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Abstract of the Dissertation
M echanisms Underlying Angiotensin || 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 |l type 1 (AJ receptor is a G protein coupled receptor that is highly
active in various cardiac disease states. Both the WlTeptor and its primary effector,
angiotensin Il (A2), are known to be expressed in cardiac tissugred@ptor activation leads to
the transactivation of various intracellular signaling pathvibgs are known to be responsible
for physiological and pathological changes in both cardiac struatddunction. In particular,
AT, receptors are involved in physiological adaptation to increased heaodyload, but they
are also involved in the development of pathological cardiac hypeytragiich is characterized
by structural and electrical remodeling during the progressianhieart failure. However, the
AT, receptor-mediated mechanisms underlying these changes aarunitherefore, the overall
aim of this study was to highlight the importance of,Adceptors in mechanical stress-induced
electrical remodeling and to understand the mechanisms underlyingre&eptor-mediated
regulation.

The following is a summary of our findings. Using the wholéquaich clamp technique
on isolated left ventricular myocytes from a pressure overlodigced mouse model of cardiac
hypertrophy, we measured the time dependence of reductions ipréominant repolarizing
currents, the fast and slow components of the transient outward KeRCs st and k siow)-
These reductions preceded structural remodeling of the heart. |3&/epi@sent evidence
supporting our hypothesis that ATeceptors mediate these reductions. Moreover, we present
evidence supporting a novel hypothesis thai AéCeptor-mediated downregulation gftk:and
lksiow does not involve G protein stimulation; rather, it appears to depend ceptoe
internalization, which leads to reductions in functiongk.d and ksoew Channel densities.
Finally, with the aid of a computational action potential model andtivatbble linear
regression, we gquantified the relative significance of varidestrephysiological parameters,
including ko tastand k siow Properties, on the determination of the action potential morphology.

The results presented in this work provide new insights inte w€eptor-mediated
changes that are typically associated with heart failure.
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Chapter 1

General Introduction



1.1 Clinical Relevance

Heart failure remains as one of the most costly diseased) whi007 was mentioned in
nearly 300,000 death certificates in the United States and ith@astlerlying cause in 57,000
of those deaths (Roger, et al. 2011). Despite the fact thatfadaré diagnosis has improved,
the death rate remains high and based on statistical data, apedyimalf of those diagnosed
with heart failure will die within 5 years (Roger, et al. 201These statistics demonstrate an
urgent need for improved treatment and diagnostic procedures for heart failure.

Heart failure is diagnosed clinically when a patient dispfdyssical symptoms and when
subsequent tests (i.e. echocardiography) reveal structural remgodehich usually indicates a
pathological deviation from healthy and normal heart function (Lipsl.e2003). Structural
remodeling can manifest in the form of a dilated heart (dilasrdiomyopathy, or DCM) that
leads to reduced contractile function or alternatively it cam lteel form of cardiac hypertrophy,
which is characterized by a thickening of the myocardial vila#lf may or may not preserve
normal function (Mudd and Kass, 2008). In many instances, an increbseventricular mass
is a known risk factor for cardiac disease such as ischemicdisaase, arrhythmias and sudden
cardiac death (Levy, et al. 1990). Medical intervention at estdges of heart failure may
prevent the heart from progressing into tissue damage and sitdgeheart failure, at which
point treatment options are less viable. Additionally, since theralifferent classifications of
heart failure, a need for more focused strategies to combat varamifestations of heart failure
is needed. Characterizing the patterns of changing cellulamaletular activity from early to
end stage heart failure in various pathological phenotypes wily lledp answer some of these

needs.



1.2 Céellular Components and M echanisms Underlying Heart Function

The heart is the primary means by which every cell in the aldbody receives oxygen
and nutrients via vascular transport. It is a muscular pump tbap@ble of generating the level
of force that is necessary to maintain continuous blood flow throughoutadiye Besides
maintaining its life-sustaining beat, it is crucial for therhé¢a be capable of responding and
adjusting according to the body’s changing demands. The hearspessn ability to make
adjustments by increasing both the beating frequency and force poodtactmeet increasing
demands. These adaptations are only temporary and are revetsipld the demand be
reduced. The heart also has the ability to adapt structuralyaddition of myofibrils—
contractile units in the myocardium—that provide increased contrdeotde and the ability to
overcome greater hemodynamic resistance. This structurabidaps a long-term response to
sustained increases in hemodynamic load and has also been tehbereversible once the
hemodynamic burden is mitigated (Levin, et al. 1995). The mechanisderlying these
adaptations comprise complex cellular feedback systems thsg¢ gdysiological stimuli and
respond with the appropriate changes to optimize cardiac performakmoe.failure in these
mechanisms can cause the heart to fall out of its delicaaadmlinitiating a series of molecular
changes that are pathological in many instances.

The heart comprises excitable cells interconnected via gapgosdinat enable rapid
propagation of excitation, which is crucial for synchronous actimadnd contraction. Excitable
cells rely on potential differences and electrochemical graslibetween the intracellular milieu
and interstitial spaces to supply the driving force for ion charatieity. In a beating heart cell,
this activity is represented in the morphology of the action potential left ventricular

myocardium, variations in the morphology of the action potential esggomally (Litovsky and



Antzelevitch, 1988; Fedida and Giles, 1991) and among species (Vaat01893), but they all
retain a characteristic depolarizing spike which represeritemsy from the opening of voltage-
gated fast Nachannels (). In most mammalian species, the dome-shaped plateau and
repolarization phases are produced by the influx &f @aough voltage-gated calcium channels
(Ica) and the opening of voltage-gated Khannels which, over time, cause the membrane
potential to approach the Nernst potential for. KFor the continuous elicitation of action
potentials, [N3]; must be maintained relatively low while TKis maintained relatively high.
This requires activity of the sodium-potassium (Na/K) ATPaseidwed in Glitsch, 2001),
which, in each cycle, uses the energy of 1 ATP to transl®aia’ and 2 K across the
membrane in opposite directions. This produces a net outward cug)ettiaflis measureable
using electrophysiological methods. Under physiological conditiondyale-ATPase extrudes
Na" from and transports Kinto the cell interior, a process that balances the influx afaxd
efflux of K* that occurs through ion channels during each action potential. Dughgaetion
potential, depolarization induced influx of Cahrough the L-type channels:{l) triggers the
rapid release of G& stored in the sarcoplasmic reticulum (SR) @) which induces a
transient rise in [C&]; and activates myosin-actin interactions that result in cortrasta
phenomenon altogether known as excitation-contraction coupling (revieweers 5002).
Following this, C&" pumps powered by ATP (€aATPases) in the sarcolemma (PMCA) and
the SR membrane (SERCA2a) extrudé'@am the cytosol via active transport either out of the
cell or back into the SR, thereby reducing{Qiaand allowing myocyte relaxation. The sodium-
calcium exchanger (NCX) is also responsible for maintainingrestant cycle of [G4]; during
systole and diastole. This secondary active transporter is drivéhnebNd electrochemical

gradient (Main, et al. 1997). Increasingunder physiological conditions increases thé Na



gradient, which in turn increases the driving force for NCX activity aneirsed C3 extrusion,
which results in lowered [G§i. Furthermore, a small, TTX-sensitive persistent Marrent
(Iona) has been described in ventricular myocytes (Saint, et al. 1882tadies have suggested
that increasedpla can dramatically extend the action potential duration (Noble,. 19818,
Sakmann, et al. 2000) and may be involved in the development of earlgegitdarizations (Ju,
et al. 1996). The activity of these ion channels, pumps and exchangémghly interdependent
and their coordinated regulation maintains the appropriate durationgfrey and strength of

the heartbeat.

1.3 Transient Outward K* Currentsin Mammalian Species

Electrophysiological studies have demonstrated species diffesein action potential
waveforms (Varro, et al. 1993). Mouse and rat left ventriculdf) (action potentials are
characterized by rapid repolarization that lacks a phase 2 platelbare short (APJ: ~3 to 10
ms) in comparison to those of humans, dog, guinea pig and rabbit, whicty disgar action
potential duration (APE: ~150 to 400 ms) due to a prominent plateau phase (Fig 1.1). Action
potential morphological differences among these species rafletences in ion channel
expression and regulation in the heart. In particular, specitsgetifes in repolarizing K
current expression have been well characterized (reviewedlhoiege and Kass, 2005). Action
potential repolarizing currents are primarily composed of outwarccurents mediated by
membrane channels having high electivity. These Kcurrents are known to include fast-
and slow-activating delayed rectifiers,(land ks), transient outward Kcurrents (), inward

rectifier (Ik1) and the sustained outward curregf)I(Nerbonne and Kass, 2005). The voltage-



and time-dependent characteristics of these individliatutrents determine, on the most part,
the shape and duration of the action potential.

Notably, species differences in transient outwafdirent (§) contribute heavily to the
diversity of action potential waveforms. Electrophysiologiteasurements of,lin different
species (Marionneau, et al. 2008; Li, et al. 2002; Nabauer, et al. 19@&)deaonstrated
varying levels of peak current amplitude, the differences of wdmiehespecially dramatic when
comparing small rodents (mouse, rat) to larger mammals (hum@gsrabbit). Under similar
whole-cell patch clamp conditions, reported values of ventricular pgattensities at test
potentials of +40 mV range from 33 to 53 pA/pF in mouse (Marionnead, 20@8), 3 to 7
pA/pF in canine (Li, et al. 2002) and 2 to 11 pA/pF in human (Nabaueal. €1996).
Additionally, voltage clamp recordings qQf mouse LV myocytes display bi-exponential decay
characteristics whereas a single component descripededay in canine and human LV
(Marionneau, et al. 2008; Li, et al. 2002; Nabauer, et al. 1996). Thibdw®as attributed to
multiple types of 4 channels that are functionally expressed in the mouse LV dogsisttwo
main types distinguished by their rates of inactivation. fBisé inactivating component of; |
(lofas) IN Mouse LV is consistent withy lin humans and dog. In mouse LV, an additional
component of (I siow) €Xists but this current is not expressed in the LV of lamg@mmals.
Interestingly, & is absent in guinea pig LV (Varro, et al. 1993).

The contribution of  to the action potential shape and duration is species dependent
though in most species, the shape of the early phase 1 of the @atemial is in large part
determined by due to its rapid activation especially at positive potentials. This is truarémr |
species including humans and dog, in which a significant presenggeres$ults in a phase 1

‘notch’ in the action potential (Litovsky and Antzelevitch, 1988). Meskarchers agree that |



influences L-type Cd currents (1) and C&" handling, but the contribution of, lto action
potential duration and electrical propagation remains a controvessiad, especially in larger
species. In mouse and rat LV, is the dominant outward current and exceeds inwaddt
depolarizing potentials, resulting in rapid repolarization and retursubdhreshold potentials
within a few tens of milliseconds (Watanabe, et al. 1983; Fisedl. 4997). Thus, in small
rodents, both electrical activity and Céandling—and therefore mechanical properties—are
strongly dependent og,.l

Morphological changes in the action potential reflect changdise activity of voltage-
and time-dependent membrane ion channels and transporters thdgoakearegulators of
intracellular C&" and contractility. Therefore, remodeling of Burrents can drastically affect
cardiac performance and indeed, a vast number of studies (reviewednaselli and Marban,
1999) have demonstrated remodeling of one or morecufrents in association with heart
failure. Among these studies, downregulation has been consistently observed in various
animal heart failure models (Oudit, et al. 2001). Hence, disimydre mechanisms that result

in the signature reduction gf Ehould enhance our current understanding of heart failure.

