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Abstract of the Dissertation 

Mechanisms Underlying Angiotensin II Type 1 Receptor Mediated Electrical Remodeling 

in Left Ventricular Myocytes 

by 

Jeremy Hyonjoon Kim 

Doctor of Philosophy 

in 

Biomedical Engineering 

Stony Brook University 

2011 

The angiotensin II type 1 (AT1) receptor is a G protein coupled receptor that is highly 
active in various cardiac disease states.  Both the AT1 receptor and its primary effector, 
angiotensin II (A2), are known to be expressed in cardiac tissue.  AT1 receptor activation leads to 
the transactivation of various intracellular signaling pathways that are known to be responsible 
for physiological and pathological changes in both cardiac structure and function.  In particular, 
AT1 receptors are involved in physiological adaptation to increased hemodynamic load, but they 
are also involved in the development of pathological cardiac hypertrophy, which is characterized 
by structural and electrical remodeling during the progression into heart failure.  However, the 
AT1 receptor-mediated mechanisms underlying these changes are unclear.  Therefore, the overall 
aim of this study was to highlight the importance of AT1 receptors in mechanical stress-induced 
electrical remodeling and to understand the mechanisms underlying AT1 receptor-mediated 
regulation.   

The following is a summary of our findings.  Using the whole-cell patch clamp technique 
on isolated left ventricular myocytes from a pressure overload-induced mouse model of cardiac 
hypertrophy, we measured the time dependence of reductions in two predominant repolarizing 
currents, the fast and slow components of the transient outward K+-current (Ito,fast and IK,slow).  
These reductions preceded structural remodeling of the heart.  We also present evidence 
supporting our hypothesis that AT1 receptors mediate these reductions.  Moreover, we present 
evidence supporting a novel hypothesis that AT1 receptor-mediated downregulation of Ito,fast and 
IK,slow does not involve G protein stimulation; rather, it appears to depend on receptor 
internalization, which leads to reductions in functional Ito,fast and IK,slow channel densities.  
Finally, with the aid of a computational action potential model and multivariable linear 
regression, we quantified the relative significance of various electrophysiological parameters, 
including Ito,fast and IK,slow properties, on the determination of the action potential morphology. 

The results presented in this work provide new insights into AT1 receptor-mediated 
changes that are typically associated with heart failure.   
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1.1 Clinical Relevance 

 Heart failure remains as one of the most costly diseases, which in 2007 was mentioned in 

nearly 300,000 death certificates in the United States and it was the underlying cause in 57,000 

of those deaths (Roger, et al. 2011).  Despite the fact that heart failure diagnosis has improved, 

the death rate remains high and based on statistical data, approximately half of those diagnosed 

with heart failure will die within 5 years (Roger, et al. 2011).  These statistics demonstrate an 

urgent need for improved treatment and diagnostic procedures for heart failure.   

Heart failure is diagnosed clinically when a patient displays physical symptoms and when 

subsequent tests (i.e. echocardiography) reveal structural remodeling, which usually indicates a 

pathological deviation from healthy and normal heart function (Lips, et al. 2003).  Structural 

remodeling can manifest in the form of a dilated heart (dilated cardiomyopathy, or DCM) that 

leads to reduced contractile function or alternatively it can be in the form of cardiac hypertrophy, 

which is characterized by a thickening of the myocardial wall, that may or may not preserve 

normal function (Mudd and Kass, 2008).  In many instances, an increase in left ventricular mass 

is a known risk factor for cardiac disease such as ischemic heart disease, arrhythmias and sudden 

cardiac death (Levy, et al. 1990).  Medical intervention at early stages of heart failure may 

prevent the heart from progressing into tissue damage and irreversible heart failure, at which 

point treatment options are less viable.  Additionally, since there are different classifications of 

heart failure, a need for more focused strategies to combat various manifestations of heart failure 

is needed.  Characterizing the patterns of changing cellular and molecular activity from early to 

end stage heart failure in various pathological phenotypes will likely help answer some of these 

needs.   
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1.2 Cellular Components and Mechanisms Underlying Heart Function 

The heart is the primary means by which every cell in the natural body receives oxygen 

and nutrients via vascular transport.  It is a muscular pump that is capable of generating the level 

of force that is necessary to maintain continuous blood flow throughout the body.  Besides 

maintaining its life-sustaining beat, it is crucial for the heart to be capable of responding and 

adjusting according to the body’s changing demands.  The heart possesses an ability to make 

adjustments by increasing both the beating frequency and force production to meet increasing 

demands.  These adaptations are only temporary and are reversible should the demand be 

reduced.  The heart also has the ability to adapt structurally via addition of myofibrils—

contractile units in the myocardium—that provide increased contractile force and the ability to 

overcome greater hemodynamic resistance.  This structural adaptation is a long-term response to 

sustained increases in hemodynamic load and has also been shown to be reversible once the 

hemodynamic burden is mitigated (Levin, et al. 1995).  The mechanisms underlying these 

adaptations comprise complex cellular feedback systems that sense physiological stimuli and 

respond with the appropriate changes to optimize cardiac performance.  Any failure in these 

mechanisms can cause the heart to fall out of its delicate balance, initiating a series of molecular 

changes that are pathological in many instances.   

The heart comprises excitable cells interconnected via gap junctions that enable rapid 

propagation of excitation, which is crucial for synchronous activation and contraction.  Excitable 

cells rely on potential differences and electrochemical gradients between the intracellular milieu 

and interstitial spaces to supply the driving force for ion channel activity.  In a beating heart cell, 

this activity is represented in the morphology of the action potential.  In left ventricular 

myocardium, variations in the morphology of the action potential exist regionally (Litovsky and 
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Antzelevitch, 1988; Fedida and Giles, 1991) and among species (Varro, et al. 1993), but they all 

retain a characteristic depolarizing spike which represents Na+ entry from the opening of voltage-

gated fast Na+ channels (INa).  In most mammalian species, the dome-shaped plateau and 

repolarization phases are produced by the influx of Ca2+ through voltage-gated calcium channels 

(ICaL) and the opening of voltage-gated K+ channels which, over time, cause the membrane 

potential to approach the Nernst potential for K+.  For the continuous elicitation of action 

potentials, [Na+] i must be maintained relatively low while [K+] i is maintained relatively high.  

This requires activity of the sodium-potassium (Na/K) ATPase (reviewed in Glitsch, 2001), 

which, in each cycle, uses the energy of 1 ATP to translocate 3 Na+ and 2 K+ across the 

membrane in opposite directions.  This produces a net outward current (IP) that is measureable 

using electrophysiological methods.  Under physiological conditions, the Na/K-ATPase extrudes 

Na+ from and transports K+ into the cell interior, a process that balances the influx of Na+ and 

efflux of K+ that occurs through ion channels during each action potential.  During each action 

potential, depolarization induced influx of Ca2+ through the L-type channels (ICaL) triggers the 

rapid release of Ca2+ stored in the sarcoplasmic reticulum (SR) ([Ca2+]SR) which induces a 

transient rise in [Ca2+] i and activates myosin-actin interactions that result in contraction—a 

phenomenon altogether known as excitation-contraction coupling (reviewed in Bers, 2002).  

Following this, Ca2+ pumps powered by ATP (Ca2+-ATPases) in the sarcolemma (PMCA) and 

the SR membrane (SERCA2a) extrude Ca2+ from the cytosol via active transport either out of the 

cell or back into the SR, thereby reducing [Ca2+] i and allowing myocyte relaxation.  The sodium-

calcium exchanger (NCX) is also responsible for maintaining a constant cycle of [Ca2+] i during 

systole and diastole.  This secondary active transporter is driven by the Na+ electrochemical 

gradient (Main, et al. 1997).  Increasing IP under physiological conditions increases the Na+ 
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gradient, which in turn increases the driving force for NCX activity and increased Ca2+ extrusion, 

which results in lowered [Ca2+] i.  Furthermore, a small, TTX-sensitive persistent Na+ current 

(IpNa) has been described in ventricular myocytes (Saint, et al. 1992) and studies have suggested 

that increased IpNa can dramatically extend the action potential duration (Noble, et al. 1998, 

Sakmann, et al. 2000) and may be involved in the development of early after depolarizations (Ju, 

et al. 1996).  The activity of these ion channels, pumps and exchangers are highly interdependent 

and their coordinated regulation maintains the appropriate duration, frequency and strength of 

the heartbeat.   

 

1.3 Transient Outward K+ Currents in Mammalian Species 

Electrophysiological studies have demonstrated species differences in action potential 

waveforms (Varro, et al. 1993).  Mouse and rat left ventricular (LV) action potentials are 

characterized by rapid repolarization that lacks a phase 2 plateau and are short (APD50 : ~3 to 10 

ms) in comparison to those of humans, dog, guinea pig and rabbit, which display longer action 

potential duration (APD50: ~150 to 400 ms) due to a prominent plateau phase (Fig 1.1).  Action 

potential morphological differences among these species reflect differences in ion channel 

expression and regulation in the heart.  In particular, species differences in repolarizing K+ 

current expression have been well characterized (reviewed in Nerbonne and Kass, 2005).  Action 

potential repolarizing currents are primarily composed of outward K+ currents mediated by 

membrane channels having high K+ selectivity.  These K+ currents are known to include fast- 

and slow-activating delayed rectifiers (IKr and IKs), transient outward K+ currents (Ito), inward 

rectifier (IK1) and the sustained outward current (Isus) (Nerbonne and Kass, 2005).  The voltage- 
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and time-dependent characteristics of these individual K+ currents determine, on the most part, 

the shape and duration of the action potential.   

Notably, species differences in transient outward K+ current (Ito) contribute heavily to the 

diversity of action potential waveforms.  Electrophysiological measurements of Ito in different 

species (Marionneau, et al. 2008; Li, et al. 2002; Nabauer, et al. 1996) have demonstrated 

varying levels of peak current amplitude, the differences of which are especially dramatic when 

comparing small rodents (mouse, rat) to larger mammals (humans, dog, rabbit).  Under similar 

whole-cell patch clamp conditions, reported values of ventricular peak Ito densities at test 

potentials of +40 mV range from 33 to 53 pA/pF in mouse (Marionneau, et al. 2008), 3 to 7 

pA/pF in canine (Li, et al. 2002) and 2 to 11 pA/pF in human (Nabauer, et al. 1996).  

Additionally, voltage clamp recordings of Ito mouse LV myocytes display bi-exponential decay 

characteristics whereas a single component describes Ito decay in canine and human LV 

(Marionneau, et al. 2008; Li, et al. 2002; Nabauer, et al. 1996).  This has been attributed to 

multiple types of Ito channels that are functionally expressed in the mouse LV consisting of two 

main types distinguished by their rates of inactivation.  The fast inactivating component of Ito 

(Ito,fast) in mouse LV is consistent with Ito in humans and dog.  In mouse LV, an additional 

component of Ito (IK,slow) exists but this current is not expressed in the LV of larger mammals.  

Interestingly, Ito is absent in guinea pig LV (Varro, et al. 1993).   

The contribution of Ito to the action potential shape and duration is species dependent 

though in most species, the shape of the early phase 1 of the action potential is in large part 

determined by Ito due to its rapid activation especially at positive potentials.  This is true for large 

species including humans and dog, in which a significant presence of Ito results in a phase 1 

‘notch’ in the action potential (Litovsky and Antzelevitch, 1988).  Most researchers agree that Ito 
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influences L-type Ca2+ currents (ICa,L) and Ca2+ handling, but the contribution of Ito to action 

potential duration and electrical propagation remains a controversial issue, especially in larger 

species.  In mouse and rat LV, Ito is the dominant outward current and exceeds inward ICa,L at 

depolarizing potentials, resulting in rapid repolarization and return to subthreshold potentials 

within a few tens of milliseconds (Watanabe, et al. 1983; Fiset, et al. 1997).  Thus, in small 

rodents, both electrical activity and Ca2+ handling—and therefore mechanical properties—are 

strongly dependent on Ito.    

Morphological changes in the action potential reflect changes in the activity of voltage- 

and time-dependent membrane ion channels and transporters that are also key regulators of 

intracellular Ca2+ and contractility.  Therefore, remodeling of K+ currents can drastically affect 

cardiac performance and indeed, a vast number of studies (reviewed in Tomaselli and Marban, 

1999) have demonstrated remodeling of one or more K+ currents in association with heart 

failure.  Among these studies, Ito downregulation has been consistently observed in various 

animal heart failure models (Oudit, et al. 2001).  Hence, discovering the mechanisms that result 

in the signature reduction of Ito should enhance our current understanding of heart failure.   

 

1.4 Molecular Correlates of Ito 

Species differences in Ito can be attributed to differences in the molecular basis of Ito 

expression.  The fast component of Ito, which is expressed in mouse, rat, canine and human LV, 

is correlated with the Kv4 subfamily of pore-forming K+ channel α subunits (reviewed in Niwa 

and Nerbonne, 2010).  These subunits associate to form tetramers that are highly selective K+ 

channels, which associate with various regulatory subunits that can alter the surface density or 

biophysical properties of these channels.  The bulk of Ito in canine (Dixon, et al. 1996) and 
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human (Kaab, et al. 1998) LV is attributed to Kv4.3 whereas in the mouse, the majority of Ito,fast 

is encoded by Kv4.2 though Kv4.3 is also expressed (Guo, et al. 2002; Guo, et al. 2005).  The 

amino acid sequences of Kv4.2 and Kv4.3 are quite similar, especially in the pore region, which 

may explain the similarities in their time- and voltage-dependent characteristics.  Additionally, 

Kv4.3 subunits have been shown to form heteromultimers with their homologous Kv4.2 

counterparts, resulting in the formation of functional Ito channels in mouse LV (Guo, et al. 2002).  

Several previous reports have demonstrated that in mouse LV, functional IK,slow channels are 

formed by Kv1.5 and Kv2.1 (London, et al. 2001; Xu, et al. 1999).  The absence of IK,slow in the 

LV of larger species such as the dog is confirmed by the lack of Kv2.1 mRNA expression though 

some levels of Kv1.5 transcript were detected (Dixon, et al. 1996).  Despite the lack of Kv1.5 

currents in canine LV, functionally expressed Kv1.5 channels and resulting IK,slow-like currents 

are present in the canine atrium (Fedida, et al. 2003).  This is one example of regional variations 

in K+ channel expression, including those of Kv4.2/4.3, that are common among different 

species.   

 

1.5 Regulatory Subunits of Ito 

 Various regulatory subunits and their influence on Kv channels in the heart have been 

extensively studied.  In particular, Kv channel-interacting proteins (KChIPs) are ancillary 

subunits that are known to modulate Kv4 channel density and gating characteristics (Patel, et al. 

2004).   KChIP2 is the predominant isoform expressed in ventricular muscle and one report 

demonstrated the complete loss of Kv4.2/4.3 surface expression in KChIP2 knockout mice (Kuo, 

et al. 2001), demonstrating the importance of KChIP2 in Ito expression and electrical activity.  In 

humans and dog, the level of Ito expression correlates with KChIP2 levels and thus it was 
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suggested that KChIP2 expression is the primary determinant regulating cardiac expression of Ito 

(Rosati, et al. 2001).  However, angiotensin II-mediated regulation of the transmural gradient in 

Ito (reviewed below) is not consistent with this interpretation.  Kv4.3 channels are also modulated 

by members of a family of Kvβ subunits (Yang, et al. 2001) which have also been shown to 

regulate the surface expression and kinetics of Kv1 channels (England, et al. 1995).  Therefore, 

Kvβ subunits may potentially be involved in the regulation of both Ito,fast and the Kv1.5 

component of IK,slow in mouse LV.  KChAPs (Kv channel-associated proteins) are another group 

of regulatory subunits that increases the surface expression of various Kv channels, but KChAPs 

do so without altering the gating or kinetics of the Kv channel (Kuryshev, et al. 2000).  

Associations with KChAPs have been shown to increase the amplitude, hence the plasma 

membrane expression levels, of Kv2.1, Kv2.2 (Wible, et al. 1998), Kv1.3 and Kv4.3 currents 

(Kuryshev, et al. 2000) some of which mediate Ito in the LV.     

 

1.6 The Role of Ito in Heart Failure 

Electrophysiological remodeling in various animal models of heart failure have been 

reported (reviewed in Tomaselli and Marban, 1999).  This includes consistent patterns of Ito 

downregulation in failing hearts of animals (Benitah, et al. 1993) and humans (Beuckelmann, et 

al. 1993).  Several of these studies used surgical techniques to induce heart failure in animals.  In 

particular, aortic constriction (also known as aortic banding) is a common surgical procedure 

involving the use of a suture to constrict a section of the aortic arch to artificially increase 

hemodynamic stress, which eventually results in the development of pressure overload-induced 

cardiac hypertrophy and progression into failure (Rockman, et al. 1991).  This is a widely used 

model of heart failure that mimics cellular remodeling in response to increased stress which can 
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be the result of hypertension, myocardial infarction, genetic mutations or valvular disease.  

Previous studies have demonstrated significant reductions in peak Ito density in aortic 

constriction-induced hypertrophied LV of rats (Benitah, et al. 1993; Tomita, et al. 1994) and 

mice (Wang, et al. 2007; Marionneau, et al. 2008).  Similar trends in Ito downregulation were 

observed in larger species with heart failure induced using a variety of other methods (Lue, et al. 

