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ABSTRACT 

In cardiac myocytes, multiple receptor mediated signalling pathways converge on cyclic 

nucleotide production.  These second messengers then act to achieve changes in cellular 

function.  Despite this, each signalling molecule and receptor can achieve distinct sub-

cellular effects.  This has led to the theory of cyclic nucleotide compartmentation, which 

has been postulated to be mediated by phosphodiesterases (PDEs).  Research in this field 

has focused on compartmentation using β-adrenergic stimulation.  As an extension of this 

work, we investigated the effects of two agonists, prostaglandin E2 (PGE2; 10 nM) and 

forskolin (FSK; 30 nM), on various cellular parameters in the presence of either 

cilostamide (1 µM) a selective PDE3 inhibitor, or Ro 20-1724 (10 µM) a selective PDE4 

inhibitor.  In myocytes treated with PGE2, unloaded cell shortening and intracellular 

calcium transients exhibited significantly different (p<0.05) values of 147 ± 10% and 138 

± 5% of pre-treatment (t=0) values, respectively, in the presence of both PGE2 and Ro 

20-1724 (all n=5).  However, values were not significantly different in cells pre-treated 

with cilostamide.  Conversely, FSK resulted in significant increases of 153 ± 9% (n=5; 

P>0.05) and 189 ± 20% (n=5; P>0.05) of t=0 in cells treated with cilostamide and Ro 20-

1724, respectively.  PGE2 enhanced ICa,L was not altered using either PDE inhibitor.  

However, with FSK as an agonist, a significant increase in peak ICa,L from -6.0 ± 0.8 

pA/pF to -7.7 ± 0.4 pA/pF (n=5; P>0.05) was observed in cells pre-treated with Ro 20-

1724.  SR calcium loading was also increased, but only in cells pre-treated with Ro 20-

1724, with values of 127 ± 11%  and 156 ± 47% of t=0 (n=5) for FSK and PGE2, 

respectively.  Our results demonstrate that a unique pattern of regulation exists for PGE2 
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and that it is different from what was found previously with isoproterenol.  We have 

shown that this is achieved by functionally localizing PDEs to distinct compartments.  

Specifically, PDE4 is localized at the SR, PDE3 at the sarcomere, and a combination of 

both at the calcium channel.  However, our ICa,L results also indicate that the location of 

the receptor and adenylate cyclases must be considered relevant to compartmentalizing 

the cAMP signal. 
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CHAPTER 1: INTRODUCTION & LITERATURE REVIEW 

Cell Signalling in the Heart 

The mechanisms that allow external stimuli to modify the internal functions of a 

cardiac myocyte are part of a highly organized and complex signalling system.  The 

activation of a multitude of receptors is what allows a cell to detect changes in the 

external environment, which ultimately initiates a series of downstream events that 

facilitate and drive the appropriate response (Reviewed in Wheeler-Jones, 2005).  It is 

therefore of no surprise that this stimulus-response coupling plays a critical role in both 

physiological and pathophysiological conditions, and is the focus of much scientific 

debate. 

 In the heart, function is often affected through modifications to mechanisms 

involved in excitation-contraction coupling (ECC), the cellular process of converting the 

electrical stimulus into a mechanical response (Reviewed in Bers, 2008).  In response to 

depolarization, calcium channels open at the junctional cleft, thereby increasing local 

calcium concentrations.  This activates the ryanodine receptors (RyR), which induce 

calcium release from the sarcosplasmic reticulum (SR) in a process termed calcium-

induced calcium-release (CICR).  This large rise in calcium in the cleft diffuses towards 

the contractile apparatus where it binds troponin-C, inducing a conformational change in 

troponin-I.  Consequently, this allows myosin cross-bridge interaction and initiates 

contraction.  As calcium channels close, calcium is sequestered back into the SR by the 

sarcoplasmic/endoplasmic reticulum calcium ATPase (SERCA), which is normally 

inhibited by the protein phospholamban (PLB). 
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One of the primary mediators of ECC modification is the activation of G-protein 

coupled receptors (GPCRs).  In short, GPCR agonists promote the interaction of their 

respective receptors with a heterotrimer (composed of α, β, and γ subunits).  This results 

in a GTP-GDP exchange on the Gα subunit, causing dissociation.  This leaves either the 

Gα or Gβγ subunits to act on effector molecules, thereby regulating the generation of 

second messengers.  Second messengers are signalling molecules, whose rapid release or 

synthesis as freely diffusible molecules activates other cellular targets. 

Often, multiple signalling pathways will exploit a single second messenger.  How 

very different external stimuli, acting through a common signalling mechanism, are 

discriminated by the cell to create a unique response is a topic of great interest.  In order 

to understand the theories related to this dilemma, it is first important to address exactly 

how one of these systems works: the cAMP-PKA signalling axis. 

 

The cAMP-PKA signalling axis 

Since its discovery in 1957, cyclic adenosine monophosphate (cAMP) has been 

shown to play a role as a second messenger in cells throughout the body (Reviewed in 

Tasken & Aandahl, 2004).  Currently, synthesis and degradation pathways of cAMP are 

known; however, their regulation is less clear (Beavo & Brunton, 2002).  In the heart, 

cAMP activity is related to several diverse functions, ranging from immediate demands 

for cardiac performance to alterations in gene expression that may ultimately affect 

structural remodelling, and, therefore, represent an important area of study. 
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In short, the basic signalling cascade involves GPCR activation, which causes 

synthesis of cAMP, which acts on its downstream effectors, ultimately altering the 

activity of a target molecule through phosphorylation.  The details of this pathway and 

how cAMP is regulated within the cell are discussed in the below three sections. 

 

cAMP action: Protein Kinase A (PKA) 

 In most pathways, cAMP targets protein kinase A (PKA), formerly known as 

cAMP-dependent protein kinase (Reviewed in Lissandro & Zaccolo, 2006).  Since its 

discovery in the glycogenolysis pathway (Walsh et al, 1968), PKA has been 

demonstrated to phosphorylate several components involved in ECC, including but not 

limited to voltage-gated L-type calcium channels (LTCC), RyR (Bers & Perez-Reyes, 

1999), troponin I (TnI) (Strang et al, 1994), myosin binding protein C (MBP-C) (Gautel 

et al, 1995) and phospholamban (PLB) (Hagemann & Xiao, 2002).  Consequently, the 

combined effect of phosphorylating these proteins is generally a combination of positive 

chronotropy, inotropy and lusitropy.  This is achieved primarily by creating an increase in 

both the peak calcium current (ICa,L) and the amount of calcium released from the SR 

(Bers & Perez, 1999). 

 In addition to those effects on excitation contraction coupling mechanisms, cAMP 

can also target molecules that affect long-term gene expression signalling, such as EPAC, 

a guanine exchange factor.  Its activation through cAMP binding initiates long term 

changes in cellular structure by initiating downstream effects on gene transcription (Holz 

et al, 2006).  This has been shown to affect such elements as cell adhesion (Rangarajan et 
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al, 2003) and gap-junction formation (Somekawa et al, 2005).  Furthermore, it has been 

implicated in some pathological conditions, including cardiac hypertrophy (Morel et al, 

2005). 

Considering the wide role of cAMP signalling, the understanding of its regulation 

is, therefore, a key factor in determining pathway specificity.  Thus, the primary 

mechanisms of cAMP regulation, synthesis and hydrolysis (degradation), are discussed 

below. 

 

cAMP synthesis: Adenylate Cyclases (AC) 

The synthesis of cAMP from ATP occurs through the common effector molecule 

adenylate cyclase (AC).  There are currently 9 known membrane bound isoforms of ACs 

(Hanoune & Defer, 2001), with AC5 and AC6 being the most prevalent in the heart 

(Defur et al, 2000).  These transmembrane proteins are stimulated by GPCR action and 

forskolin, a toxin from Coleeus forskolii. It has been proposed that AC5 and AC6 possess 

distinct roles, however this has yet to be directly demonstrated.  For instance, mRNA 

expression of both isoforms demonstrated a different pattern of downregulation in 

response to heart failure models (Ping et al, 1997).  In addition, differential patterns of 

expression appear to exist during development (Espinasse et al, 1995). 

These findings suggest spatial localization, which would allow the exclusive 

interaction of cAMP with selective cellular targets, and that subcellular compartments do 

indeed exist.  However, it has been speculated that a localized gradient of cAMP would 

be impossible through synthesis alone, since the diffusive capacity of cAMP would be 
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too rapid and widespread.  Indeed, it is now agreed that degradation accounts for the total 

cAMP pool more than its synthesis (Mongillo et al, 2004; Nikolaev et al, 2005), 

implicating phosphodiesterases (PDEs) as a critical control point for cAMP regulation. 

 

cAMP hydrolysis: Phosphodiesterases (PDEs) 

PDEs are the primary mechanisms that limit cAMP levels.  These 

metallophosphohydrolases cleave the 3‟,5‟-cyclic phosphate moiety of cAMP, producing 

the inert molecule, 5‟AMP, thereby rendering it effectively neutral.  Currently, there are 

11 known PDE families, 5 of which have been shown to be present in the heart (Mongillo 

& Zaccolo, 2006; Reviewed in Omori & Kotera, 2007). 

PDE1 is primarily expressed in non-myocyte cardiac tissue (Bode et al, 1991) and 

PDE5 is specific to cyclic guanosine monophosphate (cGMP).  Consequently, these two 

families have been shown to contribute very little to cAMP degradation in the ventricular 

myocyte (Mongillo et al, 2004).  Though PDE5 has been shown to be present in the heart 

on an mRNA (Kotera et al, 1993) and protein level (Senzaki et al, 2001), theories on its 

direct effects remain inconclusive (Reviewed in Fischmeister et al, 2006). 

PDE2, which possesses both cAMP and cGMP hydrolyzing activity, remains 

quantitatively the least important PDE in the heart (Mongillo et al, 2004).  It is activated 

by the Ca
2+

/calmodulin complex.  Furthermore, it appears to be the only PDE in which 

intracellular cGMP stimulates its cAMP hydrolyzing capacity (Fischmeister et al, 2005).  

This is discussed in detail later. 
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 PDE3 and PDE4 combined are responsible for almost 90% of cAMP degradation 

in cardiac myocytes.  PDE3 hydrolyzes both cAMP and cGMP, but due to its higher Vmax 

for cAMP, is considered to be cGMP-inhibited.  Conversely, PDE4 is cAMP specific, 

and is thought to contribute to almost twice as much of the hydrolyzing activity in the 

murine heart than PDE3 (Mongillo et al, 2004).  

 The specificity of PDE activity indicates that there are limitless applications for 

pathway regulation.  Their role in creating subcellular microdomains has now become the 

dominant theory in the scientific community and is an active area of research. 

  

Cyclic Nucleotide Compartmentation 

Given the tightly regulated synthesis and hydrolysis of cAMP, it is now evident 

that there exists some manner of spatial-temporal organization, which ultimately could be 

responsible for the great extent of pathway specificity present in second messenger 

signalling.  Some of the earliest evidence comes from 30 years ago when it was shown 

that prostaglandin E1 (PGE1) and isoproterenol (ISO), a β-AR agonist, created different 

effects on myocyte contractility, despite both elevating cAMP and PKA activity (Hayes 

et al, 1979; Corbin et al, 1997).  The fact that ISO was capable of inducing positive 

inotropy, whereas PGE1 could not, indicated that the increase in cAMP had to occur in a 

functional microdomain. 

