exposure increases 

PDE4D2 primarily in the soluble fraction (Jin et al., 1998). Regulation of PDE4 

expression can also be isozyme-specific, with individual subtypes exhibiting different 

susceptibility to increased expression and phosphorylation (Kostic et al., 1997), providing 

precise control over cAMP levels in the cellular compartments. 
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GPCR GFR 

PDE4 

Increased activity 
(long isoforms) 

Increased activity Decreased activity 
(short isoforms) (long isoforms) 

Figure 6-3: Regulation of PDE4 by phosphorylation at two distinct sites on the 
molecule, following activation of the GPCR and tyrosine kinase receptor 
(growth factor receptor; GFR) pathway. Activated PKA phosphorylates 
the long isoforms of PDE4 at the Ser54 site of the upstream conserved 
region 1 (UCR1), increasing the enzyme's catalytic activity. 
Phosphorylation of the PDE4 enzyme by Erk2 MAP kinase on a Ser site in 
the catalytic subunit inhibits the catalytic activity of long isoforms and 
activates the short isoforms. 
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Sustained elevation in cAMP levels (> 2 hours) increases enzyme expression and 

activity through increased PDE4 gene transcription (Torphy et al., 1992; Engels et al., 

1994; Manning et al., 1996; Rose et al., 1997; Torphy, 1998; Tilley and Maurice, 2002; 

Campos-Toimil et al., 2008). Tilley et al. have demonstrated that administration of 

activators of PKA (dibutyryl-cAMP) or AC (forskolin) increase PDE4 activity by 

approximately 55% in vascular smooth muscle cells within 5 hours of drug treatment in a 

transcription-dependent process (Tilley and Maurice, 2002). Conversely, inhibition of 

PDE4 transcription with actinomycin-D or disruption of protein synthesis by 

cycloheximide has been shown to attenuate cAMP-dependent increases in PDE4 

expression (Torphy et al., 1992; Tenor and Schudt, 1996; Erdogan and Houslay, 1997), 

implicating de novo protein synthesis. 

A chronic blockade of (3-AR with propranolol has been shown to decrease cAMP 

hydrolysis (Ye and O'Donnell, 1996) and PDE4 protein density in the rat cerebral cortex 

(Ye et al., 1997). Destruction of noradrenergic neurons with intracerebral administration 

of 6-hydroxydopamine reduces PDE4A and PDE4B expression in the rat hypothalamus, 

showing regulation of these two PDE4 subtypes by the noradrenergic system (Farooqui et 

al., 2000). These studies indicate that PDE4 expression and activity respond to both 

increases and decreases in the cAMP levels, with the potential for using measurements of 

PDE4 as an indirect index of intracellular cAMP levels. At the most basic level, the 

immediate response to increased cAMP levels is an elevation in PDE4 activity by PKA 

phosphorylation. With a persistent cAMP elevation, PKA-mediated processes initiate 

gene transcription and de novo protein synthesis, increasing PDE4 expression in the cell. 
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PDE4 INHIBITORS 

The first agents used for inhibition of phosphodiesterase enzymes were the 

xanthine derivatives caffeine, theophylline and 3-isobutyl-l-methylxanthine (IBMX) 

(Wells and Kramer, 1981; Yasui and Komiyama, 2001). Theophylline has been used 

clinically for the past five decades for treatment of asthma. However, xanthine derived 

PDE inhibitors exhibited relatively low potency in inhibiting PDE isozymes, very little 

subtype selectivity and adenosine receptor antagonist action (Yasui and Komiyama, 

2001), rendering them ineffective compared to modern agents. 

Intense interest in the second generation of PDE4 inhibitors that selectively affect 

the low Km, cAMP-specific PDE4 subfamily was caused by the ability of these agents to 

inhibit platelet aggregation and elicit cardiotonic effects (Weishaar et al., 1985). 

Rolipram, zardaverine, filaminast, mesopram and piclamilast were considered for anti­

inflammatory applications, but were dropped from clinical trials due to the emetic side 

effects. From this generation of PDE4-specific inhibitors, rolipram, Ro 20-1724, ICI 63-

197 have exhibited behavioural effects on rats that suggested the effectiveness in 

elevating brain cAMP (Wachtel, 1982) and thus potential for treatment of major 

depression (Wachtel, 1983; Wachtel, 1983; Wachtel, 1988). Clinical studies have 

established efficacy (Zeller et al., 1984), accompanied with high occurrence of side-

effects, including nausea and vomiting (Bertolino et al., 1988). 

In addition to anti-depressive applications, an ongoing challenge for the 

pharmaceutical industry has been to enhance subtype specificity and increase anti­

inflammatory and bronchorelaxant effects of PDE inhibitors, while reducing side effects 

(Manning et al., 1999). Presently, a degree of specificity has been achieved, with recently 
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synthesized compounds showing 17-fold specificity for PDE4A and B over PDE4D 

(Manning et al., 1999). This refinement in developmental chemistry has allowed several 

PDE4 inhibitors to warrant clinical trials or approval by regulatory agencies for treatment 

of COPD (rofiumilast and olgemilast), psoriasis (apremilast), asthma (MEM1414) and 

rheumatoid arthritis (GRC 4039) (Pages et al., 2009). 

Rolipram 

Archetypal PDE4-selective inhibitor rolipram has been tested as an 

antidepressant, showing promising effectiveness in human and animal studies (Wachtel, 

1983; Zeller et al., 1984; Bertolino et al., 1988; Esposito et al., 2009). In cardiac studies, 

rolipram has been found to potentiate the action of inotropic agents and modulate cardiac 

contractility (Kajimoto et al., 1997). Rolipram exists as (R)- and (S)- stereoisomers, with 

the (R)- form being 10-15 times more potent in eliciting antidepressant action (Wachtel, 

1983) and -20 times more effective at inhibiting PDE4 (Schneider et al., 1986). (R)-

Rolipram reversibly binds to PDE4 (Liu et al., 2001), inhibiting the enzyme activity with 

IC50 values of 0.1-1 uM (Houslay et al., 1997). 

PDE4 exhibits a high- and low-affinity rolipram binding site (HARBS and 

LARBS, respectively). Presence of two rolipram binding sites on the PDE4 enzyme has 

been shown, with the possibility that the two sites may actually be two distinct forms or 

states of the enzyme (Torphy et al., 1992; McLaughlin et al., 1993; Jacobitz et al., 1997; 

Torphy, 1998; Liu et al., 2001; Houslay and Adams, 2003; Zhao et al., 2003), with K, 

values of-1-10 nM and -50-1000 nM, respectively (McLaughlin et al., 1993; Bamette 

et al., 1995; Bamette et al., 1996; Jacobitz et al., 1996; Houslay and Adams, 2003). While 
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studies by Zhao et al. using [3H]rolipram and [3H]piclamilast detected no HARBS in the 

peripheral tissues and only 50-65% of total rolipram binding in the brain (Zhao et al., 

2003), other groups have shown the presence of both sites in the brain and the periphery 

(Kelly et al., 1996). Conflicting data from in vitro studies likely results from the 

dependence of HARBS on the presence of Mg2+cofactor to induce its holoenzyme 

conformation (Liu et al., 2001; Zhao et al., 2003) and alter the phosphorylation state of 

the enzyme (Sette and Conti, 1996; Hoffmann et al., 1998; Torphy, 1998). In a 

physiological milieu, it would be expected that intracellular Mg2+ levels would satisfy the 

enzyme cofactor dependence for functionality (Houslay and Adams, 2003). Three-

dimensional X-ray crystallography of the PDE4 enzyme structure points to the presence 

of a catalytic site with highly conserved residues that binds two metal atoms and has been 

proposed as a potential site for rolipram binding (Xu et al., 2000). Based on mutation 

studies, PKA phosphorylation was suggested to increase rolipram binding to PDE4 

through the formation of an ion-pair between the phosphorylated Ser54 in the UCR1 with 

a residue within the catalytic subunit (Hoffmann et al., 1998). 

PATHOLOGIES INVOLVING ALTERATIONS IN cAMP REGULATION 

Asthma and inflammatory disorders 

Due to the expression of PDE4 isozymes in the lungs and inflammatory tissues, 

PDE4 inhibitors are undergoing rigorous investigation as a treatment for asthma. PDE4 

inhibitor imbudilast is currently used in the Asian markets for control of asthma, while a 

number of other compounds are in clinical trials (Houslay et al., 2005). Pharmacologic 
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inhibition of PDE4 activity suppresses the release of pro-inflammatory factors histamine, 

and tumor necrosis factor-a from the cells of the immune system (Barnette et al., 1998). 

Despite their effectiveness, wide application of PDE4 inhibitors is limited by the emetic 

effect. 

Neuropsychiatric disorders 

All PDE isozymes (except PDE11) are expressed to a varying degree in the brain 

(Makhlouf et al., 2006; Wong et al., 2006; Reneerkens et al., 2009), The past three 

decades have seen continued research into the involvement of PDE4 in the molecular 

mechanism of depressive disorders (Wachtel, 1983; Duman et al., 1997), due to the 

involvement of the enzymes in the termination of monoamine signaling (Zhang et al., 

1999; Farooqui et al., 2000; Delgado et al., 2003; Zhao et al., 2003; Lynch et al., 2005; 

Lourenco et al., 2006). PDE4-selective inhibitors exhibit characteristics common to the 

antidepressant drugs in animal models, such as potentiation of yohimbine lethality and 

inhibition of reserpine-induced hypothermia, as well as hypokinesia and reduced escape 

failures in the learned helplessness rat model of depression (Wachtel, 1983; Wachtel and 

Schneider, 1986; O'Donnell and Zhang, 2004). These effects were found to occur even 

with the blockade of p-AR or dopaminergic receptors, indicating that the antidepressant 

site of action of PDE4 inhibitors is located downstream of the receptor (Wachtel and 

Schneider, 1986). 

In a simplified proposed cascade of antidepressant action, increased synaptic 

monoamines activate G protein-coupled receptors, stimulating cAMP generation and 

PKA activation. Phosphorylation of CRE by PKA induces binding to CREB, resulting in 
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increased transcription and expression of the modulator of neural plasticity BDNF 

(Duman et al., 1997; Itoh et al., 2004). Increasing intracellular cAMP was proposed as 

the common factor in the action of pharmaceutical agents affecting noradrenergic and 

serotonergic signaling, unifying the antidepressant mechanisms of selective serotonin 

reuptake inhibitors, monoamine oxidase inhibitors and tricyclic antidepressants (Duman 

et al., 1997). Learned helplessness rat model of depression exhibited reduced PDE4 

expression (Itoh et al., 2003), while electroconvulsive seizure therapy and chronic 

antidepressant drug administration have been shown to upregulate PDE4 enzymes 

(Takahashi et al., 1999; Cho et al., 2000; Zhao et al., 2003; D'Sa et al., 2005). Inhibition 

of PDE4 in the brain was reported to reverse cognitive defects arising from sleep 

deprivation in rats (Vecsey et al., 2009). The involvement of cAMP and PDE4 in the 

mechanisms of both pathogenesis and antidepressant action makes in vivo quantification 

of enzyme activity and expression a promising target (Fujita and Innis, 2000). 

Cardiac disorders 

In cardiac tissues, cAMP activation of PKA modulates the phosphorylation of a 

number of intracellular proteins which regulate Ca2+ influx and therefore the strength of 

cardiomyocyte contraction. Generated cAMP is hydrolyzed mostly by PDE3 and PDE4 

isozymes in the myocardium, which display distinct intracellular localization (Mongillo 

et al., 2004). While PDE3 enzymes localize primarily to the intracellular membrane, 

PDE4B and D subtypes are found in clusters throughout the myocardial cytosol, 

associated with the membrane, and in high density at the M and Z line of the sarcomere 

(Mongillo et al., 2004). Adult rat cardiomyocytes also show cAMP- and cGMP-
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hydrolyzing PDE2 activity (Mongillo et al., 2006), as well as the presence of cGMP-

specific PDE1 (Nikolaev et al., 2006). Functionally, cardiac PDE4 subtypes break down 

the cAMP generated following P-AR activation within the sympathetic branch of the 

autonomic nervous system (Katano and Endoh, 1990; Katano and Endoh, 1992; Cui and 

Green, 2003; Xiang and Kobilka, 2003; Mongillo et al., 2004; Nikolaev et al., 2006). 

Increased cardiac adrenergic tone and decreased post-synaptic response to NA are 

common factors in heart failure, regardless of the underlying etiology (Leimbach et al., 

1986; Eisenhofer et al., 1996; Osadchii et al., 2007), making measurement of adrenergic 

signaling at receptor and post-receptor second messenger level a tempting novel target for 

in vivo quantification. 

Progressive cardiomyopathy observed in a mouse model of genetic PDE4D gene 

inactivation despite the lack of change in P-adrenergic receptors directly implicates PDE4 

in the pathogenesis of heart failure (Lehnart et al., 2005). In human failing cardiac 

tissues, a reduction in RyR-bound PDE4D phosphorylation and activity has been 

observed (Lehnart et al., 2005). Furthermore, heart failure induced by aortic banding 

reduced cAMP generation by 32% and decreased overall PDE4A and PDE4B expression, 

while PDE4D was unchanged (Abi-Gerges et al., 2009). Conversely, Takahashi et al. 

have observed an increase in PDE3 and PDE4 activities in a pressure-induced congestive 

heart failure rat model (Takahashi et al., 2002). The same study reported an increase in 

cardiac cAMP levels compared to the age-matched controls at the age of 11 weeks, when 

the rats are merely hypertensive, followed by a decrease at 18 weeks, once the animals 

develop congestive heart failure (Takahashi et al., 2002). The contradictions between the 
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two findings suggest cAMP regulation and PDE4 levels may be altered in a time-

dependent fashion in pathology. 