1992; Qin, et al. 1996; Kaab, et al. 1996; Rozanski, et al. 1997).  However, the mechanisms 

underlying the reductions in Ito have not been elucidated.   

More recently, experiments were conducted using mice with genetically altered 

reductions in Ito.  Wickenden, et al. (1999) overexpressed the N-terminal fragment of the pore-

forming Kv4.2 subunit, causing reductions in Ito,fast through a dominant-negative mechanism 

(Wickenden, et al. 1999).  These hearts displayed significant remodeling that included 

hypertrophy and action potential prolongations that eventually progressed to heart failure.  In a 

separate study, the coding region of Kv4.2 was specifically deleted in the heart, effectively 

eliminating Ito,f, but unpredictably, a slow inactivating K+ current (Kv1.4) was expressed and this 

current may have compensated for the lack of Kv4.2 (Guo, et al. 2005).  Moreover, action 

potentials were not significantly different from controls and these hearts exhibited no signs of 

hypertrophy or myocardial dysfunction.  The reasons for these disparate results, apart from the 

fact that different genetic methods were used, are unclear.  Dominant-negative suppression of 

both Kv1 and Kv4 channels in mouse hearts, which do not express a compensating Kv1.4 

current, resulted in significant prolongations of the action potential and QT interval (Brunner, et 

al. 2001).  Despite the significant delay in repolarization, these mice displayed minimal increases 

in susceptibility to arrhythmogenesis compared with the drastic increases exhibited in Kv1 

suppressed mice.  A possible reason for this (suggested by Brunner, et al. 2001) was that Kv1 
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suppression (resulting in the attenuation of IK,slow) enhanced the dispersion of repolarization, 

which is defined as a deviation from synchronous repolarization of the ventricles, whereas the 

homogenous prolongation of action potentials in Kv4/Kv1 suppressed mice, which have 

attenuated Ito,fast and IK,slow, prevented dispersion.  If this is true, the expression ratio Ito,fast:IK,slow 

may be an important determinant of arrhythmogenesis in the mouse heart.  In larger species, Ito is 

less dominant and therefore the translation of conclusions drawn from genetic studies in mice to 

studies of larger species needs to be carried out with caution.   

Myocardial contraction is highly dependent on the regulated release of SR Ca2+.  

Therefore, factors that control SR Ca2+ release strongly influence the mechanical properties of 

the heart.  One of the major factors that governs the release of SR Ca2+ is the time dependence 

and magnitude of Ca2+ influx through L-type channels (ICa,L), which are the primary “trigger” for 

the ensuing events that culminate in Ca2+ dependent contraction.  Several studies (Greenstein, et 

al. 2000; Sah, et al. 2002b) have addressed the importance of Ito in regulating myocardial 

contraction through its influence on the rate of repolarization, which determines the magnitude 

and time course of ICa,L.  In small rodents, attenuation of Ito is correlated with increases in net 

Ca2+ entry via ICa,L, enhanced Ca2+ transient amplitudes and increased contraction (Brouchard, et 

al. 1995; Sah, et al. 2002a).  These studies suggest that Ito reduction mediates a positive inotropic 

effect in mice and rats by prolonging the action potential and increasing net influx of Ca2+ via 

ICa,L.  It is therefore plausible that Ito reduction is triggered during the progression to heart failure 

as an early response to compensate for increasing demand.  In larger species, the physiological 

and pathological role of Ito is more controversial.  In these species, Ito influences early 

repolarization (Greenstein, et al. 2000) similar to rodents, but unlike these smaller animals, 

repolarization of the action potential is dependent not only on Ito but on the interplay of multiple 
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ionic currents including ICa,L and the sodium-calcium exchanger current (INCX) (Armoundas, et 

al. 2003).  Indeed, electrophysiological remodeling in failing hearts usually involves alterations 

in multiple ionic currents and the complexity of this combined activity is difficult to study 

without the aid of computer modeling.  In one study, simulations of the canine action potential 

revealed that when Ito amplitude is low, which is typical in humans and dog, increasing Ito 

augments the driving force for ICa,L, thus increasing Ca2+ influx (Greenstein, et al. 2000).  In 

contrast with findings in small rodents, this study indicates that a reduction in Ito leads to 

decreased L-type channel Ca2+ influx that contributes to decreased myocyte contractility and 

overall depression in cardiac function.  However, this investigation did not consider how changes 

in Ito in conjunction with changes in other ionic currents affect the action potential configuration.   

Regional heterogeneities in action potential morphology are thought to play a critical role 

in the maintenance of normal electrical propagation and contraction throughout the myocardium.  

Underlying these differences are regional heterogeneities in ionic currents.  These include 

transmural differences in the functional expression of membrane currents such as Ito (Litovsky 

and Antzelevitch, 1988), ICa,L (Wang and Cohen, 2003) and the Na/K ATPase current (IP) (Gao, 

et al. 2005).  In canine hearts, endocardial ICa,L is higher than epicardial, but Ito and IP are smaller.  

Transmural differences in Ito are also present in mouse LV (Brunet, et al. 2004) and these 

differences are abolished in pressure overload induced hypertrophy with overall reductions in Ito 

to endocardial levels (Wang, et al. 2007; Marionneau, et al. 2008).   

Taken together, it appears that transmural heterogeneities in electrophysiological 

properties contribute to transmural differences in myocyte contractility.  A distinguishable 

difference in stress distribution exists during diastole between the endocardium and the 

epicardium in which the endocardium experiences stresses that are much greater (Streeter, et al. 
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1970).  A transmural gradient in passive tension through the thickness of the myocardium may 

differentially regulate the functional expression of ionic currents in each transmural region via 

mechanotransduction, which could explain the reported transmural differences in Ito, ICa,L and IP.  

In response to higher levels of mechanical stress, the endocardium may respond by expressing 

higher ICa,L with lower IP and Ito to generate a higher level of contractility relative to the 

epicardium.  Regulation of contractility between epicardial and endocardial layers is plausible 

given the transmural difference in load distribution.  Furthermore, under pressure overload 

conditions, increased hemodynamic stress beyond physiological levels may initially reduce Ito, IP 

and increase ICa,L in all transmural layers to endocardial levels as a part of a fast compensatory 

response to increased load, eventually followed by cardiac hypertrophy as a late response to 

equalize wall stress (Fig 1.2).  In tandem with other electrophysiological changes, Ito reduction 

may contribute to an immediate compensatory response to enhance force generation under 

conditions of increased hemodynamic stress.  The following section will discuss our hypothesis 

on the mechanisms underlying this response.   

 

1.7 Angiotensin II and AT1 Receptor Mediated Regulation of Ito 

Various physiological stimuli, which include activation of surface membrane receptors 

by autocrine/paracrine factors, regulate the functional expression of Ito in cardiac myocytes 

(Niwa and Nerbonne, 2010).  We propose a novel mechanism that involves the angiotensin II 

type 1 (AT1) receptor and its agonist angiotensin II (A2) in mechanical stress mediated 

regulation of Ito.  A2, which is commonly known as a pressure regulator in blood vessels, 

activates AT1 receptors to initiate a cascade of intracellular signaling pathways that systemically 

increase vascular constriction (Mehta and Griendling, 2007).  The AT1 receptor is a seven-pass 
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transmembrane G protein coupled receptor (GPCR) that undergoes endocytosis upon the binding 

of its agonist A2 (van Kats, et al. 1997).  Stimulation of the AT1 receptor results in the parallel 

activation of various intracellular pathways, many of which start with activated G protein 

subunits.  The canonical signaling pathway involves activation of phospholipase C (PLC) which 

hydrolyzes phosphatidylinositol 4,5-biphosphate to form inositol 1,4,5-triphosphate (IP3) and 

diacylglycerol (DAG).  IP3 releases Ca2+ from intracellular stores and thereby enhances the 

activity of these second messengers.  A rise in Ca2+ and DAG is known to increase the activity of 

protein kinase C (PKC) which phosphorylates various downstream molecules.  Furthermore, AT1 

receptor stimulation eventually results in receptor phosphorylation by G protein-coupled receptor 

kinases (GRKs) and this promotes the recruitment and binding of β-arrestin to the receptor.  The 

interaction of β-arrestins with AT1 receptors prevents further G protein signaling and desensitizes 

the receptor to external stimulation.  β-arrestin then serves as a scaffold for the binding of 

various proteins that include trafficking proteins (i.e. clathrin) and signaling molecules 

(Lefkowitz and Shenoy, 2005).  As a result, β-arrestin mediates G protein-independent 

mechanisms of the AT1 receptor that include receptor internalization via clathrin-coated pits and 

various signaling pathways.    

In cardiac myocytes, AT1 receptor mediated signal transduction results in hypertrophic 

growth (Sadoshima and Izumo, 1993; Paradis, et al. 2000) and electrical remodeling involving 

upregulated L-type Ca2+ current (ICa,L) (Ichiyanagi, et al. 2002; Aiello, et al. 2001) which 

contributes to a positive inotropic effect (Freer, et al. 1976).  Additionally, A2 and AT1 receptor 

activity have been shown to modulate Ito in cardiac myocytes.  In canine left ventricle (LV), 

external application of A2 for 2 or more hours induced a considerable reduction of Ito in 

epicardial myocytes, resulting in levels that were comparable to Ito in the endocardium (Yu, et al. 
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2000).   Conversely, application of an AT1 receptor antagonist increased Ito in endocardial cells 

to levels that approached epicardial Ito.  In a separate report, cardiac-specific overexpression of 

human AT1 receptors in mouse hearts displayed attenuated Ito which was accompanied by 

hypertrophy and increased incidence of cardiac arrhythmias (Rivard, et al. 2008).  These reports 

suggest an important role of AT1 receptors in modulating Ito particularly in the context of cardiac 

disease progression.   

The existence of circulating A2 produced in the kidneys is well known, but recently, the 

existence of a local renin-angiotensin system (RAS) in the myocardium has been demonstrated 

(van Kats, et al. 1998).  In addition, Sadoshima et al. (Sadoshima, et al. 1993) mechanically 

stretched neonatal cardiac myocytes in vitro and observed acute A2 secretion that resulted in the 

induction of the hypertrophic response.  This response was inhibited in the presence of AT1 

receptor antagonists suggesting that mechanical stretch induced secretion of A2 stimulates 

receptors in an autocrine fashion.  Several years later, researchers produced new evidence to 

support mechanical stress-induced AT1 receptor mediated cardiac hypertrophy without the 

involvement of A2 (Zou, et al. 2004, Yasuda, et al. 2008a).  It was determined that mechanical 

stretch induced a conformational switch of the AT1 receptor into an active conformation that 

could be prevented with an AT1 receptor antagonist (Yasuda, et al. 2008b).  Interestingly, there is 

evidence suggesting that different conformational states of the AT1 receptor trigger unique sets 

of intracellular signaling pathways (Holloway, et al. 2002; Wei, et al. 2003).  Thus, the activation 

stimulus (e.g. agonist binding, mechanical stress) may be an important determinant of which 

downstream signals of the AT1 receptor are triggered and which are not.   

 We recently presented work in an abstract form (Gao, et al. Biophysical Meeting, 2008) 

documenting the effects of A2 on Ito measured from cardiac myocytes that were isolated from 
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different transmural layers of the canine LV.  Application of receptor saturating A2 

concentrations (5 µM) abolished transmural differences and attenuated Ito uniformly to 

endocardial values (Fig 1.3).  Conversely, application of saturating concentrations (5 µM) of the 

AT1 receptor antagonist Losartan increased Ito uniformly in all layers to epicardial levels (not 

shown).  These results suggest that the maximal Ito capacity is similar in all transmural layers but 

the presence of a transmural gradient in endogenous A2 concentration results in a gradient in Ito.  

Assuming the LV wall experiences a transmural gradient in load and therefore a transmural 

gradient in passive tension, we hypothesize that the gradient in tension produces a corresponding 

gradient in autocrine A2 release as indicated by a transmural gradient in Ito.  In other words, the 

level of endogenous A2 secretion in the LV wall appears to be proportional to the degree of cell 

stretch.  Therefore, it is our working hypothesis that mechanical stress induced reductions in Ito 

are mediated by AT1 receptor activation, which also have a prominent role in initiating the 

hypertrophic program.   

 

1.8 Summary 

The heart possesses the means to adapt to transient and chronic increases in 

hemodynamic load, but the mechanisms by which these adjustments are implemented continue 

to elude us.  We have outlined past and current research, which address the relationships between 

electrical remodeling of the myocardium, particularly that of Ito, and heart failure, and also 

presented evidence to support AT1 receptor-mediated regulation of Ito.  Synthesizing this 

knowledge allows us to construct a mechanistic understanding of how the heart may adjust to 

compensate for increased load.  A theoretical diagram of this mechanism is shown in Figure 1.4.  

We hypothesize that increased load triggers the secretion of A2 and increases AT1 receptor 
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activity, which initially induces electrical remodeling of the myocardium that includes Ito 

reduction.  As a result, these changes contribute to increases in [Ca2+] i and increased contractility 

as a means to compensate for increasing demand before the onset of cardiac hypertrophy.  The 

work presented here comprises experimental evidence to support some of these relationships 

while providing new molecular insights, and the use of computational models to understand the 

relative contributions of different ionic current properties to the action potential morphology.  

Experiments were conducted on LV cells from mice to complement an increasing amount of 

knowledge concerning cardiac disease that is largely based on studies using genetically altered 

mice.  Accordingly, we attempted to fulfill the following objectives: 

1) to demonstrate AT1 receptor involvement in electrical remodeling that precedes 

hypertrophy under conditions of increased hemodynamic load, 

2) to understand the molecular mechanisms underlying AT1 receptor-mediated 

regulation of Ito, 

3) and to utilize a mathematical model to quantify relative contributions of Ito 

characteristics in influencing the action potential morphology.   
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Figure 1.1: Example of interspecies differences in action potential morphology. (A) Canine 
left ventricular epicardial action potential “spike-and-dome” morphology.  Each phase of the 
action potential is numerically represented (0: fast depolarization, 1: “notch”, 2: plateau 
phase, 3: repolarization, 4: resting phase).  (B) Mouse left ventricular action potential.  Large 
Ito amplitudes in mouse cardiac myocytes cause rapid repolarization without a plateau phase.     
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Figure 1.2: Theoretical model of electrical and structural remodeling of the LV over time in 
response to increased hemodynamic load.  Short-term response to increased load may involve 
remodeling of IP, ICa,L and Ito as part of an immediate compensatory adaptation to generate 
increasing contractile force.  Cardiac hypertrophy develops later in response to sustained load.   
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Figure 1.3: (A) Representative whole-cell patch clamp traces of Ito obtained from canine 
epicardial (Epi), midmyocardial (Center-Mid) and endocardial (Endo) myocytes. (B) Mean 
values of peak Ito through the thickness of the LV wall (open circles).  Incubation with 
saturating concentrations of A2 reduces Ito in all transmural layers to endocardial values 
(filled circles).  Treatment with A2 abolishes the transmural gradient in Ito.  (Unpublished data 
by Gao et al.) 
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Figure 1.4: Summary of the hypothetical mechanism that senses and adjusts in response to 
increasing load in the progression to heart failure.  Increasing hemodynamic load stretches the 
myocardium, increasing the secretion of autocrine A2 and activating more AT1 receptors.  
The ensuing events can be divided into fast and slow sets of responses.  The fast response 
involves remodeling of membrane currents IP, Ito and ICa,L that contributes to the rise in [Ca2+] i 
and enhanced contractility.  The slow response involves hypertrophic signaling through a G 
protein dependent pathway that results in increased protein synthesis and the addition of 
myofibrils, which provides the force to offset the increase in load.   
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2.1 Introduction 

 The heart is composed of specialized cells that possess the ability to respond 

appropriately to increased mechanical stress with structural and functional adaptations.  This 

inherent ability of the heart involves a vast network of cellular and molecular interactions that 

regulate hypertrophic growth and electrophysiological activity within individual cells.  In cardiac 

myocytes, sustained increases in mechanical stress trigger the hypertrophic program which 

includes the induction of immediate-early genes such as c-fos, c-jun, Egr-1 and c-myc as well as 

the reactivation of fetal genes, which are typically expressed in developing hearts (Sadoshima 

and Izumo, 1997; Lammerding, et al. 2004).  Re-expressed fetal genes in adult hearts allow 

protein synthesis thereby resulting in increased myocyte size.  In particular, expression levels of 

myosin heavy chains, natriuretic peptides and α-actinin increase dramatically in hypertrophied 

cells.  Functionally, the synthesis and addition of sarcomeric proteins in hypertrophied myocytes 

promote increased contractility.   

 A considerable number of studies have demonstrated the involvement of the angiotensin 

type 1 (AT1) receptor in the control and regulation of the hypertrophic program in cardiac 

myocytes (Barry, et al. 2008; Heineke and Molkentin, 2006).  The classical mechanism of AT1 

receptor activation involves the binding of its agonist angiotensin II (A2) to the extracellular 

domain of the AT1 receptor, resulting in G protein stimulation and receptor internalization.  