Co-localization of receptors with their downstream effectors has been one theory 

used to explain the formation of functional microdomains.  For instance, using 

immunohistochemistry, it has been shown that β-adrenergic receptors are localized to the 
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t-tubules, which brings them into proximity with the SR (Orchard & Brett, 2008).  Other 

advances have described the formation of lipid rafts, known as caveolae, which serve as 

scaffolds that anchor protein complexes together at the sarcolemma (Insel et al, 2005). 

Thus, evidence for receptor localization has contributed to the continued growing 

body of research that is assessing how an uneven distribution of intracellular cAMP is 

occurring, and what mechanisms may be responsible for this phenomenon (Zaccollo & 

Posen, 2002; Rich et al, 2001).  In addition to the co-localization of the receptors and 

adenylate cyclases (Rich et al, 2000), others have proposed a form of molecular 

“channelling” from AC to PKA (Karpen, et al 2000).  Both emphasize a role in creating 

discrete microdomains.  However, the former relies on free diffusion of cAMP, whereas 

the latter suggests barrier molecules that physically delineate the cAMP signal, acting 

much like a tunnel. 

Ultimately however, the theory of compartmentation through PDE activity has 

gained the most support.  The foundations of this theory rely on the notion that PDEs can 

delineate the boundaries for cAMP diffusion, and create intracellular gradients, thereby 

allowing modification of defined sets of PKA-mediated intracellular events. 

 

Role of PDEs 

 The first evidence for the role of PDEs in cAMP compartmentation came from 

work by on isolated perfused guinea pig hearts (Rapundalo et al, 1989).  The authors 

found that treatments with IBMX (a non-selective PDE inhibitor), milrinone (a PDE3 

inhibitor) or isoproterenol, varied in their cellular mechanisms despite a similar increase 
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in cardiac contractility.  Indeed, not only was there a difference in total cAMP, but also in 

the type and quantity of phosphorylated end-products.  Thus, it is now well established 

that separate pools of particulate and soluble fractions of cAMP activity are responsible 

for these results, and have been supported on both biochemical (Hohl & Li, 1991) and 

functional (Jurevicius & Fischmeister, 1996) levels.   

It is known that different cellular pathways may involve different PDEs.  

Nikolaev and colleagues (2006) demonstrated that β1-AD pathways used primarily PDE4, 

whereas β2-AD used multiple PDE types.  It is suspected that the ability of PDEs to 

possess such distinct properties is based on their cellular localization, which ultimately 

determines their function.  The following is a synopsis on the known localization and 

functions of PDE2, PDE3, and PDE4. 

As mentioned previously, PDE2 has a relatively small contribution in the heart.  

Although it is been shown to be present in the cytosol, it appears to possess a primary 

role in controlling subsarcollemal concentrations of cAMP.  This appears to be due to 

cross-talk with cGMP.  For instance, PDE3 contributes to LTCC regulation when cGMP 

is increased via local application of NO (Fischmeister et al, 1991).  This phenomenon 

was also observed using FRET-based imaging in β-AD stimulated neonatal rat myocytes 

(Mongillo et al, 2004). 

Conversely, PDE3 appears to be a cGMP-inhibited cAMP hydrolyzing PDE.  It is 

present in both cytosolic and membrane fractions of the cell.  However, it has now been 

demonstrated that specific isoforms of PDE3 are localized, and are associated with 

independent regulation of cAMP within these compartments (Hayes et al, 1980; Rybin et 
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al, 2000).  This widespread presence may be a reason why competitive inhibitors of 

PDE3 used for the treatment of heart failure adversely affect long-term survival, and is 

discussed in the next section. 

PDE4 hydrolysis is cAMP specific (Reeves et al, 1987).  It has been identified in 

both the cytosol and membrane fractions of the cell as well, and its isoforms appear to 

localize differently (Houslay et al, 2007).  In cardiac myocytes, PDE4 activity is greatest 

at the transverse tubule/SR junctional space (Nikolaev et al, 2006). In addition, 

deficiency in the PDE4D isoform can promote heart failure and exercise-induced 

arrhythmias.  More specifically, the PDE4D3 isoform was associated with changes to 

RyR modulation caused by excess phosphorylation, creating a „leaky‟ SR phenotype 

(Lehnart et al, 2005).  It has also been demonstrated that β-arrestins, an important 

molecule in inhibiting GPCR activity, recruit PDEs to β-AR.  Consequently, local 

membrane cAMP concentrations may decrease in conjunction with the downregulation of 

the receptor itself (Perry et al, 2002). 

 Given the diversity of PDEs and their function, it becomes apparent that research 

into their roles as therapeutics is a necessity.  As such, the following section is devoted to 

the clinical application of PDE inhibitors. 

 

Clinical Use of PDE Inhibitors 

It was first recommended almost two decades ago that PDE3 inhibitors could be 

used to augment cardiac contractility for the treatment of heart failure (Nicholson et al, 

1991).  However, it was rapidly demonstrated that chronic treatment with these agents led 
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to an increase in mortality (Packer et al, 1991).  This kind of biphasic response has been 

shown repeatedly, in which acute treatment can be beneficial by enhancing cardiac 

function, but chronic administration leads to early mortality (Reviewed in Peronne & 

Kaplinsky, 2005).  It is likely that this is due to the role PDE3 plays in different 

subcellular compartments. 

For instance, the short term hemodynamic benefits are related to the increased 

phosphorylation of such ECC components as PLB, yielding positive inotropy.  However, 

the widespread presence of PDE3 means that excess phosphorylation of unwanted 

targets, such as LTCCs, could account for some of the mortality associated with chronic 

PDE3 use.  For example, it has been shown that excess stimulation of the LTCC using 

isoprenaline can not only prolong action potential duration, but also induce signs of 

hypertrophy (Meszaros et al, 1997), both of which can contribute to heart failure and 

cardiac arrest. 

Another mechanism for the adverse long-term effects is by affecting its role as an 

antiapoptotic agent.  It has been noted that during heart failure, PDE3 is downregulated 

(Smith et al, 1998).  Associated with this is the induction of inducible cAMP early 

repressor (ICER) (Ding et al, 2005), which represses antiapoptotic agents in a positive 

feedback fashion. 

 The non-specific targeting of PDE3s is most likely responsible for the increased 

mortality related to chronic PDE inhibition.  The fact that specific isoforms are localized 

may present novel pharmacological targets that could exploit only certain components, 

and indeed this is now an active area of research. 
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A-Kinase Anchoring Proteins (AKAPs) 

 It has also been proposed that the specificity of a cAMP signal is reinforced by 

scaffolding proteins that tether complexes of receptors, effectors, modulators, and targets 

all together in a localized microdomain.  As a consequence, the probability of cAMP 

interacting efficiently is greatly increased.  More specifically is the importance of 

sequestering PKA through A-kinase anchoring proteins (AKAPs).  These proteins 

possess an amphipathic helix that can preferentially bind the N-terminal domain of the 

RII homodimer of PKA (Carr et al, 1992; Alto et al, 2003).  Consequently, RII subunits 

are more prevalent in particulate fractions, whereas RI subunits are dominant in the 

soluble fractions (Scott, 1993). 

 Understanding of how AKAP-PKA interactions occur was furthered by the 

discovery of human thyroid AKAP Ht31 (Ht31 peptide).  Ht31 competes for the binding 

position of RII, and has been shown in cardiac myocytes to disrupt the binding of PKA to 

AKAPS, specifically blocking phosphorylation of TnI and MBP-C, but not PBL (Fink et 

al, 2001).  This selectivity is a clear indication that physical localization contributes to the 

compartmentation of cAMP.  Several AKAPs have been identified in the heart, though 

many remain unidentified (Reviewed in Scott, 2006).   

 

Crosstalk: The combined effect of cGMP and cAMP 

Cardiac function is also regulated through cGMP pathways.  In summary, the 

activation of guanalyate cyclases (GC), by either NO or natriuretic peptides, causes rapid 
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synthesis of cGMP.  As a consequence of its release, negative inotropic and metabolic 

effects occur through its effectors protein kinase G (PKG) and CNG channels (Shah & 

MacCarthy, 2000).  cAMP and cGMP pathways are thought to have opposing effects, 

which is generally attributed to the opposing effects of their effectors.  However, it‟s 

becoming apparent that they do interact at an earlier stage of signalling.  In particular, 

cAMP concentration can be affected by cGMP sensitive PDEs (Zaccolo & Movsesian, 

2007). 

As discussed prior, several cAMP-hydrolyzing PDES differ in their affinity and 

specificity for both cAMP and cGMP.  Of the PDEs present in the heart, PDE1, PDE2, 

PDE3 and PDE5 all possess the capacity to affect cAMP concentration by restricting 

diffusion.  This can occur in two ways: cGMP-stimulated cAMP-PDE activity and 

cGMP-inhibited cAMP-PDE activity. 

 PDE2 has uniquely been identified as a cAMP-hydrolyzing PDE that is stimulated 

by cGMP.  It can hydrolyze both cAMP and cGMP, with Km values of 30 mol/L for 

cAMP and 10 mol/L for cGMP (Martins et al, 1982).  cGMP can also bind to a GAF 

domain on PDE2, which through allosteric modifications, lowering its Km for cAMP, 

effectively stimulating cAMP hydrolysis (Martinez et al, 2002). 

This phenomenon may possess physiological consequences.  For instance, β-AD 

stimulation of cAMP production is reduced in response to sodium nitroprusside, a NO 

donor which increases cGMP production (Mongillo et al, 2006).  In fact, this 

phenomenon was selective as well, where rises in cGMP failed to elicit PDE2 cAMP 

hydrolysis when stimulated with forskolin. 



13 

 

This blunted response to β-AD stimulation may provide a protective effect against 

excessive pathway activation.  Alternatively, it‟s been postulated that it may decrease the 

sympathetic reserve in failing hearts, during which β-AR are downregulated (Brodde, 

1993).  In either case, it is unclear exactly how this cGMP mediates the hydrolysis of 

cAMP. On the other hand, the higher catalytic rate of PDE3 for cAMP rather than for 

cGMP, make PDE3 a cGMP-inhibited cAMP-hydrolyzing PDE.  This inhibitory 

phenomenon has been demonstrated both in vitro and in vivo. For instance, LTCCs are 

potentiated by inhibited PDE3 activity upon GC stimulation in frog ventricular myocytes 

(Frace et al, 1993). 

Similarly, PDE1 may also be inhibited by cGMP activity, however its relevance to 

cardiac contractility is unresolved (Bode et al, 1991), despite its abundance in the heart 

(Hambleton et al, 2005).  Furthermore, studying its effects has been limited by lack of 

specific inhibitors for PDE1 (Zaccolo & Movsesian, 2007). 

 The combined effects of two second messengers on signalling, indicates that a 

high degree of regulation must occur in both cases.  Indeed, there is evidence that cGMP 

concentrations are controlled as tightly as cAMP.  This is supported by the fact that 

specific concentration ranges of cGMP dictate how it exerts its effects.  For example, in 

human atrial cells, low concentrations of cGMP stimulate ICa, whereas high 

concentrations inhibited ICa (Mery et al, 1993).  More direct evidence regarding exact 

concentration-responses on specific PDE activity remains unknown. 