IMAGING SIGNAL TRANSDUCTION 

Post-synaptic 2" messenger signaling 

As important cellular switches and common components of a number of 

neurotransmitter signal-transduction cascades, non-invasive quantification of secondary 

messenger systems in living tissues could provide mechanistic insights into alterations of 

signal transduction pathways in disease states. Additionally, since signaling cascade 

defects may precede functional impairments, evaluation of intracellular components of 

cell signaling at different stages in disease progression could provide clinically 

significant information and help guide therapy. A number of radiolabeled ligands have 

been proposed for in vivo evaluation of molecular targets in the post-receptor cascades 

(Figures 6-4 and 6-5). 

["CJrolipram and [nC]Ro20-l 724 

Specific PDE4 inhibitors rolipram and Ro20-1724 were initially labeled with C-

11 by DaSilva et al. (DaSilva et al., 1997), and their retention compared using 

biodistribution studies for potential as indices of PDE4 binding, and indirectly, of cAMP 

signaling (Lourenco et al., 1999). Both radiotracers bound PDE4 specifically in the brain, 

with [ CJrolipram exhibiting three times higher regional expression and greater specific 

binding (approximately 80% vs. -50%) than [HC]Ro20-1724 (Lourenco et al., 1999). 

{R)-[ CJrolipram was developed through further studies as a PET tracer used for the 

evaluation of PDE4 levels and alterations in cAMP signaling pathways. 
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Figure 6-4: Structures of radioligands evaluated for imaging of signaling targets; 
phosphodiesterase-4 ((#)-["C]rolipram, (5)-[nC]rolipram and [nC]Ro20-
1724 R = CH3- for unlabeled derivatives), adenylyl cyclase ([uC]forskolin 

18 t 1 

and [ FJforskolin), phosphoinositide turnover ([ CJDAG and sn-\,2-
[nC]DAG), arachidonic acid (["CJarachidonic acid), protein kinase A 
([ C]isoquinoline-5-sulfonamide) and protein kinase C ([7P-methoxy 
uC]methoxy staurosporine and [nC]DPBB). 
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Figure 6-5: Examples of tracers with potential for imaging components of the cAMP 
and PLC signaling pathways following activation of the G protein coupled 
receptors (GPCRs). (3-AR stimulation activates the adenylyl cyclase (AC), 
which has been studied using n C- and 18F-labeled inhibitor forskolin. AC 
stimulation increases cAMP levels, activating protein kinase A (PKA) and 
increasing phosphodiesterase-4 (PDE4) levels. (R)- and (S)-[l ̂ rol ipram 
have been used for quantification of PDE4 expression and activity. 
Attempts have been made to quantify PKA using u C-labeled isquinoline 
sulfonamides. Following mAchR activation, the <xq subunit of the GPCR 
stimulates phospholipase C (PLC) to break phosphatidyl 4,5-bisphosphate 
(PIP2) into inositol trisphosphate (IP3) and diacylglycerol (DAG), which 
activates protein kinase C (PKC). [UC]DAG has been used to measure the 
activation of the IP3/DAG signaling cascade, while ' ^-labeled 
stauroporine and nC-labeled phorbol esters, including 12-deoxyphorbol 
13-isobutyrate-20-[l-nC]butyrate ([nC]DPBB), have been assessed for 
PKC imaging. 
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[ C]Arachidonic acid 

Regional incorporation of arachidonic acid labeled with C-l 1 is used as an index 

of phospholipase A2 activity in vivo (Esposito et al., 2007), reflecting changes in the 

stimulation of cell surface receptors that utilize this pathway, including serotonin 5-HT2 

receptors (Basselin et al., 2009). 

[7/3-methoxy CJmethoxy-stauroporine 

Tracers based on phorbol esters, molecules which incorporate into the protein 

kinase C (PKC)/ diacylglycerol (DAG)/ phosphoinositide (IP3) signaling pathway, have 

been tested using ex vivo techniques, showing retention of 12-deoxyphorbol 13-

isobutyrate-20-[l-nC]butyrate ([nC]DPBB) to be susceptible to displacement by 

unlabeled inhibitors (Ohmori et al., 1993). Radiolabeling of the inhibitor stauroporine as 

[7(3-methoxy nC]methoxy-stauroporine was aimed at imaging brain PKC localization, 

but failed to establish a radiochemical yield sufficient for positron emission tomography 

(PET) imaging (Sasaki et al., 1996). 

[ C]Diacylglycerol 

Within the PKC signaling pathway, "C-labeled DAG (l-[l-[nC]butyryl-2-

palmitoyl-rac-glycerol) has been applied for in vivo PET imaging of the myocardium in 

rats with experimentally-induced myocardial infarction, as well as in human heart failure 

patients (Chida et al., 2000; Otani et al., 2005). [nC]DAG is metabolized within the 

phosphoinositide cycle, with the radioactivity uptake reflecting the activation of the 

IP3/DAG second messenger cascade (Otani et al., 2005). Studies imaging PKC signaling 

pathway using PET display potential for analysis of post-MI remodeling in the 
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myocardium, mediated by angiotensin II, endothelin-I and ai-adrenergic receptors (Chida 

et al., 2000; Otani et al., 2005). 

[ FJFluoroethylcarbamoyl-forskolin, [ CJforskolin and C-labeled isoquinoline-

sulfonamide 

The GPCR-AC-cAMP-PKA axis has provided a number of targets for non-

i o 

invasive quantification by PET tracers. F-labeled carbamate analog of forskolin, 7-(2-
1 Q 

[ F[fluoroethyl) carbamoyl forskolin, was tested for AC imaging in the brain 

(Kiesewetter et al., 2000). Despite the high in vitro affinity for AC of the candidate 

compound, in vivo studies in primates and ex vivo studies in rats exhibited low and non­

specific uptake of the tracer in the brain (Kiesewetter et al., 2000). Sasaki et al. tested 

[ CJforskolin in rats, reporting high signal uptake and susceptibility to displacement by 

unlabeled forskolin in the heart (Sasaki et al., 1993). Recent efforts were geared towards 

labeling isoquinolinesulfonamide PKA inhibitors, testing a number of candidate tracers 

by ex vivo biodistribution techniques (Vasdev et al., 2008). 

PDE4 IMAGING 

CK)-[nC]Rolipram 

Rolipram labeled with C-ll has been applied for evaluation of changes in the 

cAMP signaling pathway in rat, monkey, pig and human (DaSilva et al., 1997; Lourenco 

et al., 1999; Tsukada et al., 2001; DaSilva et al., 2002; Fujita et al., 2005; Parker et al., 

2005). (R)- and (5)-desmethylrolipram precursors are synthesized by dealkylation of 

(i?/5)-rolipram with iodotrimethylsilane, followed by separation of (R)- and (S)-

precursors through chiral high performance liquid chromatography (HPLC) to >99% 
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optical purity (DaSilva et al., 2001). (7?)- and (S)-[11C]rolipram are synthesized by O-

[ C]methylation of respective phenolic precursors with [nC]methyl iodide in the 

presence of tetrabutylammonium hydroxide (TBAOH) (DaSilva et al., 1997). Initial 

radiosyntheses of (R)- and (S)-["C]rolipram yielded specific activities of 18-93 

GBq/umol (>500-2500 mCi/fimol) at end-of-synthesis using the wet (lithium aluminium 

hydride; LAH) method (Tsukada et al., 2001; Fujita et al., 2005; Parker et al., 2005; 

Fujita et al., 2007; Kenk et al., 2007). 

(R)-[l CJrolipram safety profile 

Human and animal studies performed with unlabeled (7?/5)-rolipram show a good 

toxicological safety profile. Emetic side-effects of rolipram occur at doses of 0.1 mg/kg 

i.v. (in dogs) (Heaslip and Evans, 1995), while a dose of 1.0 mg/kg t.i.d. has been well 

tolerated in human clinical studies (Zeller et al., 1984; Bertolino et al., 1988). With 

specific activities of 185-370 GBq/umol (5000-10000 mCi/umol) becoming routinely 

achievable, the cold mass that would be administered in a human PET imaging study for 

a 370-555 MBq (10-15 mCi) injection would range from 0.3-4.1 ug. This amount of 

unlabeled (i?)-rolipram would not be expected to elicit any negative effects. 

Administration of (/?)-[''CJrolipram in imaging studies with healthy volunteers and rats 

elicited no change in heart rate, blood pressure and respiratory rate (DaSilva et al., 2002; 

Fujita et al., 2005; Sprague et al., 2008). 

Extrapolation of ex vivo rat dosimetry data to estimate human dose yielded 

absorbed dose estimates (for a 370 MBq (10 mCi) injected dose) of 1.4 uGy/MBq (51.9 

uGy/mCi) for the whole body, with the highest absorbed dose in the urinary bladder wall, 
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small intestine and liver (14.2, 7.6 and 5.3 uGy/MBq; 525.9, 281.5 and 196.3 fiGy/mCi) 

(Lourenco et al., 2001). Subsequent studies using PET imaging have estimated the 

effective dose absorbed by high-exposure organs at 4.8 uGy/MBq (177.8 uGy/mCi)from 

human PET studies and 1.4 uGy/MBq (51.9 ^Gy/mCi) from monkey imaging (Sprague 

et al., 2008), reflecting species differences in metabolic pathways. Both studies have 

concluded that the exposure of human subjects is well within safety limits, considering 

the standard effective dose of "C-labeled receptor tracers is ~3-6 [xGy/MBq (111.1-

222.2 uGy/mCi) (International commission on radiological protection (ICRP), 2008). By 

comparison, the adult dose of commonly used clinical PET imaging agent 

[18F]fluorodeoxyglucose ([18F]FDG) is 10-90 uGy/MBq (370.4-3333.3 uGy/mCi) 

(International commission on radiological protection (ICRP), 2008), far higher than with 

(R)-[ CJrolipram. In rats and monkeys, excretion of (R)-[ CJrolipram was 

predominantly urinary, while the hepatobilliary route plays a major role in humans 

(DaSilva et al., 2002; Sprague et al., 2008). 

Ex vivo / in vitro characterization of [nC]roIipram binding 

Biodistribution studies have been used to define the time-course of both C-

labeled enantiomers of rolipram (Lourenco et al., 1999). High uptake of (R)-

[''CJrolipram was observed in the PDE4-rich brain, lungs, heart, skeletal muscle and 

pancreas, with the rank order of signal retention matching PDE4 densities determined by 

in vitro methods (Lourenco et al., 1999; Lourenco et al., 2001; Kenk et al., 2007). (R)-

and (S)-[ CJrolipram uptake reaches maximal values 5 min following tracer 

administration (Lourenco et al., 2001). Activity retained in tissues following (5)-
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[ CJrolipram administration decays with higher clearance than the (R)- enantiomer 

(Lourenco et al., 2001). 

(R)- and (5)-[uC]rolipram biodistribution studies displayed a large amount of 

reversible binding of (#)-[' '(^rolipram in the brain (-80%) and the heart (30-40%) that 

could be displaced by co-administration of unlabeled (i?)-rolipram or a structurally 

distinct PDE4 inhibitor, Ro 20-1724 (Lourenco et al., 2001). Co-administration of (R)-

["CJrolipram with a range of doses of unlabeled (R)- or (^-rolipram generated dose-

response curves with ED5o values of 0.04 and 0.5 mg/kg, respectively (Lourenco et al., 

2001; Kenk et al., 2007). Despite the lower affinity for PDE4, -50% of brain (S)-

[ 'CJrolipram retention was susceptible to blocking by (7?)-rolipram, indicating the 

presence of specific binding. However, a much lower tissue contrast was observed in the 

tissues following (£)-[''CJrolipram administration compared with (R)-[ CJrolipram, 

reflecting the lower affinity of the (S)- stereoisomer for the PDE4 enzyme (Lourenco et 

al.,2001). 

In the heart, biodistribution studies have estimated (i?)-[HC]rolipram specific 

binding to account for 30^10% of the total detected signal (Lourenco et al., 2006; Kenk 

et al., 2007). Retention of (i?)-[nC]rolipram in cardiac regions, skeletal muscle, lungs and 

pancreas was unaffected by administration of inhibitors of PDE1, 2, 3 and 5 isozymes, 

demonstrating binding selectivity for the PDE4 isoforms over other PDE enzymes 

(Lourenco et al., 2001; Kenk et al., 2007). This result was validated using in vitro 

autoradiography studies (Kenk et al., 2007). Conversely, specific binding of (R)-

[uC]rolipram was absent in the adipose tissues. Overall, ex vivo and in vitro 

characterization demonstrates that (R)-[ 'C]rolipram is a suitable imaging agent for 
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evaluating PDE4 in the brain, myocardial tissues, skeletal muscle and pancreas, but not 

the adipose tissues (Kenk et al., 2007). 

(R)- and (5)-[nC]rolipram metabolism 

Studies performed with H- and 14C-labeled rolipram have shown extensive 

metabolism of rolipram, with the elimination of labeled rolipram in rats proceeding in a 

4:1 ratio through renal to biliary routes (60% of activity excreted through urine and 15% 

through feces), with a significant amount of enterohepatic recirculation (Krause and 

Kuhne, 1988; Krause et al., 1989). 