1.4 Molecular Corrédatesof |,

Species differences in,lcan be attributed to differences in the molecular basig, of |
expression. The fast component @f Which is expressed in mouse, rat, canine and human LV,
is correlated with the Kv4 subfamily of pore-forming hannela subunits (reviewed in Niwa
and Nerbonne, 2010). These subunits associate to form tetramersethajhdy selective K
channels, which associate with various regulatory subunits that tearthed surface density or

biophysical properties of these channels. The bulk.ahlcanine (Dixon, et al. 1996) and



human (Kaab, et al. 1998Y is attributed to Kv4.3 whereas in the mouse, the majority, @&l

is encoded by Kv4.2 though Kv4.3 is also expressed (Guo, et al. 2002; Gllo2@05). The
amino acid sequences of Kv4.2 and Kv4.3 are quite similar, especiétlg pore region, which
may explain the similarities in their time- and voltage-dependkaracteristics. Additionally,
Kv4.3 subunits have been shown to form heteromultimers with their homoldgeti2
counterparts, resulting in the formation of functiopathannels in mouse LV (Guo, et al. 2002).
Several previous reports have demonstrated that in mouse LV, fundiigealchannels are
formed by Kv1.5 and Kv2.1 (London, et al. 2001; Xu, et al. 1999). The absencgpin the

LV of larger species such as the dog is confirmed by the lack of Kv2.1 mRNAssiur though
some levels of Kv1.5 transcript were detected (Dixon, et al. 1996%pif@ the lack of Kv1.5
currents in canine LV, functionally expressed Kv1.5 channels and resldtipglike currents
are present in the canine atriyfedida, et al. 2003). This is one example of regional variations
in K* channel expression, including those of Kv4.2/4.3, that are common amongrdiffer

species.

1.5 Regulatory Subunitsof |,

Various regulatory subunits and their influence on Kv channels in #r¢ have been
extensively studied. In particular, Kv channel-interacting pnetdiKChIPs) are ancillary
subunits that are known to modulate Kv4 channel density and gating chatiastéPatel, et al.
2004). KChIP2 is the predominant isoform expressed in ventricularlenasd one report
demonstrated the complete loss of Kv4.2/4.3 surface expression in KkidBout mice (Kuo,
et al. 2001)demonstrating the importance of KChIP2 jelxpression and electrical activity. In

humans and dog, the level qf Expression correlates with KChIP2 levels and thus it was



suggested that KChIP2 expression is the primary determinariatieg cardiac expression gf |
(Rosati, et al. 2001). However, angiotensin ll-mediated ragulaf the transmural gradient in
lo (reviewed below) is not consistent with this interpretation. Kv4.3 channeddsarmodulated
by members of a family of K/subunits (Yang, et al. 2001) which have also been shown to
regulate the surface expression and kinetics of Kvl channelta(Eingt al. 1995). Therefore,
Kvp subunits may potentially be involved in the regulation of b@ihsl and the Kvl1.5
component ofd 5w iIn Mouse LV. KChAPs (Kv channel-associated proteins) are anatngy g
of regulatory subunits that increases the surface expressionais/&v channels, but KChAPs
do so without altering the gating or kinetics of the Kv channel yghav, et al. 2000).
Associations with KChAPs have been shown to increase the amplitudes ltiee plasma
membrane expression levels, of Kv2.1, Kv2.2 (Wible, et al. 1998), Kv1.3 and Ku#énts

(Kuryshev, et al. 2000) some of which medigenlthe LV.

1.6 TheRoleof |, in Heart Failure

Electrophysiological remodeling in various animal models of healiré have been
reported (reviewed in Tomaselli and Marban, 1999). This includes tamisigatterns of
downregulation in failing hearts of animals (Benitah, et al. 1998) humans (Beuckelmann, et
al. 1993). Several of these studies used surgical techniques to hedutéailure in animals. In
particular, aortic constriction (also known as aortic banding) éeramon surgical procedure
involving the use of a suture to constrict a section of the aoutit tar artificially increase
hemodynamic stress, which eventually results in the developmgnésdure overload-induced
cardiac hypertrophy and progression into failure (Rockman, et al. 19%19.isTa widely used

model of heart failure that mimics cellular remodeling irpogse to increased stress which can



be the result of hypertension, myocardial infarction, genetic mogator valvular disease.
Previous studies have demonstrated significant reductions in pgaderisity in aortic

constriction-induced hypertrophied LV of rats (Benitah, et al. 1998nita, et al. 1994) and
mice (Wang, et al. 2007; Marionneau, et al. 2008). Similar trentls downregulation were

observed in larger species with heart failure induced using etyafi other methods (Lue, et al.
1992; Qin, et al. 1996; Kaab, et al. 1996; Rozanski, et al. 1997). Howevergetmanmsms

underlying the reductions ig have not been elucidated.

More recently, experiments were conducted using mice with tigaly altered
reductions ing. Wickenden, et al. (1999) overexpressed the N-terminal fragmehé gfotre-
forming Kv4.2 subunit, causing reductions igsk: through a dominant-negative mechanism
(Wickenden, et al. 1999). These hearts displayed significant remodeling that included
hypertrophy and action potential prolongations that eventually progress$esrt failure. In a
separate study, the coding region of Kv4.2 was specifically deietéde heart, effectively
eliminating |, but unpredictably, a slow inactivating Kurrent (Kv1.4) was expressed and this
current may have compensated for the lack of Kv4.2 (Guo, et al. 20@6)eover, action
potentials were not significantly different from controls and thessarts exhibited no signs of
hypertrophy or myocardial dysfunction. The reasons for these aispasults, apart from the
fact that different genetic methods were used, are unclear. n@ntmegative suppression of
both Kvl and Kv4 channels in mouse hearts, which do not express a conmgeksdt4
current, resulted in significant prolongations of the action potemtclQar interval (Brunner, et
al. 2001). Despite the significant delay in repolarization, these dimsplayed minimal increases
in susceptibility to arrhythmogenesis compared with the drastireases exhibited in Kvl

suppressed mice. A possible reason for this (suggested by Brahiaér2001) was that Kvl

10



suppression (resulting in the attenuation ofi.l,) enhanced the dispersion of repolarization,
which is defined as a deviation from synchronous repolarization of titeckes, whereas the
homogenous prolongation of action potentials in Kv4/Kvl suppressed mice, whieh ha
attenuatedy rastand k siows pPrevented dispersion. |If this is true, the expression ratig ik siow
may be an important determinant of arrhythmogenesis in the moaide helarger speciesy Is

less dominant and therefore the translation of conclusions drawn frostigystudies in mice to
studies of larger species needs to be carried out with caution.

Myocardial contraction is highly dependent on the regulated eeledsSR C&'.
Therefore, factors that control SR Caelease strongly influence the mechanical properties of
the heart. One of the major factors that governs the retéz8R C4&" is the time dependence
and magnitude of Gainflux through L-type channelsdd,), which are the primary “trigger” for
the ensuing events that culminate irf Cdependent contraction. Several studies (Greenstein, et
al. 2000; Sah, et al. 2002b) have addressed the importangg iofrégulating myocardial
contraction through its influence on the rate of repolarization, wtieétermines the magnitude
and time course ofch. In small rodents, attenuation @f iis correlated with increases in net
C&" entry via ka1, enhanced Catransient amplitudes and increased contraction (Brouchard, et
al. 1995; Sah, et al. 2002a). These studies suggest tteatuction mediates a positive inotropic
effect in mice and rats by prolonging the action potential anéasarg net influx of Ca via
lca. It is therefore plausible thag reduction is triggered during the progression to heart failure
as an early response to compensate for increasing demand. fnsfa@gees, the physiological
and pathological role ofl is more controversial. In these specias, influences early
repolarization (Greenstein, et al. 2000) similar to rodents, but uriigsetsmaller animals,

repolarization of the action potential is dependent not only,dout on the interplay of multiple

11



ionic currents includingdh,. and the sodium-calcium exchanger curregéx)) (Armoundas, et
al. 2003). Indeed, electrophysiological remodeling in failing hesslly involves alterations
in multiple ionic currents and the complexity of this combinedvaygtis difficult to study
without the aid of computer modeling. In one study, simulations ofghme action potential
revealed that whenglamplitude is low, which is typical in humans and dog, increasing |
augments the driving force foedl, thus increasing Gainflux (Greenstein, et al. 2000). In
contrast with findings in small rodents, this study indicates gha¢duction in ¢ leads to
decreased L-type channel Canflux that contributes to decreased myocyte contractility and
overall depression in cardiac function. However, this investigation did not cohsidechanges
in I in conjunction with changes in other ionic currents affect the action poteotitdjuration.
Regional heterogeneities in action potential morphology are thougldy a critical role
in the maintenance of normal electrical propagation and contrabtimmghout the myocardium.
Underlying these differences are regional heterogeneities i @mirents. These include
transmural differences in the functional expression of membramentsirsuch asol (Litovsky
and Antzelevitch, 1988)c4, (Wang and Cohen, 2003) and the Na/K ATPase currénfGho,
et al. 2005). In canine hearts, endocar@gl Is higher than epicardial, bug &nd b are smaller.
Transmural differences inglare also present in mouse LV (Brunet, et al. 2004) and these
differences are abolished in pressure overload induced hypertnofshgverall reductions ingd
to endocardial levels (Wang, et al. 2007; Marionneau, et al. 2008).
Taken together, it appears that transmural heterogeneitiedeatrophysiological
properties contribute to transmural differences in myocyte cdifittac A distinguishable
difference in stress distribution exists during diastole betwéen endocardium and the

epicardium in which the endocardium experiences stressesé¢haiuah greater (Streeter, et al.
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1970). A transmural gradient in passive tension through the thicknéiss ofyocardium may
differentially regulate the functional expression of ionic curré@mtsach transmural region via
mechanotransduction, which could explain the reported transmural di#srang, Ic,. and b.

In response to higher levels of mechanical stress, the endocardiymespand by expressing
higher k,. with lower b and |, to generate a higher level of contractility relative to the
epicardium. Regulation of contractility between epicardial and and@l layers is plausible
given the transmural difference in load distribution. Furthermore, upcssure overload
conditions, increased hemodynamic stress beyond physiologica feeglinitially reducey, Ip
and increasec), in all transmural layers to endocardial levels as a paatfatt compensatory
response to increased load, eventually followed by cardiac hypleytras a late response to
equalize wall stress (Fig 1.2). In tandem with other electroplogscal changes,d reduction
may contribute to an immediate compensatory response to enhancegémr@etion under
conditions of increased hemodynamic stress. The following sectibdisecuss our hypothesis

on the mechanisms underlying this response.

1.7 Angiotensin Il and AT, Receptor Mediated Regulation of |,

Various physiological stimuli, which include activation of surfacembrane receptors
by autocrine/paracrine factors, regulate the functional expressi k, in cardiac myocytes
(Niwa and Nerbonne, 2010). We propose a novel mechanism that involvesgtotemssin |l
type 1 (ATy) receptor and its agonist angiotensin Il (A2) in mechanicasst mediated
regulation of . A2, which is commonly known as a pressure regulator in blood sessel
activates AT receptors to initiate a cascade of intracellular signglatgways that systemically

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

of its agonist A2 (van Kats, et al. 1997). Stimulation of the AECeptor results in the parallel
activation of various intracellular pathways, many of whichtstath activated G protein
subunits. The canonical signaling pathway involves activation of phospt®ip@&PLC) which
hydrolyzes phosphatidylinositol 4,5-biphosphate to form inositol 1,4,5-triphosgigjeand
diacylglycerol (DAG). IR releases C& from intracellular stores and thereby enhances the
activity of these second messengers. A rise fif &@d DAG is known to increase the activity of
protein kinase C (PKC) which phosphorylates various downstream molecules. marthekT;
receptor stimulation eventually results in receptor phosphorylati@ fptein-coupled receptor
kinases (GRKs) and this promotes the recruitment and bindiprguoestin to the receptor. The
interaction of-arrestins with AT receptors prevents further G protein signaling and desensitizes
the receptor to external stimulatior-arrestin then serves as a scaffold for the binding of
various proteins that include trafficking proteins (i.e. clathrin) amighaling molecules
(Lefkowitz and Shenoy, 2005). As a resupsarrestin mediates G protein-independent
mechanisms of the ATreceptor that include receptor internalization via clathrin-cbpis and
various signaling pathways.