Previous studies have demonstrated the existence of local A2 production in cardiac tissue (Van 

Kats, et al. 1998) and evidence of A2 acting locally within cardiac tissue to enhance protein 

synthesis and cell growth (Baker and Aceto, 1990).  Additionally, increased mechanical stress 

has been linked to heightened AT1 receptor activity via autocrine secretion of A2 in cardiac 

myocytes that results in enhanced expression of hypertrophic genes (Sadoshima, et al. 1993).   
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 In addition to these structural adaptations, mechanical stress and neurohormonal 

stimulation of the AT1 receptors have been identified as external signals that induce electrical 

remodeling in cardiac myocytes (Cutler, et al. 2011).  For instance, in the dog left ventricle, rapid 

pacing triggered action potential prolongations that were attributed to increased circumferential 

strain (Jeyaraj, et al. 2007).  With respect to neurohormonal stimulation, alterations in the action 

potential morphology and reduced transient outward K+ current densities (Ito) were observed in 

dog left ventricular epicardial myocytes that were incubated in the presence of A2 (Yu, et al. 

2000).  Additionally, increased L-type Ca2+ currents and positive inotropic effects have been 

observed in cardiac myocytes stimulated with A2 across various species (Ichiyanagi, et al. 2002; 

Aiello and Cingolani, 2001; Freer, et al. 1976).     

 Taken together, the evidence suggests a central role of the cardiac AT1 receptor in 

mechanical stress induced structural and electrical remodeling.  The aforementioned findings 

prompted the present study to test the hypothesis that mechanical stress induces electrical 

remodeling via AT1 receptor activation in cardiac myocytes.  Mechanical stress was applied to 

left ventricular myocytes in vivo with aortic constriction and cells were harvested both before 

and after the onset of hypertrophy.  Our results indicate that mechanical stress induced electrical 

remodeling precedes hypertrophic growth and this remodeling is reversible with AT1 receptor 

blockade.   

 

2.2 Materials and Methods 

2.2.1 Transverse Aortic Constriction 

 In 2 to 3 month old wild-type C57/BL6 mice, transverse aortic constriction (TAC) was 

employed to apply pressure-overload induced mechanical stress on left ventricular myocytes.  
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The surgical procedure used in these studies to apply TAC in mice is outlined in a previous 

report (Hu, et al. 2003).  A 27-gauge needle was used for ligation, which was sufficiently narrow 

to induce hypertrophy within 1 to 2 weeks of surgery.  For each TAC mouse, sham surgery was 

performed in a separate mouse to serve as a negative control.  Identical procedures, with 

exception to ligation, were followed for both TAC and sham surgery.  TAC and sham mice were 

sacrificed at 24 hours, 48 hours, 1 week and 2 weeks post-surgery to examine the effects of 

short-term and long-term aortic constriction in isolated cardiac myocytes.   

 

2.2.2 Isolation of Left Ventricular Myocytes 

 At the appropriate time points following TAC or sham surgery, mice were euthanized via 

CO2 inhalation in an enclosed chamber and upon their death, the weight of each animal was 

recorded.  The chest cavity was opened and the heart was gently excised and immediately 

transferred into a 35mm dish with ice-cold Normal Tyrode Solution containing (in mM) 137.7 

NaCl, 2.3 NaOH, 5.4 KCl, 1 MgCl2, 10 Glucose and 5 HEPES (pH adjusted to 7.4 with NaOH).  

Extraneous tissues surrounding the aorta including the lungs, thymus and adipose tissue were 

carefully cleaned off using small scissors to expose the aorta for cannulation.  The heart was then 

weighed in order to calculate the heart to body weight ratio for each mouse.  A non-beveled 

needle was used to cannulate the aorta and the cannula was then attached to a temperature-

controlled Langendorf apparatus that allows solution switching.  The heart was first perfused 

with Normal Tyrode Solution at 37°C for 2 to 3 minutes to wash out residual blood in the 

coronary vessels.  Perfusion was then switched to a Normal Tyrode Solution containing 0.16 

mg/ml Liberase TH (Roche Applied Science, Inc., Indianapolis, IN) for 9 to 10 minutes or until 

the perfusion speed increased dramatically indicating significant tissue digestion.  The cannula 
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with heart attached was then removed and KB solution containing (in mM) 83 KCl, 30 K2HPO4, 

5 MgSO4, 5 Na-Pyruvic Acid, 5 β-OH-Butyric Acid, 5 Creatine, 20 Taurine, 10 Glucose, 0.5 

EGTA and 5 HEPES (pH adjusted to 7.2 with HCl) was manually perfused through the heart 

with a syringe to wash out the Liberase solution.  The heart was placed in a dish containing KB 

solution and the left ventricle was separated from the rest of the heart.  The left ventricle was 

gently teased apart by mechanical agitation and filtered through a nylon mesh to collect the cell 

suspension.  The isolated myocytes were stored in KB solution at 22°C for the duration of the 

experiments which did not last more than 12 hours post-isolation.   

 

2.2.3 Cell Preparation 

 For each set of experiments (using either sham or TAC myocytes), the cell suspensions 

were divided into control and experimental groups for comparison.  Cells in the experimental 

groups were treated for 2 to 12 hours with 5 µM saralasin (Sigma-Aldrich Inc.).    

  

2.2.4 Electrophysiological Recordings 

 Whole-cell patch clamp experiments were conducted at room temperature (22°C) within 

12 hours of cell isolation.  For K+-current measurements, the internal pipette solution contained 

(in mM) 115 K-Aspartic Acid, 25 KOH, 10 KCl, 3 MgCl2, 11 EGTA, 10 HEPES and 5 Na2-ATP 

(pH adjusted to 7.2 with KOH).  Pipette series resistances were between 4-7 MΩ in whole-cell 

mode.  During patch clamp recordings, myocytes were perfused with an external solution 

containing (in mM) 137.7 NaCl, 2.3 NaOH, 5.4 KCl, 1 MgCl2, 1.8 CaCl2, 2 CoCl2, 10 Glucose 

and 5 HEPES (pH adjusted to 7.4 with NaOH).  Voltage-clamp experiments were performed 

using an Axopatch 1D amplifier (Axon Instruments Inc.) interfaced to a computer with a 
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Digidata 1200 digitizer and pClamp 8.2 software (Axon Instruments Inc.).  K+ currents were 

measured in response to a short prepulse (10 ms) to -30mV to inactivate Na+ channels followed 

by 6000 ms voltage steps (Vtest) between +10 mV and +50 mV from a holding potential of -65 

mV.  For all voltage-clamp recordings, series resistances were compensated electronically by 

~85%.   

 

2.2.5 Data Analysis and Statistics 

 Voltage-clamp data were analyzed using Clampfit 8.2 (Axon Instruments Inc.), Microsoft 

Excel 7 (Microsoft Inc.), SigmaPlot 10 (Systat Software Inc.) and MATLAB (various versions, 

Mathworks Inc.).  Distinct K+ current components (Ito,fast, IK,slow and Isus) were extracted from the 

obtained K+ current recordings using the Curve Fitting Toolbox in MATLAB to fit a two-

exponential decay function in the form of A1exp(-t1/τ1)+A2exp(-t2/τ2)+A3 (Xu, et al. 1999).  A1 

and A2 represent peak amplitudes of Ito,fast and IK,slow and their respective inactivation time 

constants differ by a factor of approximately 20.  Ito,fast was identified as the inactivating 

component with a decay time constant less than 100 ms and IK,slow was identified as the slower 

inactivating component (τdecay > 1000 ms).  A3 represents the steady-state component Isus.  Peak 

current amplitudes were normalized to the cell capacitance (Cm), which was measured in each 

cell using the Membrane Test function in the pClamp software, and presented as current 

densities (pA/pF).      

 Differences in peak Ito,fast and IK,slow current densities and amplitudes between groups 

were assessed with the Student’s t-test.   
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2.3 Results 

2.3.1 Evidence of Structural Remodeling 

 In this report, “short-term” is defined as a period lasting 1 to 2 days and “long-term” 

refers to a period lasting 1 to 2 weeks.  To determine the extent of structural remodeling present 

in hearts that were subjected to various durations of pressure overload via aortic constriction, cell 

capacitances (Cm) and heart to body weight ratios (HT/BW) were documented.  According to 

results presented in Fig 2.1A, short-term TAC myocytes yielded Cm values that were comparable 

to values measured from sham myocytes (Sham: 155.9 ± 7.1 pF, n = 14; TAC: 163.7 ± 5.1 pF, n 

= 15).  Similarly, HT/BW measurements (Fig 2.1C) were not significantly different in these two 

groups (Sham: 8.22 ± 0.21 mg/g, n = 5; TAC: 8.44 ± 0.12 mg/g, n = 5).  In contrast, long-term 

aortic constriction induced a significant rise in both Cm (Sham: 164.4 ± 8.8 pF, n = 12; TAC: 

207.6 ± 7.2 pF, n = 14) and HT/BW (Sham: 7.57 ± 0.34 mg/g, n = 6; TAC: 9.83 ± 1.08 mg/g, n = 

6) as displayed in Figs 2.1B and 2.1D.  An increase in HT/BW indicates growth of heart mass 

which is related to an increased Cm, which is approximately proportional to the total surface 

membrane area and hence a good indicator of cell size.   

 

2.3.2 Downregulation of Ito,fast and IK,slow Induced by Short-Term Aortic Constriction 

 Having determined that structural remodeling has not occurred in response to short-term 

constriction, we investigated whether or not cardiac cells respond with electrical remodeling in 

response to short-term pressure overload.  Specifically, we used whole-cell patch clamp methods 

to record Ito,fast and IK,slow, which contribute heavily to action potential repolarization in small 

rodents.  Typical traces of outward K+ currents, elicited with a voltage clamp protocol, are 

displayed in Fig 2.2 (voltage clamp protocol is also shown).  Ito,fast and IK,slow were 
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mathematically derived from these traces and the peak currents at each test potential (I-V 

relationships) were plotted (Fig 2.3).  From these results, it appears that Ito,fast is reduced (with 

statistical significance at two test potentials) in TAC myocytes relative to sham (At Vtest = +50 

mV, Sham: 27.3 ± 3.3 pA/pF; TAC: 20.1 ± 3.1 pA/pF) and IK,slow is also significantly reduced in 

TAC myocytes (Sham: 14.1 ± 2.2 pA/pF; TAC: 7.8 ± 0.9 pA/pF).   

 

2.3.3 AT1 Receptor Blockade Restores Ito,fast and IK,slow in Myocytes Subjected to Short-

Term Load 

 Reductions of Ito,fast and IK,slow in short-term TAC myocytes were reversible upon 

stimulation of the isolated myocytes with the AT1 receptor blocker saralasin.  These results are 

presented in the I-V relationships of Fig 2.3, from which it can be appreciated that application of 

saralasin significantly increases both Ito,fast (At Vtest = +50 mV, TAC+Sar: 29.8 ± 3.1 pA/pF) and 

IK,slow (TAC+Sar: 15.4 ± 1.3 pA/pF) in TAC myocytes to values that are slightly higher than 

those of sham myocytes.  In fact, Ito,fast and IK,slow of saralasin treated cells in TAC myocytes are 

essentially the same as those of saralasin treated cells in the sham population (Sham+Sar: 29.1 ± 

3.1 pA/pF and 15.8 ± 2.6 pA/pF for Ito,fast and IK,slow, respectively).   

 

2.3.4 Downregulation of Ito,fast Induced by Long-Term Aortic Constriction 

 Structural remodeling induced by long-term aortic constriction is apparent based on 

measurements of Cm and HT/BW (Fig 2.1).  Having observed that both Ito,fast and IK,slow are 

significantly attenuated in response to short-term aortic constriction, we investigated whether 

these changes are preserved in hypertrophied (long-term aortic constriction) cells.  The I-V 

relationships of peak Ito,fast densities (Fig 2.5A), which were derived from whole-cell patch clamp 
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recordings of outward K+ currents (Fig 2.4).  Based on this figure, Ito,fast density of TAC 

myocytes appears to be significantly lower than sham Ito,fast density (At Vtest = +50 mV, Sham: 

24.6 ± 2.3 pA/pF; TAC: 12.2 ± 1.1 pA/pF).  To examine whether or not Cm accounts for this 

difference, we also documented peak Ito,fast amplitudes (Fig 2.5C), which are current magnitudes 

not normalized by Cm.  Ito,fast amplitudes were also significantly less in TAC myocytes (Sham: 

4219.4 ± 393.1 pA, TAC: 2558.6 ± 240.0 pA), indicating that the increase in Cm itself cannot 

account for the lower Ito,fast density measured in TAC myocytes.   

 

2.3.5 AT1 Receptor Blockade Restores Ito,fast in Myocytes Subjected to Long-Term Load 

 To test for the involvement of AT1 receptors in pressure overload induced remodeling of 

Ito,fast, saralasin was applied to both sham and TAC myocytes.  According to the results (Fig 2.5A 

and 2.5C), saralasin partially restored Ito,fast density (At Vtest = +50 mV, Sham+Sar: 26.0 ± 2.3 

pA/pF; TAC+Sar: 19.2 ± 2.2 pA/pF) but fully restored the amplitude (Sham+Sar: 4087.1 ± 364.2 

pA; TAC+Sar: 3933.5 ± 445.0 pA) in TAC myocytes.  These results suggest that AT1 receptor 

activation in response to pressure overload reduces Ito,fast magnitude, resulting in reduced Ito,fast 

density.  Increased cell surface area also contributes to lower Ito,fast density.   

 

2.3.6 Reduced IK,slow in Myocytes Subjected to Long-Term Load is Less Responsive to AT1 

Receptor Blockade 

 IK,slow densities (Fig 2.5B) were significantly different between sham and TAC myocytes 

(At V test = +50 mV, Sham: 11.3 ± 1.6 pA/pF; TAC: 7.3 ± 1.5 pA/pF) but the amplitudes (Fig 

2.5D) were presented with only slight differences (Sham: 1938.7 ± 282.6 pA; TAC: 1529.4 ± 

310.1 pA).  Unlike Ito,fast, stimulation with saralasin only slightly increased IK,slow amplitude in 
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TAC myocytes (TAC+Sar: 1727.1 ± 230.2 pA) though it was difficult to determine whether or 

not it was significantly different from the sham group stimulated with saralasin (2136.7 ± 223.5 

pA).   

 

2.4 Discussion 

 Prior studies on mice have demonstrated electrical remodeling, particularly with regards 

to reductions in Ito,fast and IK,slow (Wang, et al. 2007; Marionneau, et al. 2008), as part of a vast set 

of cellular and molecular changes that occur in response to sustained pressure overload.  

However, previous to our study, reductions in Ito,fast and IK,slow were only observed in conjunction 

with the development of cardiac hypertrophy that resulted from pressure overload for periods of 

several days up to weeks.  Therefore, we employed aortic constriction in wild type mice to 

document changes in Ito,fast and IK,slow at earlier time points (1 to 2 days post-operation).  

Additionally, we investigated the role of AT1 receptors in mediating mechanical stress induced 

changes in Ito,fast and IK,slow.  In summary, aortic constriction for 1 to 2 days was not sufficiently 

long to induce hypertrophy in ventricular myocytes, yet Ito,fast and IK,slow were significantly 

reduced.  These reductions were fully reversible with the application of an AT1 receptor 

antagonist (saralasin) to isolated myocytes for 2 or more hours.  In hypertrophied myocytes, 

which were subjected to pressure overload for 1 to 2 weeks, Ito,fast amplitude (un-normalized to 

Cm) fully recovered with the application of saralasin, but Ito,fast density was only partially 

restored.  In these cells, IK,slow displayed moderate reduction and minimal response to the 

application of saralasin.   
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2.4.1 Time to Pressure Overload-Induced Hypertrophy in Mice 

 Studies that have used similar methods of pressure overload (transverse aortic 

constriction) have provided evidence of the development of hypertrophy at various post-

operation time points which range from 7 days (Marionneau, et al. 2008) to 3 weeks (Wang, et 

al. 2007) or more.  Our observation of significant hypertrophy at 1 to 2 weeks is in agreement 

with these previous studies, which also used similarly sized needles for ligation, making these 

comparisons valid.  A separate report (Deckmann, et al. 2010) documented changes in left 

ventricular weight to body weight ratio (LV/BW) from one hour to 48 hours post-operation from 

which it was apparent that between 12 to 48 hours, no significant change in LV/BW had 

occurred, consistent with our findings.  One cause for concern was the potential for unknown 

stresses associated with anesthesia and surgery to induce changes at early time points in response 

to stress rather than aortic banding.  Based on the consistency of relevant mRNA expression 

levels, one study demonstrated that the non-specific effects of stresses were minimal by 24 hours 

in mice with aortic constriction surgery (Spruill, et al. 2008).  Additionally, the use of sham-

operated controls in our study likely reduced the errors in our interpretation due to unknown 

effects of surgery-related stresses.   

 

2.4.2 Role of Angiotensin II and AT1 Receptors in Pressure Overload-Induced Electrical 

Remodeling 

 As previously discussed, the role of AT1 receptors in the development of pressure 

overload-induced cardiac hypertrophy is well known.  In this study, we presented evidence that 

suggests an additional role of the AT1 receptors, specifically, pressure overload-induced 

downregulation of Ito,fast and IK,slow.  Our results suggest that reductions in Ito,fast and IK,slow in 
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response to pressure overload occur before the onset of hypertrophic growth and that reduced 

Ito,fast and IK,slow are restored approximately to control values with the application of an AT1 

receptor blocker.  Evidence of Ito,fast and IK,slow restoration in short-term TAC myocytes but no 

significant rise in these currents in sham myocytes in response to AT1 receptor blockade suggests 

that pressure overload-induced reductions in Ito,fast and IK,slow can be attributed to AT1 receptor 

stimulation.  In previous studies, mechanical strain and AT1 receptor activation have been related 

with two very distinct molecular mechanisms based on experimental observations.  In one study, 

mechanical strain on cardiac myocytes in vitro induced autocrine secretion of angiotensin II (A2) 

that resulted in the induction of the hypertrophic program (Sadoshima, et al. 1993).  A more 

recent study presented evidence for AT1 receptor stimulation in response to mechanical stress 

without A2 (Zou, et al. 2004) suggesting mechano-sensitivity of AT1 receptors as a potential 

mechanism to explain the relationship between mechanical strain and AT1 receptor activation.  