Six separate metabolism products have been identified in rat, rabbit, monkey and 

human plasma (Krause and Kiihne, 1992; Krause and Kiihne, 1993), resulting from phase 

I cleavage of the methoxy and pentyloxy groups, or hydroxylation of the pentyloxy ring 

(at positions 2 of 3) (Krause and Kiihne, 1993). Of phase II metabolic reactions, only 

sulphation conjugated metabolites were detected, with no glucuronidation (Davis and 

Daly, 1979). One of the proposed metabolic pathways involves the removal of the n C-

labeled methyl group resulting in the formation of an unlabeled metabolite (Krause and 

Kiihne, 1992). However, according to the findings of Krause and Kuhne, the main 

metabolite is the hydroxylated cyclopentyl ring that would retain its radioactive label, 

even after subsequent sulphation (Krause and Kiihne, 1992). Lack of involvement of the 

chiral center in the biotransformation reactions is reflected in the similar 

pharmacokinetics of (R)- and (iS)-rolipram (Krause et al., 1989; Krause and Kuhne, 

1993). 
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Multiple radiolabeled metabolites have been observed in the plasma and 

peripheral tissues (Lourenco et al., 2001; Kenk et al., 2008), accounting for -75% of the 

total plasma radioactive signal, and 44-52% of the observed signal in the heart, skeletal 

muscle, pancreas and brown adipose tissue 45 min following tracer injection in rats 

(Kenk et al., 2008). It has been established by thin layer chromatography and HPLC that 

metabolism of (S)- and (R)-[ CJrolipram occurs outside the brain, with hydrophilic 

radiolabeled metabolites unable to cross the blood brain barrier (Krause and Kiihne, 

1988; Lourenco et al., 2001; DaSilva et al., 2002; Fujita et al., 2005; Parker et al., 2005; 

Fujita et al., 2007; Kenk et al., 2008), simplifying (/?)-[''CJrolipram application for 

cerebral PET imaging (Pike, 2009). 

Parker et al. detected no change in blood radioactivity and metabolites in pigs 

following administration of (/?)-[''C]rolipram with increasing doses of unlabeled (R)-

rolipram (Parker et al., 2005), suggesting that the metabolic pathways are not sensitive to 

cold rolipram. Conversely, Fujita et al. reported differences between input functions of 

high (71.4 ± 10 GBq/umol; 1920 ± 270 mCi/umol) and low specific-activity (0.19 and 

0.37 GBq/umol; 5 and 10 mCi/umol) (/?)-[' 'C]rolipram injections (Fujita et al., 2005). 

While the labeled hydrophilic metabolites do not bind specifically to PDE4 (Kenk 

et al., 2008), their significant presence necessitates their inclusion in the kinetic modeling 

of (R)- and (5)-[uC]rolipram for PET quantification of PDE4 in the peripheral tissues. 

Studies performed on rat tissue homogenates obtained 45 minute following radiotracer 

administration demonstrate that the radioactivity observed in the heart comprises 41% 

specific binding, 44% labeled metabolites and 15% non-specific binding (Kenk et al., 
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2008). Metabolites of the (R)- and (S)- enantiomers formed in rats show no difference in 

relative proportions (Kenk et al., 2008). 

Plasma protein binding has been estimated at 96% in human plasma (DaSilva et 

al., 2002), 81 and 83% in dogs ((/?)- and (5)-[nC]rolipram, respectively) (Lortie et al., 

2006). In rats, plasma protein binding is similar for both (R)- and (5)-[nC]rolipram 

enantiomers, with values reported in the 65-75% range (Lourenco et al., 2001; Fujita et 

al , 2005; Fujita et al., 2007; Itoh et al., 2009). Incorporating plasma protein binding with 

the contribution of radiolabeled metabolites to the total detected radioactivity signal, 

Lortie et al. have established a kinetic two-compartment model in canine studies 

consisting of specific and non-specific binding compartments with a parallel 

compartment for the labeled metabolites. This model provides an excellent fit to the PET 

data in the canine myocardium, and could be applied with modifications to small-animal 

studies with rats and mice (Lortie et al., 2006; Lortie et al., 2009 (Submitted)). The same 

study also established that the Logan approach of quantifying tracer retention results in 

some bias, which is consistent across scans (Lortie et al., 2009 (Submitted)). 

In vivo PET studies with (/?)-[nC]rolipram 

Early PET imaging studies with (R)-[l'Cjrolipram in monkeys, rats and pigs 

detected high region-specific tracer uptake in the brain cortex, striatum, hippocampus and 

thalamus (Tsukada et al., 2001; DaSilva et al., 2002; Harada et al., 2002; Fujita et al., 

2005; Parker et al., 2005). Radioactive in vivo signal was susceptible to blocking by 

unlabeled (7?)-rolipram (Fujita et al., 2005; Parker et al., 2005). Due to the observed wide 

distribution of (/?)-[''CJrolipram and the ubiquitous PDE4 expression throughout the 

178 



Miran Kenk In vivo assessment of PDE4 with (-/?)-[''(^rolipram 

brain, no reference region can be used to simplify the quantification of the tracer specific 

binding (DaSilva et al., 2002; Gee et al., 2002; Parker et al., 2005). 

In vivo PET imaging measured the affinity of (i?)-[nC]rolipram to be an order of 

magnitude higher than (5)-[nC]rolipram (Parker et al., 2005), confirming the in vitro 

observations. Furthermore, in vivo PET-derived Kd values are higher (1.0 nM using PET, 

compared to 5.5 nM with in vitro techniques) than those obtained by in vitro binding 

assays performed with brain homogenates (Itoh et al., 2009). Specific binding was 

determined to account for the 86-90% of the PET-detected signal in the brain (Fujita et 

al., 2005; Itoh et al., 2009), which is comparable to the 81% measured using ex vivo 

biodistribution experiments (Kenk et al., 2007; Kenk et al., 2008). 

Canine cardiac imaging studies have shown high (i?)-[nC]rolipram uptake in the 

left ventricle, with high contrast between the myocardium and the surrounding tissues 

(Kenk et al., 2006). Lung retention detected with biodistribution studies does not extend 

into potential for PDE4 imaging with (-/?)-[''CJrolipram due to lower tissue density (0.26 

g/cm ) compared to the heart (1.05 g/cm , respectively) and surrounding organs. Despite 

the interest in PDE4 as a factor in bronchial dilatation and respiratory disorders, high 

lung retention of the tracer (as expressed in counts per g of tissue) would therefore not 

translate to high contrast in vivo imaging, since the signal would be distributed over a 

larger volume (Kenk et al., 2007). 

Injectable cold mass 

Hume at al. have performed an extensive study on acceptable occupancy for 

ligand tracer PET imaging (Hume et al., 1998), establishing the relationship between 
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receptor occupancy, injected activity, specific activity and the ED50 of the radiotracer, 

and the weight of the animal studied. While the increase in PET equipment resolution has 

been a field of intense development, the limitations on sensitivity still set the minimal 

detectable injected dose of the radiotracer. To maintain receptor occupancy that allows 

kinetic modeling, high specific activities are necessary, dictated by the affinity of the 

radiotracer for its target (quantified as ED50). In practical terms, tracers with high affinity 

require higher specific activity or lower injected dose (Hume et al., 1998). Jagoda et al. 

have set the threshold of acceptable occupancy for imaging studies at 5% (Jagoda et al., 

2004). 

Binding quantification is only possible if the receptor is not saturated and the 

binding curve is still in its linear (first-order kinetics) stage (Parker et al., 2005). Fujita et 

al. maintained receptor occupancy with unlabeled (7?)-rolipram below 5% by injecting 

110 MBq (3 mCi) of tracer to 300 g rats only if the specific activity is above 37 

GBq/umol (1000 mCi/umol) (Fujita et al., 2005), assuming the ED50 to be 0.05 mg/kg. 

At this occupancy, they observed no positive correlation between the specific activity and 

tracer distribution in brain regions, suggesting that satisfactory occupancy is attained. 

Recent studies performed by Thomas et al. have calculated the ED50 for blocking (R)-

[nC]rolipram uptake in myocardial tissue to be -0.03 mg/kg using Logan distribution 

volumes (Thomas et al., 2010), confirming the values obtained by biodistribution 

experiments at a single time point (Kenk et al., 2007). Given this ED50 value, achievable 

specific activities and sensitivity of the small-animal PET equipment would permit 

imaging studies to be performed at <0.7% occupancy with injections of ~1.0 mCi (37 
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MBq; specific activity 37-111 GBq/umol (1000-3000 mCi/umol) in -500 g rats, well 

below the 5% limit,. 

Quantification of PDE4-specific (if)-[UC]rolipram binding 

Early imaging studies used a 2-tissue compartment model to fit (i?)-[uC]rolipram 

radioactivity retention in the human and rat brain (DaSilva et al., 2002; Fujita et al., 2005; 

Itoh et al., 2009). In rat PET imaging studies, time-activity curves were computed using a 

2-tissue compartment model with the distribution volume (DV) representing the non-

displaceable (Ki/k2) uptake fixed to the DV obtained with saturating dose of (7?)-rolipram 

(Itoh et al., 2009). Alternately, Logan graphical analysis has been applied previously to 

quantify (R)-[ 'C]rolipram uptake in the porcine brain regions of interest by Parker et al., 

producing reproducible results (Parker et al., 2005). 

The difference in affinities of (R)- and (£)-[''CJrolipram stereoisomers for the 

PDE4 enzyme has led to the proposal of using the retention of the less active (5)-

enantiomer to measure non-specific binding of (R)-["CJrolipram, simplifying 

quantification of PDE4-specific retention (Gee et al., 1998; Lourenco et al., 2001; Gee et 

al., 2002; Lortie et al., 2009 (Submitted)). In theory, a two-scan protocol in which PDE4-

specific tracer binding is calculated by comparing the (R)- and (^-["CJrolipram scans 

would overcome the lack of PDE4-free brain reference region and facilitate parameter 

estimates. Assuming that (S)-[ 'CJrolipram does not exhibit measurable PDE4-specific 

binding, a scan with this enantiomer yields a measure of non-specific (/?)-[''CJrolipram 

binding and could provide an estimate of Ki/k2 kinetic constants, which could be applied 

in the same subject to estimate the k3 and Li parameters. A number of studies have 
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produced data that supports this proposition. Imaging studies in the monkey brains have 

shown region-specificity of (R)-, but not (^-["CJrolipram (Tsukada et al., 2001; Harada 

et al., 2002), suggesting absence of (S)-[n CJrolipram PDE4-specific binding. Very little 

displacement of (S)-["C]rolipram has been observed with the high dose of unlabeled (R)-

rolipram (Gee et al., 2002). Initial studies by Parker et al. supported the use of (S)-

[ CJrolipram to measure the non-specific binding and thereby quantify PDE4-specific 

binding of (J?)-["C]rolipram, since very similar time-activity curves were obtained with 

both stereoisomers in the presence of a blocking dose of rolipram (Parker et al., 2005). 

These findings were confirmed in canine cardiac imaging studies, where volumes of 

distribution reflecting non-displaceable components of (R)- and (5)-[" CJrolipram uptake 

were not significantly different in canine hearts (Lortie et al., 2009 (Submitted)). Several 

groups have applied (S)-[ 'CJrolipram scans to quantify (/?)-[ "CJrolipram brain studies 

and eliminate changes in local blood flow as a factor in observed (/?)-["CJrolipram 

alterations (Tsukada et al., 2001; Harada et al., 2002; Itoh et al., 2010). 

While binding of (5)-rolipram to PDE4 exhibits 10-20x lower affinity than that of 

the (R)- enantiomer, early studies performed with biodistribution techniques, as well as 

subsequent PET imaging experiments, have shown the presence of measurable PDE4-

specific (£)-[''CJrolipram binding in the brain and peripheral tissues (Lourenco et al., 

2001; Parker et al., 2005). Use of (S)-[ CJrolipram is based on the assumption that 

pharmacokinetics of the two stereoisomers are identical, and (5)-[ 'CJrolipram retention 

is not dependent on PDE4-specific binding. Incorporation of (S)-["C]rolipram as the 

non-specific component of (R)-[ CJrolipram uptake in modeling is complicated by the 

presence of labeled metabolites in the periphery, as well as the reported difference in the 
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non-specific tracer retention reported by Lourenco et al. with biodistribution studies in rat 

tissues (Lourenco et al., 2001) and Parker et al. using distribution volumes of PET 

imaging of porcine brains (Parker et al., 2005). (5)-[nC]Rolipram retention may include a 

small portion of PDE4-specific binding and the estimate of pharmacokinetics with (5)-

[nC]rolipram may therefore underestimate the (/?)-[''CJrolipram PDE4-specific binding. 

(R)-[ C]rolipram sensitivity to alterations in cAMP signaling 

Following studies on imaging feasibility and specific binding of (i?)-[nC]rolipram 

for PDE4, the tracers were applied to measure changes in intracellular PDE4 levels. 

Initial biodistribution studies have shown increased (R)-[ C]rolipram retention following 

administration of AC activator forskolin (Lourenco et al., 1999). Similarly, pre-treatment 

with desipramine, a NA reuptake inhibitor, results in increased (/?)-[''Cjrolipram binding 

to PDE4 (Lourenco et al., 1999), likely through the stimulation of adrenergic receptors by 

the elevated synaptic NA levels. Administration of pharmacological agents increasing 

monoamine signaling (serotonergic, adrenergic, histaminergic) increased (R)-

["CJrolipram retention in the brain and heart (Lourenco et al., 2006), in agreement with 

the recognized involvement of cAMP in these signaling systems. Notably, increasing 

cardiac levels of NA by administration of desipramine 3 hours prior to the radiotracer has 

been shown to increase retention of (i?)-[nC]rolipram by -20%, as quantified using 

Logan graphical analysis of small-animal PET radioactive signal (Thomas et al., 2010). 