In cardiac myocytes, Alreceptor mediated signal transduction results in hypertrophic
growth (Sadoshima and Izumo, 1993; Paradis, et al. 2000) and eleaneadeling involving
upregulated L-type CA current (ka,) (Ichiyanagi, et al. 2002; Aiello, et al. 200Which
contributes to a positive inotropic effect (Freer, et al. 1976). thadilly, A2 and AT, receptor
activity have been shown to modulatgih cardiac myocytes. In canine left ventricle (LV),
external application of A2 for 2 or more hours induced a considerabletidwdt , in

epicardial myocytes, resulting in levels that were compatablgin the endocardium (Yu, et al.
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2000). Conversely, application of an Afeceptor antagonist increasegih endocardial cells

to levels that approached epicardigl IIn a separate report, cardiac-specific overexpression of
human AT receptors in mouse hearts displayed attenuatedhich was accompanied by
hypertrophy and increased incidence of cardiac arrhythmias (Retal. 2008). These reports
suggest an important role of ATeceptors in modulating, Iparticularly in the context of cardiac
disease progression.

The existence of circulating A2 produced in the kidneys is well kndwt recently, the
existence of a local renin-angiotensin system (RAS) inrtiiecardium has been demonstrated
(van Kats, et al. 1998). In addition, Sadoshima et al. (Sadoshima, 198l) mechanically
stretched neonatal cardiac myocytes in vitro and observed a2igecfetion that resulted in the
induction of the hypertrophic response. This response was inhibitdok ipresence of AT
receptor antagonists suggesting that mechanical stretchemhdsecretion of A2 stimulates
receptors in an autocrine fashion. Several years lateqrobses produced new evidence to
support mechanical stress-induced ;AfEceptor mediated cardiac hypertrophy without the
involvement of A2 (Zou, et al. 2004, Yasuda, et al. 2008a). It was deeztrthat mechanical
stretch induced a conformational switch of the; A&ceptor into an active conformation that
could be prevented with an ATeceptor antagonist (Yasuda, et al. 2008b). Interestingly, there is
evidence suggesting that different conformational states of Thaekeptor trigger unique sets
of intracellular signaling pathways (Holloway, et al. 2002; Wei, et al. 2003)., Thusactivation
stimulus (e.g. agonist binding, mechanical stress) may be an imfpddaterminant of which
downstream signals of the ATeceptor are triggered and which are not.

We recently presented work in an abstract form (Gao, & @dhysical Meeting, 2008)

documenting the effects of A2 og measured from cardiac myocytes that were isolated from

15



different transmural layers of the canine LV. Application ofepgor saturating A2
concentrations (5 M) abolished transmural differences and attdndigteiniformly to
endocardial values (Fig 1.3). Conversely, application of saturatingewatons (5 uM) of the
AT receptor antagonist Losartan increasgdiiformly in all layers to epicardial levels (not
shown). These results suggest that the maxigedpacity is similar in all transmural layers but
the presence of a transmural gradient in endogenous A2 concentestitts in a gradient iRl
Assuming the LV wall experiences a transmural gradient in &vadl therefore a transmural
gradient in passive tension, we hypothesize that the gradient iarntgmeduces a corresponding
gradient in autocrine A2 release as indicated by a transmuadikegt in §. In other words, the
level of endogenous A2 secretion in the LV wall appears to be propalrto the degree of cell
stretch. Therefore, it is our working hypothesis that mechasioeds induced reductions ig |
are mediated by AT receptor activation, which also have a prominent role in initiatiney

hypertrophic program.

1.8 Summary

The heart possesses the means to adapt to transient and chroe&segscin
hemodynamic load, but the mechanisms by which these adjustmentspemented continue
to elude us. We have outlined past and current research, which address trshgbstbetween
electrical remodeling of the myocardium, particularly that @f dnd heart failure, and also
presented evidence to support ;Afleceptor-mediated regulation of.1 Synthesizing this
knowledge allows us to construct a mechanistic understanding of howatentesy adjust to
compensate for increased load. A theoretical diagram of thisamesen is shown in Figure 1.4.

We hypothesize that increased load triggers the secretion oné2nareases Adfl receptor
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activity, which initially induces electrical remodeling of theyanardium that includesyl
reduction. As a result, these changes contribute to increaigg i]; and increased contractility
as a means to compensate for increasing demand before the oreseliaxf hypertrophy. The
work presented here comprises experimental evidence to support sdhesefrelationships
while providing new molecular insights, and the use of computatioadéls to understand the
relative contributions of different ionic current properties to tb&oa potential morphology.
Experiments were conducted on LV cells from mice to complemenh@easing amount of
knowledge concerning cardiac disease that is largely based orsaisdig genetically altered
mice. Accordingly, we attempted to fulfill the following objectives:
1) to demonstrate AT receptor involvement in electrical remodeling that precedes
hypertrophy under conditions of increased hemodynamic load,
2) to understand the molecular mechanisms underlying; Adceptor-mediated
regulation of ,
3) and to utilize a mathematical model to quantify relative contobstiof |,

characteristics in influencing the action potential morphology.

17



20 mV

50 ms

Figure 1.1: Example of interspecies differences in action potential morphol@gyCanine
left ventricular epicardial action potential “spike-and-dome” morpiyloEach phase of the
action potential is numerically represented (0: fast depolamgafl: “notch”, 2: plateau
phase, 3: repolarization, 4: resting phase). (B) Mouse left gelatriaction potential. Large
l,o amplitudes in mouse cardiac myocytes cause rapid repolarization withoutsa plasese.
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Figure 1.2: Theoretical model of electrical and structural remodelinthefLV over time in
response to increased hemodynamic load. Short-term responseetsatttoad may involve
remodeling of 4, Ica and |, as part of an immediate compensatory adaptation to generate
increasing contractile forceCardiac hypertrophy develops later in response to sustained
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Figure 1.3: (A) Representative whole-cell patch clamp tracesobltained from canine
epicardial (Epi), midmyocardial (Center-Mid) and endocardial (Endgjcytes. (B) Mean
values of peakd through the thickness of the LV wall (open circles). Incubatiotih wi
saturating concentrations of A2 reducesin all transmural layers to endocardial values

(filled circles). Treatment with A2 abolishes the transmgradient in . (Unpublished data
by Gao et al.)
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Figure 1.4: Summary of the hypothetical mechanism that senses and adjusspansge to
increasing load in the progression to heart failure. Incrgad®@modynamic load stretches the
myocardium, increasing the secretion of autocrine A2 and activatorg WT; receptors.
The ensuing events can be divided into fast and slow sets of respombe fast response
involves remodeling of membrane currentsh and k4, that contributes to the rise in [%i]a
and enhanced contractility. The slow response involves hypertrsigimaling through a G
protein dependent pathway that results in increased protein sgndresithe addition of
myofibrils, which provides the force to offset the increase in load.
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Chapter 2

Role of AT, Receptorsin Mechanical Stress-Induced Electrical
Remodeling
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2.1 Introduction

The heart is composed of specialized cells that possess thty abil respond
appropriately to increased mechanical stress with structurafusmational adaptations. This
inherent ability of the heart involves a vast network of cellala molecular interactions that
regulate hypertrophic growth and electrophysiological activithiwiindividual cells. In cardiac
myocytes, sustained increases in mechanical stress triggdrygeetrophic program which
includes the induction of immediate-early genes sudhfas c-jun, Egr-1 and c-myc as well as
the reactivation of fetal genes, which are typically exgess developing hearts (Sadoshima
and lzumo, 1997; Lammerding, et al. 2004). Re-expressed fetal genestimeatts allow
protein synthesis thereby resulting in increased myocyte $izparticular, expression levels of
myosin heavy chains, natriuretic peptides araltinin increase dramatically in hypertrophied
cells. Functionally, the synthesis and addition of sarcomeric psoiteihypertrophied myocytes
promote increased contractility.

A considerable number of studies have demonstrated the involvementasigib&ensin
type 1 (ATy) receptor in the control and regulation of the hypertrophic prograrcardiac
myocytes (Barry, et al. 2008; Heineke and Molkentin, 2006). The classscdhanism of AT
receptor activation involves the binding of its agonist angiotens{A2) to the extracellular
domain of the AT receptor, resulting in G protein stimulation and receptor inteatein.
Previous studies have demonstrated the existence of local A2 productiardiac tissue (Van
Kats, et al. 1998) and evidence of A2 acting locally within cartdssue to enhance protein
synthesis and cell growth (Baker and Aceto, 1990). Additionallyeased mechanical stress
has been linked to heightened Afeceptor activity via autocrine secretion of A2 in cardiac

myocytes that results in enhanced expression of hypertrophic genes (Bede@tlal. 1993).
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In addition to these structural adaptations, mechanical strds neurohormonal
stimulation of the AT receptors have been identified as external signals that iredectical
remodeling in cardiac myocytes (Cutler, et al. 2011). For instance, in theftdognkeicle, rapid
pacing triggered action potential prolongations that weréatéd to increased circumferential
strain (Jeyaraj, et al. 2007). With respect to neurohormonal stiowl alterations in the action
potential morphology and reduced transient outwaraidrent densities ) were observed in
dog left ventricular epicardial myocytes that were incubatetthenpresence of A2 (Yu, et al.
2000). Additionally, increased L-type €acurrents and positive inotropic effects have been
observed in cardiac myocytes stimulated with A2 across varprees (Ichiyanagi, et al. 2002,
Aiello and Cingolani, 2001; Freer, et al. 1976).

Taken together, the evidence suggests a central role of td@cc@dT, receptor in
mechanical stress induced structural and electrical remodelling aforementioned findings
prompted the present study to test the hypothesis that mechainésd s)duces electrical
remodeling via AT receptor activation in cardiac myocytes. Mechanical stmassapplied to
left ventricular myocytesn vivo with aortic constriction and cells were harvested both before
and after the onset of hypertrophy. Our results indicate thattanecal stress induced electrical
remodeling precedes hypertrophic growth and this remodeling is itdeenath AT; receptor

blockade.

2.2 Materialsand Methods

2.2.1 Transverse Aortic Constriction
In 2 to 3 month old wild-type C57/BL6 mice, transverse aortic consimi¢iAC) was

employed to apply pressure-overload induced mechanical stress aeré&itular myocytes.
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The surgical procedure used in these studies to apply TAC inimmetlined in a previous
report (Hu, et al. 2003). A 27-gauge needle was used for ligattoahwas sufficiently narrow
to induce hypertrophy within 1 to 2 weeks of surgery. For eadh iuse, sham surgery was
performed in a separate mouse to serve as a negative contrticdt procedures, with
exception to ligation, were followed for both TAC and sham surgeAC and sham mice were
sacrificed at 24 hours, 48 hours, 1 week and 2 weeks post-surgery tomexamieffects 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, mieee euthanized via
CO; inhalation in an enclosed chamber and upon their death, the weightlmfanimal was
recorded. The chest cavity was opened and the heart was graited and immediately
transferred into a 35mm dish with ice-cold Normal Tyrode Solutionagang (in mM) 137.7
NacCl, 2.3 NaOH, 5.4 KCI, 1 Mg&l10 Glucose and 5 HEPES (pH adjusted to 7.4 with NaOH).
Extraneous tissues surrounding the aorta including the lungs, thymduadgose tissue were
carefully cleaned off using small scissors to expose the faortannulation. The heart was then
weighed in order to calculate the heart to body weight raticcdch mouse. A non-beveled
needle was used to cannulate the aorta and the cannula was tbbadattaa temperature-
controlled Langendorf apparatus that allows solution switching. €haet lwas first perfused
with Normal Tyrode Solution at 37°C for 2 to 3 minutes to wash outluakiblood in the
coronary vessels. Perfusion was then switched to a Normal &8otlition containing 0.16
mg/ml Liberase TH (Roche Applied Science, Inc., Indianapolis, dNPfto 10 minutes or until

the perfusion speed increased dramatically indicating signifitssue digestion. The cannula
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with heart attached was then removed and KB solution containing (in88M)CI, 30 KHPO,,

5 MgSQ, 5 Na-Pyruvic Acid, 53-OH-Butyric Acid, 5 Creatine, 20 Taurine, 10 Glucose, 0.5
EGTA and 5 HEPES (pH adjusted to 7.2 with HCI) was manuallfjuged through the heart
with a syringe to wash out the Liberase solution. The hearplaaed in a dish containing KB
solution and the left ventricle was separated from the resteohéart. The left ventricle was
gently teased apart by mechanical agitation and filteredigfr a nylon mesh to collect the cell
suspension. The isolated myocytes were stored in KB solution atf@2te duration of the

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

2.2.3 Cdll Preparation
For each set of experiments (using either sham or TAC myogcybescell suspensions
were divided into control and experimental groups for comparison.s @ethe experimental

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

2.2.4 Electrophysiological Recordings

Whole-cell patch clamp experiments were conducted at room tetape 22°C) within
12 hours of cell isolation. For’Kcurrent measurements, the internal pipette solution contained
(in mM) 115 K-Aspartic Acid, 25 KOH, 10 KCI, 3 Mg&l11 EGTA, 10 HEPES and 5 NATP
(pH adjusted to 7.2 with KOH). Pipette series resistances bativeen 4-7 K2 in whole-cell
mode. During patch clamp recordings, myocytes were perfusdd amitexternal solution
containing (in mM) 137.7 NaCl, 2.3 NaOH, 5.4 KCI, 1 Mg.8 CaCl, 2 CoC}, 10 Glucose
and 5 HEPES (pH adjusted to 7.4 with NaOH). Voltage-clamp expatsnveere performed

using an Axopatch 1D amplifier (Axon Instruments Inc.) interfat@da computer with a
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Digidata 1200 digitizer and pClamp 8.2 software (Axon Instruments. In€?) currents were
measured in response to a short prepulse (10 ms) to -30mV to itadaachannels followed
by 6000 ms voltage steps () between +10 mV and +50 mV from a holding potential of -65
mV. For all voltage-clamp recordings, series resistances w@mpensated electronically by

~85%.