However, the former mechanism (Sadoshima, et al. 1993) better explains our experimental 

results since the external application of an AT1 receptor inhibitor is required to induce increases 

in Ito,fast and IK,slow in isolated TAC myocytes, which are no longer subjected to strain.  If 

mechano-sensitivity were to be the underlying mechanism, Ito,fast and IK,slow in TAC myocytes 

should have been similar to control values since AT1 receptor stimulation would have been 

inhibited when the cells were isolated and freed from mechanical strain.   

 Given that mechanical strain-induced release of autocrine A2 explains our results, we 

must address how A2 might retain its activity within isolated cells, which are no longer subjected 

to stress.  One plausible explanation is that A2 secretion and re-uptake is localized mainly within 

the transverse tubules (t-tubules), which restricts the diffusion of A2 away from cells.  In 

mammalian species, t-tubular membrane makes up a significant percentage of the total 
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membrane area that contacts the extracellular environment, with values of 39.6% in guinea pig 

left ventricle (Forbes and van Neil, 1988) and 32.6% in the rat left ventricle (Page, 1978).  If the 

majority of AT1 receptor stimulation was to take place within the t-tubules, one implication is 

that a significant percentage of Ito,fast and IK,slow channels are also localized to the t-tubular 

membrane, especially if the channels co-internalize with AT1 receptors (Doronin, et al. 2004).  

Localization of the majority of plasma membrane ICa,L channels to t-tubules has been well 

documented (Kawai, et al. 1999) and has been suggested to be an important aspect of excitation-

contraction coupling.  One previous study also presented evidence for high Kv4.2 localization to 

the t-tubules, although these channels were appreciably detected in non-tubular membrane as 

well (Takeuchi, et al. 2000).  It would certainly be of interest for the future to investigate the 

localization of AT1 receptor mediated downregulation of Ito,fast and IK,slow using detubulation 

methods on isolated myocytes.   

 

2.4.3 Interpreting Ito,fast and IK,slow Reductions 

 Marionneau, et al. (2008) made the suggestion, based on the lack of difference in Ito,fast 

and IK,slow amplitudes between long-term sham and TAC myocytes, that the disparity in Ito,fast and 

IK,slow densities between sham and TAC myocytes can be explained by the increase in cell size.  

This is in contrast with our experimental observations which indicate significant reductions in 

Ito,fast and IK,slow densities between sham and TAC myocytes at 1 to 2 days of aortic banding, at 

which point cell size between the two groups were similar.  Even at 1 to 2 weeks of aortic 

banding, when hypertrophy is evident, Ito,fast amplitude was significantly lower and IK,slow 

amplitude was moderately lower in TAC myocytes.  Ito,fast amplitude in 1 to 2 week TAC 

myocytes were restored to sham values upon application of saralasin but minimal increases were 
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observed in IK,slow amplitude.  These results suggest that pressure overload induces reduction of 

Ito,fast primarily via AT1 receptor stimulation and when hypertrophy occurs, the density of Ito,fast is 

further reduced due to the increase in cell size with no change in how AT1 receptors regulate the 

number of functional Ito,fast channels.  At early time points of pressure overload, IK,slow is 

similarly reduced by AT1 receptor stimulation but our results indicate that AT1 receptors have 

minimal involvement in regulating IK,slow once hypertrophy has set in.  The reason for this is 

unclear but we hypothesize that it involves the synthesis and recruitment of new Kv1.5 and 

Kv2.1 channels to the membrane, as indicated by reports of increased surface expression of these 

channels in hypertrophied myocytes (Marionneau, et al. 2008).  These new channels may not be 

coupled to AT1 receptors, possibly due to their localization in the membrane, which may explain 

their insensitivity to AT1 receptor activity.  In the same report, Kv4.2 and Kv4.3 expression was 

relatively unchanged, which is consistent with our hypothesis.   

 

2.4.4 Conclusions 

 This study suggests a novel mechanism of Ito,fast and IK,slow downregulation, which exists 

as a precursor to pressure overload induced cardiac hypertrophy and heart failure.  The suggested 

role of AT1 receptors in altering electrophysiological currents is not completely surprising with 

the understanding that angiotensin converting enzyme (ACE) inhibitor and angiotensin receptor 

blocker (ARB) therapy is in widespread use for the treatment of heart disease (Scow, et al. 

2003).  This study provides the impetus for ongoing research into specific signaling mechanisms 

downstream of AT1 receptors that are involved in the disease process and in doing so, more 

focused strategies for the treatment of heart failure, at early stages of disease progression, may be 

discovered.   
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Figure 2.1:  Whole-cell patch clamp measurements of cell capacitance (Cm) recorded from 
isolated left ventricular myocytes from mice that underwent sham or TAC surgery.  Cells 
were harvested either 1 to 2 days or 1 to 2 weeks post-surgery.  Mean Cm at 1 to 2 days (A) 
was similar for sham (n = 14) and TAC (n = 15) myocytes whereas at 1 to 2 weeks (B), Cm of 
TAC (n = 12) myocytes was significantly increased relative to sham (n = 14).   Similarly, 
heart-to-body weight ratios (sham: n = 5; banded: n = 5) were unchanged at 1 to 2 days post-
surgery (C) but were significantly higher in TAC mice (sham: n = 6; banded: n = 6) at 1 to 2 
weeks (D), indicating that although long-term aortic constriction induces growth in cell size 
and cardiac hypertrophy, hearts subjected to short periods (1 to 2 days) of pressure overload 
do not undergo structural remodeling.  Significance denoted by * (p < 0.05) and ** (p < 
0.001).   
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Figure 2.2:  Representative whole-cell patch clamp traces of outward K+ current recordings 
from mouse left ventricular myocytes.  Mice that underwent TAC or sham surgery were 
sacrificed 1 to 2 days post-surgery and cells were obtained for electrophysiological 
recordings.  Saralasin was applied to some sham and TAC myocytes.  Inset on the left side 
depicts the voltage clamp protocol to obtain the current traces (Vtest: test potential).   
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Figure 2.3:  Voltage dependences of peak Ito,fast (A) and IK,slow (B) densities measured from 
short-term sham and TAC myocytes.  Additionally, sham and TAC myocytes were stimulated 
with saralasin to test for the involvement of AT1 receptors.  Ito,fast and IK,slow were significantly 
reduced in TAC myocytes whereas the application of saralasin to these cells restored the 
levels of Ito,fast and IK,slow to those of sham myocytes incubated with saralasin.  Significant 
differences between TAC and sham values are indicated by * (p < 0.1) and ** (p < 0.05).   
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Figure 2.4:  Representative whole-cell patch clamp traces of outward K+ current recordings 
from long-term sham and TAC myocytes, including traces obtained from sham and TAC 
myocytes treated with saralasin.   
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Figure 2.5:  Voltage dependences of peak Ito,fast (A) and IK,slow (B) densities measured from 
long-term sham and TAC myocytes.  Additionally, sham and TAC myocytes stimulated with 
saralasin were included in this analysis.  Ito,fast and IK,slow densities were significantly reduced 
in cells subjected to 1 to 2 weeks of pressure overload but the application of saralasin to these 
cells only partially restored the level of Ito,fast to those of control cells and did not significantly 
affect IK,slow.  Voltage dependences of peak Ito,fast (C) and IK,slow (D) amplitudes indicate that 
saralasin fully restores Ito,fast amplitude in TAC myocytes to control values but in contrast, 
does not appear to affect IK,slow amplitude.  Significant differences between TAC and sham 
values are indicated by * (p < 0.1) and ** (p < 0.05) whereas differences between TAC+Sar 
and sham values are denoted by # (p < 0.1) and ## (p < 0.05).   
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3.1 Introduction 

 The angiotensin type 1 (AT1) receptor is responsible for the transactivation of various 

intracellular signaling pathways that affect a number of different cellular phenotypes.  The AT1 

receptor is a G protein coupled seven-pass transmembrane receptor that typically activates when 

it is agonist-bound.  The primary agonist of the AT1 receptor, the neuropeptide angiotensin II 

(A2), is an end-product of the renin-angiotensin system (RAS).  A2 is classically known to exist 

as a pressure regulating neurohormone in vasculature but an increasing number of reports have 

demonstrated local production and secretion of A2 in cardiac tissue (Dostal, et al. 1992; Van 

Kats, et al. 1998) and A2 acting locally in cardiac myocytes via an autocrine mechanism 

(Sadoshima, et al. 1993).   

Conventional AT1 receptor activation involves G protein signaling and β-arrestin 

mediated receptor internalization.  Upon receptor activation, the three subunits of the 

heterotrimeric G protein dissociate and activate downstream effectors including phospholipase C 

(PLC) which leads to inositol-1,4,5-triphosphate (IP3) and diacylglycerol (DAG) production.  

DAG is known to activate protein kinase C (PKC) which exerts various downstream effects.  

One of the major phenotypic changes that result from G protein activation, in particular from the 

activity of the Gαq subtype, is the development of cardiac hypertrophy and failure (D’Angelo, et 

al. 1997; Adams, et al. 1998).  Another well-described aspect of AT1 receptor signaling involves 

β-arrestin mediated receptor internalization.  Many classes of plasma membrane receptors, 

including the AT1 receptor, undergo internalization in clathrin-coated vesicles to exert various 

cellular effects (Brown, et al. 1991).  AT1 receptors having point mutations that effectively block 

G protein signaling have been used by researchers to show that AT1 receptor internalization can 

be retained with normal kinetics independent of G protein activation (Hunyady, et al. 1994; 
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Feng, et al. 2005).  More recently, wild type AT1 receptors were stimulated using a “biased 

agonist”—an analog of A2 with substituted side-chains—that selectively activated β-arrestin2 

dependent signals and receptor internalization without G protein stimulation (Holloway, et al. 

2002; Wei, et al. 2003).  It has been suggested that the interaction between the receptor and a 

biased agonist induces a distinct conformation of the receptor that differs from the conventional 

receptor conformation induced by A2.  In this way, biased agonists may alter the interactions of 

the receptor with certain downstream signaling molecules, in effect blunting certain pathways 

while preserving or even enhancing others.   

 The discovery of biased agonists affords investigators with a unique opportunity to study 

and reveal molecular mechanisms underlying a particular phenotype associated with AT1 

receptor activation.  Numerous reports have shown that activation of the AT1 receptor is 

involved in both electrical (Yu, et al. 2000; Rivard, et al. 2008; Shimoni, 2001; Wang, et al. 

2008; Matsuda, et al. 2004; Ichiyanagi, et al. 2002; Aiello, et al. 2001) and structural (Sadoshima 

and Izumo, 1993; Paradis, et al. 2000) remodeling of the heart but many of these phenotypic 

outcomes are regulated by different pathways downstream of AT1 receptor activation.  Cardiac 

hypertrophy typically involves heightened levels of G protein activity whereas β-arrestin2 

activity supports proliferation of cardiac myocytes and does not induce hypertrophic growth 

(Aplin, et al. 2007).  β-arrestin2 additionally mediates positive inotropic effects of the AT1 

receptor independent of G proteins (Rajagopal, et al. 2006) which may involve electrical 

remodeling mechanisms that are separate from those that are G protein dependent.  For example, 

β-arrestin2 dependent signaling may induce co-internalization of the AT1 receptor with voltage-

gated K+ channels Kv4.3 in the heart (Doronin, et al. 2004).  Electrical remodeling, such as the 
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removal of Kv4.3 from the surface membrane, can profoundly affect cardiac function by 

changing the shape and duration of the action potential and by altering [Ca2+] i dynamics.   

The previous chapter presented evidence suggesting the AT1 receptor mediates 

mechanical stress induced reductions in transient outward K+ currents (Ito) in mouse left 

ventricular (LV) myocytes.  The present study focuses on the mechanisms by which AT1 

receptor activation results in electrical remodeling involving the downregulation of Ito.  Our 

results indicate that two distinct Ito currents (Ito,fast and IK,slow) are coherently modulated by A2 in 

a dose dependent manner and that A2 induced changes in these currents are likely the result of β-

arrestin2 dependent AT1 receptor internalization.   

 

3.2 Materials and Methods 

3.2.1 Isolation of Left Ventricular Myocytes 

 Wild type mice (7 to 16 weeks old) were euthanized via CO2 inhalation in an enclosed 

chamber.  Using surgical scissors, the chest cavity was exposed and the heart was gently excised 

and immediately transferred into a 35 mm dish filled with ice-cold Normal Tyrode Solution 

containing (in mM) 137.7 NaCl, 2.3 NaOH, 5.4 KCl, 1 MgCl2, 10 Glucose and 5 HEPES (pH 

adjusted to 7.4 with NaOH).  The lungs and thymus were removed and adipose tissues 

surrounding the aorta were carefully cleaned off using small scissors to expose the aorta.  To 

cannulate the aorta, the tip of a non-beveled needle was inserted in the aorta and tied together 

with a 5-0 gauge nylon suture.  The heart was then connected to a temperature-controlled 

Langendorf perfusion apparatus that allows solution switching.  The heart was first perfused with 

Normal Tyrode Solution at 37°C for 2 to 3 minutes to wash out residual blood in the coronary 

vessels.  Perfusion was then switched to a Normal Tyrode Solution containing 0.16 mg/ml 
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Liberase TH (Roche Applied Science, Inc.) for 9 to 10 minutes or until the perfusion speed 

dramatically increased, which indicated sufficient tissue digestion.  The cannula with heart 

attached was then removed and KB solution containing (in mM) 83 KCl, 30 K2HPO4, 5 MgSO4, 

5 Na-Pyruvic Acid, 5 β-OH-Butyric Acid, 5 Creatine, 20 Taurine, 10 Glucose, 0.5 EGTA and 5 

HEPES (pH adjusted to 7.2 with HCl) was manually perfused through the heart with a syringe to 

wash out the Liberase solution.  The heart was placed in a dish containing KB solution and the 

left ventricle was separated from the rest of the heart.  The left ventricle was gently teased apart 

by mechanical agitation and filtered through a nylon mesh to collect the cell suspension.  The 

isolated myocytes were stored in KB solution at 22°C for up to 12 hours while 

electrophysiological recordings were being obtained.   

 

3.2.2 Cell Preparation 

 For each set of experiments, the cell suspension was divided into control and 

experimental groups for comparison.  Cells in the experimental groups were treated for 2 to 12 

hours with A2 (Sigma-Aldrich Inc.) at various concentrations ranging from 50 nM to 10 µM or 

with 5 µM SII ([Sar1-Ile4-Ile8]AngII) which was obtained from the Cleveland Clinic Core 

Facility (Cleveland, OH).  In some experiments, 5 µM colchicine (Sigma-Aldrich Inc.) was 

applied to both the control and experimental groups 2 hours before the addition of A2.   

  

3.2.3 Electrophysiological Recordings 

 Whole-cell patch clamp experiments were conducted at room temperature (22°C) within 

12 hours of cell isolation.  For both K+-current and action potential measurements, the internal 

pipette solution contained (in mM) 115 K-Aspartic Acid, 25 KOH, 10 KCl, 3 MgCl2, 11 EGTA, 
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10 HEPES and 5 Na2-ATP (pH adjusted to 7.2 with KOH).  Pipette series resistances were 

between 4-7 MΩ in whole-cell mode.  For K+-current measurements, myocytes were perfused 

with an external solution containing (in mM) 137.7 NaCl, 2.3 NaOH, 5.4 KCl, 1 MgCl2, 1.8 

CaCl2, 2 CoCl2, 10 Glucose and 5 HEPES (pH adjusted to 7.4 with NaOH).  For action potential 

recordings, CoCl2 was omitted from the external solution.   

 Both voltage-clamp and current-clamp experiments were performed using an Axopatch 

1D amplifier (Axon Instruments Inc.) interfaced to a computer with a Digidata 1200 digitizer and 

pClamp 8.2 software (Axon Instruments Inc.).  In current-clamp mode, action potentials were 

elicited with short depolarizing current injections (~2 ms) at a frequency of 2.5 Hz (lower 

stimulation frequencies did not significantly alter the shape of the action potential).  In voltage-

clamp mode, K+ currents were measured in response to a short prepulse (10 ms) to -30mV to 

inactivate Na+ channels followed by 6000 ms voltage steps (Vtest) between +10 mV and +50 mV 

from a holding potential of -65 mV.  For all voltage-clamp recordings, series resistances were 

compensated electronically by ~85%.   