PET measurements using the difference between (R)- and (S)-[ CJrolipram 

uptake have shown that methamphetamine administration increased PDE4 levels in the 

monkey brain, likely through increased dopamine release (Tsukada et al., 2001). This 
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effect was blocked by the Di selective inhibitor SCH23390, but not by raclopride, a D2 

selective inhibitor, suggesting the involvement of Di receptors only (Tsukada et al., 

2001). Conversely, ex vivo experiments by Lourenco et al. showed an increase in (R)-

[uC]rolipram specific binding following administration of drugs that increase 

noradrenergic and serotonergic, but not dopaminergic signaling (cocaine, GBR12909 or 

SKF81297) (Lourenco et al., 2006). 

The use of PDE4 inhibitors for therapy of major depression and the involvement 

of PDE4 isozymes in the molecular processes underlying the function of many 

antidepressants has led to the interest in applying (i?)-[uC]rolipram for in vivo 

monitoring of drug therapy. Chronic administration of antidepressant imipramine in rats 

did not affect PDE4 levels, as evaluated by (/?)-[' 'Cjrolipram PET, [3H]rolipram binding 

assays and immunoblotting against individual PDE4 subtypes (Fujita et al., 2007). These 

findings conflict with the widely reported increases in PDE4 subtypes following chronic 

antidepressant administration (Ye et al., 1997; Takahashi et al., 1999; Ye et al., 2000; 

Zhao et al., 2003). 

In PET studies with conscious rats, PKA activating agent dibutyryl-cAMP 

increased (R)-[ C]rolipram specific binding by 10% when infused into the striatum 

(compared to the contralateral, saline-infused striatum), while Rp-cAMPs, a PKA 

inhibitor, decreased the tracer uptake by 9.1% (Itoh et al., 2009). These results provide in 

vivo confirmation of the in vitro regulation of the PDE4 binding to rolipram by 

phosphorylation. 

Cff)-[UC]ROLIPRAM IN ANIMAL MODELS OF DISEASE 
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Aged monkeys 

PDE4-specific binding is significantly decreased in brain PET scans of aged 

monkeys (78 and 75% in the striatum and frontal cortex, respectively) compared to 

younger animals, as quantified using the difference between (./?)-[" CJrolipram and (S)-

[ 'C]rolipram uptake (Harada et al., 2002). While the authors suggest a link between 

these changes and decreased Di receptor presence and responsiveness, in vitro validation 

was not performed to support these findings. 

Diet-induced obesity 

Alterations in sympathetic nervous system signaling have been previously 

implicated in the pathogenesis of obesity (Landsberg, 1986; Levin et al., 1997; Collins 

and Surwit, 2001; Dulloo, 2002), with diet-induced obese rats exhibiting higher 

sympathetic tone (Levin et al., 1983; Levin and Dunn-Meynell, 2000). Dysfunctional 

intracellular NA responsiveness was detected at the PDE4 level in the diet-induced obese 

rats, but not diet-resistant animals using (R)-[ CJrolipram (Greene et al., 2009). 

Adriamycin-induced cardiotoxicity 

The use of highly effective anthracycline chemotherapeutic agents is limited by 

the onset of cardiotoxic effects (Lefrak et al., 1973) associated with altered cardiac 

sympathetic stimulation (Tong et al., 1991). No change in basal (/?)-[' 'CJrolipram uptake 

was detected between rats treated with adriamycin (doxorubicin) and vehicle. In parallel 

with a decrease in [3H]CGP12177 retention and unchanged ["CJHED uptake, a 

diminished response of (/?)-["CJrolipram uptake to desipramine challenge was observed 
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3 weeks following the last injection of adriamycin (Kenk et al., 2010). This study 

demonstrates the potential of (/?)-[" Cjrolipram in multi-tracer PET evaluation of the 

progression of NA signaling dysfunction within anthracycline chemotherapy. 

CONCLUSIONS 

As a common component of various signaling pathways, assessment of changes in 

cAMP signaling through in vivo quantification of PDE4 activity and expression is a 

promising target that could provide insight into molecular mechanisms that underlie a 

number of pathological processes. Due to the involvement of altered cAMP signal 

transduction cascade in major depression, schizophrenia, heart failure, obesity, diabetes 

and asthma, the ability to detect altered PDE4 levels has potential for elucidation of 

molecular mechanisms of drugs such as P-AR blockers, antidepressants, bronchodilators, 

cardiac inotropes and emerging pharmaceutical agents with novel mechanisms of action. 

(7?)-[nC]Rolipram has been characterized for applications in the quantification of PDE4 

enzyme activity and expression. The tracer exhibits 1) an acceptable toxicological profile; 

2) specific and selective binding to PDE4; 3) heterogeneous in vivo retention, with high 

contrast between PDE4-rich organs of interest and surrounding tissues and 4) sensitivity 

to selected treatments altering cAMP signaling. Based on the favorable characterization 

profile of (/?)-[''CJrolipram, it has promising future applications in serial imaging of 

disease progression, guiding treatment and testing novel therapies. 
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Abstract 

Heart failure is associated with compensatory sympathetic overactivity, leading to 

pathologic changes in norepinephrine release, post-synaptic P-adrenergic receptor (P-AR) 

expression and intracellular cAMP signal transduction. A rat model of surgically-

induced myocardial infarction has been used to evaluate the alterations in cAMP-specific 

phosphodiesterase-4 (PDE4) using (i?)-[nC]rolipram with positron emission tomography 

(PET), 8-12 weeks following the ligation of the left anterior descending coronary artery. 

Cardiac function, infarct size and myocardial blood flow were assessed non-invasively 

using echocardiography and [ NJNEb PET. Changes in the P-adrenergic receptors (P-

AR) and PDE4 protein expression, as well as PDE4 enzyme activity were evaluated at 8-

12 weeks post-myocardial infarction. Ejection fraction and fractional shortening were 

reduced in rats that underwent myocardial infarction compared to the sham-treated 

animals, confirming cardiac dysfunction. Altered adrenergic signaling was evident from 

decreased expression of Pi-AR. Distribution volumes reflecting (./?)-[''CJrolipram 

retention in the non-infarcted region of the left ventricle were significantly increased by 

17% in rats that underwent ligation surgery, despite no change in myocardial blood flow 

in non-ischemic regions. In vitro studies detected no change in PDE4 enzyme activity or 

PDE4A, B or D subtype expression in the left ventricle homogenates. Elevated in vivo 

(i?)-[nC]rolipram retention suggests that the normally-perfused myocardium exhibits 

increased PDE4 levels even with the downregulation of the Pi-AR adrenergic receptors 8 

weeks following myocardial infarction. 

Key Words: Positron emission tomography, rolipram, noradrenergic signal transduction, 

infarct, cAMP, phosphodiesterase-4 
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INTRODUCTION 

The sympathetic nervous system regulates heart rate and cardiac contractile strength 

by releasing noradrenaline (NA) and stimulating post-synaptic P adrenergic receptors (P-

AR) (Brodde, 1993; Dzimiri, 1999). Both pi - and p2-AR subtypes are coupled by the G-

protein as subunit to adenylyl cyclase, increasing the production of the second messenger 

cyclic adenosine 4,5-monophosphate (cAMP) (Brodde, 1993; Dzimiri, 1999) and thus 

activating protein kinase A (PKA). Subsequent phosphorylation of the intracellular 

effector proteins L-type Ca channels, ryanodine receptors and troponin by PKA 

increases Ca + influx and sensitivity in the cardiomyocytes (Osadchii, 2007), resulting in 

chronotropic and inotropic effects (Dzimiri, 1999). 

The intracellular cAMP signal is terminated through the conversion to AMP by the 

phosphodiesterase (PDE) family of enzymes (Dzimiri, 1999). The cAMP-selective 

rolipram-sensitive PDE4 subfamily comprises products of four genes (PDE4A-D) 

encoding multiple variants classified as short or long by the presence of the upstream 

conserved regions (Houslay, 2001). PDE4A, B and D subtypes account for approximately 

50% of cAMP catalysis in the rat cardiomyocytes (Shahid and Nicholson, 1990; Lugnier 

et al., 1999; Maurice et al., 2003; Osadchii, 2007), while PDE4C subtype is not detected 

in rat hearts (Kostic et al., 1997). PDE4 activity and expression are regulated by the 

intracellular levels of cAMP through phosphorylation by PKA of the long isoforms, 

which increases catalytic activity within 15 minutes of increased cAMP (Houslay, 2001; 

Laliberte et al., 2002). Sustained elevation in intracellular cAMP levels results in 

increased PDE4 protein expression, through the PKA-mediated activation of cAMP 

response element binding protein and increased PDE4 transcription (Houslay, 2001). 
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PDE4 activity is also susceptible to modulation by the mitogen-activated protein kinase 

(MAPK) signaling pathway, with phosphorylation by the extracellular signal-related 

kinase (ERK2) reducing the catalytic activity of the long isoforms and stimulating short 

PDE4 enzymes (Hoffmann et al., 1999; Baillie et al., 2000). 

nC-labeled PDE4 inhibitor (i?)-rolipram has been recently characterized for use in 

PET imaging of cardiac PDE4 in vivo (Lourenco et al., 2006; Kenk et al., 2007). Ex vivo 

biodistribution and in vitro autoradiography studies have shown (i?)-[uC]rolipram to bind 

cardiac PDE4 specifically, with selectivity for the PDE4 subtype over other cardiac PDE 

enzymes (Kenk et al., 2007). In vivo, (7?)-[nC]rolipram shows a high contrast between 

the myocardium and surrounding tissues, with distribution volumes (DVs) derived using 

Logan graphical analysis providing a quantitative measure of tracer retention (Thomas et 

al., 2010). (R)-[l'CJRolipram provides an indirect index of cAMP signaling and a means 

to evaluate intracellular cAMP-mediated signaling in the heart. 

Heart failure, the final common pathway for most forms of cardiac disease, is 

characterized by a compensatory increase in sympathetic drive and cardiac NA release in 

response to the reduction in cardiac output (Katz, 1986; Summers et al., 1995). Sustained 

elevation in myocardial NA levels causes direct toxicity (Haft, 1974), initiates 

maladaptive processes including cardiac remodeling (McDonald et al., 1994) and leads to 

P adrenergic receptor (P-AR) desensitization and altered signal transduction in the left 

ventricle (Bristow et al., 1982; Feldman, 1993; Akhter et al., 1999; Dzimiri, 1999; 

Laurent et al., 2001), ultimately resulting in increased mortality (Cohn et al., 1984). 

Non-invasive measurement of changes in the PDE4 levels would provide insights into 

the alterations of the intracellular cAMP-mediated signal transduction in heart failure. 
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The aim of this study was to evaluate changes in PDE4 levels using (/?)-[''C]rolipram 

PET imaging and myocardial blood flow (MBF) with [l3N]NH3 at late time-points (8-12 

weeks) following surgically-induced myocardial infarction. In vivo findings are 

correlated with in vitro quantification of changes in p-AR and PDE4 protein expression, 

as well as PDE4 activity in tissue homogenates. 

MATERIALS AND METHODS 

Animals. Sixty-three male Sprague-Dawley rats (Charles River, Montreal, Canada) 

initially weighing 200-275 g were maintained on a 12-hour light/dark cycle with free 

access to food and water. All animal experiments described herein were conducted 

according to the guidelines of the University of Ottawa Animal Care Committee and the 

Canadian Council on Animal Care for the use and care of laboratory animals. No 

mortality or adverse physiological responses were observed during echocardiography 

studies, or [13N]NH3 or (7?)-[uC]rolipram PET scans. 

LAD ligation. Rats («=48) were anaesthetized with 2% isoflurane, intubated and attached 

to a ventilator. Left anterior descending coronary artery (LAD) ligation was performed as 

previously described (Higuchi et al., 2008), inducing a myocardial infarction (MI). 

Briefly, a cranio-caudal incision was made on the chest and the pectoral muscles blunt 

dissected apart, exposing the third and fourth intercostal space. A thoracotomy was 

performed and the thymus retracted to allow localization of the pulmonary trunk and the 

left atrium. Silk suture (6-0) was driven using a small curved needle under the LAD, and 

the ligature tied. An additional suture was used if the blanching of the myocardium was 

not observed downstream of the ligation. A large portion of the left ventricle in the LAD-
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ligated animals was observed to be affected (blanched at time of ligation, thinned at 

dissection; Figure 7-1). Ribs were stitched together using vicryl suture (3-0) and the air 

gently squeezed out of the thoracic cavity. Pectoral muscles were re-positioned and the 

wound closed by staples. Animals were recovered using ventilation with high oxygen. 

Buprenorphine was administered twice daily by s.c. injection for post-operative analgesia 

and animals monitored for 3 days following surgery. In 15 sham animals, the heart was 

exposed and the cavity sealed without ligating the LAD. 