2.2.5 Data Analysisand Statistics

Voltage-clamp data were analyzed using Clampfit 8.2 (Axonumsnts Inc.), Microsoft
Excel 7 (Microsoft Inc.), SigmaPlot 10 (Systat Software.) and MATLAB (various versions,
Mathworks Inc.). Distinct K current componentsiks; Ik siow and by were extracted from the
obtained K current recordings using the Curve Fitting Toolbox in MATLAB ibd two-
exponential decay function in the form ofeXp(-t/t1)+Aexp(-t/12)+As (Xu, et al. 1999). A
and A represent peak amplitudes @f:dst and ksiow and their respective inactivation time
constants differ by a factor of approximately 20y t.di Was identified as the inactivating
component with a decay time constant less than 100 mscapgwas identified as the slower
inactivating componentdecay™> 1000 ms). Arepresents the steady-state compongat Peak
current amplitudes were normalized to the cell capacitangge (@ich was measured in each
cell using the Membrane Test function in the pClamp software, aesenqed as current
densities (pA/pF).

Differences in peakidlast and ksiow current densities and amplitudes between groups

were assessed with the Studehtsst.
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2.3 Reaults

2.3.1 Evidence of Structural Remodeling

In this report, “short-term” is defined as a period lasting 1 tays and “long-term”
refers to a period lasting 1 to 2 weeks. To determine the eoftstructural remodeling present
in hearts that were subjected to various durations of pressure aveidoaortic constriction, cell
capacitances (£} and heart to body weight ratios (HT/BW) were documented. oratg to
results presented in Fig 2.1A, short-term TAC myocytes yieliledalues that were comparable
to values measured from sham myocytes (Sham: 155.9 £ 7.1 pF, n =Q41862a7 £ 5.1 pF, n
= 15). Similarly, HT/BW measurements (Fig 2.1C) were not Bggmtly different in these two
groups (Sham: 8.22 + 0.21 mg/g, n = 5; TAC: 8.44 £ 0.12 mg/g, n = 5). In siphdrag-term
aortic constriction induced a significant rise in both Gham: 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 ireliagtowth of heart mass
which is related to an increased,,Gvhich is approximately proportional to the total surface

membrane area and hence a good indicator of cell size.

2.3.2 Downregulation of liofas @and Ik gow | Nduced by Short-Term Aortic Constriction

Having determined that structural remodeling has not occurressjpomnse to short-term
constriction, we investigated whether or not cardiac cells respdhdelgctrical remodeling in
response to short-term pressure overload. Specifically, we usededigb@atch clamp methods
to record st and ksiows Which contribute heavily to action potential repolarization in small
rodents. Typical traces of outward Kurrents, elicited with a voltage clamp protocol, are

displayed in Fig 2.2 (voltage clamp protocol is also shown)etastl and ksow Were
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mathematically derived from these traces and the peak curremach test potential (I-V
relationships) were plotted (Fig 2.3). From these results, it epplea |, 1ast IS reduced (with
statistical significance at two test potentials) in TA@ogytes relative to sham (At@4 = +50

mV, Sham: 27.3 £ 3.3 pA/pF; TAC: 20.1 + 3.1 pA/pF) aggol, 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 lipas and Ik gow i Myocytes Subjected to Short-
Term Load

Reductions of st and ksow in short-term TAC myocytes were reversible upon
stimulation of the isolated myocytes with the /A/Bceptor blocker saralasin. These results are
presented in the I-V relationships of Fig 2.3, from which it canppeegiated that application of
saralasin significantly increases bogfiak: (At Viest= +50 mV, TAC+Sar: 29.8 + 3.1 pA/pF) and
Ik siow (TAC+Sar: 15.4 + 1.3 pA/pF) in TAC myocytes to values that dghtsf higher than
those of sham myocytes. In fagt,dstand k siow Of Saralasin treated cells in TAC myocytes are
essentially the same as those of saralasin treatedrcéiis sham population (Sham+Sar: 29.1 +

3.1 pA/pF and 15.8 + 2.6 pA/pF fas tstand k siows respectively).

2.3.4 Downregulation of lofast INduced by Long-Term Aortic Constriction

Structural remodeling induced by long-term aortic constrictiompparent based on
measurements of (Cand HT/BW (Fig 2.1). Having observed that both.d: and ksow are
significantly attenuated in response to short-term aortic constrj we investigated whether
these changes are preserved in hypertrophied (long-term aortitictarg cells. The |-V

relationships of peakkasidensities (Fig 2.5A), which were derived from whole-cell patch clamp
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recordings of outward Kcurrents (Fig 2.4). Based on this figurg,k density of TAC
myocytes appears to be significantly lower than shamdensity (At est = +50 mV, Sham:
24.6 + 2.3 pA/pF; TAC: 12.2 £ 1.1 pA/pF). To examine whether or ppa€eounts for this
difference, we also documented pegk.d: amplitudes (Fig 2.5C), which are current magnitudes
not normalized by & lo st amplitudes were also significantly less in TAC myocyt&isafn:
4219.4 + 393.1 pA, TAC: 2558.6 + 240.0 pA), indicating that the increaseg, ims€lf cannot

account for the lowekdl.stdensity measured in TAC myocytes.

2.3.5 AT1 Receptor Blockade Restores | tas iN Myocytes Subjected to Long-Term Load

To test for the involvement of ATreceptors in pressure overload induced remodeling of
lio.fass S@ralasin was applied to both sham and TAC myocytes. Accdodthg results (Fig 2.5A
and 2.5C), saralasin partially restoregl.d; density (At Vest = +50 mV, Sham+Sar: 26.0 = 2.3
pA/pF; TAC+Sar: 19.2 + 2.2 pA/pF) but fully restored the amplitude (Stsamn 4087.1 + 364.2
pA; TAC+Sar: 3933.5 + 445.0 pA) in TAC myocytes. These results stugjgat AT, receptor
activation in response to pressure overload reduggs magnitude, resulting in reducegd st

density. Increased cell surface area also contributes to lgwedensity.

2.3.6 Reduced Ik gow iN Myocytes Subjected to Long-Term Load is Less Responsive to AT
Receptor Blockade

Ik slow densities (Fig 2.5B) were significantly different betwelkamns and TAC myocytes
(At Viest = +50 mV, Sham: 11.3 + 1.6 pA/pF; TAC: 7.3 £ 1.5 pA/pF) but the amplit(icigs
2.5D) were presented with only slight differences (Sham: 1938.7 + 282.8A4@; 1529.4 +

310.1 pA). Unlike s Stimulation with saralasin only slightly increaseddy amplitude in
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TAC myocytes (TAC+Sar: 1727.1 £ 230.2 pA) though it was difficult t@cheine whether or

not it was significantly different from the sham group stimulatéth saralasin (2136.7 £ 223.5

pA).

2.4 Discussion

Prior studies on mice have demonstrated electrical remodeling;upety with regards
to reductions ing sastand k siow (Wang, et al. 2007; Marionneau, et al. 2008), as part of a vast set
of cellular and molecular changes that occur in response to susiaiessure overload.
However, previous to our study, reductionsyifdiand k siow Were only observed in conjunction
with the development of cardiac hypertrophy that resulted fronsyme®verload for periods of
several days up to weeks. Therefore, we employed aorticrictiost in wild type mice to
document changes inefast and ksow at earlier time points (1 to 2 days post-operation).
Additionally, we investigated the role of ATeceptors in mediating mechanical stress induced
changes ingstand ksiow- 1N Summary, aortic constriction for 1 to 2 days was not sufigie
long to induce hypertrophy in ventricular myocytes, yehst and ksow Were significantly
reduced. These reductions were fully reversible with the applicatf an AT, receptor
antagonist (saralasin) to isolated myocytes for 2 or more hdardiypertrophied myocytes,
which were subjected to pressure overload for 1 to 2 wegks; dmplitude (un-normalized to
Cm) fully recovered with the application of saralasin, byt.d density was only partially
restored. In these cellsg dow displayed moderate reduction and minimal response to the

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

Studies that have used similar methods of pressure overload (tsEnsaertic
constriction) have provided evidence of the development of hypertrophwaretus post-
operation time points which range from 7 days (Marionneau, et al. 20@)veeks (Wang, et
al. 2007) or more. Our observation of significant hypertrophy at 1weeks is in agreement
with these previous studies, which also used similarly sized nefedl&gation, making these
comparisons valid. A separate report (Deckmann, et al. 2010) docunuivatedes in left
ventricular weight to body weight ratio (LV/BW) from one hour to 48 h@ast-operation from
which it was apparent that between 12 to 48 hours, no significant chanigé/BW had
occurred, consistent with our findings. One cause for concern wgsotkential for unknown
stresses associated with anesthesia and surgery to induce ciiagadstime points in response
to stress rather than aortic banding. Based on the consisiemelevant mRNA expression
levels, one study demonstrated that the non-specific effectsees$as were minimal by 24 hours
in mice with aortic constriction surgery (Spruill, et al. 2008)dd#ionally, the use of sham-
operated controls in our study likely reduced the errors in our ietaton due to unknown

effects of surgery-related stresses.

2.4.2 Role of Angiotensin Il and AT; Receptors in Pressure Overload-Induced Electrical
Remodeling

As previously discussed, the role of ATeceptors in the development of pressure
overload-induced cardiac hypertrophy is well known. In this studypresented evidence that
suggests an additional role of the ;ATeceptors, specifically, pressure overload-induced

downregulation of ¢} sast and ksiow- Our results suggest that reductions d and k siow in
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response to pressure overload occur before the onset of hypertrophkib gral that reduced
liofast @Nd k siow @re restored approximately to control values with the applicaticen AT,
receptor blocker. Evidence qf st and k siow restoration in short-term TAC myocytes but no
significant rise in these currents in sham myocytes in response; tieeédptor blockade suggests
that pressure overload-induced reductionsgiasiand ksiow Can be attributed to ATreceptor
stimulation. In previous studies, mechanical strain angdr@deptor activation have been related
with two very distinct molecular mechanisms based on experimaogalvations. In one study,
mechanical strain on cardiac myocytesitro induced autocrine secretion of angiotensin Il (A2)
that resulted in the induction of the hypertrophic program (Sadoshinah, £993). A more
recent study presented evidence for; A&ceptor stimulation in response to mechanical stress
without A2 (Zou, et al. 2004) suggesting mechano-sensitivity of #€eptors as a potential
mechanism to explain the relationship between mechanical straiAnceceptor activation.
However, the former mechanism (Sadoshima, et al. 1993) betterinsxplar experimental
results since the external application of amy Adceptor inhibitor is required to induce increases
in lptast @and ksiow iN isolated TAC myocytes, which are no longer subjected tonstrad
mechano-sensitivity were to be the underlying mechanigras: &nd k siow in TAC myocytes
should have been similar to control values since Adceptor stimulation would have been
inhibited when the cells were isolated and freed from mechanical strain.