 

3.2.4 Data Analysis and Statistics 

 Voltage- and current-clamp data were analyzed using Clampfit 8.2 (Axon Instruments 

Inc.), Microsoft Excel 7 (Microsoft Inc.), SigmaPlot 10 (Systat Software Inc.) and MATLAB 

(various versions, Mathworks Inc.).  Action potential durations to 50% and 90% repolarization 

(APD50 and APD90, respectively) were accurately determined using MATLAB.  Distinct K+ 

current components (Ito,fast, IK,slow and Isus) were extracted from the obtained K+ current 

recordings using the Curve Fitting Toolbox in MATLAB to fit a two-exponential decay function 

in the form of A1exp(-t1/τ1)+A2exp(-t2/τ2)+A3 (Xu, et al. 1999).  A1 and A2 represent peak 
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amplitudes of Ito,fast and IK,slow and their respective inactivation time constants differ by a factor 

of approximately 20.  Ito,fast was identified as the inactivating component with a decay time 

constant less than 100 ms and IK,slow was identified as the slower inactivating component (τdecay > 

1000 ms).  A3 represents the steady-state component Isus.  Peak current amplitudes were 

normalized to the cell capacitance (Cm), which was measured in each cell using the Membrane 

Test function in the pClamp software, and presented as current densities (pA/pF).      

 Differences in action potential characteristics and K+ current amplitudes between control 

and experimental cells were assessed with the Student’s t-test.  Percentage inhibitions in Ito,fast 

and IK,slow were plotted as functions of A2 concentration and sigmoidal dose-response curves 

were fitted to the data using SigmaPlot.   

 

3.3 Results 

3.3.1 A2 Dose Dependent Action Potential Prolongation 

The action potential morphology is a global representation of the activity of membrane 

currents in a single cell.  We measured action potentials from cells stimulated with externally 

applied A2 to demonstrate that one or more membrane currents are altered dose dependently in 

response to A2.  Representative action potential recordings obtained from control (CON) LV 

myocytes that were compared with recordings from LV cells incubated in the presence of 100 

nM A2 and 5 µM A2 for 2 to 12 hours are presented in Fig 3.1A.  From these traces, it is evident 

that LV myocytes display A2 concentration dependent prolongation in action potential duration.  

Action potential durations in both early and late phase repolarization (APD50 and APD90, 

respectively) exhibit increases that are commensurate with an increased dosage of externally 

applied A2 (Fig 3.1B).  The mean ± S.E.M. values of APD50 we obtained were 3.82 ± 0.30 ms (n 
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= 20), 5.19 ± 0.76 ms (n = 19) and 6.61 ± 1.08 ms (n = 22) for CON, 100nM A2 and 5 µM A2 

cells, respectively.  A similar trend in APD90 was observed as well (16.21 ± 1.17 ms, 21.18 ± 

2.63 ms and 25.37 ± 3.28 ms for CON, 100nM A2 and 5 µM A2 cells, respectively).  A2 dose 

dependent prolongation of the action potential was not accompanied by changes in either the 

resting potential, Vrest (Fig 3.1C) or the peak potential, Vmax (Fig 3.1D).  The data indicates A2 

stimulation in LV myocytes triggers the remodeling of one or more underlying membrane 

currents that significantly contribute to action potential repolarization delay.   

 

3.3.2 Conserved Voltage Dependence of Ito,fast and IK,slow in A2 Stimulated LV Cells  

 Having demonstrated that stimulation of LV cells with varying concentrations of A2 

results in dose dependent prolongations in the action potential, we sought to understand how A2 

affects the voltage dependence and magnitude of repolarizing K+ currents.  LV cells were 

incubated for 2 to 12 hours with various concentrations (50 nM to 10 µM) of A2 and cells with 

clear striations were chosen at random for the whole-cell patch clamp experiments.  Voltage 

clamp recordings obtained from cells incubated with a given concentration of A2 were compared 

with recordings measured in CON cells from the same population of cells.  Representative traces 

depicting the difference in the total outward current between CON and 5 µM A2 cells are 

displayed in Fig 3.2A.  A voltage clamp protocol consisting of 6-s depolarizing test potentials 

between +10 and +50 mV from a holding potential of -65 mV caused a rapid, transient increase 

in the outward current that was consistent with K+ currents that have been described previously 

in mouse left ventricular myocytes (Xu, et al. 1999).  Ito,fast and IK,slow were separated from these 

traces as described in MATERIALS AND METHODS and their peak current densities were 

averaged and plotted as a function of the test potential (Vtest).  As an example, peak Ito,fast and 
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IK,slow current-voltage relationships obtained from CON vs 5 µM A2 cells are presented in Fig 

3.2B and 3.2C.   

To assess A2 induced changes in the voltage dependences of Ito,fast and IK,slow, peak 

current amplitudes measured from CON cells (n = 8) and cells treated with 5 µM A2 

(concentration at which Ito,fast and IK,slow display near-maximal inhibition , n = 8) were compared.  

A2 induced percent inhibitions of Ito,fast and IK,slow were calculated by taking the difference in the 

mean current amplitude at every test potential between CON and A2 groups and dividing the 

difference by the mean of the CON group.  A2 induced percent inhibitions at test potentials 

between +10 and +50 mV are shown in Fig 3.3A (Ito,fast) and 3.3B (IK,slow).  On average, peak 

currents in A2 stimulated cells were 34.5 ± 11.4% and 43.3 ± 10.3% inhibited for Ito,fast and 

IK,slow, respectively, with minimal deviations at each test potential.  This indicates that the voltage 

dependences of Ito,fast and IK,slow are unshifted despite the reductions in their peak amplitude.  

These results suggest that A2 induces reductions in the number of functional K+ channels per 

unit area of surface membrane, hence a reduction in channel density, without altering channel 

properties.   

 

3.3.3 Coherent Regulation of Ito,fast and IK,slow in A2 Stimulated LV Cells 

Table 3.1 displays peak Ito,fast and IK,slow current densities and their respective inactivation 

time constants (τto,fast and τK,slow, respectively) measured in response to Vtest = +50 mV in LV 

cells incubated with varying [A2].  Relative changes (%) in peak Ito,fast and IK,slow at Vtest = +50 

mV were plotted as a function of [A2] and sigmoidal dose-inhibition curves were fit to the data 

as shown in Fig 3.4.  The dose-inhibition relationships reveal that in LV cells stimulated with 

saturating [A2], the peak Ito,fast and IK,slow densities are attenuated by 41% and 47%, respectively.  
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Additionally, the half maximal inhibitory concentration (IC50) of A2 for Ito,fast (400 nM) and 

IK,slow (368 nM) appear to be similar and may be identical given experimental variability.  

Likewise, the 90%-maximal inhibitory concentrations (IC90) were also similar (Ito,fast: 1643 nM, 

IK,slow: 1462 nM).  These findings indicate that A2 stimulation coherently attenuates Ito,fast and 

IK,slow in a dose dependent manner which suggests the mechanisms underlying the regulation of 

these two currents are similar, if not the same.   

 

3.3.4 Colchicine Inhibition of AT1 Receptor Mediated Electrical Remodeling 

 Having established that AT1 receptor stimulation modulates Ito,fast and IK,slow densities, we 

sought to understand whether or not this activity depends on intracellular trafficking.  To test 

whether A2 induced electrical remodeling involves receptor and/or channel endocytosis and 

intracellular trafficking, colchicine was applied to some LV cells 2 hours prior to A2 treatment.  

Colchicine disrupts vesicular transport by binding to tubulin and inhibiting microtubule 

polymerization.  Fig 3.5 presents the effect of colchicine on A2 induced electrical remodeling in 

LV myocytes.  Fig 3.5A shows representative action potential traces obtained from untreated 

(Control), colchicine treated, A2 treated and both colchicine and A2 treated cells.  Compared 

with action potential durations (APD50 and APD90) measured from CON cells (APD50: 4.59 ± 

0.64 ms and APD90: 24.33 ± 2.15 ms, n = 6), A2 treated cells displayed significant prolongations 

in both APD50 (8.61 ± 1.37 ms, n = 6) and APD90 (40.40 ± 7.95 ms, n = 6) whereas no significant 

deviations were observed in either colchicine treated (APD50: 4.85 ± 1.05 ms and APD90: 24.65 ± 

4.39 ms, n = 6) or colchicine/A2 treated (APD50: 4.29 ± 0.40 ms and APD90: 23.43 ± 5.04, n = 6) 

groups (Fig 3.5B and 3.5C).  Though colchicine alone appears to have no effect on the action 

potential, pre-incubation with colchicine blocks A2 induced changes in action potential 
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morphology.  These findings demonstrate that pharmacological inhibition of microtubule 

assembly and the ensuing disruption of vesicular trafficking alters the normal activity of AT1 

receptors possibly by retaining them within the membrane and disallowing receptor 

internalization.  Another possibility is that certain ion channels including those responsible for 

Ito,fast and IK,slow internalize upon A2 stimulation under normal conditions and disruption of the 

microtubule network prevents the removal of these channels from the surface membrane.  Either 

possibility is consistent with our data, or perhaps both if receptor and channels are co-

internalized upon receptor activation. 

 

3.3.5 AT1 Receptor Mediated Electrical Remodeling via G Protein Independent Biased 

Signaling 

 AT1 receptor activation stimulates both G protein dependent and independent pathways 

in which the latter involves β-arrestin2 dependent signaling that includes receptor internalization 

and desensitization.  Having shown data suggesting AT1 receptor mediated electrical remodeling 

is dependent on intracellular trafficking, we aimed to understand whether AT1 receptor activation 

without G protein stimulation can induce A2-like effects in LV cells.  To demonstrate G protein 

independence in AT1 receptor mediated electrical remodeling, cells were incubated with 5 µM 

SII ([Sar1-Ile4-Ile8]AngII) which selectively activates β-arrestin2 dependent signaling and 

resulting receptor internalization without G protein stimulation (Holloway, et al. 2002; Wei, et 

al. 2003).  Action potentials were elicited from CON and SII treated cells and the voltage traces 

were analyzed and compared.  As shown in Fig 3.6, action potentials from SII treated cells were 

significantly prolonged compared with controls (CON (n=6): 4.26 ± 0.53 ms and SII (n=6): 5.89 

± 0.51 ms for APD50; CON: 17.55 ± 1.70 ms and SII: 33.81 ± 5.39 ms for APD90), similar to the 
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prolongations observed in cells treated with A2 (Fig 3.1).  These results suggest β-arrestin2 

dependent AT1 receptor mediated electrical remodeling without the involvement of G proteins.  

Additionally, K+ currents were recorded from CON (n = 6) and SII treated (n = 7) cells to 

examine the effect of the biased agonist on peak Ito,fast and IK,slow.  K+ currents were recorded in 

response to 6-s voltage steps between +10 and +50 mV from a holding potential of -65 mV (Fig 

3.7).  Compared with CON cells, peak Ito,fast and IK,slow densities were considerably attenuated in 

SII treated cells (Ito,fast: -37%, IK,slow: -36% at Vtest = +50 mV), the loss of which may contribute 

to the delay in the repolarization of the action potential.   

  

3.4 Discussion 

3.4.1 Summary of Results 

The experiments presented here reveal dose-dependent electrical remodeling in response 

to varying levels of AT1 receptor stimulation involving reductions in K+ current densities and 

action potential prolongation.  In LV myocytes, action potential duration increased 

commensurate with increasing concentrations of externally applied A2.  Additionally, varying 

levels of A2 stimulation reduced two distinct transient outward K+ currents Ito,fast and IK,slow in a 

coherent manner without changing their voltage dependence.  These findings suggest AT1 

receptor mediated electrical remodeling involves reductions in the number of functionally 

expressed ion channels, which include Ito,fast and IK,slow channels, in the surface membrane and 

this hypothesis prompted additional experiments to investigate the mechanisms underlying the 

regulation of these channels.  LV cells pre-incubated in colchicine, an inhibitor of microtubule 

polymerization, blocked A2 induced action potential prolongation which suggests that AT1 

receptor mediated regulation of ion channels requires the availability of intracellular trafficking.  
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These findings additionally implicate a role for β-arrestin2 dependent receptor internalization 

and not G protein signaling in AT1 receptor mediated electrical remodeling.  To test for G 

protein independence in AT1 receptor mediated electrical remodeling, biased agonist SII, which 

activates AT1 receptors without G protein stimulation, was applied to LV cells and the ensuing 

effects on action potential morphology and Ito,fast/IK,slow were observed.  Significant action 

potential prolongation and downregulation of Ito,fast and IK,slow were documented in LV cells and 

these findings support the notion that AT1 receptor mediated electrical remodeling may be G 

protein independent.   

 

3.4.2 A2 Induced Electrical Remodeling Involves Reductions in Ito,fast and IK,slow  

In mouse LV myocytes, we observed A2 dose dependent prolongations in action 

potential duration at early (APD50) and late (APD90) repolarization (Fig 3.1).  Effects of A2 

stimulation on action potential morphology have been documented from various species 

including canine LV (Yu, et al. 2000), rat LV (Matsuda, et al. 2004), guinea pig LV (Wang, et al. 

2008) and rabbit ventricle (Ichiyanagi, et al. 2002).  Due to interspecies differences in action 

potential morphology, an ideal method of comparing our data with these previous studies eludes 

us.  Certain trends in action potential prolongation, however, are consistent with our results.  In 

canine LV, incubation of A2 for 2 to 52 hours abolished the characteristic phase 1 notch in the 

epicardial action potential which was attributed to a drastic reduction and alteration of Ito 

properties (Yu, et al. 2000).  In rabbit ventricular myocytes, application of 1 µM A2 gradually 

prolonged the action potential before achieving a steady level at 20 to 30 min of exposure 

(Ichiyanagi, et al. 2002).  Similar increases were observed in guinea pig LV (Wang, et al. 2008), 

though application of 1 µM A2 did not appear to have an effect in rat LV (Matsuda, et al. 2004) 
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despite similar patterns of ion channel expression as that of the mouse.   This lack of A2 effect 

may be explained by the short duration (10 min) of exposure to A2 which may not have been 

sufficient to induce significant remodeling.  Indeed, various outcomes of AT1 receptor activation 

are not only agonist-specific but also stimulation time dependent (Aplin, et al. 2009).   

Previous reports have demonstrated reductions in peak Ito in both atrial (Gassanov, et al. 

2006) and ventricular (Yu, et al. 2000) myocytes in response to sustained A2 stimulation in vitro 

at micromolar concentrations.  Our experimental data obtained from mouse LV myocytes are 

consistent with these findings and further demonstrate that A2 induces downregulation of a 

plurality of K+ currents in a coherent manner (Fig 3.4).  Known molecular correlates of K+ 

currents in mouse LV include Kv4.2 and Kv4.3 which mediate Ito,fast (Guo, et al. 2005; Guo, et 

al. 2002) and Kv1.5 and Kv2.1 which mediate IK,slow (London, et al. 2001; Xu, et al. 1999).  

Altered surface expression of two or more of these channels may explain the reductions in Ito,fast 

and IK,slow that we observed but it is still unclear as to which, if not all, are involved.  Our 

experiments indicate no shifts in the voltage-dependence in Ito,fast or IK,slow as evidenced by a 

consistent percentage of peak current inhibition at various test potentials (Fig 3.3).  These results 

differ from A2 induced Ito reductions observed in canine LV (Yu, et al. 2000) which were 

accompanied by a positive shift in the voltage dependence.  The reasons for these differences are 

unknown but may be the result of A2 stimulation at high concentrations (> 0.5 µM) for longer 

durations (> 12 hours) in canine LV myocytes.   
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3.4.3 A2 Induced Reductions in Ito,fast and IK,slow Involve G Protein Independent AT1 

Receptor Internalization 

 In addition to Ito, previous reports of A2 induced electrical remodeling in cardiac 

myocytes include changes in ICa,L (Ichiyanagi, et al. 2002; Aiello, et al. 2001), the rapid 

component of the delayed rectifier K+ current (IKr) (Wang, et al. 2008) and Isus (Matsuda, et al. 

2004).  Taken together, these experiments reveal that different ion channels possess disparate 

time dependent responses to A2 stimulation.  According to the literature, ICa,L, IKr and Isus change 

in response to short term (5 to 10 min) exposure to A2 whereas Ito,fast and IK,slow remodeling 

requires longer incubation times (> 30 min).  These differences in time dependence may reflect 

the involvement of separate AT1 receptor signaling pathways in regulating various types of ion 

channel currents.  AT1 receptor stimulation has been classified into two time dependent phases of 

receptor activation (Aplin, et al. 2009).  The ‘first wave’ of signaling consists of G protein 

dependent activity which is terminated upon recruitment of β-arrestins to the receptor.  

Subsequently, β-arrestins mediate localization of AT1 receptors to clathrin-coated pits for 

internalization and initiate a ‘second wave’ of signaling involving various effectors.  Therefore, 

it is reasonable to postulate that ICa,L, IKr and Isus respond to the first wave of signaling which 

involves G protein activity while Ito,fast and IK,slow are affected primarily by β-arrestin dependent 

activity which includes receptor internalization.  Indeed, A2 induced modulations in ICa,L, IKr and 

Isus were shown to be dependent on PKC (Aiello, et al. 2001; Wang, et al. 2008; Matsuda, et al. 