Echocardiography studies. Animals underwent echocardiographic studies 1, 7 and 11 

weeks following surgery using the Vevo 770 high-resolution imaging system 

(VisualSonics, Toronto, Ontario). Rats were anaesthetized with isoflurane (1-2%) and 

hair removed from the abdomen. Parasternal long axis and short axis views were 

recorded in B- and M-mode, with the motion of the cardiac walls recorded by summation 

across several cycles using the ECG-based kilohertz visualization (EKV) mode (Cherin et 

al., 2006). The 716B scanhead was used, at the transducer frequency of 23.5 MHz, focal 

length of 17.5 mm and a field of view of 32 mm. M-mode recordings were used to 

visually confirm the presence of the infarct and observe the wall motion abnormality. B-

mode EKV cine loops were used to delineate the shape of the left ventricle (endocardial 

and epicardial edge, as well as the major axis) at systole and diastole, allowing 

calculation of the left ventricle volume. Measured dimensions were used to calculate the 

ejection fraction (EF), fractional shortening (FS), stroke volume (SV) and the mass of the 

left ventricle using manufacturer-provided software (Vevo 770 3.0, VisualSonics). 

Radiochemistry. [13N]NH3 was synthesized using routine clinical protocols. (R)-

[uC]Rolipram (specific activity 37-128 GBq/umol; 997-3459 mCi/umol) was 
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B 
Ligation 

\ 
*&^ 

• 

Figure 7-1: Representative post-mortem photographs of a sham-treated (A) and 
infarcted (B) heart, showing the location of the ligation and the scarred 
appearance of the ischemic left ventricle. 
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synthesised as previously described (DaSilva et al., 2001). Tritiated [5,7-3H](-

)CGP12177 (specific activity 33 mCi/umol) was purchased from Perkin-Elmer (Boston, 

MA). 

1-3 t -J 

[ NJNH3 PET imaging. PET scans using [ N]NH3 were performed 1 week following 

surgery (Figure 7-2), as well as coupled with the (•/?)-[''C]rolipram scans 8-12 weeks 

post-MI. Rats were anaesthetized with isoflurane (1-2%) and a 26G catheter inserted into 

the tail vein. Animals were positioned in the Siemens Inveon small animal PET 

scanner (Siemens, Knoxville, TN; 12.7 cm axial field-of-view, spatial resolution < 1.4 

mm) and administered 44.4-125.8 MBq (1.2-3.4 mCi MBq) [13N]NH3 in a bolus 

injection (<1.0 mL volume) via tail vein. List-mode data were gathered over 30 minutes, 

followed by a 10 min transmission scan. PET data was histogrammed into 20 frames 

(12><10sec, 3><60 sec and 5x300 sec) and reconstructed on a 128x128 image matrix with 

0.34x0.34x0.80 mm pixel size using ordered-subsets expectation maximization 

3D/maximum a posteriori (OSEM3D/MAP; p=1.0 OSEM3D iterations=2 MAP 

iterations=18). Corrections for detector dead-time, isotope decay, detector efficiencies, 

randoms, scatter and attenuation were incorporated in the image reconstruction. In-house 

developed software FlowQuant® was used to orient the left ventricle and generate relative 

uptake polar maps from the last 28 min of the scan data. Myocardial blood flow (MBF) 

polar maps were generated (representing flow in mL/min/g) using the 0-2 
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1 week (/?)-[ CJRolipram PET scans 
8-12 weeks 

Figure 7-2: Timeline of experiments performed on myocardial infarction rats. 
Echocardiography was performed at 1, 7 and 11 weeks following LAD 
ligation to observe the progression of cardiac dysfunction. Rats underwent 

1 ^ 

an early [ N]NH3 scan 1 week following surgery to establish the presence 
of a perfusion defect. (i?)-[nC]rolipram and second [13N]NH3 PET scans 
were performed between 8 and 12 weeks following LAD ligation. Tissues 
used for heart weight measurements, in vitro experiments and histology 
were collected by sacrificing a subset of rats at 8 and 12 weeks post-MI. 
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min data and a one tissue compartment model. Mean blood flow of the high uptake 

(>75% of the maximal observed blood flow) regions of the polar map were used to 

evaluate any changes in regional tissue perfusion. 

(R)-[ C]Rolipram PET imaging. Full dynamic data were acquired for 60 minutes 

following i.v. administration of 14.8-33.3 MBq (0.4-0.9 mCi; injected cold mass of 

0.05-0.12 ug) of (7?)-[nC]rolipram via the tail vein in anaesthetized animals 8 to 12 

weeks post-infarct. Data was histogrammed into 26 frames (12x10 sec, 3><60 sec and 

11 x300 sec). Image reconstruction was performed as previously described (Thomas et al., 

2010). FlowQuant software was used to perform Logan graphical analysis with a 

constant recovery coefficient (0.6) and generate (/?)-[''CJrolipram DV values from the 

20-60 min portion of the PET scan. 

Heart weight. Rats («=20) were sacrificed by decapitation 8 or 12 weeks following LAD 

ligation. Hearts were dissected out and weighed. 

Histology. Hearts dissected out following sacrifice were preserved in 4% 

paraformaldehyde, embedded in paraffin and sliced into 5 um-thick short-axis slices. 

Tissue slides were stained using standard histological techniques for the Masson 

trichrome and Hematoxylin/eosin stains. Imaging of slices was performed using a Lecia 

microscope connected to Leica workstation software (Leica Microsystems Inc., 

Richmond Hill, Ontario). 

Protein immunoblotting for fi-AR and PDE4. Changes in P-AR and PDE4 protein 

expression were assessed in rat heart tissue with immunoblot techniques using the Bio-

Rad western blot system (Bio-Rad Laboratories, Ltd., Mississauga, Ontario) for SDS -

PAGE and Western blot analysis, according to manufacturer's instructions. Briefly, 
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hearts were excised, flash-frozen and pulverized using a mortar and pestle under liquid 

N2. Aliquots of powdered tissue were homogenized using a Polytron Homogenizer (2 * 

15 sec) in lysis buffer (25 mM Tris-HCl, 2% Triton XI00, pH 7.8), containing protease 

inhibitors (Complete protease inhibitor cocktail, Roche Canada, Mississauga, Ontario) 

and lysed for 20 min on ice. Lysates were centrifuged for 10 min at 12000xg. Aliquots of 

supernatant were collected and stored at -80°C. Protein concentration was determined 

using the Pierce Bicinchoninic acid (BCA; Novagen, San Diego, USA) protein assay. 

Samples of the protein mixture were run on 8% Tris-glycine reducing SDS-PAGE, and 

separated proteins were transferred to a PVDF (polyvinylidene fluoride) membranes. 

After transfer, the membranes were treated for 1 h with blocking solution (150 mM NaCl, 

10 mM Tris, 1% Tween20 and 5% skim milk, pH 8) and incubated with primary 

antibodies using manufacturer-recommended dilutions. Primary antibodies used were; 

anti-Pi-AR rabbit polyclonal antibody (abeam, ab3546), anti-P2-AR rabbit polyclonal 

antibody (Santa Cruz Biotechnology, Inc., H-20sc-569), anti-PDE4A polyclonal rabbit 

antibody (FabGennix Inc., PDE4-112AP), anti-PDE4B polyclonal rabbit antibody (Santa 

Cruz Biotechnology, Inc., H-56 sc-25812) and anti-PDE4D polyclonal rabbit antibody 

(Santa Cruz Biotechnology, Inc., H-69 sc-25814). A mouse monocolonal antibody 

against glyceraldehydes 3-phosphate dehydrogenase (GAPDH; Santa Cruz 

Biotechnology, Inc., 6C5, sc-32233) was used as a loading control (see appendix for 

details). Adsorbed antibodies were detected with horseradish peroxidase-conjugated 

appropriate secondary immunoglobulins and enhanced chemiluminescence substrate. The 

protein bands were visualized and analysed using a Fluor Chem HD image station (Alpha 

Innotech, San Leandro, CA) equipped with charge-coupled device camera and AlphaEase 
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FC IS-990 image analysis software (Alpha Innotech). Data were expressed as a ratio of 

the target protein to the GAPDH protein band intensities, normalized to the mean of sham 

controls for each membrane. 

Measurement of PDE4 activity. PDE4-mediated breakdown of cAMP in the cardiac 

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

Frisco, Texas), based on the methods first described by Thompson and Appleman 

(Thompson and Appleman, 1971). Non-infarcted left ventricular tissue from MI and 

control rats were excised, flash-frozen, powdered and stored at -80°C. Immediately 

before the assay, powdered aliquots were homogenized as described above, substituting a 

SolO buffer (FabGennix) for lysis buffer. Extracted protein (concentration in reaction vial 

0.2 mg/mL) was added to incubation mixtures containing manufacturer-provided buffers, 

and (in blocked samples) (/?/5)-rolipram (500 uM). Following addition of [3H]cAMP 

substrate (1 uM final concentration), tubes were incubated for 10 min with shaking at 

34°C. The reaction was terminated by boiling the sample for 3 min. The PDE4 reaction 

product 5'-AMP was then hydrolyzed by incubation of the assay mixture with Crotalus 

Atrox snake venom for 15 min at 34°C. To separate the resulting [ HJadenosine from 

[3H]AMP and [3H]cAMP, pre-activated ion exchange resin (FabGennix) was added to 

each tube, mixed by vortexing and incubated on ice for 15 min. Tubes were centrifuged 

at 13000xg for 2 min, the supernatant containing unbound [3H]adenosine mixed with 

scintillation fluid (BCS-NA scintillation cocktail, Amersham) and counted using a p-

scintillation counter (1219 RackBeta liquid scintillation counter, LKB Wallac, Perkin-

Elmer). PDE4 activity was defined as the fraction of cAMP PDE activity inhibited by 

200 



Miran Kenk In vivo assessment of PDE4 with (R)-[ C]rolipram 

100 uM rolipram and expressed as pmol of cAMP hydrolyzed per minute per mg of 

protein. 

Statistical analysis. All data are expressed as mean +/- SD. Data were compared using 

one-way ANOVA with p<0.05 considered significant. 

RESULTS 

Among the rats that underwent MI surgery, all fatalities occurred during recovery or 

within the first 48 hours, with 15 out of 48 (31%) MI rats dying at these early time points. 

Echocardiography. Echocardiography studies detected a regional abnormality in the left 

ventricle anterior lateral wall motion, as depicted in the representative short axis M-mode 

images (Figure 7-3). Quantitation of systolic and diastolic ventricular dimensions showed 

no change at 1 week following ligation, while MI rats exhibited significantly decreased 

EF and FS at 7 and 11 weeks post-surgery, compared to sham-treated controls (Table 7-

1). Left ventricle mass estimated using the echocardiography analysis software showed 

no change between MI and sham-treated animals. Heart rate recordings obtained during 

the echocardiography studies showed no significant changes between the two groups at 

any of the time points assessed. 

[I3NJNH3 infarct measurement. FlowQuant® PET image analysis software generated 

reproducible polar maps displaying [l3N]NH3 uptake following left ventricle re­

orientation and quantification of the radioactive signal in the myocardium (Figure 7-4). In 

rats that underwent LAD ligation surgery, a defect in [13N]NH3 uptake was observed in 

the segments of the polar maps corresponding to the anterolateral areas of the left 

ventricle. The size of the defect induced by LAD ligation ranged from 24.1 to 59.6% 
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Figure 7-3: Representative short-axis M-mode echocardiography of MI (A) and sham-
treated (B) rat 11 weeks following surgery, showing the absence of normal 
contractile motion in the anterior wall of the left ventricle of the rat that 
underwent LAD ligation. 
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Table 7-1: Cardiac function in post-MI rat model, evaluated by echocardiography 1, 7 and 11 weeks post-MI. 

LVEDV 
(HL) 

I Weeks Sham (n=8) 385.7 ± 85 

MI (n=16) 404.9 ± 90 

7 Weeks Sham (n=7) 523.8 ±104 

MI(n=13) 670.0 ±141 

II Weeks Sham (n=3) 483.8 ±95 

MI(n=7) 659.7 ±173 

LVESV 
( îL) SV (\ih) % EF 

116.4 ±47 269.3 ±55 70.2 ± 7 

139.8 ±45 265.1 ±78 65.0 ±10 

121.6±63 402.2 ±97 76.8 ±10 

267.4±127 402.6±105 61.1 ± 13 * 

125.2 ±23 358.6 ±82 73.8 ±5 

306.0 ±128 353.7 ±106 54.3 ± 10 * 

HR 
% FS LV mass (bpm) 

65.0 ±10 899.2 ±163 358.9 ±26 

47.4 ±9 899.2 ±163 359.9 ±34 

57.4 ±10 1442.6 ±309 335.7 ±30 

42.6 ± 1 2 * 1373.5 ±321 314.7 ±44 

52.0 ±6 1319.1 ±361 322.0 ±64 

36.5 ± 9 * 1597.0 ±206 315.9 ±36 

* p<0.05, one-way ANOVA 
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Figure 7-4: Representative polar map displaying left ventricle [13N]NH3 relative 
uptake determined by PET imaging and produced following reorientation 
of the myocardium using FlowQuant® software. Areas with low tracer 
uptake correspond to the infarcted region. 
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(mean 44.3% ± 11.6) of the total left ventricle area. Application of the one-compartment 

kinetic model to the data, with the left ventricle lumen radioactivity taken as the input 

function, generated reproducible MBF values, as previously published by Lamoureux et 

al. (Lamoureux et al., 2010 (Submitted)). In the non-infarcted myocardium, there was no 

detectable difference in MBF between the MI and sham-treated animals (2.9 ± 0.3 

ml/min per g and 3.0 ± 0.3 mL/min per g, respectively). 