Given that mechanical strain-induced release of autocrinexplaies our results, we
must address how A2 might retain its activity within isolated celis¢lware no longer subjected
to stress. One plausible explanation is that A2 secretion andaiesuptlocalized mainly within
the transverse tubules (t-tubules), which restricts the diffusioA2ofiway from cells. In

mammalian species, t-tubular membrane makes up a significanéntsge of the total
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membrane area that contacts the extracellular environmehtyalites of 39.6% in guinea pig
left ventricle (Forbes and van Neil, 1988) and 32.6% in the rat leftigle (Page, 1978). If the
majority of AT; receptor stimulation was to take place within the t-tubules, mpécation is
that a significant percentage qfs: and ksow Channels are also localized to the t-tubular
membrane, especially if the channels co-internalize with ®&Teptors (Doronin, et al. 2004).
Localization of the majority of plasma membrang | channels to t-tubules has been well
documented (Kawai, et al. 1999) and has been suggested to be aaminasgpect of excitation-
contraction coupling. One previous study also presented evidencgliokyd.2 localization to
the t-tubules, although these channels were appreciably detecteh-tabular membrane as
well (Takeuchi, et al. 2000). It would certainly be of interesttfar future to investigate the
localization of AT, receptor mediated downregulation @ftk: and k siow USiNg detubulation

methods on isolated myocytes.

24.3 Interpreting l o fag and |k gow Reductions

Marionneau, et al. (2008) made the suggestion, based on the lack oihddf@mel, s
and k siow amplitudes between long-term sham and TAC myocytes, thatdparidy in |, sastand
Ik slow densities between sham and TAC myocytes can be explaine@ mcthase in cell size.
This is in contrast with our experimental observations which irgisegnificant reductions in
lio.fast @Nd k siow densities between sham and TAC myocytes at 1 to 2 daystaf banding, at
which point cell size between the two groups were similar. Eteh to 2 weeks of aortic
banding, when hypertrophy is eviden, sk amplitude was significantly lower andg slow
amplitude was moderately lower in TAC myocytesesdi amplitude in 1 to 2 week TAC

myocytes were restored to sham values upon application of sataldsninimal increases were
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observed ind 0w amplitude. These results suggest that pressure overload inducesnedfict
lio.fast Primarily via AT, receptor stimulation and when hypertrophy occurs, the densigyfi$
further reduced due to the increase in cell size with no changan AT, receptors regulate the
number of functional st channels. At early time points of pressure overloadipw is
similarly reduced by AT receptor stimulation but our results indicate that Adceptors have
minimal involvement in regulating kow once hypertrophy has set in. The reason for this is
unclear but we hypothesize that it involves the synthesis and meertitof new Kv1.5 and
Kv2.1 channels to the membrane, as indicated by reports of increafsen @xpression of these
channels in hypertrophied myocytes (Marionneau, et al. 2008). Thesehaanels may not be
coupled to AT receptors, possibly due to their localization in the membrahniehwnay explain
their insensitivity to AT 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 mechanismegfsdand k siow downregulation, which exists
as a precursor to pressure overload induced cardiac hypertrophy anfdihea. The suggested
role of AT, receptors in altering electrophysiological currents is not cet@lyl surprising with
the understanding that angiotensin converting enzyme (ACE) inhilitbagiotensin receptor
blocker (ARB) therapy is in widespread use for the treatmeriteaft disease (Scow, et al.
2003). This study provides the impetus for ongoing research into spgifeding mechanisms
downstream of AT receptors that are involved in the disease process and in doing &, mor
focused strategies for the treatment of heart failure, at earlyssthgesease progression, may be

discovered.
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Figure 2.1: Whole-cell patch clamp measurements of cell capacitangeréorded from
isolated left ventricular myocytes from mice that underwent sbamAC surgery. Cells
were harvested either 1 to 2 days or 1 to 2 weeks post-surlylrgn G, at 1 to 2 days (A)
was similar for sham (n = 14) and TAC (n = 15) myocytes wheaeado 2 weeks (B), £of
TAC (n = 12) myocytes was significantly increased relatvesttam (n = 14).  Similarly,
heart-to-body weight ratios (sham: n = 5; banded: n = 5) were nigetiat 1 to 2 days post-
surgery (C) but were significantly higher in TAC mice (shanx 6; banded: n =6) at 1 to 2
weeks (D), indicating that although long-term aortic constmictnduces growth in cell size
and cardiac hypertrophy, hearts subjected to short periods (1 ysPalgressure overload
do not undergo structural remodeling. Significance denoted by * (p < h@5¥*a(p <
0.001).
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Figure 2.2: Representative whole-cell patch clamp traces of outwarduikrent recordings
from mouse left ventricular myocytes. Mice that underwent T&kxGsham surgery were
sacrificed 1 to 2 days post-surgery and cells were obtained &mtraghysiological

recordings. Saralasin was applied to some sham and TAC myodpsst on the left side
depicts the voltage clamp protocol to obtain the current traggs (&6t potential).
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Figure 2.3: Voltage dependences of peaksk: (A) and ksiow (B) densities measured from
short-term sham and TAC myocytes. Additionally, sham and TAGcygtgs were stimulated
with saralasin to test for the involvement of A€ceptors.  tastand k siow Were significantly
reduced in TAC myocytes whereas the application of saralasthese cells restored the
levels of |oast and k siow t0 those of sham myocytes incubated with saralasin. Sigmtifica
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 outwarduikrent recordings

from long-term sham and TAC myocytes, including traces obtained $ttam and TAC
myocytes treated with saralasin.
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Figure 2.5: Voltage dependences of peaksk: (A) and ksiow (B) densities measured from
long-term sham and TAC myocytes. Additionally, sham and TAC gtgecstimulated with
saralasin were included in this analysig.:.d: and k siow densities were significantly reduced
in cells subjected to 1 to 2 weeks of pressure overload but theaigoliof saralasin to these
cells only partially restored the level @fhsito those of control cells and did not significantly
affect ksow. Voltage dependences of peakak: (C) and k siow (D) amplitudes indicate that
saralasin fully restores, kst amplitude in TAC myocytes to control values but in contrast,
does not appear to affegtshw amplitude Significant differences between TAC and sham
values are indicated by * (p < 0.1) and ** (p < 0.05) whereas diffesezhetween TAC+Sar
and sham values are denoted by # (p < 0.1) and ## (p < 0.05).
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Chapter 3

G Protein-Independent AT, Receptor-M ediated Electrical
Remodeling in Cardiac Myocytes
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3.1 Introduction

The angiotensin type 1 (A) receptor is responsible for the transactivation of various
intracellular signaling pathways that affect a number of dffecellular phenotypes. The AT
receptor is a G protein coupled seven-pass transmembrane rebaptgpically activates when
it is agonist-bound. The primary agonist of the;A&ceptor, the neuropeptide angiotensin Il
(A2), is an end-product of the renin-angiotensin system (RAS)is ARassically known to exist
as a pressure regulating neurohormone in vasculature but an ingneasiber of reports have
demonstrated local production and secretion of A2 in cardiac tissasalDet al. 1992; Van
Kats, et al. 1998) and A2 acting locally in cardiac myocytesaviaautocrine mechanism
(Sadoshima, et al. 1993).

Conventional AT receptor activation involves G protein signaling awrrestin
mediated receptor internalization. Upon receptor activation, the thubenits of the
heterotrimeric G protein dissociate and activate downstreatt@fs including phospholipase C
(PLC) which leads to inositol-1,4,5-triphosphates)IBnd diacylglycerol (DAG) production.
DAG is known to activate protein kinase C (PKC) which exertsouaridownstream effects.
One of the major phenotypic changes that result from G protevatian, in particular from the
activity of the Gq subtype, is the development of cardiac hypertrophy and failudng@lo, et
al. 1997; Adams, et al. 1998). Another well-described aspect pfe&Eptor signaling involves
B-arrestin mediated receptor internalization. Many classeplagma membrane receptors,
including the AT receptor, undergo internalization in clathrin-coated vesicesxert various
cellular effects (Brown, et al. 1991). ATeceptors having point mutations that effectively block
G protein signaling have been used by researchers to show thad@Eptor internalization can

be retained with normal kinetics independent of G protein activationy@diyn et al. 1994,
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Feng, et al. 2005). More recently, wild type ;Afeceptors were stimulated using a “biased
agonist"—an analog of A2 with substituted side-chains—that selbctastivatedp-arrestin2
dependent signals and receptor internalization without G protein ationul(Holloway, et al.
2002; Wei, et al. 2003). It has been suggested that the interactioe@ehethe receptor and a
biased agonist induces a distinct conformation of the receptor tfasdifom the conventional
receptor conformation induced by A2. In this way, biased agongysaiter the interactions of
the receptor with certain downstream signaling molecules,facteblunting certain pathways
while preserving or even enhancing others.

The discovery of biased agonists affords investigators with a uopetunity to study
and reveal molecular mechanisms underlying a particular phenotgoeiaded with AT
receptor activation. Numerous reports have shown that activation oAThereceptor is
involved in both electrical (Yu, et al. 2000; Rivard, et al. 2008; Shimoni, 20Gig, et al.
2008; Matsuda, et al. 2004; Ichiyanagi, et al. 2002; Aiello, et al. 2001gtaradural (Sadoshima
and Izumo, 1993; Paradis, et al. 2000) remodeling of the heart but mangsef gthenotypic
outcomes are regulated by different pathways downstream pfe&€ptor activation. Cardiac
hypertrophy typically involves heightened levels of G proteinvagtiwhereasp-arrestin2
activity supports proliferation of cardiac myocytes and does not indypertrophic growth
(Aplin, et al. 2007). B-arrestin2 additionally mediates positive inotropic effectshef AT,
receptor independent of G proteins (Rajagopal, et al. 2006) which mvajve electrical
remodeling mechanisms that are separate from those thatpmoteth dependent. For example,
B-arrestin2 dependent signaling may induce co-internalization of thee&&ptor with voltage-

gated K channels Kv4.3 in the heart (Doronin, et al. 2004). Electrical remogslinny as the
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removal of Kv4.3 from the surface membrane, can profoundly affectacafdnction by
changing the shape and duration of the action potential and by alterfrilj figaamics.

The previous chapter presented evidence suggesting the réceptor mediates
mechanical stress induced reductions in transient outwardukrents ) in mouse left
ventricular (LV) myocytes. The present study focuses on the misama by which AT
receptor activation results in electrical remodeling involving dbevnregulation of{. Our
results indicate that two disting$ turrents (b astand k siow) are coherently modulated by A2 in
a dose dependent manner and that A2 induced changes in these clerigatydhe result of-

arrestin2 dependent ATeceptor internalization.

3.2 Materialsand Methods

3.2.1 Isolation of Left Ventricular Myocytes

Wild type mice(7 to 16 weeks old) were euthanized via,G@halation in an enclosed
chamber. Using surgical scissors, the chest cavity was exXposl the heart was gently excised
and immediately transferred into a 35 mm dish filled withdokl Normal Tyrode Solution
containing (in mM) 137.7 NaCl, 2.3 NaOH, 5.4 KCI, 1 MgCl0 Glucose and 5 HEPES (pH
adjusted to 7.4 with NaOH). The lungs and thymus were removed dipdsa tissues
surrounding the aorta were carefully cleaned off using smat@d to expose the aorta. To
cannulate the aorta, the tip of a non-beveled needle was thgertiee aorta and tied together
with a 5-0 gauge nylon suture. The heart was then connectedetmperature-controlled
Langendorf perfusion apparatus that allows solution switching. Thevisesifirst perfused with
Normal Tyrode Solution at 37°C for 2 to 3 minutes to wash out residoadl in the coronary

vessels. Perfusion was then switched to a Normal Tyrode Solutitiaiming 0.16 mg/ml
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Liberase TH (Roche Applied Science, Inc.) for 9 to 10 minutesntit the perfusion speed
dramatically increased, which indicated sufficient tissue sfige. The cannula with heart
attached was then removed and KB solution containing (in mM) 83 KCI,dP®,, 5 MgSQ,

5 Na-Pyruvic Acid, 33-OH-Butyric Acid, 5 Creatine, 20 Taurine, 10 Glucose, 0.5 EGTA and 5
HEPES (pH adjusted to 7.2 with HCI) was manually perfused thrawgghdart with a syringe to
wash out the Liberase solution. The heart was placed in a dishnaugtidB solution and the
left ventricle was separated from the rest of the heme left ventricle was gently teased apart
by mechanical agitation and filtered through a nylon mesh teatdte cell suspension. The
isolated myocytes were stored in KB solution at 22°C for up to 12 shauhile

electrophysiological recordings were being obtained.