2004) which is a downstream effector of G protein activation.  To demonstrate that A2 induced 

regulation of Ito,fast and IK,slow involves AT1 receptor internalization which is known to be G 

protein independent, intracellular trafficking was disabled with colchicine and then A2 effects 

were examined.  A2 induced prolongations of the action potential were inhibited in cells 
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pretreated with colchicine (Fig 3.5) suggesting that A2 induced regulation of Ito,fast and IK,slow, 

which are the dominant repolarizing currents in mouse LV (Sah, et al. 2003), is dependent on 

receptor and/or channel internalization.  Furthermore, cells stimulated with a biased agonist (SII) 

that activates AT1 receptors without G protein stimulation displayed action potential 

prolongation and reductions in both Ito,fast and IK,slow that were similar to the actions of A2 (Fig 

3.6 and 3.7).  These results further support the hypothesis that A2 induced reductions in Ito,fast 

and IK,slow are dependent on AT1 receptor signals that do not involve G proteins and hence are 

likely to depend on β-arrestin2 mediated receptor internalization.   

 

3.4.4 Conclusions 

 Results from our study suggest that activation of AT1 receptors in the heart will 

coordinately downregulate Ito,fast and IK,slow and prolong the action potential via a G protein 

independent mechanism that potentially involves the trafficking and sequestration of the AT1 

receptors.  Our findings demonstrate the importance of not only recognizing AT1 receptors in the 

heart as regulators of electrical activity, in addition to their well-established role in cardiac 

hypertrophy and heart failure, but recognizing that certain phenotypic outcomes of the AT1 

receptor, such as hypertrophy and electrical remodeling, depend on different downstream signals 

that can be differentially triggered with biased agonists.  Future work will focus on the long term 

benefits and detriments associated with biased activation of the AT1 receptor, in particular the 

effects of K+ current downregulation and action potential prolongation which are typically 

associated with malignant arrhythmias and heart failure.   
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[A2] 50 nM 100 nM 200 nM 300 nM 

 CON A2 CON A2 CON A2 CON A2 
Ito,fast (pA/pF) 35.7 ± 3.6 30.9 ± 4.7 38.7 ± 3.9 38.0 ± 3.2 34.1 ± 3.1 28.5 ± 6.5 35.7 ± 3.6 31.7 ± 4.1 

τfast (ms) 94.8 ± 4.3 86.9 ± 5.1 71.3 ± 3.3 70.1 ± 6.0 66.4 ± 5.5 60.2 ± 2.3 94.8 ± 4.3 86.6 ± 5.1 

IK,slow (pA/pF) 19.1 ± 1.8 15.3 ± 1.8 17.2 ± 2.5 15.6 ± 2.7 15.6 ± 1.0 14.5 ± 2.7 19.1 ± 1.8 15.5 ± 2.8 

τslow (ms) 1418.4 ± 68.8 1455.6 ± 43.8 1280.4 ± 81.1 1324.3 ± 41.0 1277.9 ± 12.8 1326.1 ± 68.3 1418.4 ± 68.8 1530.5 ± 82.3 

n 5 5 8 8 6 6 5 5 

1 µM 2 µM 5 µM 10 µM 

CON A2 CON A2 CON A2 CON A2 

34.1 ± 3.1 22.3 ± 5.4* 35.7 ± 3.6 23.2 ± 2.8**  38.7 ± 3.9 24.6 ± 6.2* 38.4 ± 4.0 23.1 ± 5.5**  

66.4 ± 5.5 70.2 ± 6.2 94.8 ± 4.3 81.3 ± 2.0 71.3 ± 3.3 69.4 ± 5.2 77.2 ± 3.8 79.1 ± 5.9 

15.6 ± 1.0 10.6 ± 2.0**  19.1 ± 1.8 8.3 ± 1.0**  17.2 ± 2.5 9.6 ± 1.6**  12.0 ± 0.8 7.5 ± 0.8**  

1277.9 ± 12.8 1462.0 ± 99.7 1418.4 ± 68.8 1597.8 ± 38.0 1280.4 ± 81.1 1472.7 ± 81.5 1417.8 ± 47.0 1746.3 ± 97.8 

6 6 5 5 8 8 7 6 
* Denotes significant difference versus CON (p < 0.09) 
**

  Denotes significant difference versus CON (p < 0.05)  
 
Table 3.1:  A2 dose dependent modulation of Ito,fast and IK,slow.   
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Figure 3.1: Dose dependence of A2 induced action potential prolongation.  Representative 
action potential waveforms measured from LV myocytes incubated in the presence of either 
100 nM A2 or 5 µM A2 for 2 to 12 hours (A).  Action potentials display A2 dose dependent 
prolongation of early (APD50) and late (APD90) repolarization (B).  A2 stimulated cells 
exhibit no significant changes in resting potential, Vrest (C) or peak potential, Vmax (D).  Bar 
graphs represent mean ± S.E.M. and significant differences relative to CON are denoted by * 
(p < 0.05).   
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Figure 3.2: A2 induced reductions in Ito,fast and IK,slow.  (A) Representative traces of total 
outward K+ currents recorded from untreated (CON) LV myocytes and those treated with 5 
µM A2 for 2 to 12 hours.  Outward currents were elicited with 6-s test potentials ranging from 
-10 mV to +50 mV from a holding potential of -65 mV with a 10 ms prepulse to -30 mV to 
inactivate the fast Na+ current, as shown in the inset.  Voltage dependences of peak Ito,fast (B) 
and IK,slow (C) densities extracted from the current traces.  Significant reductions relative to 
CON are represented by * (p < 0.05) and # (p < 0.09).   
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Figure 3.3: Unshifted voltage dependence of reduced peak Ito,fast and IK,slow in A2 treated LV 
cells.  Percent inhibitions of peak (A) Ito,fast and (B) IK,slow exhibit minimal voltage dependence 
in 5 µM A2 treated cells suggesting that A2 induces reductions in the number of functional K+ 
channels per unit area of surface membrane without altering channel properties.  In (A) and 
(B), data points are presented as percent difference ± S.E. of the percent difference.   
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Figure 3.4: A2 effects on Ito,fast and IK,slow dose inhibition relationships.  Percent inhibitions 
induced by various concentrations (0.05 to 10 µM) were calculated from peak Ito,fast and IK,slow 
values obtained at Vtest = +50 mV (Table 3.1).  Percent inhibition vs [A2] relationships of (A) 
Ito,fast and (B) IK,slow were plotted and three-parameter sigmoidal curves were fit to the data.  
Based on the curve fits, half-maximal reductions of Ito,fast and IK,slow correspond to A2 
concentrations of 400 nM and 368 nM respectively, and 90%-maximal reductions correspond 
to 1643 nM and 1462 nM respectively, as indicated in the graphs.  According to our analysis, 
stimulation with high [A2] can maximally inhibit Ito,fast by 41% and IK,slow by 47%.   
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Figure 3.5: A2 induced electrical remodeling blocked in LV cells pretreated for 1 hour with 
colchicine.  (A) Example traces of action potentials recorded from untreated, 5 µM colchicine 
treated, 5 µM A2 treated and both colchicine and A2 treated cells.  Significant repolarization 
delays were observed in A2 treated myocytes as indicated by prolonged (B) APD50 and (C) 
APD90 but these effects were blocked in cells pretreated with colchicine.  These results 
suggest that A2 induced electrical remodeling requires functioning intracellular transport 
mechanisms and may involve the internalization of AT1 receptors, ion channels or both.  
Significant differences are represented by * (p < 0.05) and # (p = 0.10).   
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Figure 3.6: G protein independence in AT1 receptor mediated electrical remodeling.  (A) 
Representative traces of action potential morphology in CON and 5 µM SII incubated LV 
cells.  SII induces action potential prolongation through a G protein independent β-arrestin2 
mediated pathway which involves AT1R internalization.  Action potential durations measured 
from SII treated cells display significant prolongations at both (B) 50% and (C) 90% 
repolarization to the resting potential.  Results suggest that A2 induced electrical remodeling 
may be mediated via β-arrestin2 dependent signaling and occurs without the involvement of 
activated G proteins.  Statistically significant differences are indicated by * (p ≤ 0.05).   
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Figure 3.7: G protein independence in AT1 receptor mediated reductions in (A) Ito,fast and (B) 
IK,slow.  Significant differences between CON and SII groups are denoted by * (p ≤ 0.05) and # 
(p < 0.10).   
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A Regression Model-Based Analysis of Mouse Left Ventricular 
Action Potential Repolarization 
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4.1 Introduction 

 Since computational models of the cardiac action potential (AP) were first described 

(McAllister et al. 1975; Beeler and Reuter, 1977), they have often been used to understand the 

roles and contributions of specific ion channels/pumps/transporters (Greenstein, et al. 2000), 

mechanisms of electrical propagation (Wang and Rudy, 2000; Cherry and Evans, 2008), and 

consequences of altered electrophysiological properties in various disease states (Clancy and 

Rudy, 1999; Clancy and Rudy, 2001).  Therefore, AP models have proven their usefulness 

within the scientific community in a variety of research applications.  Since the appearance of the 

first cardiac models, numerous AP models have been developed (Luo and Rudy, 1991; Noble, et 

al. 1998; Hund and Rudy, 2004; Pandit, et al. 2003; Bondarenko, et al. 2004) commensurate with 

an increasing availability of whole-cell patch clamp data from various different species.  For this 

reason, recent models are much more complex—often comprising more than 40 differential 

equations—in comparison to their older predecessors.   

Recently, numerous electrophysiological studies have been conducted on the hearts of 

mice due to their rapid development and the ability to manipulate their genetic expression.  

Hence, computational models of a mouse ventricular cell are currently in demand and have been 

used to simulate AP changes in response to altered ionic concentrations and/or protein 

expression levels (Pott, et al. 2007; Sabir, et al. 2007), changes in Ca2+ handling (Koivumaki, et 

al. 2009; Mork, et al. 2007) and electrical conduction in both two- (Noujaim, et al. 2007) and 

three-dimensional tissue (Mori, et al. 2008).   

Due to the increasing complexity of electrophysiological models, understanding the 

relationships between the input parameters and the output variables can be a daunting task, 

especially if multiple conditions, such as changes in rate, are simulated.  To facilitate this 
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analysis, researchers may benefit from the use of statistical methods that can analyze data in 

bulk.  For instance, Sobie, E.A. (2009) demonstrated the application of multivariable regression 

for parameter sensitivity analysis, which quantifies the relative contributions of ion channels and 

pumps/transporters to changes in the AP.   

 The present study consisted of two main objectives.  The first goal was to modify a 

widely used computational model of the mouse left ventricular AP (Bondarenko, et al. 2004) and 

to evaluate the modified physiological model against experimental data.  The second goal was to 

analyze the relationships between the physiological model inputs and outputs using multivariable 

linear regression (MLR), which allowed the determination of which input parameters in the 

physiological model significantly influence the calculation of the AP.  Specifically, we examined 

the significance of Ito,fast and IK,slow conductances and gating properties in setting the 

repolarization rate at early, mid and late phases of the AP (APD50, APD75 and APD90, 

respectively).   

 

4.2 Materials and Methods 

4.2.1 Isolation and Preparation of Left Ventricular Myocytes 

 A detailed procedure for the isolation of left ventricular cells from wild type mice (7 to 

16 weeks old) has been described previously (chapter 3).  The isolated myocytes were stored in 

KB solution at 22°C for up to 12 hours while electrophysiological recordings were being 

obtained.  For each set of experiments, cells were divided into control and experimental groups 

for comparison.  Cells in the experimental groups were treated for 2 to 12 hours with 200 nM or 

1 µM of A2 (Sigma-Aldrich Inc.).   
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4.2.2 Electrophysiological Recordings 

 Whole-cell patch clamp experiments were conducted at room temperature (22°C) within 

12 hours of cell isolation.  For both K+-current and AP measurements, the internal pipette 

solution contained (in mM) 115 K-Aspartic Acid, 25 KOH, 10 KCl, 3 MgCl2, 11 EGTA, 10 

HEPES and 5 Na2-ATP (pH adjusted to 7.2 with KOH).  Pipette series resistances were between 

4-7 MΩ in whole-cell mode.  For all measurements, myocytes were perfused with an external 

solution containing (in mM) 137.7 NaCl, 2.3 NaOH, 5.4 KCl, 1 MgCl2, 1.8 CaCl2, 2 CoCl2, 10 

Glucose and 5 HEPES (pH adjusted to 7.4 with NaOH).   

 Both voltage-clamp and current-clamp experiments were conducted using an Axopatch 

1D amplifier (Axon Instruments Inc.) interfaced to a computer with a Digidata 1200 digitizer and 

pClamp 8.2 software (Axon Instruments Inc.).  In current-clamp mode, APs were elicited with 

short depolarizing current injections (~2 ms) at a frequency of 2.5 Hz.  In voltage-clamp mode, 

K+ currents were measured in response to a short prepulse (10 ms) to -30mV to inactivate Na+ 

channels followed by 6000 ms voltage steps (Vtest) between +10 mV and +50 mV from a holding 

potential of -65 mV.  For all voltage-clamp recordings, series resistances were routinely 

compensated electronically by ~85%.   

 

4.2.3 Experimental Data Analysis 

 Voltage- and current-clamp data were analyzed using Clampfit 8.2 (Axon Instruments 

Inc.), Microsoft Excel (Microsoft Inc.), SigmaPlot (Systat Software Inc.) and MATLAB 

(Mathworks Inc.).  AP durations to 50%, 75% and 90% repolarization (APD50, APD75 and 

APD90, respectively) were accurately determined using a script written in MATLAB.  Distinct 

K+ current components (Ito,fast, IK,slow and Isus) were extracted from the obtained K+ current 
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recordings using the Curve Fitting Toolbox in MATLAB to fit a two-exponential decay function 

in the form of A1exp(-t1/τ1)+A2exp(-t2/ τ2)+A3 (Xu, H. et al. 1999) as described previously2.  

Peak current amplitudes were normalized to the cell capacitance (Cm), which was measured in 

each cell using the Membrane Test function in the pClamp software, and presented as current 

densities (pA/pF).      

 

4.2.4 Validation of a Physiological Model of the Mouse Left Ventricular AP 

A mathematical model of a mouse left ventricular AP has been described (Bondarenko et 

al. 2004) and this formulation was used, with several modifications and simplifications, for the 

purposes of this study.  A fundamental issue with the existing model was discovered upon 

exploring the effect of diminishing the maximal conductance of IK,slow by 30%, which is a 

conservative measure of IK,slow downregulation compared with values that have been reported in 

literature (Brouillette, et al. 2004; Rivard, et al. 2008; Guo, et al. 2000).  Incorporating reduced 

IK,slow conductance into the model yielded APs that failed to repolarize (Fig 4.1) to a 

physiological range of resting potentials, which is usually more negative than -60 mV in 

accordance with our experimental data.  This presented a problem in applying the model to 

predict AP characteristics in diseased hearts, which often display significant reductions in IK,slow 

in addition to Ito,fast even though the APs repolarize fully (Rivard, et al. 2008; Guo, et al. 2000).  

Moreover, the existing model outputs values of the resting potential (more negative than -80 

mV) were significantly lower than values (-65 to -70 mV) typically observed in live experiments.  

To resolve these issues, the existing model was thoroughly examined and the necessary revisions 

were implemented (Appendix).  For the purpose of validation, the revised model was 

dramatically simplified to simulate whole-cell patch clamp conditions where [Ca2+] i is buffered 
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and ion concentrations are held fixed.  In addition, Ca2+ conductances were virtually eliminated 

to simulate experimental conditions in which Ito,fast and IK,slow are recorded.   

To validate the modified computational AP model, which will be referred to as the 

physiological model, maximal conductances of Ito,fast and IK,slow were scaled to match 

experimental results (Fig 4.2) and simulated APs (generated at 2.5 Hz) were compared with 

experimental recordings.  A2-induced reductions on Ito,fast and IK,slow were simulated by 

attenuating the maximal conductances of Ito,fast and IK,slow by 12% and 15%, respectively, for 200 

nM A2 and 30% and 35% for 1 µM A2 (percentages obtained from Fig 3.4).  Simulated APs 

with attenuated Ito,fast and IK,slow were compared with experimental APs recorded from A2 treated 

cells (Fig 4.2C & D).    

 

4.2.5 Generation of Training Sets for MLR 

 To quantify the relative contribution of each input variable to the calculation of the AP, 

we used a method involving MLR to calculate parameter sensitivities, similar to what has been 

done using partial least-square (PLS) regression (Sobie, 2009).  In the present study, we used 

conventional multivariable regression since the number of simulation trials far exceeded the 

number of input variables (explained further in the Discussion).  In this instance, PLS regression 

and MLR produce identical regression coefficients, although PLS regression is more effective in 

dealing with non-ideal data sets, i.e. when the number of input variables exceeds the number of 

simulation trials (Sobie, 2009).  Since the implementation of MLR is less convoluted than that of 

PLS regression, MLR was chosen for our analysis.   

 A summary of the procedure used to obtain parameter sensitivities is outlined in Figure 

4.3.  Here we will discuss further details underlying the overall scheme.  Using the physiological 
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model, multiple training sets were generated with multiple simulations using randomly generated 

sets of input values.  A training set is defined as the input values and the resulting output values 

of one simulation trial.  Training sets were stored in the input matrix X and the output matrix Y, 

where each row of X and Y represented a particular training set.  Therefore, the number of rows, 

which is always equal in X and Y, represented the number of training sets obtained for a 

particular set of simulations.  For this study, input variables in matrix X were chosen to represent 

maximal plasma membrane ion channel and pump/transporter densities and shifts in the voltage 

dependence of relevant ion channels.  Each column of X represented an input variable and each 

row represented the set of input values used for one simulation.  Each row of X was generated by 

randomly scaling the maximal ionic conductances, pump/transporter fluxes and voltage shifts 

using a random number generator.  Scaling factors for ionic conductances and pump/transporter 

fluxes were randomly drawn from a log-normal distribution (Fig 4.4), which is a probabilistic 

assumption that prevents assignment of negative maximal conductance and/or flux values.  