(R)-["CJrolipram imaging. Uptake of (R)-[l'CJrolipram produced clearly delineated 

images of the myocardium, showing an anterolateral wall defect in tracer uptake 

corresponding to the area of low [ N]NH3 uptake (Figure 7-5). Quantification of tracer 

retention in the non-infarcted area of the left ventricle as Logan slope values resulted in a 

17.3% significant increase (P < 0.01, one-way ANOVA) in DV values of MI rats 

compared to shams (Figure 7-6). 

Heart mass measurements. Weights of the hearts of Mi-treated rats were generally higher 

than those of sham-treated controls (Table 7-2). Once expressed relative to the rat body 

weight, however, there was no difference between the MI and sham-treated rats at both 8 

and 12 weeks following infarct induction. 

In vitro experiments. Staining with Masson Trichrome and Hematoxylin and Eosin stains 

has confirmed the presence of wall thinning and fibrosis in the scar (Figures 7-7 and 7-8), 

confirming the infarcted area identified by PET imaging. pVAR expression was reduced 

by 21% (p=0.019) in the Mi-treated rats, as compared to the sham-treated controls, 

without a change in the P2-AR subtype (Figure 7-9). PDE4 subtypes A, B and D showed 

no difference between the MI rats and sham-treated controls (Figure 7-10). Assessment 

of PDE4 activity in homogenates prepared from the hearts of MI and non-infarcted sham 
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Transaxial Coronal Sagittal 

["N]NH3 

r11 (R)-[nC]Rolipram 

rl3> r l l , Figure 7-5: PET images obtained following [1JN]NH3 and (i?)-["C]rolipram 
administration in rats that underwent LAD ligation (MI), displaying the 
transaxial, coronal and sagittal orientations. The area showing decreased 
tracer uptake corresponds to the perfusion defect in both [13N]NH3 and 
(/?)-[' lC]rolipram images. 
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Figure 7-6: Logan DV values calculated from (i?)-[nC]rolipram PET scans of rats that 
underwent MI (•, n=8) or sham surgery (o, n=4), with mean values 
marked (—). Significance was evaluated with one-way ANOVA. 
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Table 7-2: Heart weights of MI and sham-treated rats, as measured at sacrifice. 

8 weeks 

12 weeks 

Sham (n=8) 
MI (n=12) 
Sham (n=3) 
MI (n=4) 

Heart weight 
GO 

1.29± 0.15 
1.39 ± 0.11 
0.98 ± 0.07 
1.14 ±0.07 

Body weight 
(K) 

507.6 ±60.8 
538.2 ±42.1 
516.7±51.6 
551.4 ±69.8 

Heart weight/ body weight 
0.0026 ± 0.0002 
0.0026 ± 0.0002 
0.0019 ±0.0002 
0.0021 ±0.0003 
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Hematoxyllin-Eosin (A, B) and Masson Trichrome stain image (C, D) (1 x 
magnification) of the short-axis cardiac slices from sham (A, C) and MI 
(B, D) rats, 8 weeks post MI. 

209 



Miran Kenk In vivo assessment of PDE4 with (i?)-[11C]rolipram 

C 

Figure 7-8: Hematoxyllin-Eosin (A, B) and Masson Trichrome stain image (C, D) 
(lOOx magnification) of the infarct scar (A, C) and peri-infarct area (B, 
D), 8 weeks post-MI. 
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• Sham (n=3) 
• Ml (n=4) 

21% 
* 

1.4 

1.2 

1.0 

0.8 

0.6 

0.4 

0.2 

Sham (n=4) 

Ml (n=5) 

Beta-1 Beta-2 

Figure 7-9: Western blot quantification of pV and pVAR expression in the non-
infarcted left ventricle homogenates at 8 weeks post-MI. Band intensity is 
normalized to GAPDH, then expressed as ratio to sham-treated controls. * 
p<0.05 one-way ANOVA compared to sham-treated controls. 
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Figure 7-10: Western blot quantification of PDE4A (A), PDE4B (B) and PDE4D (C) 
subtype expression in the non-infarcted left ventricle homogenates at 8 
weeks post-MI. Data is normalized to GAPDH, then expressed as a ratio 
to sham-treated controls. 
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rats exhibited no difference in PDE4 cAMP-catalyzing activity (Figure 7-11) between MI 

and controls. 

DISCUSSION 

A variety of animal models of heart failure have been proposed, ranging from 

pharmacological (isoproterenol (Osadchii et al., 2007), anthracycline (Tong et al., 1991; 

Kenk et al , 2010)), surgical (myocardial infarction (Ahmet et al., 2005), aortic banding 

(Abi-Gerges et al., 2009)) and genetic (TNF-a overexpression (Shusterman et al., 2009)) 

with varying degrees of invasiveness, severity and clinical relevance. Rats in the current 

study exhibited a functional defect in cardiac function at 7 and 12 weeks following LAD 

ligation, as evidenced by the changes in EF and FS measured with echocardiography. The 

values obtained correspond to previously reported post-MI changes (EF and FS decreased 

by -25-50% following infarction (Wu et al., 2004; Suuronen et al., 2007; Swaney et al., 

2007; Rodriguez-Porcel et al., 2008)). The progressive nature of cardiac dysfunction has 

been reported in this animal model, with measurable defects observed 4 weeks post-

surgery (Sanbe et al., 1993). Larger decreases have been reported using M-mode 

echocardiography analysis in Wistar rats following LAD ligation (FS values of 37% in 

sham treated vs. 19% in LAD-ligated rats), likely due to different echocardiographic 

methods used (Lee et al., 2010). In this study, wall motion abnormality was observed in 

the anterolateral portion of the left ventricle in the short axis B-mode cine videos. The 

presence of a fibrous scar was confirmed by histology at the anteriolateral left ventricle, 

the area perfused by the LAD. Despite expected dilatation and structural remodelling of 
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Sham (n=3) 

Ml (n=3) 

PDE4 

Figure 7-11: PDE4 enzyme activity in the homogenates of non-infarcted portions of the 
LV of MI 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 (7?AS)-rolipram. 
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the left ventricle post-infarct, no change was observed in the heart weight/body weight 

ratios, possibly due to the loss of myocardial mass in the scar region in the MI animals. 

It has previously been shown that the area of reduced [ N]NH3 uptake correlates with 

the perfusion defect, making [ N]NH3 PET an appropriate non-invasive technique for 

evaluating the area of the myocardium affected by ischemia (Kudo et al., 2002). 

[ N]NH3 PET scans confirmed the localization of the infarct, displaying a myocardial 

uptake defect in the polar map segments corresponding to the left ventricle anterior free 

wall. In the context of previously reported rat MI experiments, the observed infarct sizes 

would be classified as moderate (-30%) (Gosselin et al., 1998; Yoshida et al., 2001). It is 

important to note that the presence of the infarct did not affect the MBF values calculated 

in the non-infarcted (high-uptake) region of the left ventricle, suggesting that the blood 

flow, and therefore delivery of (/?)-[''CJrolipram, in the intact myocardium is not 

affected. 

A unifying factor in the presumed mechanism of heart dysfunction in animal models 

of heart failure is the sustained sympathetic hyperactivity (Tong et al., 1991; 

Lymperopoulos et al., 2007), with a resulting decrease in post-synaptic responsiveness to 

the adrenergic agonists. In parallel with the elevation of cardiac NA levels, NA 

reuptake is decreased (Bohm et al., 1995; Eisenhofer et al., 1996) and post-synaptic 

responsiveness to adrenergic agonists diminished (Dzimiri, 1999). Desensitization of (3-

AR in heart failure proceeds in part through a selective downregulation of cardiac pVAR 

(Haft, 1974; Feldman, 1993; Xiao et al., 1999), producing a shift in the pi-AR/pYAR 

ratio from 4:1 towards 1:1 in failing cardiomyocytes of rabbits, mice, dogs and humans 

(Bristow et al., 1989; Akhter et al., 1997; Akhter et al., 19991; Koch et al., 2000; Laurent 
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et al., 2001; Pavoine and Defer, 2005). While in the normal heart the P2-AR are strongly 

coupled to activation of adenylyl cyclase (Levy et al., 1993; Brodde et al., 2001; 

Steinberg and Brunton, 2001; Pavoine and Defer, 2005), in the failing heart P2-AR were 

found to be uncoupled from Gas and switch to inhibiting adenylyl cyclase through the Gai 

subunit (Kiuchi et al., 1993; Bristow, 2000). Downstream of the P-AR, failing hearts 

exhibit increased Gai-proteins (Tse et al., 2000; Yoshida et al., 2001), as well as 

diminished myocardial adenylyl cyclase activities (Feldman et al., 1987; Feldman, 1993; 

Tse et al., 2000; Eckhart and Koch, 2002). In vivo PET studies display clinical predictive 

value of imaging presynaptic NA reuptake with [nC]HED (Pietila et al., 2001) and have 

been used to confirm the downregulation of P-AR using [nC]CGP12177 (Merlet et al., 

1993; Delforge et al., 2002). 

Retention and specific binding of (R)-[l '(^rolipram have been previously shown 

to increase by -30% following treatments that increase cAMP, including NA-elevating 

agents (Lourenco et al., 2006; Kenk et al., 2010; Thomas et al., 2010). (i?)-[uC]Rolipram 

has been previously applied by our group in animal models of obesity and adriamycin-

induced heart dysfunction, showing reduced responsiveness to acutely increased NA 

levels in these hyperadrenergic states (Greene et al., 2009; Kenk et al., 2010). Recent 

experiments have characterized the retention of (/?)-['^rolipram in the rat myocardium 

using small animal PET imaging (Thomas et al., 2010). High uptake and contrast were 

found between the myocardium and surrounding tissue, as well as reproducible 

quantification of the tracer uptake using DV values derived using the Logan graphical 

analysis (Thomas et al., 2010). In the current experiments, using full kinetic analysis of 

tracer distribution, a defect in (/?)-[ C]rolipram uptake was observed in the area of the 
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myocardium corresponding to the reduced [ N]NH3 uptake and the fibrotic scar 

identified by histology. As determined using quantitative analysis, (7?)-[uC]rolipram 

retention was increased by 17% in the non-infarcted portions of the left ventricle 8-12 

weeks following LAD ligation, with no changes in MBF. 

Cardiac infarction and contractile dysfunction observed in this animal model is 

correlated with a -20% downregulation of Pi-AR expression, as detected by the 

immunoblotting techniques. As expected, no difference in P2-AR expression was 

observed between MI and sham-treated rats, confirming the widely reported subtype-

specific Pi-AR downregulation (Bristow et al., 1982; Feldman, 1993; Akhter et al., 1999; 

Bristow, 2000; Laurent et al., 2001). In analyzing anti-PDE4 western blots, molecular 

weights obtained from the literature were used to identify individual observed subtypes 

(Kostic et al., 1997; MacKenzie et al., 2000; Dodge et al., 2001; Rena et al., 2001; 

Richter et al., 2005). Despite a trend towards an increase in PDE4A subtypes, no change 

was detected in the expression of any of the subtypes recognized by the antibodies. In 

vitro PDE4 enzyme activity assays performed on frozen LV non-infarcted tissue of MI 

and sham-treated rats failed to detect a difference in PDE4 activity, in agreement with the 

pacing-induced HF model (Tse et al., 2000), but in contrast to the studies performed in 

the aortic banding or hypertensive rats (Takahashi et al., 2002; Abi-Gerges et al., 2009). 

At normal NA levels, a downregulation in pVAR would be expected to reduce PDE4-

specific (i?)-[1,C]rolipram binding due to diminished cAMP formation and thus reduced 

enzyme levels. The increased (R)-[ C]rolipram retention observed in the presence of 

decreased Pi-AR expression could tentatively be explained by the overstimulation of the 
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(3-AR on the cell surface by the elevated NA levels in cardiac dysfunction maintains 

elevated levels of intracellular signaling compared to baseline. 

Studies evaluating alterations in adrenergic signaling downstream of the NA receptors 

have produced contradictory findings, with reports showing Gas expression to be 

increased (Feldman et al., 1989; Sethi et al., 1998), decreased (Yoshida et al., 2001) or 

unchanged (Fu et al., 1994), depending on the animal model utilized. PDE4 activity and 

expression are elevated two-fold in a pressure-induced congestive heart failure model 

using salt-sensitive hypertensive rats, compared to salt-insensitive controls (Takahashi et 

al., 2002). Conversely, in a rat cardiac hypertrophy model, PDE4 activity is decreased by 

53% in parallel with a 60% decrease in PDE4A and D subtype expression (Abi-Gerges et 

al., 2009). In a canine model using aortic valve placation and rapid pacing, no changes 

were observed in PDE4 enzyme activity (Tse et al., 2000). While the exact effect of 

cardiac dysfunction on PDE4 is still contentious, (7?)-[nC]rolipram PET imaging 

provides a novel in vivo technique for assessing PDE4 enzymes in their physiological 

milieu. 

Limitations 

Tissue NA levels were not measured as part of our experiments. Other groups have, 

however, quantified the myocardial catecholamine levels following LAD ligation, 

showing increased NA in the cardiac tissues and plasma (Lymperopoulos et al., 2007; 

Lee et al., 2010). Invasive hemodynamic assessment of cardiac function such as 

quantification of end-diastolic and end-systolic pressures was not performed since the 

focus of the study was on non-invasive evaluation. It has been suggested that PDE4 
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involvement in the control of cardiac function is exerted through localization with 

effector and modulator proteins such as P-arrestin and ryanodine receptor, creating 

subcellular compartments of cAMP (Lehnart et al., 2005). (i?)-["C]Rolipram binds to 

PDE4 localized in the particulate and cytosolic portions of the cell, and is intended to 

serve as a tissue-level index of PDE4. (/?)-[''CJRolipram binding does not differentiate 

between different subtypes, but rather can serve as an index of total intracellular PDE4. 