3.2.2 Cdll Preparation

For each set of experiments, the cell suspension was divided intcolcamiu
experimental groups for comparison. Cells in the experimental gwerestreated for 2 to 12
hours with A2 (Sigma-Aldrich Inc.) at various concentrations ranfyimmm 50 nM to 10 uM or
with 5 pM SII ([Sat-lle*-lle]JAngll) which was obtained from the Cleveland Clinic Core
Facility (Cleveland, OH). In some experiments, 5 uM colchictagnga-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 tetape 22°C) within
12 hours of cell isolation. For both™¥urrent and action potential measurements, the internal

pipette solution contained (in mM) 115 K-Aspartic Acid, 25 KOH, 10,KOMgCh, 11 EGTA,
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10 HEPES and 5 N&ATP (pH adjusted to 7.2 with KOH). Pipette series resistangere
between 4-7 M in whole-cell mode. For Kcurrent measurements, myocytes were perfused
with an external solution containing (in mM) 137.7 NaCl, 2.3 NaOH, 5.4 KQWgCh, 1.8
CaCl, 2 CoC}, 10 Glucose and 5 HEPES (pH adjusted to 7.4 with NaOH). For actientjpbt
recordings, CoGlwas omitted from the external solution.

Both voltage-clamp and current-clamp experiments were perfornieg ais Axopatch
1D amplifier (Axon Instruments Inc.) interfaced to a computer with a Digitia00 digitizer and
pClamp 8.2 software (Axon Instruments Inc.). In current-clamp modengobtentials were
elicited with short depolarizing current injections (~2 ms)aafrequency of 2.5 Hz (lower
stimulation frequencies did not significantly alter the shapiefaction potential). In voltage-
clamp mode, K currents were measured in response to a short prepulse (16 MB§)1tV to
inactivate N& channels followed by 6000 ms voltage stepgsf\between +10 mV and +50 mV
from a holding potential of -65 mV. For all voltage-clamp recordisgsies resistances were

compensated electronically by ~85%.

3.2.4 Data Analysisand Statistics

Voltage- and current-clamp data were analyzed using Cla@yfifAxon Instruments
Inc.), Microsoft Excel 7 (Microsoft Inc.), SigmaPlot 10 (Syssaftware Inc.) and MATLAB
(various versions, Mathworks Inc.). Action potential durations to 50% andr8pétarization
(APDso and AP, respectively) were accurately determined using MATLABiIstiBct K
current components {kass lksow and Ly were extracted from the obtained” Kurrent
recordings using the Curve Fitting Toolbox in MATLAB to fit ash@xponential decay function

in the form of Aexp(-t/t1)+A.exp(-b/t2)+As (Xu, et al. 1999). A and A represent peak
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amplitudes of t tast and k siow and their respective inactivation time constants differ fgctor
of approximately 20. Jst Was identified as the inactivating component with a decay time
constant less than 100 ms arddv Was identified as the slower inactivating componeftd,>
1000 ms). A represents the steady-state componegnt |Peak current amplitudes were
normalized to the cell capacitancejCwhich 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 aficcirrent amplitudes between control
and experimental cells were assessed with the Studeess. Percentage inhibitions i thst
and ksiow Were plotted as functions of A2 concentration and sigmoidal dose-respaones

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 thatacif membrane
currents in a single cell. We measured action potentials ¢eldl®m stimulated with externally
applied A2 to demonstrate that one or more membrane currentdesiesl @ose dependently in
response to A2. Representative action potential recordings obtaomdcémtrol (CON) LV
myocytes that were compared with recordings from LV celtsibated in the presence of 100
nM A2 and 5 uM A2 for 2 to 12 hours are presented in Fig 3.1A. From tifeess, it is evident
that LV myocytes display A2 concentration dependent prolongation imngatitential duration.
Action potential durations in both early and late phase repolamedhAPD;y; and APD,,
respectively) exhibit increases that are commensurate amittncreased dosage of externally

applied A2 (Fig 3.1B). The mean = S.E.M. values of ARk 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 jakidl/A3
cells, respectively. A similar trend in ABPwas 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 uM A2 cells, respectivElyllose
dependent prolongation of the action potential was not accompanied byeshangjther the
resting potential, Ms; (Fig 3.1C) or the peak potential ¥ (Fig 3.1D). The data indicates A2
stimulation in LV myocytes triggers the remodeling of one or anonderlying membrane

currents that significantly contribute to action potential repolarizatiorydela

3.3.2 Conserved Voltage Dependence of liofas @nd Ik gow iN A2 Stimulated LV Cells

Having demonstrated that stimulation of LV cells with varysancentrations of A2
results in dose dependent prolongations in the action potential, we soughketstand how A2
affects the voltage dependence and magnitude of repolarizinguitents. LV cells were
incubated for 2 to 12 hours with various concentrations (50 nM to 10012 and cells with
clear striations were chosen at random for the whole-cathpaamp experiments. Voltage
clamp recordings obtained from cells incubated with a given comatientiof A2 were compared
with recordings measured in CON cells from the same populaticgellef Representative traces
depicting the difference in the total outward current between @& 5 uM A2 cells are
displayed in Fig 3.2A. A voltage clamp protocol consisting of 6-s depmlgrtest potentials
between +10 and +50 mV from a holding potential of -65 mV caused a tagnidient increase
in the outward current that was consistent withckirrents that have been described previously
in mouse left ventricular myocytes (Xu, et al. 1999).d and k siow Were separated from these
traces as described in MATERIALS AND METHODS and their peakent densities were

averaged and plotted as a function of the test potentia).(VAs an example, peak kst and
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Ik slow CUrrent-voltage relationships obtained from CON vs 5 pM A2 esdispresented in Fig
3.2B and 3.2C.

To assess A2 induced changes in the voltage dependencgsofnd ksiow, peak
current amplitudes measured from CON cells (n = 8) and calett with 5 puM A2
(concentration at whichekastand k siow display near-maximal inhibition , n = 8) were compared.
A2 induced percent inhibitions af lastand k siow Were calculated by taking the difference in the
mean current amplitude at every test potential between Q@NAA groups and dividing the
difference by the mean of the CON group. A2 induced percent iiomibiat test potentials
between +10 and +50 mV are shown in Fig 3.34w() and 3.3B (ksiow). On average, peak
currents in A2 stimulated cells were 34.5 + 11.4% and 43.3 + 10.3% inhibiteld s; and
Ik slows respectively, with minimal deviations at each test potential. This inditaethe voltage
dependences ofokast and k siow are unshifted despite the reductions in their peak amplitude.
These results suggest that A2 induces reductions in the numbarctibnal K channels per
unit area of surface membrane, hence a reduction in channel densigytvaltering channel

properties.

3.3.3 Coherent Regulation of lias @nd I gow iN A2 Stimulated LV Cells

Table 3.1 displays peak fstand k siow current densities and their respective inactivation
time constantst( fast aNd tx siows respectively) measured in response ;¥ +50 mV in LV
cells incubated with varying [A2]. Relative changes (%) in peak:and k siow at Viest = +50
mV were plotted as a function of [A2] and sigmoidal dose-inhibitionesuwere fit to the data
as shown in Fig 3.4. The dose-inhibition relationships reveal that igell¥ stimulated with

saturating [A2], the pealikastand k siow densities are attenuated by 41% and 47%, respectively.
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Additionally, the half maximal inhibitory concentration gL of A2 for lotast (400 nM) and
lksiow (368 nM) appear to be similar and may be identical given rempstal variability.
Likewise, the 90%-maximal inhibitory concentrationsg()Gvere also similar {Jtasi 1643 nM,
Ik slow: 1462 NnM). These findings indicate that A2 stimulation coherentinaates i 1ot and
Ik slow IN @ dose dependent manner which suggests the mechanisms undedyiegulation of

these two currents are similar, if not the same.

3.3.4 Colchicine Inhibition of AT; Receptor Mediated Electrical Remodeling

Having established that ATeceptor stimulation modulatasssiand k siow densities, we
sought to understand whether or not this activity depends on intracethffesking. To test
whether A2 induced electrical remodeling involves receptor and/amnehandocytosis and
intracellular trafficking, colchicine was applied to some LMsc2 hours prior to A2 treatment.
Colchicine disrupts vesicular transport by binding to tubulin and inhibitimgrotubule
polymerization. Fig 3.5 presents the effect of colchicine on A2 indelestrical remodeling in
LV myocytes. Fig 3.5A shows representative action potentiabgrabtained from untreated
(Contral), colchicine treated, A2 treated and both colchicine and Aedrezlls. Compared
with action potential durations (ARPand APDRg) measured from CON cells (AR 4.59 +
0.64 ms and AP 24.33 + 2.15 ms, n = 6), A2 treated cells displayed significant pradionga
in both APDy (8.61 = 1.37 ms, n = 6) and ARJX40.40 + 7.95 ms, n = 6) whereas no significant
deviations were observed in either colchicine treated gAREB5 + 1.05 ms and ARR 24.65 +
4.39 ms, n = 6) or colchicine/A2 treated (AdgD1.29 + 0.40 ms and ARR 23.43 £ 5.04, n = 6)
groups (Fig 3.5B and 3.5C). Though colchicine alone appears to have ctooeffine action

potential, pre-incubation with colchicine blocks A2 induced changes imnagibtential
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morphology. These findings demonstrate that pharmacological inhibaiomicrotubule
assembly and the ensuing disruption of vesicular traffickingsattes normal activity of AT
receptors possibly by retaining them within the membrane andlodisay receptor
internalization. Another possibility is that certain ion channettuding those responsible for
lio,fast @Nd k siow iNternalize upon A2 stimulation under normal conditions and disruption of the
microtubule network prevents the removal of these channels fromirlaees membrane. Either
possibility is consistent with our data, or perhaps both if receptor chadnels are co-

internalized upon receptor activation.