 Finally, it is now widely recognized that cGMP is compartmentalized as 

evidenced its non-uniform cellular distribution.  This is likely attributed to the subcellular 
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localization of soluble and particulate GCs and PDE5 (Reviewed in Castro et al, 2006).  

Consequently, independent pools of cGMP could affect select pools of cAMP, making a 

highly selective regulatory mechanism in signalling. 

 

Conceptual Models of Compartmentation 

Until recently, the theories regarding how compartmentation is achieved adhered 

to a “barrier hypothesis” of PDE activity (Rich et al, 2000).  In this scenario, tethered 

PDEs create a wall-like barrier to cAMP, thereby restricting its diffusion from specified 

microenvironments.  What limits the application of this theory is that intracellular cAMP 

would uniformly decrease in concentration as it got further from its site of production.  

Consequently, activation of PKA within the deep cytosol would necessitate the 

concurrent activation of PKA localized at the plasma membrane. 

An alternate theory, the “sink hypothesis”, is based on the notion that cAMP can 

diffuse at an effective concentration throughout the entirety of a cell (Reviewed in 

Zacollo, 2006).  Therefore, to restrict its activity, PDEs act as sinks to prevent 

inappropriate activation of PKAs within specified microdomains.  Consequently, multiple 

domains with varying concentrations of cAMP may exist simultaneously within the cell.  

 

Compartmentation Across Pathway Activation 

Much of the research regarding PDE compartmentation has been done using β-

AD agonists, whereas other pathways of activation have been less explored.  

Nonetheless, it is likely that the specificity of the cAMP signal from different GPCR 
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agonists is created by a distinct pattern of PDE activity.  In a study by Rochais and 

colleagues (2006) recombinant cyclic-nucleotide gated channels (CNG) were used as a 

cAMP biosensor.  These authors found that specific subsets of PDEs are functionally 

localized to the LTCC and are coupled to specific GPCRs.  For instance, Glucagon-

receptor (Glu-R) cAMP activity was entirely regulated by PDE4; whereas, β2-AD cAMP 

was mediated by both PDE3 and PDE4 activity. 

However, there is still little research regarding how these differences in cAMP 

affect other components of ECC.  Furthermore, it has yet to be shown how the combined 

effects of different PDEs in various pathways affect the functional outcome of cardiac 

contractility.  Preliminary work in our lab has defined the roles of PDE3 and PDE4 as 

mediators of the β2-AD signalling pathway.  We have found that both PDE3 and PDE4 

occupy select subcellular compartments where they limit the actions of increased cAMP 

concentrations following β2-AD stimulation.  For instance, PDE4 appeared to play a 

greater role in LTCC regulation, whereas PDE3 is perhaps localized more at the 

contractile apparatus, which was demonstrated by its greater contribution to cell 

contractility.  However, we now wish to extend these studies to examine the effects of 

other stimulators of the cAMP pathway to investigate how PDE compartmentation plays 

a role in determining the cellular actions of such agonists. 
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Hypothesis and Objectives 

The preceding discussion demonstrates that receptor specificity may play a role in 

creating distinct cellular responses.  In an effort to further explore this issue, we will 

examine multiple pathways, forskolin (FSK; a direct adenylate cyclase activator), 

Prostaglandin E2 (PGE2) and Prostaglandin E1 (PGE1), both EP receptor agonists.  

Specifically, we wish to assess how selective PDE3 and PDE4 inhibition combined with 

one of these agonists will affect specific ECC mechanisms.  For these studies, we 

hypothesize that the compartmentation created by PDEs will be the determining 

factor in mediating the distinct cellular actions of agonists that increase cAMP.  

Further, we suspect that there may be different cellular effects on our measures of cell 

function depending on agonist used, ultimately reflecting a combination of both receptor 

and PDE compartmentation. 

To test this hypothesis, we used freshly dissociated right ventricular myocytes 

from adult male Sprague Dawley rats.  Using this model, we characterized how various 

ECC mechanisms responded to agonist enhanced PDE inhibition.  Specifically, we used 

unloaded cell shortening as an overall indication of contractility.  Fluorescence 

techniques were used to assess intracellular calcium transients and SR loading.  Finally, 

patch clamp experiments, using the perforated-patch configuration, assessed modulation 

of cellular electrophysiology (including action potentials and their underlying ionic 

currents).  Thus, our specific objectives included the following: 

1. Determine concentrations for PGE2 and FSK to be used in PDE inhibition 

studies.  The concentrations should cause significant but minimal increases in 
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cell shortening to allow for a full range of measurement if increases in 

function are present.  

2. Examine the combined effects of PGE2 or FSK and selective PDE inhibitors 

on unloaded cell shortening, calcium transients, SR calcium loading and the 

L-type calcium channel. 

3. Determine if there are effects on potassium currents and action potential 

duration when treated with FSK and PDE inhibitors. 
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CHAPTER 2: METHODS 

Isolation of Right Ventricular Myocytes 

 In accordance with a protocol approved by the Queen‟s University Animal Care 

Committee based on the Canadian Council Animal Care Guidelines, male Sprague 

Dawley rats (~5 weeks old) were killed through decapitation, and the heart was excised 

and placed on a standard Langendorff apparatus.  The heart was then retrogradely 

perfused at ~10mL/min via the aorta using the following protocol. All solutions were 

kept at 37±1 °C and continuously gassed with 100% O2: 

1. 5 min of Tyrode‟s solution containing (in mM): NaCl 140; KCl 5.4; MgCl2 1; 

Na2HPO4 1; HEPES 5; glucose 10; CaCl2 1; pH adjusted to 7.4 with NaOH 

2. 5 min of calcium-free Tyrode‟s 

3. 7 min of modified Tyrode‟s (50 µM of CaCl2) containing collagenase (0.02 

mg/mL, Type II, Yakult Co. Ltd, Tokyo) and protease (0.004 g/250 mL, Type 

XIV, Sigma) 

 Following this, the right ventricular wall was dissected and minced for further 

digestion in 10mL of Tyrode‟s solution containing collagenase (0.5 mg/mL, Type II, 

Yakult Co, Ltd. Tokyo), protease (0.1 mg/mL, Sigma), bovine serum albumin (2.5 

mg/mL, Sigma), and CaCl2 (50 µM).  This solution was agitated in a bath maintained at 

37°C, and was monitored for dissociated cells.  Once observed, cells were placed into 

3mL aliquots of KB storage solution containing (in mM):  potassium glutamate 100; 

potassium aspartate 10; KCl 25; glucose 20; KH2PO4 10; Hepes 5; MgSO4 2; taurine 20; 

creatine 5; and EGTA 0.5; 1 mg/mL BSA; pH adjusted to 7.2 with KOH.  Aliquots were 
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taken every 3 min for a total digestion time of ~40 min.  Myocytes were stored in KB 

solution at 4 °C until needed. 

 

Cell Shortening Measurements 

 Cells were placed in the perfusion chamber on the stage of an inverted 

microscope (Nikon TE2000) and allowed to adhere to the glass bottom for 10 min.  

Subsequently, superfusion of the myocytes with Tyrode‟s solution was maintained at a 

flow rate of 2 mL/min using a gravity feed system.  Myocytes were electrically 

stimulated by a Grass (SD9) field stimulator (20-40 mV) at a frequency of 1Hz.  Cell 

shortening was measured by a video image feed linked to an edge detection device 

(Crescent Electronics, USA).  This signal was converted and analyzed using pClamp 9.0 / 

Digidata 1320 data acquisition system. 

 Since a large drop in contractility occurs from the onset of stimulation, cells were 

given 5 min to stabilize prior to any drug application.  Shortening data were expressed as 

fractional values (percent change in cell length), which was then normalized for the value 

at t=0, since this allowed us to measure the response at the onset of the cAMP agonist. 

 

Electrophysiological Methods 

 Perforated patch-clamp methods were used to record calcium and potassium 

currents, and action potentials.  All experiments were done at room temperature (21-22 

°C), and all data was acquired and analyzed using pClamp 9.0 or higher/Digidata 1320 

data acquisition system. 
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Potassium Current and Action Potential Recordings 

 Cells were plated in the perfusion chamber of an inverted microscope (Nikon 

TE2000) and superfused with Tyrode‟s solution using a gravity fed flow system 

(2mL/min).  Fire-polished borosilicate glass pipettes (WPI, Sarasota, FL, USA) were 

prepared using a microprocessor-controlled, multiple stage puller (model P97, Sutter 

Instruments).  Resistances fell within a range of 1-2 MΩ when filled with the following 

internal solution (mM):  KCl 20; K-Aspartate 110, EGTA 10, HEPES 10, MgCl2 1, 

K2ATP 5, CaCl2 1, NaCl 10; pH adjusted to 7.2 with KOH.  This solution created a liquid 

junction potential of 10 mV which was corrected for offline. 

For perforated patch, an amphotericin stock (Sigma) was prepared at ~1 mg/10µL 

of DMSO.  Prior to experiments, 3.33 µL of stock was sonicated with 1 mL of internal 

solution, and would remain stable for up to 2 hrs if kept protected from UV light.  Before 

back-filling, pipette tips would be dipped in amphotericin-free internal solution to 

improve sealing. 

Cardiac myocytes were selected primarily based on visual assessment.  Overall 

cell health was indicated by smooth edges, clear and organized striations, and a retained 

rectangular shape. 

 

Potassium Current Voltage-clamp protocols and Analysis 

Whole-cell current and voltage clamp data were collected using a patch-clamp 

amplifier (Axopatch-1D, Axon Instruments).  Currents were sampled at 10 KHz and 
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filtered at 1 KHz.  All current magnitudes were normalized to cell capacitance.  

Capacitative currents were elicited using 30 msec, +5 mV depolarizing pulses from a 

holding potential of -80 mV.  Capacitance and series resistance were calculated 

immediately prior to beginning each experiment, as well as at the end of each experiment. 

For experiments in which there was a discrepancy in capacitance values greater than 10% 

throughout the experiment, the data were discarded. 

Potassium current-voltage relationships were elicited by using a series of square 

waveforms (using a range of pulses from -120 to +50 mV), with and without a prepulse 

(a depolarizing step of -40 mV for 100 msec).  The transient outward current (Ito) was 

isolated by subtracting the prepulse tracing from the total potassium tracing, since the 

prepulse inactivates the voltage dependent Ito. The sustained outward (Isus) and potassium 

inward (IK1) currents were analyzed using the prepulse recordings, since these were 

absent of Ito.  It is understood that IK1 is activated within a lower voltage range (-120 to -

60 mV), whereas Isus is activated at more positive voltages (-50 to +50 mV).  We 

therefore deemed it reasonable to not use BaCl2 to selectively block IK1, since it is 

possible to assess the current voltage-relationship of these two currents over specified 

voltage ranges.  

 

Action Potential protocols and Analysis 

 Action potentials were recorded under the same recording conditions as potassium 

currents.  Under current clamp conditions, action potentials were elicited by a brief (5 
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msec) current injection (700 pA).  Action potential waveforms were analyzed offline to 

assess APD90. 