Voltage shift values were randomly varied with a normal distribution since their range spans 

both positive and negative values (Fig 4.4).  Random numbers were distributed with normalized 

standard deviations (σ2) of 0.1.  In total, X contained 6 ionic conductances, 2 maximal 

pump/transporter flux parameters and 4 voltage shift parameters for a total of 12 input variables.  

For the analysis of Ito,fast and IK,slow properties, 6 input variables representing Ito,fast and IK,slow 

conductances, activation time constants and inactivation time constants comprised X.  In most 

instances, we chose five output variables Y to represent AP characteristics comprising APD50, 

APD75, APD90, Vrest and Vpeak.  For the analysis of Ito,fast and IK,slow properties, only three output 

variables, APD50, APD75 and APD90, were considered.  Each column of Y represented an output 
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variable and each row represented the outputs of one simulation that were calculated using the 

input values contained in the corresponding row of X.   

In most cases, 650 training sets were generated corresponding to 650 simulations using 

randomly generated input variables.  Of these, 500 training sets, which was a conservatively 

large sample size, were used to fit MLR regression coefficients and the remaining 150 training 

sets were saved for later use in validating the MLR model.  As a result, X was an m by n matrix, 

where m is the number of training sets (m = 500 in most cases) and n is the number of input 

variables (n = 12 or 6) and Y was an m by k matrix, where k is the number of output variables (k 

= 5 or 3).  Random variables Y and some in X were log-transformed to resemble normal 

distributions for the regression analysis.   

The physiological model was compiled in C++ and the executable program was 

incorporated into a MATLAB script to run multiple simulations.  APs were simulated at a 

frequency of 2.5 Hz unless otherwise indicated.  Simulated APs were continuously elicited for 50 

cycles to attain steady state and only the 50th AP was considered for the values in Y.   

 

4.2.6 Calculation of MLR Coefficients for Parameter Sensitivity Analysis 

The basic assumption of MLR is that the output variables in Y are approximately a linear 

function of the input variables in X, such that for the ith training set, 

���� � �� � �	
	��� � ��
���� � � � �


��� � ���� 

where b0 is the intercept term, {b1,…, bn} are n MLR coefficients, {x1, x2,…, xn} are n input 

variables, y is one of the output variables and ε represents the error, which is the difference 

between y and the MLR prediction of y.  Given this assumption, the goal of MLR is to produce a 

set of linear regression coefficients B that most closely reproduce Y from X.  In other words, the 
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MLR model is defined by a matrix of linear regression coefficients B that minimizes the sum of 

squared error between MLR predictions of the outputs Ypredicted and the physiological model 

outputs Y.  B can be calculated with the normal equation, which is given by B = (XTX)-1XTY.   

However, before B was calculated, X and Y were pre-processed so that B may contain 

informative regression coefficients (parameter sensitivities) that 1) represent the relative 

contribution of each input variable in the calculation of a particular output variable and 2) 

indicate the direction (positive or negative) of change in the output variable for a given change in 

the input variable.  For pre-processing, each column of X and Y was mean-centralized and 

normalized by its standard deviation for conversion to z-scores, which were stored in XZ and YZ.  

Since all of the means are centered, by definition, in z-scores, the intercept term b0 is 

automatically assigned a value of zero when MLR coefficients are computed.  Hence, the MLR 

model is described fully (without intercept terms) by the linear summation of weighted input 

variables in XZ, where the “weights” are the MLR coefficients.  MLR coefficients were 

computed using the normal equation given by B = (XZ
TXZ)-1XZ

TYZ, where B is an n by k matrix 

of coefficients.   

 

4.2.7 Evaluation of MLR Coefficients 

The predictive accuracy of the MLR model has to be good in order to obtain meaningful 

coefficients that reflect the parameter sensitivities.  Therefore, MLR coefficients were assessed 

on their ability to yield accurate estimates of the output values.  As mentioned earlier, of the 650 

total training sets obtained from simulations using the physiological model, 150 training sets 

were set apart to be used in evaluating the predictive accuracy of the MLR coefficients.  In 

effect, these 150 training sets were “held-out” from being used in the determination of MLR 
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model coefficients for the sole purpose of being used to validate the MLR model.  For the 

purpose of explanation, we will reuse the notations X and Y to refer to the inputs and outputs, 

respectively, of the hold-out training set.  A summary of the following procedure is outlined in 

Figure 4.5.  Log-transformations were applied to the same input X and output Y variables that 

were transformed for computing the MLR coefficients, as described previously.  Following this, 

X and Y were converted to z-scores to yield XZ and YZ.  The MLR coefficients in B were then 

used to calculate the MLR model predictions YZ,predicted with the equation YZ,predicted = XZB.  The 

predictive accuracy of the MLR model coefficients B were evaluated based on the proximity of 

the linear regression between each output variable in YZ and YZ,predicted to the 1:1 line and the 

proportion of the total variance explained by the regression line (given by R2).  It was imperative 

for the regression analysis to be carried out with the MLR outputs YZ,predicted treated as the 

independent variable (abscissa) and the physiological model outputs YZ as the dependent 

variable (ordinate) and not vice versa (Pineiro, et al. 2008). 

 

4.3 Results 

4.3.1 Validation of the Mouse Ventricular AP Model 

 As a precursor to modeling the mouse ventricular AP, whole-cell patch clamp 

experiments were conducted to measure Ito,fast, IK,slow and APs from wild type left ventricular 

myocytes.  The voltage dependences of peak Ito,fast and IK,slow obtained from experiments are 

presented in Fig 4.2A.  Using the model equations of Ito,fast and IK,slow, voltage clamp experiments 

were simulated with the same protocol used in the experiments.  Simulated peak Ito,fast and IK,slow 

conductances (Gto,fast and GK,slow, respectively) were scaled to match the peak currents from the 

experiments and the resulting voltage dependences from this simulation are given in Fig 4.2B.  
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From this analysis, mean Gto,fast and GK,slow were determined to be 0.32 and 0.10 (mS/µF), 

respectively.  Having confirmed that the simulated peak Ito,fast and IK,slow are concordant with 

experimental data, the scaled conductances Gto,fast and GK,slow were implemented in the AP 

model.  In a separate set of simulations, Gto,fast and GK,slow were reduced by a percentage amount 

(Table in Fig 4.2) in accordance with A2 dose-inhibition curves reported in chapter 3 to model 

Ito,fast and IK,slow from cells incubated with 200 nM and 1 µM A2.  The simulated traces of APs 

incorporating Gto,fast and GK,slow of control and A2 stimulated cells are displayed in Fig 4.2C.  AP 

characteristics of simulation and experimental traces are tabulated in Table 4.1, in which 

simulated values of APD (at 50%, 75% and 90% repolarization), Vrest and Vpeak of control cells 

appear to agree well with experimental values.  Additionally, simulated traces of APs with 

reduced Gto,fast and GK,slow to mimic attenuated Ito,fast and IK,slow magnitudes in A2 treated cells 

were similar to APs recorded from cells treated with the same concentrations of A2 (Table 4.1).  

This suggests that A2-induced reductions in Ito,fast and IK,slow explain most of the change observed 

in the AP morphology of A2 treated cells.   

 

4.3.2 Evaluation of the MLR Coefficients 

 Scatter plots of the MLR model outputs (YZ,predicted) versus the corresponding outputs of 

the physiological model (YZ) were constructed and linear regression lines were fit to the data to 

determine the accuracy of the MLR model coefficients (Fig 4.6).  Regression lines fitted for each 

output variable virtually overlapped the 1:1 line with high R2 (> 0.90) indicating that MLR 

model predictions are accurate.   
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4.3.3 Parameter Sensitivity Analysis 

 Parameter sensitivities produced from MLR on 12 input and 5 output variables were 

plotted on bar charts (example in Fig 4.7) to visualize the significance of each input variable on 

influencing a particular outcome.  From this analysis, we were able to hypothesize that the list of 

input variables having significant contributions to the AP can be reduced to six inputs, which 

were GNa, GNab, Gto,fast, GK,slow, GK1 and VK1.  Notably, APD50 is most influenced by Gto,fast and 

moderately influenced by GK,slow and GNa whereas APD90 is most influenced by GK,slow with IK1 

having a more prominent role than Gto,fast.  Having determined that Ito,fast and/or IK,slow are 

significant contributors to APD50, APD75 and APD90 based on the parameter sensitivities, we 

sought to understand whether, in addition to the conductances, time-dependent properties of 

Ito,fast and IK,slow are also significant contributors.  Parameter sensitivity analysis (Fig 4.8) with six 

input variables (Gto,fast, GK,slow, τact,fast, τinact,fast, τact,slow, τinact,slow) revealed that the inactivation 

time constants of both Ito,fast and IK,slow were of minimal significance in contributing to the AP.  

To ascertain whether inactivation takes on more significance with increasing stimulation rate, 

parameter sensitivities were computed with the stimulation frequency increased from 2.5 Hz to 

10 Hz.  Despite this increase, inactivation time constants remained insignificant in influencing 

the AP (Fig 4.9A to 4.9C).  To demonstrate that inactivation properties are indeed not significant 

in affecting the AP at a stimulation frequency of 10 Hz, inactivation time constants were either 

increased by 50% or decreased by 50% in the physiological model and the resulting APs were 

visualized (Fig 4.9G and 4.9I).  These were compared with APs obtained by modulating the 

activation time constants and the conductances in the same manner (Fig 4.9D to 4.9F and 4.9H).  

APs obtained by modulating the inactivation time constants were virtually identical to each other 

whereas modulating the activation time constants or the conductances yielded significant 
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changes in the morphology of the AP.  Therefore, we were able to verify that the parameter 

sensitivities, with respect to Ito,fast and IK,slow properties, were valid.   

 

4.4 Discussion 

4.4.1 Evaluation of the Physiological AP Model 

 A previously published computer model of the mouse left ventricular (Bondarenko, et al. 

2004) was modified and simplified to simulate ideal patch-clamp conditions in which it is 

assumed that ionic concentrations are held fixed.  To validate the model with respect to the 

activity of Ito,fast and IK,slow, which are known to be the primary repolarizing currents that heavily 

influence the AP, ICa,L was set to zero to simulate conditions in which Ito currents were 

experimentally obtained.  Additionally, APs, which would later serve to validate the model, were 

measured in the same external solution in which Ito currents were recorded to eliminate the 

effects of switching to a solution that does not contain CoCl2  (Agus, Z.S. et al. 1991).  Though 

this may seem to be counter-productive, since physiological solutions generally do not contain 

high concentrations of CoCl2, we decided to take the approach of accurately modeling the AP in 

the same environment in which Ito is measured where we are more certain of Ito properties and 

hence are capable of making a more confident prediction of the AP than if we were to try and 

model the AP in a solution in which Ito is inadequately described.  In addition, the exclusion of 

ICa,L prevents the need to address the complex interplay of this current with Ito currents in shaping 

the AP (Sah, et al. 2003) and makes validation of the model feasible.  A reductionist approach to 

model evaluation minimizes errors in the model stemming from the uncertainty of how ICa,L 

contributes to the repolarization rate in cooperation with IK,slow and Ito,fast.  One goal of this study 

was to accurately model the mouse ventricular AP, in its simplicity, using direct measurements 



78 
 

from experiments as the standard for model evaluation, as a first step towards complex 

characterizations that include ICa,L, dynamic ion concentrations and Ca2+ dynamics.  We verified 

that our model adequately replicates experimentally obtained AP waveforms based on 

quantitative comparisons of five output variables that sufficiently describe the AP (Table 4.1).  In 

summary, all of the simulated output variables were within at most one standard deviation of the 

experimental means.   

 

4.4.2 Simulations of A2-Induced Reductions in Ito,fast and IK,slow 

 The validated model was then used to simulate the AP with Gto,fast and GK,slow reduced in 

accordance with peak reductions in Ito,fast and IK,slow in response to prolonged (+2 hours) A2 

stimulation.  For this particular exercise, APs were also directly measured from cells stimulated 

with 200 nM and 1 µM A2 for comparison with model outputs.  All but one simulated parameter 

(Vpeak, 1 µM A2) out of ten were within one standard deviation of the experimental means, 

suggesting that the reductions in Gto,fast and GK,slow can explain most of the changes in AP 

morphology in response to A2 stimulation, given our experimental conditions.  However, from 

this analysis, it was not possible to deduce whether or not A2 significantly regulates other 

components that have relatively little influence on the AP (i.e. Na/K pump current).   

 

4.4.3 Prediction Accuracy of the MLR Model 

The dominant influence of Ito,fast and IK,slow on the AP morphology is a well-known 

murine trait (Brunner, et al. 2001) however, the relative contribution of each component to the 

AP has not been quantitatively defined.  Therefore, the second goal of this study was to quantify 

the impact of Ito,fast and IK,slow properties on the morphology of the AP using parameter 



79 
 

sensitivities obtained from MLR.  Before this analysis was carried out, we assessed the 

predictive accuracy of the MLR model to ensure that the regression coefficients accurately 

represented parameter sensitivities.  Our evaluation indicated that the MLR model reproduced 

physiological model outputs, with the range of input values that were considered in our analysis.  

Given that all of the conditions (i.e. normality of input variable frequency distributions, linearly 

independent input variables, large number of training sets) were ideal for least-squares linear 

regression, a calculation of informative parameter sensitivities was to be expected.  In situations 

where all of these conditions cannot be met (i.e. smaller number of training sets than the number 

of input variables), other methods such as PLS regression are more useful (Sobie, 2009).   

For this particular study, the effectiveness of the MLR model in accurately predicting 

outputs of a non-linear system (physiological model) undoubtedly benefited from the log-

transformations of both input and output variables, which allowed MLR to be performed on 

transformed variables with (approximately) normal distributions.  Therefore, in situations where 

log-transformations will not suffice, MLR models may benefit from using other transformation 

functions (i.e. square root) that result in the closest resemblance to a normal distribution.   

 

4.4.4 Significance of Ito,fast and IK,slow Properties 

 Based on the parameter sensitivities (Table 4.2), it appears that Ito,fast heavily influences 

the early repolarization rate, reflected in the APD50, without much influence on late phase 

repolarization (APD90) while IK,slow influences both early and late phases consistently.  This 

result is not surprising based on experimental observations (Brouillette, et al. 2004) that IK,slow 

possesses slow inactivation kinetics (τinact > 1000 ms) that are dramatically different from those 

of Ito,fast (τinact < 100 ms).  From a theoretical standpoint, this means that inactivation of IK,slow 
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plays an insignificant part within physiological durations of the AP, which is on the order of tens 

of milliseconds.  Therefore, the contribution of IK,slow in shaping the AP mostly depends on its 

activation properties and maximal conductance.  This was verified using MLR parameter 

sensitivity analysis on six input variables representing the inactivation and activation time 

constants of Ito,fast and IK,slow (Fig 4.8).  Surprisingly, based on this analysis, changes in Ito,fast 

inactivation were also insignificant in influencing the AP morphology despite its shorter time 

constants.  To test whether Ito,fast and IK,slow inactivation properties were significant with faster 

AP rate, parameter sensitivities were calculated with the stimulation frequency increased to 10 

Hz (Fig 4.9).  Even under these conditions, inactivation appeared to be a negligible component in 

shaping AP morphology.  The insignificance of Ito,fast inactivation properties to the APD in 

murine left ventricular myocytes suggests an important difference between the underlying 

electrophysiological properties of mice and larger species, in which the longer APD nearly 

guarantees that Ito inactivation properties are an integral part of shaping the AP.  Furthermore, 

the observation that Ito,fast is not significantly involved in APD90 suggests that the primary 

function of Ito,fast is in the determination of the early repolarization rate and hence, exists to 

regulate ICa,L.  In contrast, IK,slow appears to be a more crucial component of AP repolarization 

since it regulates the AP considerably in virtually all phases of repolarization.   

Another interesting observation in our study was that increasing the activation time 

constants of Ito,fast and IK,slow prolong APD50 but does the opposite with APD90.  The difference 

here is possibly because APD50 is influenced mainly by the upstrokes of Ito,fast and IK,slow whereas 

APD90 depends upon how slowly Ito,fast and IK,slow decay during the AP.  Since inactivation is not 

involved, the decay depends solely on the rate of activation “gates” closing in response to 

membrane repolarization.  Moreover, our results suggest that activation and inactivation 
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properties have minimal influence on APD75, which probably reflects the time point at which the 

two currents are mostly affected by the membrane potential (and therefore, the conductance) 

rather than time-dependent gating properties.   

 

4.4.5 Interpretation of Parameter Sensitivities 

 Parameter sensitivities quantify the relative change in the output that is the result of a one 

standard deviation increase in the relevant input.  Based on this definition, if a particular input 

variable were to be more widely distributed with higher standard deviation, the corresponding 

parameter sensitivity would be greater.  For the purpose of our study, the mean-normalized 

standard deviations of ionic conductances and maximal transporter fluxes (kNaCa and INaKmax) 

were equal since the random number scaling factors were drawn consistently from a log-normal 

distribution with a median of 1 and a standard deviation of 0.1.  If parameter sensitivities were to 

be calculated using experimental data, in which normalized variances among various input 

parameters are likely to vary, interpretation of parameter sensitivities should account for the 

variances of individual input parameters.   