3.3.5 AT, Receptor Mediated Electrical Remodeling via G Protein Independent Biased
Signaling

AT receptor activation stimulates both G protein dependent and independeraysathw
in which the latter involveB-arrestin2 dependent signaling that includes receptor inteatiahz
and desensitization. Having shown data suggesting@deptor mediated electrical remodeling
is dependent on intracellular trafficking, we aimed to understand whetheeédptor activation
without G protein stimulation can induce A2-like effects in LMsello demonstrate G protein
independence in ATreceptor mediated electrical remodeling, cells were inedbaith 5 pM
Sl ([Sar-lle*-Ile®JAngll) which selectively activates-arrestin2 dependent signaling and
resulting receptor internalization without G protein stimulatidolipway, et al. 2002; Wei, et
al. 2003). Action potentials were elicited from CON and Sll éea&ells and the voltage traces
were analyzed and compared. As shown in Fig 3.6, action potentiasSii treated cells were
significantly prolonged compared with controls (CON (n=6): 4.26 + 0.5amdsSII (n=6): 5.89

+ 0.51 ms for APy, CON: 17.55 £ 1.70 ms and SlI: 33.81 = 5.39 ms for Afp,Bimilar to the
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prolongations observed in cells treated with A2 (Fig 3.1). Thesdtsesuggesp-arrestin2
dependent AT receptor mediated electrical remodeling without the involvemefa pfoteins.
Additionally, K" currents were recorded from CON (n = 6) and Sl treated {) eells to
examine the effect of the biased agonist on pgak:and ksow. K' currents were recorded in
response to 6-s voltage steps between +10 and +50 mV from a holdinggbate-65 mV (Fig
3.7). Compared with CON cells, peaksdstand k siow densities were considerably attenuated in
Sll treated cells { fasi -37%, ksiow: -36% at Vest= +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 eleetriodeling in response
to varying levels of AT receptor stimulation involving reductions in" i€urrent densities and
action potential prolongation. In LV myocytes, action potential duratiocreased
commensurate with increasing concentrations of externally applked Additionally, varying
levels of A2 stimulation reduced two distinct transient outwardudrents i st and k siow in a
coherent manner without changing their voltage dependence. Tinelsegs$i suggest AT
receptor mediated electrical remodeling involves reductions innthmeber of functionally
expressed ion channels, which inclugg.d: and k siow Channels, in the surface membrane and
this hypothesis prompted additional experiments to investigate tbkeamems underlying the
regulation of these channels. LV cells pre-incubated in cofehi@n inhibitor of microtubule
polymerization, blocked A2 induced action potential prolongation which sugdestsAT;

receptor mediated regulation of ion channels requires the avigylabiintracellular trafficking.
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These findings additionally implicate a role frarrestin2 dependent receptor internalization
and not G protein signaling in ATreceptor mediated electrical remodeling. To test for G
protein independence in ATeceptor mediated electrical remodeling, biased agoniswBith
activates AT receptors without G protein stimulation, was applied to LV ceitsthe ensuing
effects on action potential morphology ang:.l{lk siow Were observed. Significant action
potential prolongation and downregulation gk.k:and k siow Were documented in LV cells and
these findings support the notion that ;AfEceptor mediated electrical remodeling may be G

protein independent.

3.4.2 A2 Induced Electrical Remodeling Involves Reductionsin I sas and Ik gow

In mouse LV myocytes, we observed A2 dose dependent prolongations in action
potential duration at early (ARE) and late (APky) repolarization (Fig 3.1). Effects of A2
stimulation on action potential morphology have been documented from vapmes
including canine LV (Yu, et al. 2000kt LV (Matsuda, et al. 2004guinea pig LV (Wang, et al.
2008) and rabbit ventricle (Ichiyanagi, et al. 2002pue to interspecies differences in action
potential morphology, an ideal method of comparing our data with thes®ps studies eludes
us. Certain trends in action potential prolongation, however, are comsistie our results. In
canine LV, incubation of A2 for 2 to 52 hours abolished the charaatepiséise 1 notch in the
epicardial action potential which was attributed to a drastic tieu@nd alteration of
properties (Yu, et al. 2000). In rabbit ventricular myocytes, apicatf 1 uM A2 gradually
prolonged the action potential before achieving a steady level & 20 min of exposure
(Ichiyanagi, et al. 2002). Similar increases were observedineg pig LV (Wang, et al. 2008),

though application of 1 M A2 did not appear to have an effect in rgfMafsuda, et al. 2004)
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despite similar patterns of ion channel expression as that ofdahsem This lack of A2 effect
may be explained by the short duration (10 min) of exposure to A2 winaghnot have been
sufficient to induce significant remodeling. Indeed, various outcomA3 pfeceptor activation
are not only agonist-specific but also stimulation time dependent (Aplin, et al. 2009).
Previous reports have demonstrated reductions in peakboth atrial (Gassanov, et al.
2006) and ventricular (Yu, et al. 2000) myocytes in response to sustairstomiyBationin vitro
at micromolar concentrations. Our experimental data obtained rfrouse LV myocytes are
consistent with these findings and further demonstrate that A2 indlovesregulation of a
plurality of K" currents in a coherent manner (Fig 3.4). Known molecular corredatss
currents in mouse LV include Kv4.2 and Kv4.3 which mediglgsd(Guo, et al. 2005; Guo, et
al. 2002)and Kv1.5 and Kv2.1 which mediate sbw (London, et al. 2001; Xu, et al. 1999).
Altered surface expression of two or more of these chanrslserplain the reductions ig fast
and ksiow that we observed but it is still unclear as to which, if nota®, involved. Our
experiments indicate no shifts in the voltage-dependencg;ig ¢r Ik siow @s evidenced by a

consistent percentage of peak current inhibition at various testiptd€fig 3.3). These results

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

accompanied by a positive shift in the voltage dependence. The réasthese differences are
unknown but may be the result of A2 stimulation at high concentratto0s5(puM) for longer

durations (> 12 hours) in canine LV myocytes.
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3.4.3 A2 Induced Reductions in Iy and Ik gow INVolve G Protein Independent ATy
Receptor Internalization

In addition to §, previous reports of A2 induced electrical remodeling in cardiac
myocytes include changes igal (Ichiyanagi, et al. 2002; Aiello, et al. 2001), the rapid
component of the delayed rectifief Kurrent (k;) (Wang, et al. 2008) anidys (Matsuda, et al.
2004). Taken together, these experiments reveal that differech&amels possess disparate
time dependent responses to A2 stimulation. According to thediterd, |, Ik, and k,schange
in response to short term (5 to 10 min) exposure to A2 wheggasdnd k siow remodeling
requires longer incubation times (> 30 min). These differencémie dependence may reflect
the involvement of separate ATeceptor signaling pathways in regulating various types of ion
channel currents. ATreceptor stimulation has been classified into two time dependent phases of
receptor activation (Aplin, et al. 2009). The ‘first wave’ adnaling consists of G protein
dependent activity which is terminated upon recruitmentpafrrestins to the receptor.
Subsequently -arrestins mediate localization of ATreceptors to clathrin-coated pits for
internalization and initiate a ‘second wave’ of signaling involvingoer effectors. Therefore,
it is reasonable to postulate that L Ik, and Ly respond to the first wave of signaling which
involves G protein activity whileldsiand k siow are affected primarily bg-arrestin dependent
activity which includes receptor internalization. Indeed, A2 induced rabdaos in &,1, Ik and
lsus Wwere shown to be dependent on PKC (Aiello, et al. 2001; Wang, 20G8; Matsuda, et al.
2004) which is a downstream effector of G protein activation. To dematamshat A2 induced
regulation of & st and ksiow iNVolves AT, receptor internalization which is known to be G
protein independent, intracellular trafficking was disabled withhiolce and then A2 effects

were examined. A2 induced prolongations of the action potential wéibited in cells
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pretreated with colchicine (Fig 3.5) suggesting that A2 induced régulat kg a5t and k siows
which are the dominant repolarizing currents in mouse LV (Sah, 20@8B), is dependent on
receptor and/or channel internalization. Furthermore, cells stietlvith a biased agonist (SlI)
that activates AT receptors without G protein stimulation displayed action potential
prolongation and reductions in boths:and k siow that were similar to the actions of A2 (Fig
3.6 and 3.7). These results further support the hypothesis that AZdoeguctions ingast

and k sow are dependent on ATreceptor signals that do not involve G proteins and hence are

likely to depend offt-arrestin2 mediated receptor internalization.

3.4.4 Conclusions

Results from our study suggest that activation of; Adceptors in the heart will
coordinately downregulate last and ksiow and prolong the action potential via a G protein
independent mechanism that potentially involves the trafficking agdes&ration of the AT
receptors. Our findings demonstrate the importance of not onlgnmzoaog AT, receptors in the
heart as regulators of electrical activity, in addition tartheell-established role in cardiac
hypertrophy and heart failure, but recognizing that certain phenobygemomes of the ATl
receptor, such as hypertrophy and electrical remodeling, depedifferent downstream signals
that can be differentially triggered with biased agonists. Buwtark will focus on the long term
benefits and detriments associated with biased activation of Thee&eptor, in particular the
effects of K current downregulation and action potential prolongation which arieatly

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
lio.fas (PA/PF) 357+36 | 309+4.7| 38739 38.0+£32 343k | 28565 357+3.6 31.7zx4]
Tiag (MS) 948+43 | 869+51| 71.3+3.3 70.1+60 6633 | 602+23| 948+43] 86.6x5]
Ik siow (PA/PF) 19.1+1.8 | 153%1.8| 17.2%245 15627 15B& | 145+27| 191+1.8 155%2.
Tsiow (MS) 1418.4 + 68.81455.6 + 43.81280.4 + 81.11324.3 £ 41.01277.9 + 12.81326.1 + 68.31418.4 = 68.1530.5 = 82.
n 5 5 8 8 6 6 5 5
1uM 2 uM 5 uM 10 uM
CON A2 CON A2 CON A2 CON A2
341+3.1 22354 35.7+3.6 23.2+28 38.7+3.9 24662 38.4+4.0 23.1+55
66.4+55 70.2+6.2 94.8+43 81.3£2.0 7133 69.4£5.2 77.2+38 79.1£59
156 £1.0 10.6 £20 19.1+1.8 8310 17.2+25 9.6+1% 12.0+0.8 75+08
1277.9+12.8| 1462.0+99.7 1418.4+688 1597388 | 1280.4+81.1| 1472.7+815 1417.8x47.0 134®7.8
6 6 5 5 8 8 7 6

" Denotes significant difference versus CON (p <99.0
” Denotes significant difference versus CON (p 5.0

Table3.1: A2 dose dependent modulation gfdstand k siow-
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Figure 3.1: Dose dependence of A2 induced action potential prolongatRepresentative
action potential waveforms measured from LV myocytes incubatedteipresence of either
100 nM A2 or 5 uM A2 for 2 to 12 hours (AAction potentials display A2 dose dependent
prolongation of early (APE) and late (APIgy) repolarization (B). A2 stimulated cells
exhibit no significant changes in resting potentiaks(C) or peak potential, ¥ (D). Bar
graphs represent mean = S.E.M. and significant differencesvectatiCON are denoted by *
(p < 0.05).
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Figure 3.2: A2 induced reductions ingksst and ksow. (A) Representative traces of total
outward K currents recorded from untreated (CON) LV myocytes and thosedrevith 5
UM A2 for 2 to 12 hours. Outward currents were elicited with 6-s test potenaimgsg from
-10 mV to +50 mV from a holding potential of -65 mV with a 10 ms prepiais€0 mV to
inactivate the fast Nacurrent, as shown in the inset. Voltage dependences of pgakB)
and ksiow (C) densities extracted from the current traces. Significeductions relative to
CON are represented by * (p < 0.05) &r{g < 0.09).
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Figure 3.3: Unshifted voltage dependence of reduced pgak:and k siow In A2 treated LV
cells. Percent inhibitions of peak (A hstand (B) k siow €xhibit minimal voltage dependence
in 5 uM A2 treated cells suggesting that A2 induces reductions in the numbertafrfahk’”
channels per unit area of surface membrane without alterimmehproperties. In (A) and
(B), data points are presented as percent difference £ S.E. of the perceemnciffe
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induced by various concentrations (0.05 to 10 uM) were calculated fraknpgs:and k siow

values obtained at4= +50 mV (Table 3.1)Percent inhibition vs [A2] relationships of (A)
lio.fast @aNd (B) ksiow Were plotted and three-parameter sigmoidal curves were fiitet data.
Based on the curve fits, half-maximal reductions @fast and ksow correspond to A2
concentrations of 400 nM and 368 nM respectively, and 90%-maximalti@tiicorrespond
to 1643 nM and 1462 nM respectively, as indicated in the graphs. Accdoodiog analysis,

stimulation with high [A2] can maximally inhibitka.stby 41% andd siow by 47%.
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Figure 3.5: A2 induced electrical remodeling blocked in LV cells pretreated fbour with
colchicine. (A) Example traces of action potentials recordmd ftintreated, 5 uM colchicine
treated, 5 UM A2 treated and both colchicine and A2 treated &limificant repolarization
delays were observed in A2 treated myocytes as indicatguaignged (B) AP and (C)
APDgy but these effects were blocked in cells pretreated with ©ohghi These results
suggest that A2 induced electrical remodeling requires functiomitngcellular transport
mechanisms and may involve the internalization of; Adceptors, ion channels or both.
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Figure 3.6: G protein independence in ATeceptor mediated electrical remodeling. (A)
Representative traces of action potential morphology in CON5Sapt¥ Sll incubated LV
cells. Sl induces action potential prolongation through a G prateiependeng-arrestin2
mediated pathway which involves AR internalization. Action potential durations measured
from SlI treated cells display significant prolongations at b@h 50% and (C) 90%
repolarization to the resting potential. Results suggest thabhduced electrical remodeling
may be mediated vip-arrestin2 dependent signaling and occurs without the involvement of
activated G proteins. Statistically significant differences are atelicby * (p< 0.05).
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Chapter 4

A Regression Model-Based Analysis of Mouse L eft Ventricular
Action Potential Repolarization
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4.1 Introduction

Since computational models of the cardiac action potential (AP Vust described
(McAllister et al. 1975; Beeler and Reuter, 1977), they have oftem leed to understand the
roles and contributions of specific ion channels/pumps/transporteren&see, et al. 2000),
mechanisms of electrical propagation (Wang and Rudy, 2000; Chedr§wans, 2008), and
consequences of altered electrophysiological properties in vatieaase states (Clancy and
Rudy, 1999; Clancy and Rudy, 2001). Therefore, AP models have proveruse#ilness
within the scientific community in a variety of research applications. $imecappearance of the
first cardiac models, numerous AP models have been developed (Luo andlBem Noble, et
al. 1998; Hund and Rudy, 2004; Pandit, et al. 2003; Bondarenko, et al. 2004) commeemshrat
an increasing availability of whole-cell patch clamp dadanfvarious different species. For this
reason, recent models are much more complex—often comprising hare4® differential
equations—in comparison to their older predecessors.