 

Calcium Current Recordings 

 Calcium currents were recorded using a modified Tyrode‟s solution containing (in 

mM):  NaCl 140; CsCl 3; CaCl2 1; KCl 5.4, Na2HPO4 1; HEPES 5; glucose 10; MgCl2 1; 

Lidocaine 0.25; pH adjust to 7.4 with NaOH.  Also, an alternate internal solution was 

used, which contained (in mM): CsOH 120; aspartic acid 120; CsCl 30; MgCl2 1; 

Na2ATP 5; HEPES 10; EGTA 1; pH adjusted to 7.2 with CsOH. L-type Ca
2+

 currents 

were elicited using a 300 ms depolarizing pulse to 0 mV from a holding potential of -40 

mV. This step depolarization was preceded by a 1 second ramp from -80 mV to -40 mV 

to voltage inactivate sodium.  The current-voltage relationship was assessed using a 

square waveform voltage-step protocol (-120 mV to +60 mV) starting from a holding 

potential of -80 mV. 

 

Intracellular calcium transients 

 For fluorescent determination of relative intracellular calcium concentrations, 

myocytes were incubated for 30 min with Fluo3-AM (2.28 µM; Invitrogen/Molecular 

Probes, Carlsbad, CA).   

  Cells were continuously superfused with Tyrode‟s solution, and all experiments 

were done at room temperature (21-22 °C).  Cells were visualized using a 100X objective 

(Nikon) with Type A immersion oil. 
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 The Fluo-3AM was excited using a wavelength of 480 nM using a high speed 

multi-wavelength illuminator (DX-100 optical switch; Solamere Tech Group).  

Fluorescence emission was monitored at 510 nm using a microfluorimeter (SFX2, 

Solamere Tech Group) and digitized using pClamp 9.0 or higher/Digidata 1320 data 

acquisition systems. 

Cells were field stimulated at a frequency of 1Hz to elicit calcium transients.  

Immediately prior to caffeine application, the stimulator was turned off. A rapid solution 

exchanger was used to briefly expose the myocytes to 50 mM caffeine. The resultant 

changes of fluorescence were recorded for later analysis. The stimulator was then turned 

on and the cell washed with Tyrode‟s for 5 min, and allowed to re-stabilize prior to 

further drug application. 

 Changes in intracellular calcium (calcium transients) were calculated by 

expressing the peak fluorescence intensity (F) as a fraction of its baseline (F0).  This ratio 

was then expressed as a percent fluorescence of the value at t=0 (time prior to cAMP 

agonist application). The SR load was calculated by integrating the curve, thereby giving 

a measure of total calcium release.  This was expressed as a percent of the value at t=0 to 

yield a percent fluorescence. 

 

Drug Preparation and Application 

 For shortening, calcium imaging, SR loading, and patch-clamp experiments, 

drugs were applied via addition to the bath perfusion system.  No more than 5 µL/50 mL 
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of stock solution was used in order to avoid side-effects from vehicles (either DMSO or 

ethanol). 

 Drugs were prepared as follows: 

- Forskolin (30 nM, Sigma), DMSO solvent 

- Isoproterenol (10 nM, Sigma), H20dd solvent 

- PGE2 (100 nM, Sigma), ethanol solvent 

- Cilostamide (1 µM, Sigma) DMSO solvent  

- Ro 20-1724 (10 µM, Calbiochem) DMSO solvent 

For all experiments, baseline levels were recorded before and after 2-5 min of 

stabilization.  PDE inhibitors were then applied for a minimum of 5 min, and then cAMP 

agonists with PDE inhibition for 15 min.  A schematic of this protocol is shown in Figure 

1. 

 

Study Limitations 

For the most part we attempted to minimize the known sources of error.  We used 

freshly isolated ventricular cells that were used within 6 hours of collection, since 

experience has shown that electrophysiological parameters significantly deteriorate 

following storage over 8 hours.  In addition, we kept our pharmacological agents fresh, 

particularly the more unstable compounds like PGE2.  These were refreshed every 3 

months. 

Furthermore, we noticed a significant amount of cell deterioration during cell 

shortening and fluorescent imaging experiments, and proposed that this could have been 

due to free radical production from the field stimulator electrodes.  As a result, we 
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Figure 1. Schematic of drug application protocol.  Experiments began with a 

stabilization period of five minutes.  Following this, PDE inhibitors were pre-treated, if 

required, for the following five minutes.  Then, at t=0, the agonist (either FSK or PGE2) 

was added to the superfusion solution.  Recordings were then made every two minutes 

for ten minutes, and once again at fifteen minutes. 

  



26 

 

 maintained a flow rate of 2 mL/min, which helped to reduce cell death.  Also, we 

designed exclusion criteria to ensure cell viability.  This was primarily based on visual 

assessment, with a selection for cells with clean borders and clear striations.  However, 

we would also reject cells that exhibited spontaneous contractions, unusual tracings in the 

SR transient, and if alterations in perfusion rate occurred.  

Statistical Analysis 

 Results are expressed as mean  standard error of the mean (SEM).  Statistical 

analyses and tests were done using GraphPad Prism 4.0 or greater software. Unpaired 

student t-tests were used to compare two value data sets.  When comparing three or more 

experimental groups, statistical analysis was done using the Kruskal-Wallis (non-

parametric ANOVA) test followed by post-hoc analysis (Dunns test) where appropriate. 

Statistical significance was given if p-values <0.05.  
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CHAPTER 3: PROSTAGLANDIN RESULTS 

Receptor Mediated Agonists – Prostaglandins (PGE2 and PGE1) 

Prostaglandin concentration-response curve 

Prior to investigating the combined effects of PDE inhibitors and PGE2, it was 

necessary to determine a concentration that resulted in a modest increase in contractile 

function.  The rationale for this is that, as we predict that PDE inhibitors will potentiate 

the effects of PGE2 on cellular function, minimal stimulation allows a greater range 

within which the full effects of the PDE inhibitors could be quantified.  To determine 

unloaded cell shortening, right ventricular myocytes were continuously superfused with 

Tyrode‟s solution and field stimulated at 1Hz.  Various concentrations of PGE2 were then 

added to the superfusion solution and unloaded cell shortening was recorded every two 

minutes for a period of ten minutes and then once again at 15 minutes (Figure 2A). 

Following 10 minutes superfusion, the vehicle control group decreased to 76 ± 

8% (n=5) of pre-treatment (t=0 min) values.  In contrast, 10 minutes of superfusion with 

10 nM PGE2 increased unloaded cell shortening to 110 ± 10% (n=5) of pre-treatment 

values.  At 100 nM PGE2, an increase of unloaded cell shortening of 136 ± 15% (n=5), 

relative to t=0, was observed.  However, further increasing the PGE2 concentration to 1 

µM resulted in shortening values of 133 ± 23% (n=5) of t=0, which were not increased 

beyond those observed at 100 nM.  Representative traces are shown in Figure 2C. 

There was no evidence of calcium overload at any concentration, suggesting that 

PGE2 is unable to maximally stimulate the cAMP signalling pathway on its own.   
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Figure 2. Concentration-Dependent Effects of Receptor Mediated

Agonists on Cell Shortening. Ventricular myocytes were superfused with

Tyrode's solution and continuously field stimulated at 1Hz.  They were then

treated with various concentrations of PGE2 (Panel A): vehicle (); 10 nM

(); 100 nM () and 1 µM (), or various concentrations of PGE1 (Panel

B): vehicle (); 10 nM (); 100 nM () and 1 µM ().  Data are

expressed as a percentage of unloaded cell shortening relative to t=0, the

time at which the agonist was added to the superfusion solution.  Values

represent the mean ± SEM for n=5 experiments. (*) indicates data that is

significantly different (p<0.05) from vehicle. Panel C: Representative data

illustratingthe effects of 100 nM PGE2 on unloaded cell shortening. Sample

tracings were recorded at t=0 (black) and t=15 (red). Diastolic cell lengths

(µm) are listed above baseline region in sample traces.
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Thus, we decided to use 10 nM PGE2 for our remaining experiments, as this 

concentration elicited insignificant sub-maximal stimulation with minor increases in cell 

shortening.  This would ensure that any potentiated effects from PDE inhibition could be 

measured to its fullest extent. 

In addition to PGE2 we used PGE1 as an analogous receptor mediated agonist.  

Using the same protocol as above, we treated right ventricular myocytes with various 

concentrations of PGE1 while field stimulating at 1Hz (Figure 2B).  10 nM, 100 nM and 1 

µM all led to similar effects on unloaded cell shortening, with percent shortening values 

of 110 ± 6%, 108 ± 7%, and 120 ± 9%, of t=0, respectively (all n=5).  None of these were 

significantly different.  Thus, there was no observed concentration-dependent effect of 

PGE1 on unloaded cell shortening. 

 

Effects of PDE inhibitors on prostaglandin enhanced cell shortening 

To evaluate the role of PDEs on unloaded cell shortening, we began by assessing 

their contributions using two PDE inhibitors, cilostamide (1 µM; Sigma), selective for 

PDE3, and Ro 20-1724 (10 µM; Calbiochem), selective for PDE4.   Drug application 

followed the protocol discussed above in the Methods section (figure 1), and was used for 

all the following PDE inhibition experiments. 

As seen in Figure 3, following pre-treatment with Ro 20-1724, 10 minutes 

superfusion with 10 nM PGE2 significantly increased unloaded cell shortening to 147 ± 

10% (n=5) of t=0 values, which was significantly greater than 10 nM PGE2 alone (110 ± 

10%; n=5).  In contrast, for myocytes pre-treated with cilostamide, PGE2 exposure only 
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Figure 3. The Effects of PDE Inhibition on Prostaglandin E2 (PGE2)

Enhanced Cell Shortening. Ventricular myocytes were superfused
with Tyrode's and continuously field stimulated at 1 Hz.  The effects of
vehicle (), PGE2 (10 nM; ), PGE2 and cilostamide (10 nM and 1

µM, respectively; ), and PGE2 and Ro 20-1724 (10 nM and 10 µM,

respectively; ) are shown.  Data are expressed as a percentage of
unloaded cell shortening relative to t=0, the time at which PGE2 was

added to the superfusion solution.  Values represent the mean ± SEM
for n=5 experiments. (*) indicates values that are significantly different
(p<0.05) from 10 nM PGE2, and (a) indicates those values significantly

different (p<0.05) from PGE2 and cilostamide data.
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increased unloaded cell shortening to 118 ± 8% (n=5) of t=0 values, which was not 

significantly different from 10 nM PGE2 alone. In neither experimental group was 

calcium overload evident with these treatments. 

A similar pattern of responses was observed when PGE1 was used as the agonist 

(Figure 4).  10 minutes superfusion with PGE1 in myocytes pre-treated with Ro 20-1724, 

resulted in unloaded cell shortening of 157 ± 15% (n=5) of t=0 values. For experiments 

in which myocytes were pre-treated with cilostamide, unloaded cell shortening values 

were 129 ± 12% (n=5) of t=0 values. 