Western blot experiments are limited by the selectivity of the commercially-available 

antibodies to the individual subtypes, potentially leaving other PDE4 subtypes present in 

the heart undetected. Enzyme activity assay, performed on the tissue obtained from non-

anaesthetized rats, in contrast to its use in cell cultures, is susceptible to a loss of 

sensitivity due to the deterioration of the enzyme at sample collection or the homogenate 

preparation steps. Findings presented here warrant further testing of the animal model, as 

well as support further investigation of neurohormonal PET imaging in heart failure 

patients. The lack of changes in PDE4 activity and expression as evaluated using in vitro 

methods emphasizes the need for non-invasive techniques capable of assessing impaired 

cAMP signaling in living organs, as evidenced by the importance of intracellular second 

messenger in a number of pathological states. 

In conclusion, a LAD-ligation heart failure rat model, (/?)-[''C]rolipram PET imaging 

detects an increase in PDE4 tracer binding in non-ischemic tissue 8-12 weeks post-

infarct, suggesting an increase in PDE4 levels at late stage of disease progression despite 

a downregulation of Pi-AR and normal perfusion. This study confirms the involvement of 

alterations in PDE4 enzymes and cAMP signaling in the intracellular pathological 
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molecular processes that follow changes in cardiac sympathetic regulation in heart 

failure. 
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Manuscript #6 Appendix 

Linearity of GAPDH as an internal control 

In our Western blot experiments, the intensity of bands representing PDE4A, 

B and D were normalized to the expression of GAPDH. 8-actin and GAPDH (Figure 7-

12) are the most commonly used internal controls for immunoblotting experiments, 

due to the ubiquitous expression in a range of tissues. GAPDH was selected for our 

studies due to the lack of any change in protein expression in cardiac disease states, 

the strength of the signal and ease of use. Linearity of the GAPDH expression has 

been established between 10 and 70 ug of loaded protein mass by plotting the 

amount of loaded protein against band intensity, with high observed correlation 

(Figure 7-13). 

221 



Miran Kenk In vivo assessment of PDE4 with (./?)-[''Cjrolipram 

70 60 50 40 30 20 10 

Amount of protein loaded 

M 

Figure 7-12: Representative Western blot with increasing amounts of loaded internal 
standards p-actin and GAPDH corresponding to the more intense bands. 
Gel electrophoreses were run as described in the Manuscript #6 Methods 
section. 
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Figure 7-13: Correlation between integrated density values (IDV) and mass of GAPDH 
loaded on the electrophoresis gel. Results were obtained from one Western 
blot gel. 
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CHAPTER 8: GENERAL DISCUSSION 
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Despite recent advances in the diagnosis and treatment of heart failure, mortality 

and morbidity remain high (Lloyd-Jones et al., 2010). Due to the overactivation of the 

sympathetic nervous system in cardiac disorders, p-blockers are commonly used as a 

first-line therapy to alleviate the pathogenic effects of adrenergic hyperactivity (Bristow, 

2000; Rockman et al., 2002). The elucidation of the pathological processes that underlie 

disease development and therapy are limited by the available techniques. Currently, 

assessment of adrenergic innervation relies on measurements of indirect surrogate 

markers, such as muscle sympathetic nerve activity or plasma NA outflow from the heart, 

providing incomplete and potentially misleading data. Molecular intracellular 

mechanisms are generally analyzed by in vitro experiments performed on post-mortem or 

invasively-obtained tissue samples, or in cultured cell lines, with limited applicability to 

the living organism. Recent developments with PET tracers have provided novel tools for 

non-invasive assessment of sympathetic signaling components at the presynaptic NAT 

level and at the postsynaptic cell surface receptor, with proven clinical predictive value. 

The second messenger cAMP is a key element in the coupling of adrenergic cell surface 

receptors to the contractile machinery of the ventricular myocyte, with alterations in 

cAMP generation and degradation reported in cardiac disorders. The specific PDE4 

inhibitor (/?)-[''CJrolipram has been characterized through the work presented in this 

thesis for non-invasive evaluation and quantification of changes in PDE4 enzymes, with 

the goal of indirectly assessing changes in cAMP signal transduction in cardiac 

dysfunction. 

8.1. (^?)-[nC]rolipram and (S)-[nC]rolipram characterization 

225 



Miran Kenk In vivo assessment of PDE4 with (/?)-[''C]rolipram 

This thesis continues the work initiated at the Centre for Addiction and Mental 

Health in Toronto, Ontario by Drs. Jean DaSilva and Celia Lourenco, which included the 

preliminary characterization of (/?)-[ CJrolipram for PET imaging of alterations in PDE4 

signaling in the brain (Lourenco et al., 1999; Lourenco et al., 2001; DaSilva et al., 2002). 

The presence of specific binding of (^-["CJrolipram to PDE4 in the myocardium, lungs, 

skeletal muscle and pancreas (Lourenco et al., 2006) suggests potential for applications of 

(/?)-[' CJrolipram in peripheral tissues. Treatments altering cAMP levels by affecting 

noradrenergic and serotonergic neurotransmission increased (R)-[ CJrolipram specific 

binding in the brain, lung and the whole heart tissue. Following detection of saturable 

specific binding in the peripheral tissues, (R)-[l 'C]rolipram was used for evaluation of 

cAMP-mediated PDE4 in cardiac diseases and disorders such as diabetes and metabolic 

syndrome. Work performed by MSc candidate Michael Greene in our lab has applied the 

PDE4-specific binding and responsiveness of (7?)-[nC]rolipram with DMI challenge to 

demonstrate dysfunctional intracellular response and altered NA signal transduction at 

the PDE4 level in peripheral tissues of diet-induced obese rats (Greene et al., 2009). 

An important finding from the ex vivo characterization studies is the lack of 

blocking of (R)-[] 'CJrolipram by doses of unlabeled (Z?)-rolipram below 0.005 mg/kg. 

The tracer formulation injected into the animal contains unlabeled (i?)-rolipram formed 

during radiosynthesis from the reaction of desmethylrolipram precursor with non­

radioactive CH3I, with the "cold" dose determined by the specific activity (expressed as 

activity per moles of compound). The presence of unlabeled (i?)-rolipram in the tracer 

formulation competes for binding to PDE4 (expressed as occupancy) through saturable 

kinetics (Hume et al., 1998). The tracer binding kinetics must be kept in the linear range 
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by limiting the receptor occupancy to 5% to generate pharmacologically meaningful 

measurements (Jagoda et al., 2004). Elucidation of the ED50 contributes to the 

applications of (7?)-["C]rolipram for PET imaging, since values of 0.05, 0.03 and 0.005 

mg/kg have been proposed by different groups (Fujita et al., 2005; Parker et al., 2005; 

Thomas et al., 2008). Lower affinity for PDE4 observed with (S^-rolipram confirms 

previously reported in vitro differences in stereoisomer binding (Schneider et al., 1986; 

Parker et al., 2005). 

In setting general considerations for radioligand selectivity and design, Pike et al. 

list high selectivity for the target receptor, high affinity, antagonist action, 

stereoselectivity, low toxicity, low (or measurable) metabolism and amenability to 

labelling (Pike et al., 2000). It is clear from our characterization studies that (R)-

["C]rolipram satisfies these criteria, suggesting that, from a design point of view, it is a 

promising PET tracer. 

8.2. (R)-[ C]rolipram and (S)-[ ^rolipram metabolism and pharmacokinetics 

Column-switch HPLC quantification (relative presence) of polar hydrophilic 

radiolabeled metabolites that don't bind PDE4 identifies the components of the 

radioactive signal detected in tissues following tracer administration (Figure 3-4). While 

column-switch HPLC methods are commonly used for metabolite analysis in plasma 

(Hilton et al., 2000), we optimized the method for the analysis of tissue homogenates. 

This technique was subsequently utilized by other students in the group for the analysis 

of radiolabeled metabolites of [nC]HED (by PhD candidate James Thackeray) 

227 



Miran Kenk In vivo assessment of PDE4 with (/?)-[' 'C]rolipram 

(Thackeray et al., 2007), [nC]methyl-candesartan (by MSc candidate Sheryn Kirkpatrick) 

and ["CJmethyl-losartan (by MSc candidate Rawad Antoun). 

Estimation of radiotracer retention using a ratio between a region of interest and a 

reference region devoid of receptors (e.g. cerebellum for quantification of DA receptors 

with [nC]raclopride (Hume et al., 1992; Lammertsma et al., 1996) is common in PET 

imaging. This approach can not be applied to (/?)-[ CJrolipram, since PDE4 is present in 

virtually every tissue. An alternative approach would be to use the comparison between 

the (R)- and (5)-[nC]rolipram, as discussed in chapter 6. If the only difference between 

(5)-[nC]Rolipram and (R)-[l'CJrolipram retention is caused by the ~10x higher affinity 

of the (R)- stereoisomer for PDE4, a (S)-[nC]rolipram PET scan could provide a measure 

of (R)-[ CJrolipram non-specific binding and metabolites (providing an estimate of the 

ki, k2, kimet and k2met parameters in the model depicted in Figure 8-1), eliminating the 

need for arterial blood sampling, patient-specific metabolite analysis, and thus facilitating 

quantification of PDE4-specific binding. While it is not uncommon for stereoisomers of a 

compound to exhibit differences at the level of absorption, distribution, metabolism or 

elimination (Brocks, 2006; Lu, 2007), we observed no difference in the relative 

proportion of radiolabeled metabolites to unchanged tracer between the two 

stereoisomers using HPLC methods in rats. Our results confirm the findings of Krause et 

al., who found no differences between the pharmacokinetics of (R)- and (S)-rolipram in 

healthy volunteers (Krause et al., 1990). While it is conceivable that disease states may 

affect cytochrome P450 activity, the difference observed in vivo in binding confirms the 

conservation of stereochemistry. 
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c.(t) 
Free (R)-[11C]rolipram 
+ non-specific binding 
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PDE4-bound 
(fi)-[11C]rolipram 
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ki met 
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Radiolabeled metabolites 

Figure 8-1: Proposed dual-input two-compartment model, adapted from Lortie et al., 
2006 (Lortie et al., 2006). 
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8.3. Multi-tracer PET imaging 

The unique nature of in vivo non-invasive PET imaging provides potential for 

serial assessment of multiple targets in a patient, interrogating more than one 

physiological property at a time. As an example, diminished blood perfusion (as 

evaluated by [l3N]NH3) but normal glucose metabolism ([18F]FDG) in cardiac PET 

imaging are indications of poorly-perfused but metabolically active and viable cells, or 

"hibernating" myocardium (Brunken et al., 1986). Similarly, a mismatch between the 

presynaptic sympathetic nervous system function and post-synaptic P-AR, evaluated 

using [nC]HED and [nC]CGP12177 PET, was proposed to represent local 

arrhythmogenic conditions, with greater mismatch correlating with a worse clinical 

outcome (Caldwell et al., 2008). Evaluation of adriamycin (ADR) toxicity described in 

manuscript #4 utilizes a similar multi-tracer approach, using [nC]HED biodistribution for 

determining pre-synaptic sympathetic nervous system innervation, [3H]CGP12177 for 

quantifying P-AR density and (R)-[l C]rolipram for measuring changes in PDE4. While 

baseline (/?)-[''CJrolipram and [nC]HED retention did not change at the 45 min post-

tracer time-point, P-AR were decreased in cardiac tissue. This study identified the post­

synaptic receptors as a promising imaging target in ADR cardiotoxicity. The observation 

that presynaptic and post-receptor elements of NA signaling are not altered is valuable in 

elucidation of the mechanism of ADR cardiotoxicity. It is important to note that ADR-

induced cardiotoxicity is a hyperadrenergic state similar to obesity, diabetes and heart 

failure. Ungerer et al. have shown that [nC]HED-measured presynaptic sympathetic 

nervous system activity doesn't correlate with P-AR levels, but relates to P-ARK 

expression, suggesting that evaluation of multiple sites of the P-AR signaling is 
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warranted (Ungerer et al., 2000). Editorial comments by Dr. Bengel on the ADR 

publication recognize the multi-tracer approach for the evaluation of cardiac pathologies 

as "an important early step" (Bengel, 2010). The limitations of in vitro studies that 

measure the signaling cascade components in conditions outside of the physiological 

environment can be complemented by the multi-tracer approach with PET imaging. 