 

4.4.6 Conclusions 

 In this study, we demonstrated the use of a linear regression model to quantify the 

relative importance of individual electrophysiological parameters on determining the 

morphology of the mouse left ventricular AP.  Specifically, we analyzed MLR parameter 

sensitivities to distinguish the roles of different Ito,fast and IK,slow properties in influencing the AP.  

Future work should involve the precise incorporation of ICa,L, dynamic ion concentrations and 
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Ca2+ handling machinery to the physiological model and work towards understanding the 

complexity of the cardiac cell using regression model-based analysis.   
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APD50 (ms) APD75 (ms) APD90 (ms) Vrest (mV) Vmax (mV) 

CON 

Experiment (n=6) 4.1 ± 0.6 10.3 ± 1.6 24.4 ± 4.3 -66.0 ± 1.3 51.8 ± 4.6 

Simulation 4.1 9.0 25.6 -67.3 50.8 

200 nM A2 

Experiment (n=6) 4.4 ± 0.9 12.1 ± 3.3 27.9 ± 9.4 -67.2 ± 1.3 54.1 ± 7.1 

Simulation 4.4 10.3 29.3 -67.3 51.1 

1 mM A2 

Experiment (n=5) 5.2 ± 1.2 13.8 ± 3.2 33.4 ± 12.3 -66.2 ± 2.0 54.2 ± 2.5 

Simulation 4.9 12.5 36.4 -67.3 51.5 

 
Table 4.1:  AP properties measured from patch clamp experiments and model simulations.  The 
control (CON) values of APD, Vrest and Vmax from experiments and simulation demonstrated that 
a simulated AP using the computer model is well in agreement with experimentally obtained 
traces of the AP from control myocytes.  Simulating A2-induced changes in Ito,fast and IK,slow 
produced APs that minimally deviated from experimental measurements.   
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B APD50 APD75 APD90 Vrest Vpeak 

GNa -0.3741 -0.3593 -0.1427 0.0057 0.5989 

kNaCa 0.0038 -0.0014 -0.0084 0.0011 -0.0067 

INaKmax -0.0409 0.0282 -0.1090 -0.1868 0.1313 

GNab 0.0899 -0.1439 0.2150 0.6335 -0.4769 

Gto,fast -0.7646 -0.6147 -0.1931 0.0013 -0.0154 

GK,slow -0.4500 -0.5891 -0.5683 0.0015 -0.0799 

GK,ss -0.0409 -0.1126 -0.2768 -0.0008 -0.0108 

GK1 -0.0817 0.1446 -0.5324 -0.6474 0.4914 

Vto,fast -0.0906 -0.1180 -0.0621 0.0048 -0.0179 

VK,slow -0.0211 -0.0523 -0.1463 -0.0046 0.0029 

VK1 -0.0141 0.1667 0.3548 -0.3156 0.2164 

VK,ss -0.0193 -0.0206 -0.0468 0.0022 0.0080 

 
Table 4.2:  Multivariable regression parameter sensitivities contained in B indicate relative 
contributions of each input variable (leftmost column) on influencing the 5 output variables 
(APD50, APD75, APD90, Vrest and Vpeak) that were considered for this study.  The top three input 
variables that significantly influence a particular outcome contain values in their respective rows 
that are highlighted in bold.   
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Figure 4.1:  Simulated traces of the Bondarenko model AP in control (100% IK,slow) and 30% 
IK,slow reduced (70% of control IK,slow conductance retained) myocytes.  According to the 
Bondarenko model outputs, 30% reduction in IK,slow results in repolarization failure.  This was 
a significantly different result compared with AP traces obtained from cells incubated with 5 
µM A2 (pink trace in Fig 3.1), which possess Ito,fast and IK,slow that are approximately 40% and 
45% reduced, respectively, relative to CON (based on Fig 3.4).  Based on these comparisons, 
the Bondarenko model inadequately describes the electrophysiological activity underlying the 
AP.  Therefore, we modified the model equations in accordance with experimental 
observations to improve the model output (Appendix).   
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Simulation Parameters 

 ∆gmaxto,f ∆gmaxK,slow 

200nM A2 -12% -15% 

1mM A2 -30% -35% 

 
Figure 4.2:  Evaluation of the physiological mouse AP model.  Peak conductances of Ito,fast 

and IK,slow used for the computation of the AP were scaled to match our experimental 
observations.  In doing so, the peak I-V relationships obtained from experiments (A) were in 
agreement with the simulations (B).  (C) Representative traces of APs that were obtained 
experimentally from control (CON), 200 nM A2 and 1 µM A2 groups.  (D) Simulations of the 
AP using the modified model with varying Ito,fast and IK,slow conductance parameters based on 
experimentally observed cellular changes in peak Ito,fast and peak IK,slow in the presence of 
different concentrations of A2 (shown in the table).  Based on the AP measurements (Table 
4.1), the simulated APs agreed well with experimental APs.   
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Figure 4.3:  Overview of the procedure taken to calculate parameter sensitivities B from 
matrices X and Y.  Each column of matrix X represents an input parameter (i.e. Gto,fast) and 
each column of Y represents an output variable (i.e. APD50), which were calculated from the 
physiological model.  The rows of X and Y represent the number of randomly drawn samples 
n.  The mean (µ) of each input parameter is the value of the parameter in control conditions.  
To obtain parameter sensitivities B, some input parameters in X and some output variables in 
Y were log-transformed so that the frequency distributions of all variables in both X and Y 
resembled normal distributions, which is one of the conditions that need to be fulfilled for 
least-square regression.  Although the regression may proceed without conversion to z-scores 
for MLR-based prediction of Y, meaningful values of B that represent relative contributions 
of each input variable to the calculation of the outputs can only be obtained when all of the 
input and output variables have been mean-centralized and normalized by their respective 
standard deviations.   
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Figure 4.4:  Representative examples depicting the frequency distributions (n = 500 samples) 
of two input variables, for which the distribution of Gto,fast is log-normal (left) and that of 
Vto,fast is normal (right).  Log-normal distributions were used for certain variables (i.e. 
conductances) which physically cannot have negative values.   
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Figure 4.5:  Overview of the procedure to evaluate the predictive accuracy of the MLR 
coefficients contained in B.  Hold-out training sets (training sets not used for the 
determination of MLR coefficients) in X and Y were converted to z-scores XZ and YZ and 
MLR model predictions YZ,predicted were calculated with the equation YZ,predicted = XZB.  To 
evaluate the predictive accuracy of B, the relationship between YZ and YZ,predicted was 
assessed using regression analysis.   
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Figure 4.6:  Evaluating the predictive accuracy of the MLR model coefficients.  (A) 
Representative scatter plot of APD50 z-scores obtained with the MLR model (YZ,predicted) vs. 
z-scores obtained with the physiological model (YZ).  The gray line represents the 1:1 line 
which has slope = 1 and zero intercept.  The solid line is the regression line, which virtually 
overlaps the 1:1 line with high R2 indicating good predictability of the MLR model.  
Regression analysis of (B) APD75, (C) APD90, (D) Vrest and (E) Vpeak are shown without the 
actual data points for clarity.   
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Figure 4.7:  Parameter sensitivity analysis of input variables on affecting APD50.  This is a 
representative bar chart of normalized MLR coefficients, which are indicative of the relative 
contributions of each input variable to each output variable.  From this chart, it can be easily 
determined that out of the 12 input variables examined, Gto,fast most heavily contributes to 
APD50.   
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Figure 4.8:  Parameter sensitivities of Ito,fast and IK,slow properties consisting of conductances 
(Gto,fast and GK,slow), activation time constants of Ito,fast and IK,slow (τact,fast and τact,slow, 
respectively) and inactivation time constants (τinact,fast and τinact,slow).  Inactivation time 
constants of both currents are not significant in shaping the AP.  For these results, AP 
stimulation frequency was set at 2.5 Hz.    
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Figure 4.9:  (A to C) Parameter sensitivities of Ito,fast and IK,slow properties obtained at high AP 
stimulation rate (10 Hz).  To verify these parameter sensitivities, input variables were 
individually modulated (by increasing or decreasing by 50%) and the resulting APs were 
examined to determine whether or not a significant change had occurred (D to I).  In 
accordance with the parameter sensitivities, inactivation of either Ito,fast or IK,slow (G and I) was 
not significant in contributing to the AP morphology.  AP traces resulting from no change, 
50% increase and 50% decrease of the relevant input variable are represented by blue, red and 
green lines, respectively.  The vertical axes represent membrane potential (mV) and the 
horizontal axes represent time (ms).   
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This chapter summarizes and discusses the major findings of this thesis.  The overall goal 

of this research was to investigate AT1 receptor involvement in the transduction of mechanical 

stress into molecular signals, which induce significant changes to the electrophysiology of 

cardiac myocytes.  Our secondary objective was to use a computational model-based approach to 

understand the role and significance of individual ion channel properties in affecting the AP 

profile.  In fulfilling these objectives, we introduced several new aspects of cardiac cell 

regulation and function that, we believe, will greatly impact future studies on this particular 

subject.    

 

5.1 AT1 Receptor-Mediated Electrical Remodeling in Left Ventricular Myocytes 

 The first aim of this research was to determine the role of AT1 receptors in mediating 

pressure overload-induced electrical remodeling in mouse left ventricular myocytes.  A 

preliminary observation was the immediate (within 48 hours) downregulation of Ito,fast and IK,slow 

in response to sustained increases in mechanical stress brought upon by aortic constriction.  

These changes were observed prior to any structural remodeling suggesting that electrical 

remodeling, involving reductions in Ito,fast and IK,slow, precedes the development of cardiac 

hypertrophy in response to increased mechanical load.  In isolated myocytes, reductions in Ito,fast 

and IK,slow, resulting from short-term TAC surgery, were reversible using an AT1 receptor 

blocker, indicating that pressure overload-induced reductions in Ito,fast and IK,slow may be 

attributable to AT1 receptor activation.  From the observation that these reductions were retained 

in isolated myocytes, which are no longer subjected to mechanical strain, we hypothesized that 

AT1 receptor stimulation is sustained in these myocytes possibly via an autocrine mechanism of 

A2 release (Sadoshima, et al. 1993) contained within the t-tubules.  In long-term TAC myocytes, 
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Ito,fast was reduced and AT1 receptor blockade restored Ito,fast, but unlike short-term TAC 

myocytes, IK,slow was only moderately reduced and minimally changed in response to AT1 

receptor blockade.  The reasons for this is yet unclear, but it may involve increased surface 

expression levels of Kv1.5 and Kv2.1 (Marionneau, et al. 2008), both of which encode IK,slow, in 

long-term TAC myocytes.   

 

5.2 G Protein-Independence in AT1 Receptor-Mediated Electrical Remodeling 

 To further explore the mechanisms of AT1 receptor-mediated electrical remodeling in 

cardiac myocytes, we incubated isolated control left ventricular myocytes with various 

concentrations of external A2.  Preliminary observations of APs, which reflect the global activity 

of all membrane ionic currents, recorded from these cells displayed A2 dose-dependence in both 

APD50 and APD90, suggesting a strong relationship between A2 and either or both of the 

predominant repolarizing currents Ito,fast and IK,slow.  Therefore, the effects of various A2 

concentrations on these individual currents were examined, from which it was observed that A2 

inhibits both Ito,fast and IK,slow in a dose-dependent manner without shifting their voltage-

dependence.  This suggests that A2 regulation of Ito,fast and IK,slow primarily involves modulations 

in the number of functional Ito,fast and IK,slow channels expressed in the membrane.  Moreover, 

based on their dose-inhibition curves, Ito,fast and IK,slow half-max concentrations were virtually the 

same, suggesting that A2 may regulate Ito,fast and IK,slow in a coherent manner.  Based on a 

previous study, which suggests AT1 receptors co-internalize with Kv4.3 (Doronin, et al. 2004), 

we hypothesized that Ito,fast and IK,slow are not dependent on G protein stimulation, which is 

independent of β-arrestin dependent AT1 receptor internalization.  The first set of experiments 

involved application of colchicine to the isolated myocytes to disrupt intracellular trafficking.  In 
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these cells, APDs were unchanged in response to application of A2, suggesting that either 

inhibition of AT1 receptor internalization or the inhibition of Ito,fast/IK,slow trafficking (or perhaps 

both, if AT1 receptor and channels are co-internalized) resulted in the desensitization of Ito,fast and 

IK,slow to A2 stimulation.  Hence, this experiment alone could not rule out G protein-dependence 

of AT1 receptor-mediated Ito,fast and IK,slow reductions.  Therefore, we utilized a recently 

developed pharmacological approach to selectively activate the AT1 receptor without stimulating 

G proteins to test for the involvement of G proteins in AT1 receptor-induced reductions of Ito,fast 

and IK,slow.  Even without G protein involvement, Ito,fast and IK,slow were significantly reduced in 

response to AT1 receptor stimulation, suggesting that Ito,fast and IK,slow reductions mediated by 

AT1 receptors are G protein independent and may depend on co-internalization with the 

receptors.   

 

5.3 Regression Model-Based Analysis of Electrophysiological Parameters 

 The third and final aim of this research was to use a combined approach involving a 

physiological model of the mouse AP and multivariable linear regression (MLR) to quantify the 

significance of various electrophysiological parameters in contributing to the AP morphology.  

Based on our analysis of the MLR parameter sensitivities, APDs were highly sensitive to 

changes in Ito,fast and/or IK,slow conductances relative to other electrophysiological parameters.  

However, we determined that APDs were insensitive to changes in Ito,fast and IK,slow time 

constants of inactivation at both slow (2.5 Hz) and fast (10 Hz) AP rates.  Therefore, we 

hypothesized that in mouse left ventricular myocytes, inactivation properties of Ito,fast and IK,slow 

have minimal influence on the AP morphology unlike their respective conductances and 

activation properties, which appear to be significantly involved in some aspect of the AP.   
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5.4 Conclusions 

 Mechanisms underlying the regulation and function of cardiac myocytes involve a 

diverse array of processes, of which, we have studied only a small subset.  First, our findings 

suggest the importance of revealing the time dependence, especially at early time points, of 

changes that occur in cardiac myocytes in response to pressure overload.  Second, as a 

continuation of our study, future work should investigate the electrophysiological consequences 

of biased AT1 receptor signaling, which may potentially lead to the development of well-targeted 

pharmacological therapy.  Lastly, we stress the importance of developing and finding new ways 

of utilizing mathematical cardiac cell models, which will find more use in the future as our 

knowledge base continues to grow.   
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APPENDIX - Modifications to Existing AP Model (Bondarenko, et al. 2004) 
 
1. INa α3 and α4 were changed in accordance with Clancy and Rudy (1999).   

 
2. IpCa,max lowered to 0.05, similar to adult rat left ventricular model (Pandit, et al. 2001). 

 
3. Published values of K+ selectivity (permeability ratios: PNa/PK) were incorporated into the 

calculation of Nernst potentials for Ito,fast (Campbell, et al. 1993), IK,slow (Snyders, et al. 1993) 
and IK1 (Lu, et al. 2001) channels.   
 

4. Ito,fast was reformulated so that the steady state activation time constants do not approach 
infinity at hyperpolarizing potentials and to shift the half-max steady state activation from -
22.5 mV to -35 mV, which is uncompensated for the presence of divalent cations in the 
external solution (2 mM CoCl2 shifts activation curve approximately -12.5 mV).  This 
yielded the following equations:   

 

�� � 1.5�������/��
1 � �������/��                                    �� � 1.5�����	���/��

1 � �����	���/�� 

 

�� � 0.000152�������.��/�
0.067083�����$�.��/� � 1                 �� � 0.00095����$�.��/�

0.051335����$�.��/� � 1 

 &'(),+&, � ��-1 . '(),+/ . ��'(),+                &0(),+&, � ��-1 . 0(),+/ . ��0(),+ 

 

                              1(),+ � 23
4 56 70.9289�:) � 0.088;'�:)0.9289�:� � 0.088;'�:� <                   2(),+ � ��/��� 

 =(),+ � >(),+2(),+'(),+? 0(),+-@ . 1(),+/ 
 

5. IK,slow was similarly reformulated to yield the following equations:   
 

�� � 0.91������.�	�/	A
1 � ������.�	�/	A                              �� � 0.008��������/��.� 

 

B� � ��� � ����	                              B� � 1200 . 170
1 � ������.��/�.� 

 

'C � �1 � �����	��/	�.���	       0C � -1 � ������.��/�.�/�	
 

 &'D,EF)G&, � 'C . 'D,EF)GB�          &0D,EF)G&, � 0C . 0D,EF)GB�  

 2D,EF)G � ��/	�� 
 

1D,EF)G � 23
4 56 70.99389�:) � 0.0078;'�:)0.99389�:� � 0.0078;'�:� < 
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 =D,EF)G � >D,EF)G2D,EF)G'D,EF)G0D,EF)G-@ . 1D,EF)G/ 
 

6. Ionic concentrations were held constant to simulate patch clamp conditions. 
 

7. GCa,L was set to zero in order to simulate block of ICa,L by CoCl2. 
 

8. A small leak current was added to simulate non-ideal whole-cell seal resistances. 
 =FH�I � 0.002@ 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