 

Combined Effects of PDE Inhibitors and Prostaglandins on Intracellular Calcium 

Transients 

Intracellular calcium transients were recorded to determine the effects of PDE 

inhibitors on agonist-induced increases of intracellular calcium concentrations. These 

experiments were conducted in myocytes incubated with Fluo-3AM, a calcium-sensitive 

dye. Cardiac myocytes were field stimulated at 1 Hz and drugs were added at the same 

time intervals indicated in the unloaded cell shortening experiments. 

Calcium transient results using PGE2 were very similar to those observed for 

unloaded cell shortening (Figure 5A).  Under conditions in which no PDE inhibitors were 

used, 10 nM PGE2 increased peak calcium transients to 113 ± 7% (n=5) of t=0 values.  In 

myocytes pre-treated with cilostamide (1µM), 10 minutes superfusion with 10 nM PGE2 

increased calcium transient amplitudes to 118 ± 6% (n=5) of t=0 values.  In contrast, pre-

treatment with Ro 20-1724 (10 µM), 10 minutes superfusion with PGE2 increased 
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Figure 4. The Effects of PDE Inhibition on Prostaglandin E1 (PGE1)

Enhanced Cell Shortening. Ventricular myocytes were superfused with

Tyrode's and continuously field stimulated at 1Hz.  The effects of vehicle

(), PGE1 (10 nM;), PGE1 and cilostamide (10 nM and 1 µM,

respectively;), and PGE1 and Ro 20-1724 (10 nM and 10 µM,

respectively;) are shown.  Data are expressed as a percentage of

unloaded cell shortening relative to t=0, the time at which PGE1 was added

to the superfusion solution.  Values represent the mean ± SEM for n=5

experiments. (*) indicates those values that are significantly different

(p<0.05) from 10 nM PGE1 data, and (a) indicates those that are

significantly different (p<0.05) than the combined PGE1 and cilostamide

group.
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Figure 5. The Effects of PDE Inhibition and Receptor Mediated

Agonists on Intracellular Calcium Transients.  Ventricular myocytes

were superfused with Tyrode's solution and continuously field stimulated at

1 Hz.  Panel A: Effects of vehicle (), PGE2 (10 nM;), PGE2 and

cilostamide (10 nM and 1 µM respectively;), and PGE2 and Ro 20-1724

(10 nM and 10 µM respectively;).  Panel B: Effects of vehicle (), PGE1

(10 nM), PGE1 and cilostamide (10 nM and 1 µM respectively;), and

PGE1 and Ro 20-1724 (10 nM and 10 µM respectively;).  Data are

expressed as a percentage of peak calcium transient relative to t=0, the time

at which the agonist was added to the superfusion solution.  Values represent

the mean ± SEM for n=5 experiments. (*) indicates data that is significantly

different (p<0.05) from 10 nM PGE2, and (a) indicates those that are

significantly different (p<0.05) than the combined PGE2 and cilostamide

data.  Panel C: Representative data illustrating the effects of Ro 20-1724

pre-PGE2 (black) and post-PGE2 (red) at t=15 on intracellular calcium

transients.  Units are expressed in relative fluorescence units (RFU).
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 calcium transient amplitudes to 138 ± 5% (n=5) of t=0 values, which is significantly 

different from the PGE2 treatment alone.  Representative data is shown below (Figure 

5C) 

The same experiments were also repeated using PGE1 as the agonist (Figure 5B).  

PGE1 increased peak calcium transients to 112 ± 7% (n=5) of t=0 values.  Cilostamide 

and Ro 20-1724 led to further increases in peak transients, with values of 129 ± 12% 

(n=5) and 157 ± 16% (n=5) of t=0, respectively.  However, these data were not 

significantly different from control.  

 

Effects of PDE Inhibition and PGE2 on SR Loading 

A caffeine pulse protocol using fluorescent imaging allowed a relative 

measurement of calcium load in the SR.  Cells were pre-incubated with Fluo3-AM, and 

then superfused with Tyrode‟s solution to remove extracellular dye.  The rapid 

application of caffeine (100 mM; Sigma) causes a sudden increase, followed by a gradual 

decrease in fluorescence intensity, which we define as a caffeine transient.  The amount 

of calcium stored in the SR is proportional to this caffeine transient and is quantified by 

determining the area under the curve.  Representative tracings of caffeine transients are 

illustrated in Figure 6B.  A percent difference of before (t=0) and after (t=10) PGE2 

application was calculated and graphed (Figure 6A).  10 nM PGE2 increased SR load 

yielding a percent change of 130 ± 14% (n=5) from t=0 values 
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Figure 6. The Effect of PDE Inhibition on PGE2 Enhanced SR calcium

load.  Right ventricular myocytes were continuously perfused with Tyrode's

and field stimulated  at 1 Hz.  This was stopped during caffeine pulses.

Panel A: The effect of vehicle, PGE2 (10 nM), PGE2 and cilostamide (10

nM and 1 µM, respectively), and PGE2 and Ro 20-1724 (10 nM and 10 µM,

respectively).  Data are expressed as a percentage of the caffeine transient at

t=0, the time at which the agonist was added to the superfusion solution.

Values represent the mean ± SEM for n=5 experiments.  (*) indicates data

that is significantly different (p<0.05) from vehicle data.  Panel B:

Representative data of a caffeine transient at t=15 for vehicle control

(black), cilostamide (blue), and Ro 20-1724 (red).  Units are expressed in

relative fluorescence units (RFU).
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Cilostamide further increased SR load to 140 ± 41% (n=5) of t=0 values.  However, 

neither values were significantly different from vehicle.  In contrast, Ro 20-1724 led to an 

increase in SR load  of 156 ± 47% (n=5) of t=0 values, which was a significantly greater 

than vehicle or 10 nM PGE2 data. 

 

Effects of PDE Inhibition and PGE2 on the L-Type Calcium Current 

To investigate the role of PDEs at the level of external calcium entry, we used the 

perforated patch-clamp technique to record L-type calcium currents (Figure 7A,B). The 

use of perforated patch techniques significantly attenuates the rundown of ICa,L known to 

occur during whole cell configuration.  In myocytes not pre-treated with PDE inhibitors, 

10 minutes exposure of PGE2 did not significantly alter peak inward ICa,L reaching values 

of, at +10 mV, -6.4 ± 0.7 pA/pF (n=5), compared to -6.4 ± 0.6 pA/pF (n=5) at t=0. In the 

presence of Ro 20-1724, similar findings were obtained with peak currents being 

recorded as -6.1 ± 0.4 pA/pF (n=5) and -6.3 ± 0.6 pA/pF (n=5) for t=0 and t=10 minutes, 

respectively.  In contrast, PGE2 exposure to cilostamide pre-treated myocytes resulted in 

an insignificant increase of inward current from -6.3 ± 0.6 pA/pF (n=5) to -6.8 ± 0.5 

pA/pF (n=5) over a period of 10 minutes.  Sample current tracings at +10mV are shown 

in Figure 7C.  Interestingly, myocytes pre-treated with Ro 20-1724 exhibited a slight 

right-ward shift of the entire current-voltage relationship that was not observed in 

myocytes pre-treated with cilostamide. 
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Figure 7. The Effects of PDE Inhibition on PGE2 Enhanced L-Type Calcium

Current.  Cells were continuously superfused with Tyrode's solution and stimulated

under voltage-clamp in a perforate patch configuration.  Current-voltage

relationships at t=0 (Panel A) and t=10 (Panel B) are shown with vehicle (); PGE2

(10 nM;); PGE2 and cilostamide (10 nM and 1µM respectively;); and PGE2 and

Ro 20-1724 (10 nM and 10 µM respectively;).   Data has been normalized for

capacitance and is expressed in pA/pF.  Values represent the mean ± standard error of

the mean for n=5 experiments.  (*) represents data that is significantly different

(p<0.05) from vehicle.  Panel C: Representative data showing the effects of vehicle

(black), PGE2 and cilostamide (blue), and PGE2 and Ro 20-1724 (red) on peak ICa,L
at +10 mV.
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CHAPTER 4: FORSKOLIN RESULTS 

Direct Adenylate Cyclase Agonist – Forskolin (FSK) 

FSK Concentration Response Curve 

Following investigations using the receptor mediated agonist PGE2, we decided to 

obtain a more general understanding of PDE activity in the cell by increasing global 

concentrations of cAMP using forskolin (FSK), a direct adenylate cyclase agonist.  As 

with PGE2, we began by creating a concentration-response curve using unloaded cell 

shortening as an indicator of cellular contractility (Figure 8A).  30 nM FSK, 100 nM 

FSK, and 300 nM FSK all increased unloaded cell shortening, with values of 133 ± 10% 

(n=5), 175 ± 25% (n=5), and 280 ± 29% (n=5) of pre-treatment values (t=0), 

respectively.  1 µM FSK did not further increase cell shortening beyond 250 ± 22% (n=5) 

of t=0.  However, there was evidence for calcium overload at 1 µM FSK, with four out of 

five cells demonstrating pre-contractions.  A sample tracing demonstrating this effect is 

shown in Figure 8B.  We thus concluded that a concentration of 30 nM would be 

appropriate for subsequent experiments using FSK and PDE inhibitors, as it elicited 

minimal effects on cell shortening. 

 

Effects of PDE Inhibitors on FSK enhanced Cell Shortening 

Using the same method as with PGE2, cell shortening was measured, but with 

FSK as the agonist (Figure 9A).  Cells were continuously superfused with Tyrode‟s and 

field stimulated at 1Hz.   Use of 30 nM FSK alone increased percent shortening to 133 ± 

10% (n=5) of t=0, whereas pre-treatment with cilostamide (1 µM) led to a significant   
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Figure 8. Concentration-Dependent Effects of Forskolin on Cell

Shortening. Myocytes were superfused with Tyrode's and continuously field

stimulated at 1 Hz.  Various concentrations of FSK were then added to the

superfusion solution for fifteen minutes (Panel A): vehicle (); 30 nM ();

100 nM (); 300 nM (); and 1 µM ().  Data are expressed as a percentage

of unloaded cell shortening relative to t=0, the time at which the agonist was

added to the superfusion solution.  Values represent the mean ± SEM for

n=5 experiments. (*) indicates data that is significantly different (p<0.05)

from vehicle data. Panel B: Representative data illustrating the effects of 1

µM FSK on cell shortening. Sample tracings were recorded at t=0 (black)

and t=15 (red).  Diastolic cell lengths (µm) are listed above baseline region

in sample traces.  Arrow indicates a pre-contraction, an early  marker of

calcium overload.
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Figure 9. The Effects of PDE Inhibition on Forskolin Enhanced Cell

Shortening. Ventricular myocytes were superfused with Tyrode's and

continuously field stimulated at 1 Hz.  Panel A: The effects of vehicle (),

FSK (30 nM;), FSK and cilostamide (30 nM and 1 µM, respectively; ), and

FSK and Ro 20-1724 (30 nM and 10 µM, respectively;) are shown.  Data are

expressed as a percentage of unloaded cell shortening relative to t=0, the time

at which FSK was added to the superfusion solution.  Values represent the

mean ± SEM for n=5 experiments. (*) indicates values that are significantly

different (p<0.05) from 30 nM FSK, and (a) indicates those values

significantly different (p<0.05) from the combined FSK and cilostamide

group.  Representative data illustrating the effects of FSK and cilostamide

(Panel B) and FSK and Ro 20-1724 (Panel C) are shown.  Sample tracings

were recorded pre-FSK at t=0 (black) and post-FSK and PDE treatment at t=15

(blue and red).  Diastolic cell lengths (µm) are listed above baseline region in

sample traces.