8.4. (/?)-[uC]RoIipram imaging in anthracycline chemotherapy 

Our findings of altered P-AR density and decreased (/?)-[''C]rolipram response to 

acute elevation in NA with no associated change in basal PDE4 or presynaptic 

sympathetic nervous system function have implications for the clinical management of 

chemotherapy with cardiotoxic agents. Clinical applications of ADR and other 

anthracyclines are hindered by the onset of the congestive heart failure, limiting the 

cumulative doses to 550 mg/m for all patients (Swain et al., 2003). Current proposed 

methods of evaluating ADR-induced cardiotoxicity are limited to invasive tissue 

biopsies, or echocardiographic measurements which are capable of detecting disease only 

if the cardiac contraction is significantly compromised (Bristow et al., 1981; Panjrath and 

Jain, 2006; Dranitsaris et al., 2008). Molecular imaging has potential for improving the 

treatment protocols and extending the therapy for the patients that are less susceptible to 

ADR toxicity (Panjrath and Jain, 2006). [3H]CGP12177 retention and (7?)-[uC]rolipram 

responsiveness to acute elevations in NA levels are decreased prior to detectable cardiac 

functional defect (as assessed by echocardiography), suggesting that clinical imaging 

with "C-labeled P-AR inhibitors CGP12177 or CGP12388, as well as (i?)-[uC]rolipram 

with a DMI challenge, could be used to evaluate cardiotoxic alterations in the 
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noradrenergic pathway. In vivo insight into individual tolerance to ADR and other 

anthracyclines can be used to adapt the treatment doses for the patient. Continuing the 

chemotherapy regimen past the current dose limit and stopping at the first appearance of 

P-AR downregulation (evaluated by PET) could customize chemotherapy and increase 

the patient benefit from the anthracycline, while avoiding cardiotoxicity. 

8.5. (R)-[ CJRoIipram imaging following myocardial infarction 

LAD occlusion is a commonly-used rat model of heart failure, with cardiac 

dysfunction (established by a change in echocardiographic parameters) shown to occur 

early following myocardial infarction. Availability of the Siemens Inveon™ small-animal 

PET camera at the University of Ottawa Heart Institute has made full kinetic imaging 

studies with (i?)-[nC]rolipram and [13N]NH3 possible, as opposed to a single time-point 

assessment with biodistribution. Increases in (R)-[ 'CJrolipram retention in the non-

infarcted portion of the left ventricle were observed 8 weeks following myocardial 

infarction, with the MBF remaining normal. Pi-AR downregulation was observed at the 

same time-point by Western blot techniques, likely as a consequence of adrenergic 

overstimulation. The increase in (R)-[ CJrolipram retention likely reflects increased 

binding to PDE4, due to increased affinity (through PKA phosphorylation) and/or 

increased Bmax (elevated expression of the enzyme). Since cAMP levels regulate PDE4 

phosphorylation and expression, this finding may reflect increases in cAMP levels, 

despite reported alterations in the elements of the signal transduction cascade. 

It has been previously reported that in heart failure, Pi-AR is downregulated 

(Pfeffer et al., 1979; Witte et al., 2000), p2-AR signaling is uncoupled from the 
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stimulatory Gas subunit and the Gaj is upregulated (Feldman et al., 1988; Sethi et al., 

1998), while the overall AC activity is decreased (Akhter et al., 1997; Tse et al., 2000). 

Despite these compensatory changes aimed at reducing the intracellular cAMP levels, it 

is conceivable that in a living tissue, the overwhelming increase reported in the 

myocardial synaptic NA results in elevated cAMP. Figure 8-2 illustrates the concept of 

increased NA levels (e.g. DMI blocking the presynaptic NAT) with normal P-AR 

signaling and preserved P-AR signal transduction eliciting a major increase in cAMP 

levels (2nd panel), reflected in elevated (R)-[l'CJrolipram retention. Following Pi-

ARdownregulation and compensatory changes downstream of the receptors, the 

increased sympathetic nervous system signal is partially attenuated at the second 

messenger level (3rd panel), resulting in elevated (/?)-[''CJrolipram PDE4 binding. 

Alternatively, the increase in PDE4 enzyme activity may be a result of a non-cAMP 

dependent pathway (possibly with the involvement of the PKC/ERK) as part of the 

intracellular mechanisms aimed at attenuating the P-AR signal. 

In contrast to the evaluation of cardiac dysfunction in ADR-treated rats which 

showed no change in the baseline (i?)-[nC]rolipram uptake, full kinetic studies post-MI 

detected increased retention. In addition to the differences between the cardiac 

dysfunction induced by pharmacological or surgical insult, this difference may be due to 

increased sensitivity of the in vivo imaging for 60 min following tracer administration, as 

opposed to the evaluation of a single time-point with biodistribution. 

In vitro techniques used to validate the in vivo increase in (R)-[ CJrolipram failed 

to detect any change in PDE4 activity (assessed by the enzyme activity assay) or 

expression (evaluated by western blot techniques). These findings can be interpreted as 
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Figure 8-2: A schematic representation of the proposed alterations in the 
NA/cAMP/PDE4 signaling cascade. An acute elevation in synaptic NA 
elicited through inhibition of presynaptic reuptake by DMI results in 
elevated post-synaptic intracellular cAMP levels and increased PDE4. 
Sustained release of synaptic NA observed in heart failure causes a 
downregulation in post-synaptic P-AR, attenuating the NA stimulation of 
the post-receptor cAMP second messenger signal. Adapted from Duman et 
al., 1997 (Duman et al., 1997). 
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limitations of in vitro assessment of intracellular signaling. Enzyme activity assay 

measures the PDE4 cAMP-hydrolyzing activity in the tissue homogenates without 

differentiating the contributions of individual PDE4A-D subtypes. Changes in enzyme 

activity could reflect altered affinity of PDE4 for cAMP or the expression of the enzyme. 

The processing of tissues harvested from sacrificed animals would likely degrade the 

sensitive enzymes or change their phosphorylation state, affecting the accuracy and 

sensitivity of these assays. While applicable in cell cultures, analysis of PDE4 activity 

would therefore require a greater change such that it would be observable in processed 

tissue samples. 

Western blot studies with commercially-available antibodies measure the 

expression of the individual subtypes (PDE4A, B and D), but may not detect each 

individual isoform. Interestingly, the expression of the PDE4A subtype showed a trend 

towards an increase in immunoblotting techniques. Enzymes in this subtype are known to 

be responsive to NA stimulation (Farooqui et al., 2000), and therefore may change in the 

hyperadrenergic state found in heart failure. The lack of any alterations in PDE4 activity 

assays could therefore be explained by the involvement of PDE4A7 subtype, a "dead-

short" form of PDE4 which exhibits no catalytic activity (Johnston et al., 2004), but 

could conceivably still bind (/?)-[' 'C]rolipram. Due to the lack of a pan-PDE4 antibody 

that would detect all PDE4A-D subtypes, we evaluated only the expression of PDE4A, B 

and D isozymes using specific antibodies. PDE4C expression was not assessed, since the 

isozyme has been reported to be absent from cardiac tissue. Speculatively, cardiac 

expression of the PDE4C subtype may be upregulated in disease states, increasing the 

binding of (i?)-[uCJrolipram and possibly leading to the discrepancy between the 

235 



Miran Kenk In vivo assessment of PDE4 with (/?)-[' *C] rolipram 

increased tracer DVs observed in vivo PET studies and the lack of change in the Western 

blot results. 

8.6. (R)-[ CJRolipram PET applications in drug development 

The development of novel PET tracers and increasing availability of low-cost 

small-animal cameras provide increasing opportunities for PET imaging in drug 

development (Rudin et al., 2004; Riemann et al., 2008). The non-invasive nature of PET 

imaging permits serial monitoring of changes in cAMP-mediated NA signal transmission 

at the level of PDE4 before and during therapy in the same subject. Despite the current 

interest in the development of selective inhibitors of PDE4 (using rolipram as a starting 

compound) (Pages et al., 2009) and the potential implications in therapy, applications of 

(./?)-[''C]rolipram in the development of improved PDE inhibitors would be limited by its 

lack of PDE4A, B, C or D subtype-selectivity. 

PET imaging of PDE4 could play a role in the development of novel therapies, 

both within and beyond the noradrenergic system. (/?)-[' *C]Rolipram can be used, alone 

or in a multi-tracer paradigm, to detect dysfunction in NA signal transduction and follow 

the reversal of defect through serial scans. Non-invasive imaging could thus be used to 

help elucidate the mechanism of action of current therapies, such as p-blockers or 

angiotensin receptor inhibitors. Unlike "C-labeled P-AR antagonists, (•/?)-[' 1C]rolipram 

would not be affected by the use of commonly-prescribed P-blockers since it monitors the 

noradrenergic system at a site downstream of the receptor. 

Recent studies have shown increased expression of Gsa-coupled 5HT4 receptors 

in human heart failure (Bach et al., 2001; Levy et al., 2008). It is conceivable that novel 
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therapies aimed at these receptors could reach clinical testing. Unlike current tracers 

targeting changes in NA reuptake and P-AR expression, (7?)-[uC]rolipram responds to 

alterations in cAMP-mediated 5HT signaling (as presented in chapter 4) and could 

therefore potentially assist in drug development and guide therapy. 

8.7. (/?)-[nC]Rolipram PET imaging in differentiating heart disease 

Genetic polymorphisms in Pi- and P2-AR have been associated with altered 

intracellular AC activation and differences in the post-receptor signal transduction 

cascade (Mason et al., 1999; Rosskopf and Michel, 2008). As illustrated by the S49G and 

G389R single nucleotide polymorphisms, the Gly49 variant expressed in 25% of the 

white population is more susceptible to P-AR downregulation (Levin et al., 2002), while 

the Arg389 variant couples more effectively to the Gsa (Mason et al., 1999). Current 

therapy does not take these polymorphisms into account, treating all heart failure based 

strictly on measurable symptoms and disease history. Correlating the P-AR 

polymorphisms to differences in intracellular cAMP levels and responsiveness to 

treatment is a promising new application of PET imaging (Shirani and Dilsizian, 2008). 

Genetic differences in P-AR indistinguishable by conventional methods may present with 

different phenotypes when assessed using a technique that interrogates the intracellular 

components beyond the receptor. Variation in the sympathetic dysfunction between 

patients based on genetic differences and disease variants necessitates more 

individualized therapy, and could play a role in personalized therapy of heart failure 

(Floras, 2003; Knuuti and Bengel, 2008; Dobrucki and Sinusas, 2010). 
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As initially postulated by Bristow and Anderson, there are differences in the 

behaviour of components of the adrenergic signal transduction pathway between the 

idiopathic and ischemic heart failure (Bristow et al., 1991). Components of the signaling 

cascade downstream of the receptors show different degrees of AC stimulation and vary 

in the severity of uncoupling of receptors from the contractile response (Bristow et al., 

1991). While imaging surface receptors and presynaptic NA reuptake would not detect 

these differences, imaging of PDE4 with (./?)-[''CJrolipram in conjunction with 

presynaptic and receptor-level imaging, could quantify these functionally important 

factors. A multi-tracer approach could thereby differentiate between types of cardiac 

dysfunction and provide a more precise diagnosis. PET imaging was already proposed as 

a method to clarify the differences in the pathophysiological mechanisms that underlie 

ischemic from idiopathic dilated cardiomyopathy (de Jong et al., 2002). 

8.8. Conclusions 

(/?)-[' CJRolipram biodistribution and autoradiography studies demonstrated 

binding selectivity for PDE4 isozymes over other cardiac PDE subtypes. Tracer uptake is 

sensitive to treatments that affect cAMP signaling through serotonergic, noradrenergic 

and histaminergic neurotransmission. (/?)-[''CJrolipram has been shown to possess the 

properties desired in a PET radioligand for cardiac imaging. (R)-[ CJRolipram detected 

reduced NA signal transduction at the PDE4 level that precedes cardiac dysfunction in an 

ADR-induced rat model of cardiotoxicity. (/?)-[''C]rolipram in combination with other 

tracers therefore has potential in detecting NA signaling dysfunction and could help 

determine the safe limits for the anthracychne chemotherapeutic agents in human 
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patients. Small-animal PET imaging with (•/?)-[''(^rolipram displays increased PDE4 

binding in the non-infarcted left ventricle 8 weeks following myocardial infarction in 

spite of decreased P-adrenergic receptor expression and normal myocardial blood flow. 

As a result of the research presented in this thesis, (/?)-[' '(^rolipram PET holds promise 

for non-invasive assessment of alterations in cAMP-mediated signaling. (R)-

[ CJRolipram applicability in animal models of cardiac diseases provides the rationale 

for PET imaging impaired intracellular cAMP-mediated NA signaling. 

8.9. Future direction 

The development of a kinetic model describing the in vivo retention of (R)- and 

(S)-[ C]rolipram is the immediate next step in the development of tracer for wide clinical 

applications. The deployment of high-resolution high-sensitivity small-animal PET 

cameras enables future studies with (7?)-[uC]rolipram in different animal models of heart 

dysfunction, such as cardiomegaly induced by chronic isoproterenol administration, 

dilated cardiomyopathy resulting from aortic banding, and potentially a full kinetic PET 

evaluation of ADR-induced cardiotoxicity. [18F]Fluoro-alkyl/aryl rolipram derivatives 

would increase clinical applicability of PDE4 imaging due to the longer half life of the 

radionucleide (109.7 min, vs. 20.4 min for C-11), allowing the tracer to be shipped to 

near-by PET imaging centres (within 6 hours transportation) without an on-site cyclotron. 

Furthermore, F-labeled ligands can be produced at higher specific activity than C-11 

due to the lack of F-19 in the reaction mixture as opposed to CO2. High specific activity 

would remove any complications arising from occupancy of binding site by the non-

labeled molecules, allowing more reliable quantification of tracer binding in tissues. 
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Multi-tracer approaches using (/?)-[nC]rolipram in combination with [HC]HED and 

[nC]CGP12388 will be explored with the goal of serial, non-invasive assessment of pre-

and post-synaptic NA signaling in the same subjects. In parallel, ethics approval has 

already been obtained for myocardial PET studies with (i?)-[uC]rolipram in healthy 

human volunteers, with future potential for diagnosis and evaluation of therapy in cardiac 

patients at the University of Ottawa Heart Institute. 
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