41 

 

increase in cell shortening to 153 ± 9% (n=5) of t=0.  Use of Ro-20-1724 (10 µM) further 

increased cell shortening, where a peak of 189 ± 20% (n=5) of t=0 was observed.  Sample 

traces shown in Figure 9B,C.  There was no evidence of calcium overload. 

 

Effects of PDE Inhibitors and FSK on Calcium Transients 

We then assessed the effects of PDE inhibitors and FSK on calcium transients 

(Figure 10).  Myocytes were pre-incubated with fluo3-AM, and intracellular calcium 

transients recorded using a microflurometer.  Superfusion with 30 nM FSK elicited an 

increase in peak calcium transient amplitude values to 107 ± 2% (n=5) of t=0.  Pre-

treatment with cilostamide did not further enhance this response, with a peak transient 

value of 112 ± 5% (n=5) of t=0.  However, a significant increase of 145 ± 14% (n=5) of 

t=0 was observed using Ro-20-1724. 

 

Effects of PDE Inhibitors and FSK on SR Loading 

We then evaluated the effects of PDE inhibitors and FSK on SR calcium loading.    

Cells were incubated with fluo3-AM, and then superfused with Tyrode‟s solution.  A 100 

mM caffeine pulse was used to initiate SR calcium unloading, and the corresponding 

increase in fluorescence was measured.  This was done twice, once at t=0 (pre-FSK 

application) and t=10 (post-FSK application), and final values were expressed as a 

percent change from t=0 to t=10 as shown in Figure 11. 

Superfusion with 30 nM FSK increased SR load to 103 ± 14% (n=5) of t=0 from 

a value of 89 ± 14% (n=5) of t=0 for vehicle control cells.  Cilostamide was not  
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Figure 10. The Effects of PDE Inhibition and Forskolin on Intracellular

Calcium Transients.  Ventricular myocytes were superfused with Tyrode's

solution and continuously field stimulated at 1 Hz.  Panel A: Effects of

vehicle (), FSK (10 nM;), FSK and cilostamide (30 nM and 1 µM,

respectively;), and FSK and Ro 20-1724 (30 nM and 10 µM, respectively;

).  Data are expressed as a percentage of peak calcium transient relative to

t=0, the time at which the agonist was added to the superfusion solution.

Values represent the mean ± SEM for n=5 experiments. (*) indicates data that

are significantly different (p<0.05) from 30 nM FSK data, and (a) reflect

those values significantly different (p<0.05) from the combined FSK and

cilostamide group.  Panel B: Representative data illustrating the effects of Ro

20-1724 pre-FSK (black) and post-FSK (red) at t=15.  Units are expressed in

relative fluorescence units (RFU).
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Figure 11. The Effect of PDE Inhibition on FSK Enhanced SR Calcium

Load.  Right ventricular myocytes were continuously perfused with Tyrodes

and field stimulated  at 1 Hz.  This was stopped during caffeine pulses.

Panel A: The effect of vehicle control, FSK (30 nM), FSK and cilostamide

(30 nM and 1 µM, respectively), and FSK and Ro 20-1724 (30 nM and 10

µM, respectively).  Data are expressed as a percentage of the caffeine

transient at t=0, the time at which the agonist was added to the superfusion

solution.  Values represent the mean ± SEM for n=5 experiments.  (*)

indicates data that is significantly different (p<0.05) from control data.

Panel B: Representative data of a caffeine transient at t=15 for control

(black), cilostamide (blue), and Ro 20-1724 (red).  Units are expressed in

relative fluorescence units (RFU).
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significantly different, with an increase of 105 ± 12% (n=5) of t=0.  However, PDE4 

inhibition with Ro 20-1724 increased SR loading significantly to 127 ± 11% (n=5) of t=0.  

This pattern is similar to what was observed using PGE2 as an agonist. 

 

Effects of PDE Inhibitors and FSK on L-Type Calcium Currents 

L-type calcium (ICa,L) currents were recorded using a perforated patch clamp 

configuration (Figure 12A,B).  Superfusion with 30 nM FSK did not significantly alter 

peak inward ICa,L reaching values of, at +10 mV, -6.6 ± 0.3 pA/pF (n=5), compared to -

6.3 ± 0.5 pA/pF (n=5) at t=0. In the presence of cilostamide, similar findings were 

obtained with peak inward currents being recorded as -6.2 ± 0.3 pA/pF (n=5) and -6.4 ± 

0.2 pA/pF (n=5) for t=0 and t=10 minutes, respectively.  In contrast, FSK exposure to Ro 

20-1724 pre-treated myocytes resulted in a significant increase of inward current from -

6.0 ± 0.8 pA/pF (n=5) to -7.7 ± 0.4 pA/pF (n=5) over a period of 10 minutes.  

Representative traces of peak ICa,L are shown in Figure 12C. 

Furthermore, myocytes pre-treated with either Ro 20-1724 or cilostamide 

exhibited a slight right-ward shift of the current-voltage relationship that was not 

observed in either the control or 30 nM FSK groups. 

 

Effects of PDE Inhibition and FSK on Potassium Currents 

We also investigated potassium currents and action potentials.  This was done to 

ensure that the changes in cell shortening were not due to changes in potassium 

conductance.  Thus, we chose FSK as our agonist because it would definitively increase  
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Figure 12. The Effects of PDE Inhibition on Forskolin Enhanced

L-Type Calcium Current.  Cells were continuously superfused with

Tyrode's solution and stimulated under voltage-clamp in a perforated patch

configuration.  Current-voltage relationships at t=0 (Panel A) and t=10

(Panel B) are shown with vehicle (); FSK (30 nM;); FSK and cilostamide

(30 nM and 1 µM respectively;); and FSK and Ro 20-1724 (30 nM and 10

µM respectively;).   Data has been normalized for myocyte capacitance

and is expressed in pA/pF.  Values represent the mean ± standard error of the

mean for n=5 experiments.  (*) represents data that is significantly different

(p<0.05) from 30 nM FSK.  Panel C: Representative data showing the

effects of vehicle control (black), FSK and cilostamide (blue), and FSK and

Ro 20-1724 (red) on peak ICa,L at +10 mV.
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cAMP concentrations, and would provide the most robust response if changes in 

potassium conductance were present. 

We measured three major potassium currents found in the rat ventricular 

myocyte: the transient outward (Ito), inward rectifier (IK1), and delayed rectifier (Isus).   

Though potassium currents do not generally display rundown, we used perforated patch 

both for consistency and to prevent dialysis of the second messenger molecules involved 

in the cAMP signalling pathway. 

Cells were treated with FSK and PDE inhibitors using the same time intervals as 

previously stated.  Current-voltage (IV) relationships were recorded pre-FSK at t=0, and 

post, at t=10.  As expected, there was no change in the IV relationship of all three 

currents (Figure 13) with and without PDE inhibitors (all trials n=3).  

In control cells, measured Ito values, at +50mV, were 16.7 ± 1.5 pA/pF at t=0.  

This was unchanged at t=10, with outward currents of 17.7 ± 0.7 pA/pF.  When pre-

treated with 30 nM FSK, Ito values were 17.6 ± 1.3 pA/pF at t=0, and remain unchanged 

at t=10, 16.4 ± 3.1 pA/pF.  Similarly, pre-treatment with cilostamide elicited currents of 

15.7 ± 0.7 pA/pF at t=0, with no significant change at t=10, 15.9 ± 1.5 pA/pF.  Those 

treated with Ro 20-1724 also exhibited no change, with currents of 15.2 ± 1.0 pA/pF at 

t=0 and 15.0 ± 0.7 pA/pF at t=10. 

IK1 also was not significantly different from vehicle control when treated with 30 

nM FSK.  Inward current, at -120 mV, was -9.3 ± 1.4 pA/pF at t=0 and -10.7 ± 1.6 pA/pF 

at t=10.  When cells were pre-treated with cilostamide, we observed currents of -9.3 ± 0.2 

pA/pF at t=0.  This was unchanged at t=10, -9.4 ± 1.8 pA/pF.  Similarly, pre- 



47 

 

 

  

-120 -80 -40 0 40 80

5

10

15

20A

Voltage (mV)

C
u
rr

e
n
t 

D
e
n
s
it
y
 (

p
A

/p
F

)

-120 -80 -40 0 40 80

5

10

15

20B

Voltage (mV)

C
u

rr
e

n
t 

D
e

n
s
it

y
 (

p
A

/p
F

)

-120 -100 -80 -60 -40 -20

-15

-10

-5

0

5

C Voltage (mV)

C
u
rr

e
n
t 

D
e
n
s
it
y
 (

p
A

/p
F

)

-120 -100 -80 -60 -40 -20

-15

-10

-5

0

5

D
Voltage (mV)

C
u
rr

e
n
t 

D
e
n
s
it
y
 (

p
A

/p
F

)

0 10 20 30 40 50 60
0

5

10

15E

Voltage (mV)

C
u
rr

e
n
t 

D
e
n
s
it
y
 (

p
A

/p
F

)

0 10 20 30 40 50 60
0

5

10

15F

Voltage (mV)

C
u
rr

e
n
t 

D
e
n
s
it
y
 (

p
A

/p
F

)

Figure 13. The Effects of PDE Inhibition on Forskolin Enhanced Potassium

Currents.  Right ventricular myocytes were continuously superfused with Tyrode's

solution and stimulated under voltage-clamp using the perforated patch configuration.

Cells were treated with vehicle (); FSK (30 nm;); FSK and cilostamide (30 nm

and 1 µM, respectively;); or FSK and Ro 20-1724 (30 nM and 10 µM, respectively;

).  Current-voltage relationships for Ito, IK1, and Isus at t=0 are shown in Panels A, C,

and E, respectively.  Current voltage relationships at t=15 for Ito, IK1, and Isus are

shown in Panels B, D, and F, respectively.  Data has been normalized for capacitance,

and is expressed in pA/pF.  Values represent the mean ± standard error for n=3.
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treatment with Ro 20-1724 yielded -9.7 ± 0.1 pA/pF at t=0, and -10.2 ± 0.8 pA/pF at 

t=10. 

Lastly, Isus outward current, at +50 mV, did not change from t=0 values, 12.5 ± 

1.4 pA/pF, following 10 minutes perfusion with 30 nM FSK, 12.8 ± 1.4 pA/pF.  Pre-

treatment with cilostamide also did not alter Isus, with inward currents of 12.2 ± 1.4 

pA/pF at t=0, and 11.5 ± 1.1pA/pF at t=10.  Cells pre-treated with Ro 20-1724 remained 

unchanged as well, with observed currents of 10.6 ± 1.0 pA/pF at t=0, and 11.4 ± 0.8 

pA/pF at t=10.  

 

Effects of PDE Inhibition and FSK on Action Potentials 

Under the same recording conditions of potassium currents, action potentials were 

elicited using a depolarizing 700pA current injection during current-clamp.  The APD90, 

defined as the time it takes for the cell to repolarize to 90%, from peak to the resting 

membrane potential, was calculated for each cell.  These values were then expressed as a 

percent change from t=0 to t=10, (Figure 14).  The average change in APD90 was 98 ± 

7% (n=3) of t=0 for FSK alone, 100 ± 2% (n=3) of t=0 for cells pre-treated with 

cilostamide, and 104 ± 3% (n=3) of t=0 for those with Ro 20-1724.  None of these were 

significantly different from vehicle. 

 

Effects of IBMX and Combined PDE3 and PDE4 Inhibition on Cell Shortening 

  In addition to selective inhibition, we also wanted to evaluate the effects of 

inhibiting multiple PDEs simultaneously (Figure 15).  This was with the intention of 



49 

 

 

 

  

Vehicle FSK FSK&CILO FSK&RO
0

25

50

75

100

125

A
%

 C
h
a
n
g
e
 i
n
 A

P
D

9
0

(N
o
rm

a
li
z
e
d
 t

o
 t

=
0
)

25mV

B

-83mV

200ms

C

-83mV

Figure 14.  The Effects of PDE Inhibition on Forskolin Enhanced

APD90.  Right ventricular myocytes were continuously superfused with

Tyrode's solution and field stimulated at 1 Hz.  Panel A: The percent

change in APD90 when treated with vehicle, FSK (30 nM); FSK and

cilostamide (30 nM and 1 µM, respectively); and FSK and Ro 20-1724 (30

nM and 1 µM, respectively).  Data is expressed as a percent of value at t=0.

Values represent the mean ± SEM for n=5 experiments. Also shown,

representative data of action potential for vehicle cell (Panel B, black) and

cell pre-treated with Ro 20-1724 (Panel C, red), both at t=10.
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Figure 15. Effects of Multiple PDE Inhibition on Cell Shortening.  Right

ventricular myocytes were continuously superfused with Tyrodes solution and

field stimulated at 1 Hz.  Various concentrations of IBMX were added to the

superfusion solution: vehicle  (); 1 µM (); 50 µM (); and 100 µM ().

10 µM Ro 20-1724 combined with 1 µM cilostamide () are also shown.

Data are expressed as a percentage of unloaded cell shortening relative to t=0,

the time at which the PDE inhibitor was added to the superfusion solution.

Values represent the mean ± SEM for n=5 experiments. (*) indicates values

that are significantly different (p<0.05) from vehicle data.
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 determining if different PDEs were involved in the regulation of the responses observed 

in the previous experiments.  We began by assessing the concentration-dependent effects 

of isobutylmethylxanthine (IBMX), a global PDE inhibitor, on cell shortening.  10 

minutes superfusion with 1 µM IBMX failed to elicit any significant differences from 

vehicle control, with cell shortening values of 94 ± 6% of pre-treatment (t=0) values. 

However, 50 µM IBMX significantly increased this value to 212 ± 31% of t=0.  Further 

increases with 100 µM IBMX was not observed, with cell shortening values of 202 ± 

34%.  Additionally, 3 of 5 cells reached calcium overload with 50 µM IBMX, and 4 out 

of 5 with 100 µM.  This indicates that cellular regulation was dysfunctional, and 

therefore would be unsuitable for agonist enhanced experiments. 

 Thus, we attempted using a combination of cilostamide (1 µM) and Ro 20-1724 

(10 µM), since PDE3 and PDE4 are responsible for the majority of PDE activity 

(Mongillo et al, 2004). However, 10 minutes superfusion of this treatment significantly 

increased cell shortening values to 154 ± 4% of t=0.  Thus, since both approaches appear 

to significantly increase cell shortening, we were unable to assess the effects of multiple 

PDE inhibitors on agonist enhanced cellular parameters using a pharmacological method. 
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CHAPTER 5: DISCUSSION AND FINAL REMARKS 

Summary 

The heterogeneity of responses provided by the myriad of unique receptor 

agonists despite exploiting the same second messenger, cAMP, has been primarily 

attributed to compartmentation of the signal within a cell.  Though much remains 

debated, it is generally agreed that PDEs function to delineate cAMP diffusion to certain 

targets to prevent the unspecified effects.  However, what has been lacking in the 

literature is an understanding of where PDEs are localized within various subcellular 

compartments, and whether their activity varies depending on the agonist.  We sought to 

investigate these receptor specific effects by using prostaglandin E2 (PGE2) as an 

alternative GPCR mediated agonist to contrast with previous work done using the β-AR 

stimulus, isoproterenol (ISO).  Our results have demonstrated that the cellular responses 

to PDE inhibition do in fact depend on the pathway being activated. 

Specifically, our results indicate that a unique signal relies not only on the 

localization of PDE isoforms to subcellular compartments, but on the location of the 

receptor itself.  Our findings thus support a „barrier‟ compartmentation hypothesis, where 

PDEs function as a wall to cAMP concentration which decreases from its site of 

production.  For instance, β-AR are most likely localized to the t-tubules, whereby 

adenylate cyclates can exert effects on mechanisms involved primarily in excitation-

contraction coupling.  On the other hand, the prostanoid receptors, EP2 and EP4, are 

located further away from t-tubules and the sarcomere, but may be closer to the nucleus 

where PGE2 exerts its effects.  This is illustrated in the diagram (Figure 16) below. 
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Figure 16. Conceptual model for the localization of PDEs and receptors in β-

adrenergic and EP receptor pathways in cardiac ventricular myocytes.  Our study 

suggests that pathway specificity is a function of strategically placed receptors, adenylate 

cyclases, and PDEs near their typical targets to create the unique effects associated with 

each distinct receptor agonist.  We propose that β-adrenergic receptors are located at the 

t-tubules to exert effects on ECC mechanisms, whereas EP receptors are situated closer to 

the nucleus.  PDE4 is uniquely associated with the SR PDE3 at the sarcomere, and a 

combination of the two at the LTCC.  Proposed scaffolding mechanisms are speculations 

based on current literature review. 
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Compartmentation with Receptor Mediated Agonists: Effects of PDE Inhibitors on 

PGE2 Enhanced Cellular Parameters 

We investigated how various cellular parameters would respond to PDE inhibition 

when treated with a receptor mediated agonist.  Previous work using the archetypal β-

adrenergic agonist, isoproterenol (ISO), has shown that a distinct pattern of PDE activity 

was responsible for the compartmentation of the cAMP signal (Schwartz J. Unpublished 

Data, 2007).  As an extension of this work, we chose to investigate whether a different 

pattern would emerge using an alternative GPCR agonist, prostaglandin E2 (PGE2), 

which targets the EP2 and EP4 receptors on the myocyte membrane (Bos et al, 2004).  

This compound was chosen because although it exploits the cAMP/PKA signalling 

cascade, its downstream effects are very different than the positive inotropy associated 

with the β-adrenergic response.  In fact, PGE2 is better known for its action in the 

nucleus, where it initiates responses related to inflammation, such as ventricular 

remodelling and hypertrophy (Mendez et al, 2002).  This is accomplished without 

significantly altering myocyte contractility (Klein et al, 2004), thus making it an 

interesting contrast to ISO.  

Before experimenting with PDE inhibitors, a concentration-dependent response in 

cell shortening was observed.  As expected, PGE2 failed to elicit large changes in percent 

shortening where 1µM PGE2 resulted in cell shortening values of 125%.  This contrasts 

with what has been shown using ISO, where a concentration of 30 nM resulted in a peak 

percent shortening of 320%.  These findings are relevant because based on our 

experience cell shortening rarely exceeds 350%.  This is likely due to a physical 
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limitation in sarcomere interaction, and when this does occur, myocytes exhibit what we 

term calcium overload.  Such characteristics of overload include spontaneous 

contractions, shorter resting length, and unusual electrical activity, all of which are 

indications of disorganized calcium signalling.  PGE2 did not result in any overload at 

any concentrations, whereas ISO begins to exhibit it at concentrations higher than 30 nM.  

This difference indicates that a discrete pattern of regulation exists for both pathways. 

Thus, these results confirm that PGE2 is not a potent positive inotropic agent, and 

could be due to several reasons.  For instance, weak coupling between Gs and ACs could 

result in reduced cAMP production.  However, some studies have suggested that cAMP 

production is too diffuse to account for the distinct subcellular pools (Zaccolo et al, 

2002).  Thus, we postulated that the receptor is specifically localized to distinct 

subcellular domains, and that specific PDEs help limit the diffusion of cAMP near those 

cellular parameters that are not generally targets of that agonist. 

Deciding to investigate the former, we began by assessing the effects of PDE 

inhibitors on PGE2 enhanced cell shortening.  Interestingly, there was an increase in 

unloaded cell shortening with Ro 20-1724, a selective PDE4 inhibitor, but none was 

observed using cilostamide, a selective PDE3 inhibitor.  Thus, we hypothesized that 

PDE4 is the main PDE that delineates cAMP diffusion to ECC mechanisms when there is 

an activation of the EP receptor.  We decided to investigate exactly which mechanisms 

were being targeted through fluorescent calcium imaging. 

We demonstrated that PGE2 enhanced calcium transients increased under PDE4 

inhibition, confirming that certain targets are indeed acting to increase intracellular 



56 

 

calcium.  Interestingly, our results indicate that this is almost entirely attributed to PDE4 

association with the SR, since no change was found in the L-Type calcium current (ICa,L).  

The specifics of PDE4 association with the SR will be discussed in detail later.  

Nonetheless, we can conclude that the PGE2 pathway most likely achieves the small 

increase in contractility by increasing SR loading, not through changes in calcium 

current. 

Our findings regarding ICa,L lead to conclusions that contradict our original 

hypothesis that cAMP production is too diffuse to account for compartmentation.  Work 

done by Rochais et al (2006) also showed that neither PDE3 nor PDE4 affected PGE1 

stimulation, another EP receptor agonist.  Thus, we postulate that EP receptors lie in a 

distinct subcellular compartment from calcium channels, and that the physical distance 

prevents an effective cAMP concentration from reaching the LTCC. 

 

Global PDE Activity: The Effects of PDE Inhibitors on FSK Enhanced Cellular 

Parameters 

 Biochemical studies have shown that by activity both PDE3 and PDE4 provide 

most of the activity in rat cardiac ventricular myocytes, approximately 80-90% (Mongillo 

et al, 2004).  However, we wanted to assess whether a different pattern would emerge 

when various compartmentalized functions were isolated.  Thus, we chose to repeat the 

same experiments as we did with PGE2, but with forskolin (FSK), a direct AC agonist.  

This would bypass any receptor specific activity, and provide us with a more general idea 

of PDE activity in the cell. 
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Overall, we have shown that both PDE3 and PDE4 are indeed present in the cell.  

However, PDE4 appears to be responsible for the majority of cAMP hydrolysis.  Further, 

we confirmed our previous conclusion that it plays a singular role at the SR.  Also, we 

have shown that PDE4 is more important than PDE3 at the level of the LTCC, which is 

consistent with earlier studies showing that rat ventricular tissue does not respond as 

robustly to PDE3 inhibition as PDE4 (Xiong et al, 2001).  In human (Sugioka et al, 1994) 

and dog (Weishaar et al, 1987) PDE3 is the dominant isoform.  However, PDE4 is 

dominant in the rat (Shahid & Nicholson, 1990) and frog (Lugnier et al, 1992).  Thus, our 

findings are consistent with differences in PDE activity between species.   

In addition, our results indicate that PDE3 likely functions by delineating cAMP 

pools at the sarcomere and contractile machinery.  This is similar to what we observed 

using ISO as an agonist.  Exactly how the PDE3 is anchored at the contractile apparatus 

is not well understood.  However, recent work suggests that PDE4D may associated at 

the Z-line of the sarcomere by means of a myomegalin anchoring protein in humans 

(Verdi et al, 2001), and perhaps a similar mechanism is functioning in the rat. 

We also demonstrated separate effects of cilostamide and Ro 20-1724 on LTCC.  

Both inhibitors resulted in a rightward shift of the current voltage relationship, however, 

only Ro 20-1724 caused an increase in the peak inward calcium current.  This suggests 

that both PDE3 and PDE4 are localized at the t-tubules, but that PDE4 appears to be 

more important in the regulation of cAMP diffusion near the LTCC.  This was also 

shown in our previous work using ISO, where inhibition of either PDEs increased ICa,L, 

however was greater with PDE4 inhibition. 
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Why PDE4 is the dominant isoform may be due to several reasons.  For instance, 

it could be present in greater proportion than PDE3 at the LTCC, and thus its inhibition 

would have a more profound impact on cAMP diffusion.  Furthermore, PDE4 is known 

to possess a higher Km value than PDE3 (Reviewed in Osadchii, 2008).  Consequently, as 

cAMP concentration increases, as it would with stimulation from ISO or FSK, PDE4 

becomes more responsible for the majority of the hydrolysis.  There are several studies 

suggesting how PDEs may be localized at the LTCC.  Specifically, it has been shown that 

the PDE4D is localized to the rat ventricular calcium channel, Cav1.2, via the A-kinase 

anchoring protein, specifically AKAP15 (Hulme et al, 2003). 

Given the fact that both PDE3 and PDE4 are involved in calcium current 

regulation, we wanted to explore the effects of combined PDE inhibitors, since it would 

provide an indication if one was contributing more than the other.  We found that using 

any concentration of isobutylmethylxanthine (IBMX) above 50µM led to significant 

increases in cell shortening and indications of calcium overload, such as spontaneous, 

non-triggered contractions.  This was also present when we opted to use a combination of 

cilostamide and Ro 20-1724.  This finding is consistent with other data in the literature.  

It has been shown that in response to PDE3 and PDE4 inhibition together ICa,L will 

increase significantly, but no effect is observed when either is inhibited alone (Verde et 

al, 1999).  However, due to these results, we have concluded that global PDE inhibition 

can cause substantial disruptions to calcium signalling and therefore could not be further 

studied in combination with an additional agonist. 
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Interestingly, our combined PDE inhibitor studies demonstrate that PDE3 and 

PDE4 are the main isoforms functioning at rest in the myocyte.  However, the fact that 

IBMX resulted in further increases in cell shortening may indicate that other PDEs, 

specifically PDE1 and PDE2, could be involved in regulating cAMP levels. 

 Finally, it had been previously shown that potassium currents function in the β-

adrenergic response (Marx et al, 2002), and that the mouse IKs channel is co-localized 

with PDE4 and AKAP-9 (Terrenoire et al, 2009). Thus, we investigated whether there 

was an effect on the major potassium currents found in the ventricular myocyte, Ito, IK1, 

and Isus.  We found no change in response to FSK, or combined with PDE inhibitors.  

This was also the case when using ISO as an agonist in previous work.  However, the 

discrepancy with the literature may be due to several reasons.  Particularly, IKs in the 

mouse is not analogous to Isus in the rat, which is probably more similar to IKr (Reviewed 

in Barry & Nerbonne, 1996).  Further, the pattern of PDE regulation could be due to 

differences between species (Okruhlicova et al, 1997).  For instance, a different PDE 

isoform other than PDE3 or PDE4 could be responsible for potassium current regulation, 

as mentioned in discussion on our IBMX findings above. 

 

PDE4 Activity: Special Considerations 

As discussed earlier, our results suggest that PDE4 is the only PDE associated 

with the SR, independent of the agonist used to stimulate cAMP production.  This finding 

deserves particular attention because it directly conflicts with the majority of current 

literature, which suggests that PDE3 is the main isoform localized to the SR (Lugnier et 
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al, 1993), and has been repeatedly shown in most mammalian species, such as dog 

(Kaufmann et al, 1986), rabbit (Kithas et al, 1988), and human (Movsesian et al, 1991) 

myocytes. 

We postulate several reasons for this discrepancy.  Firstly, differences in PDE 

activity between species are well documented (Okruhlicova et al, 1997), and currently 

there are no studies that have specifically assessed the role of PDEs at the SR in the adult 

rat ventricular myocyte.  Furthermore, some groups have used whole tissue samples 

(Shakur et al, 2002), which can confound the specificity of PDE localization in 

contractile tissue.  Finally, those using rat models have used cultured or neo-natal 

ventricular myocytes (Mongillo et al, 2004).  Cultured cardiac tissue has been shown to 

adapt to the cell culture environment, which can change its electrical, morphological and 

contractile function (Banyasz et al, 2007); and, developmental changes in PDE activity 

are also well documented (Akita et al, 1994).  

Another interesting finding was that PGE2 was able to facilitate larger increases in 

SR loading than either FSK or ISO.  This leads us to believe that the EP receptors are 

localized near the SR, and that any of the observed effects on intracellular calcium are 

due to alterations in SR loading.  This is probably facilitated through several anchoring 

proteins at the SR membrane.  One study has suggested that PDE4 may be localized at 

the SR.  Kerfant and colleagues (2007) used co-immunoprecipitation experiments to 

show that PDE4D3 is localized at the SR through the large scaffolding protein, mAKAP, 

which also brings it into proximity to PKA and the ryanodine receptor (RyR).  

Conversely, work done in renal principal cells has shown that PDE4 can be also be 
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localized to SERCA via AKAP18 (Stefan et al, 2007), thereby increasing total 

phosphorylated phospholamban (PLB) and mediating an increase in calcium reuptake. 

We propose that both mechanisms are present in the rat ventricular myocyte.  

Using the shape of the calcium transient, we can determine whether a change in calcium 

release (slope of the upstroke) or calcium reuptake (slope of the downstroke) has 

occurred.  When compared with controls, we found that FSK exhibited changes in both 

release and reuptake in the presence of Ro 20-1724.  However, PGE2 only altered the 

downstroke.  Our previous research with ISO demonstrated a change in both release and 

reuptake as well.  This leads us to believe that both mechanisms are involved in β-

adrenergic signalling, which is consistent with other studies showing that the RyR is 

closely associated with t-tubules and the β-adrenergic receptors (Reviewed in Orchard 

and Brette, 2008).  However, our PGE2 results suggest that the EP receptor is localized 

closer to SERCA, since PGE2 combined with Ro 20-1724 only affected reuptake. 

Finally, as mentioned previously, PDE3 possesses a lower Km value for cAMP 

than PDE4 in the rat (Harrison et al, 1986).  Consequently, PDE3 plays a more significant 

role in regulating cAMP pools during resting conditions.  As such, PDE4 activity is 

expected to contribute more to cAMP hydrolysis as the concentration increases, and may 

explain why PDE4 appears to be so dominant when inhibited during an agonist-enhanced 

period. 

 In summary, PDE4s are suspected to play such an important role because they 

have a great deal of molecular diversity, and have been shown to possess differential sub-

cellular localization (Richter et al, 2005).  However, whether particular isoforms of PDE4 
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are functionally coupled to certain GPCRs is still unknown, and remains to be 

discovered. 

 

Experimental Limitations and Future Directions of Research 

Our studies were primarily limited by the fact that we have narrowed our focus to 

the use of PDE3 and PDE4 inhibitors.  It is possible that other families could play a role 

in the pathways we are exploring.  Our attempts to combine the inhibition or use IBMX 

were unfortunately unsuccessful due to significant increases in cell shortening and 

calcium overload.  However, in the future, alternative selective PDE inhibitors could be 

used to assess the effects of PDE1 and PDE2. 

In addition, we have simplified our experiments to focus on the role of cAMP, 

and ignoring the potential contributions of cGMP.  PDE3 is known to be cGMP-

inhibited, which could create cross-talk effects that could confound our results.  

However, because we were using agonists that are known to increase cAMP, we felt that 

cGMP effects were minimal. 

Additionally, this project focused primarily on where various PDE isoforms were 

functionally localized.  However, two important aspects were beyond the scope of 

research of this project.  Firstly, it would be interesting to determine whether certain 

specific variants of each isoform are functionally coupled with specific receptors.  

Furthermore, it would be interesting to investigate which scaffolding proteins are 

involved in creating these coupled responses, and whether these are receptor specific.  In 

the future, we continue our efforts to develop methods to maintain cells in culture 
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conditions for periods sufficient to complement our pharmacological approach with a 

molecular approach as well, such as the use of siRNA or incubation with AKAP 

inhibitors like st-Ht31 (Promega).  Such an approach would also be useful in determining 

exactly how PDE3 is localized at the sarcomere.  

Our lab was also were unable to measure other components of the ECC.  For 

instance it has been shown that Na
+
-Ca

2+
 exchanger (NCX) and sarcolemmal Ca

2+
-

ATPase activity is promoted with PDE3 inhibition (Alousi et al, 1986, Mylotte et al, 

1985).  It would be interesting to see if any of these are altered when the cell is stimulated 

using a receptor mediated agonist.  

Finally, it has been documented that PDE activity and contractile responses alter 

in models of disease (Reviewed in Osadchii, 2008).  For instance, it has been shown that 

PDE3 and PDE4 increased in expression and activity in Dahl salt-sensitive rats in 

response to pressure-overload cardiac hypertrophy (Takahashi et al, 2002).  It has also 

been shown that PDE inhibitors are attenuated in human heart failure and animal models 

(Bartel et al, 1996).  Findings such as these are thought to be related to reduced 

myocardial concentrations of cAMP. 

Thus, it is possible that compartmentation becomes disorganized in disease.  

Currently, there is a significant amount of debate on this topic, which is often attributed 

to lack of consistency in animal models.  Furthermore, there is little work done in the area 

of how disease affects receptor specific PDE activity.  Nonetheless, if dysregulation is 

present, it would be an important avenue to explore, since most therapeutic advances 

focus on targets that are altered during disease. 
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Final Remarks 

Overall, our study assessed how PDE3 and PDE4 inhibition affected excitation-

contraction coupling mechanisms when cardiac myocytes were treated with either PGE2 

or FSK.  We found that various cellular parameters responded differently to PDE 

inhibition when treated with either agonist.  When viewed in the context of the literature, 

our findings help to demonstrate that the location of cAMP production and degradation 

are indeed important in creating a compartmentalized signal.  Thus, we propose that the 

receptor, adenylate cyclases, and PDEs are all strategically placed near their typical 

targets to create the unique effects associated with each distinct receptor agonist.  Future 

research should assess how these patterns are altered during disease, and which PDE 

isoforms can be targeted to ameliorate contractile function without disrupting the careful 

organization in the cell. 
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