Recently, numerous electrophysiological studies have been condurctdw hearts of
mice due to their rapid development and the ability to manipulate glesietic expression.
Hence, computational models of a mouse ventricular cell are dyrierntemand and have been
used to simulate AP changes in response to altered ionic concentratidf® protein
expression levels (Pott, et al. 2007; Sabir, et al. 2007), chan@'ihandling (Koivumaki, et
al. 2009; Mork, et al. 2007) and electrical conduction in both two- (Noujeiral. 2007) and
three-dimensional tissue (Mori, et al. 2008).

Due to the increasing complexity of electrophysiological modeislerstanding the
relationships between the input parameters and the output variabldse Gardaunting task,

especially if multiple conditions, such as changes in rate, amalated. To facilitate this
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analysis, researchers may benefit from the use of statistiethods that can analyze data in
bulk. For instance, Sobie, E.A. (2009) demonstrated the application of malilearegression
for parameter sensitivity analysis, which quantifies the k&atontributions of ion channels and
pumps/transporters to changes in the AP.

The present study consisted of two main objectives. The figdtwas to modify a
widely used computational model of the mouse left ventricular AladBrenko, et al. 2004) and
to evaluate the modified physiological model against experitheata. The second goal was to
analyze the relationships between the physiological model inputsusimats using multivariable
linear regression (MLR), which allowed the determination of whigtut parameters in the
physiological model significantly influence the calculatiortte AP. Specifically, we examined
the significance of st and ksow cOnductances and gating properties in setting the
repolarization rate at early, mid and late phases of the ADARAPD;s and APD,

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 c&tisn wild type mice (7 to
16 weeks old) has been described previously (chapter 3). The isolabegites were stored in
KB solution at 22°C for up to 12 hours while electrophysiological rengsdiwere being
obtained. For each set of experiments, cells were divided intootantt experimental groups
for comparison. Cells in the experimental groups were treate2ltb 12 hours with 200 nM or

1 puM of A2 (Sigma-Aldrich Inc.).
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4.2.2 Electrophysiological Recordings

Whole-cell patch clamp experiments were conducted at room tatape 22°C) within
12 hours of cell isolation. For both™urrent and AP measurements, the internal pipette
solution contained (in mM) 115 K-Aspartic Acid, 25 KOH, 10 KCI, 3 Mgdll EGTA, 10
HEPES and 5 NeATP (pH adjusted to 7.2 with KOH). Pipette series resistawees between
4-7 MQ in whole-cell mode. For all measurements, myocytes wefagaer with an external
solution containing (in mM) 137.7 NaCl, 2.3 NaOH, 5.4 KCI, 1 MgQCI8 CaCj, 2 CoC}, 10
Glucose and 5 HEPES (pH adjusted to 7.4 with NaOH).

Both voltage-clamp and current-clamp experiments were condudtegl ars Axopatch
1D amplifier (Axon Instruments Inc.) interfaced to a computer with a Digitia00 digitizer and
pClamp 8.2 software (Axon Instruments Inc.). In current-clamp mods,wdPe elicited with
short depolarizing current injections (~2 ms) at a frequen@/5Hz. In voltage-clamp mode,
K™ currents were measured in response to a short prepulse (10 488)ndd to inactivate Na
channels followed by 6000 ms voltage stepgsf\between +10 mV and +50 mV from a holding
potential of -65 mV. For all voltage-clamp recordings, sergesistances were routinely

compensated electronically by ~85%.

4.2.3 Experimental Data Analysis

Voltage- and current-clamp data were analyzed using Cla@yfifAxon Instruments
Inc.), Microsoft Excel (Microsoft Inc.), SigmaPlot (Syst8bftware Inc.) and MATLAB
(Mathworks Inc.). AP durations to 50%, 75% and 90% repolarization {APAPD;s and
APDy, respectively) were accurately determined using a semipten in MATLAB. Distinct

K" current components {tass lksow @and L, were extracted from the obtained” Kurrent
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recordings using the Curve Fitting Toolbox in MATLAB to fit aoh@xponential decay function
in the form of Aexp(-t/t1)+Aexp(-b/ 12)+As (Xu, H. et al. 1999) as described previo@sly
Peak current amplitudes were normalized to the cell capacit@gewhich was measured in
each cell using the Membrane Test function in the pClamp softaacepresented as current

densities (pA/pF).

4.2.4 Validation of a Physiological Model of the Mouse L eft Ventricular AP

A mathematical model of a mouse left ventricular AP has besaribed (Bondarenko et
al. 2004) and this formulation was used, with several modificationsiamglifications, for the
purposes of this study. A fundamental issue with the existing nwaeldiscovered upon
exploring the effect of diminishing the maximal conductancex@gd by 30%, which is a
conservative measure gfdow downregulation compared with values that have been reported in
literature (Brouillette, et al. 2004; Rivard, et al. 2008; Guo, €2G00). Incorporating reduced
lkslow conductance into the model yielded APs that failed to repolgdfmp 4.1) to a
physiological range of resting potentials, which is usually enoegative than -60 mV in
accordance with our experimental data. This presented a probl@pplying the model to
predict AP characteristics in diseased hearts, which oft@haglisignificant reductions irk Liow
in addition to § tast€ven though the APs repolarize fully (Rivard, et al. 2008; Guo, et al).2000
Moreover, the existing model outputs values of the resting potentak (megative than -80
mV) were significantly lower than values (-65 to -70 mV) typically obserin live experiments.
To resolve these issues, the existing model was thoroughly me@mind the necessary revisions
were implemented (Appendix). For the purpose of validation, the deusedel was

dramatically simplified to simulate whole-cell patch clamp ctods where [CH]; is buffered
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and ion concentrations are held fixed. In additiorf.” @anductances were virtually eliminated
to simulate experimental conditions in whighk:and k sow are recorded.

To validate the modified computational AP model, which will be retérto as the
physiological model, maximal conductances @f:nd and ksow Were scaled to match
experimental results (Fig 4.2) and simulated APs (generat@dbatiz) were compared with
experimental recordings. AZ2-induced reductions @ms! and ksow Were simulated by
attenuating the maximal conductancesgfdand k siow by 12% and 15%, respectively, for 200
nM A2 and 30% and 35% for 1 uM A2 (percentages obtained from Fig 3idjulaBed APs
with attenuatedid sastand k siow Were compared with experimental APs recorded from A2 treated

cells (Fig 4.2C & D).

4.2.5 Generation of Training Setsfor MLR

To quantify the relative contribution of each input variable to theutation of the AP,
we used a method involving MLR to calculate parameter setigisivsimilar to what has been
done using partial least-square (PLS) regression (Sobie, 2009he prdsent study, we used
conventional multivariable regression since the number of simulatiis far exceeded the
number of input variables (explained further in the Discussion). Inrstiance, PLS regression
and MLR produce identical regression coefficients, although PL&gggn is more effective in
dealing with non-ideal data sets, i.e. when the number of inpublesiaxceeds the number of
simulation trials (Sobie, 2009). Since the implementation of MUBsis convoluted than that of
PLS regression, MLR was chosen for our analysis.

A summary of the procedure used to obtain parameter sermestigtoutlined in Figure

4.3. Here we will discuss further details underlying the ovecakkme. Using the physiological
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model, multiple training sets were generated with multiple sitrarls using randomly generated
sets of input values. A training set is defined as the input vahgshe resulting output values
of one simulation trial. Training sets were stored in the inpatixnd and the output matriX,
where each row ok andY represented a particular training set. Therefore, the nurhbaws,
which is always equal itX andY, represented the number of training sets obtained for a
particular set of simulations. For this study, input variablesatrix X were chosen to represent
maximal plasma membrane ion channel and pump/transporter densdishifis in the voltage
dependence of relevant ion channels. Each columrepresented an input variable and each
row represented the set of input values used for one simulation. dwadhX was generated by
randomly scaling the maximal ionic conductances, pump/transporiesfland voltage shifts
using a random number generator. Scaling factors for ionic comdestand pump/transporter
fluxes were randomly drawn from a log-normal distribution (Fi4),4which is a probabilistic
assumption that prevents assignment of negative maximal conductatMoe #Hux values.
Voltage shift values were randomly varied with a normal distiwiousiince their range spans
both positive and negative values (Fig 4.4). Random numbers were distntitiienormalized
standard deviationsof) of 0.1. In total,X contained 6 ionic conductances, 2 maximal
pump/transporter flux parameters and 4 voltage shift parametaddtal of 12 input variables.
For the analysis ofidast and ksiow properties, 6 input variables representing.d and k siow
conductances, activation time constants and inactivation time constanmgsisedX. In most
instances, we chose five output variab¥eso represent AP characteristics comprising Af?D
APDys, APDgg, Viestand Vpea For the analysis ofgkastand k siow properties, only three output

variables, APy, APD;s and APDRy, were considered. Each columnYofepresented an output
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variable and each row represented the outputs of one simulation tieataleulated using the
input values contained in the corresponding rov of

In most cases, 650 training sets were generated correspondib@ womulations using
randomly generated input variables. Of these, 500 training sets, whikla conservatively
large sample size, were used to fit MLR regression coeftiand the remaining 150 training
sets were saved for later use in validating the MLR modsla AesultX was amnm by n matrix,
wherem is the number of training sets1(= 500 in most cases) amdis the number of input
variables i = 12 or 6) and’ was amm by k matrix, wherek is the number of output variablds (
= 5 or 3). Random variableg and some inX were log-transformed to resemble normal
distributions for the regression analysis.

The physiological model was compiled in C++ and the executable gonogvas
incorporated into a MATLAB script to run multiple simulations. ARere simulated at a
frequency of 2.5 Hz unless otherwise indicated. Simulated APs were continumitslgt &r 50

cycles to attain steady state and only the 50th AP was considered for thevalues i

4.2.6 Calculation of MLR Coefficientsfor Parameter Sensitivity Analysis
The basic assumption of MLR is that the output variabléé ame approximately a linear
function of the input variables K, such that for théh training set,
y® = b, + blxii) + bzxgi) + -+ bnx,(li) +e®
whereby is the intercept term,bf,..., b} are n MLR coefficients, i, Xa,..., X5} are n input
variables,y is one of the output variables andepresents the error, which is the difference
betweerny and the MLR prediction of. Given this assumption, the goal of MLR is to produce a

set of linear regression coefficieBshat most closely reprodudefrom X. In other words, the
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MLR model is defined by a matrix of linear regression coefitsB that minimizes the sum of
squared error between MLR predictions of the outplystsices @and the physiological model
outputsY. B can be calculated with the normal equation, which is giveB HyX X)*X"Y.
However, beforeB was calculatedX andY were pre-processed so tl&atmay contain
informative regression coefficients (parameter sensitivitids)t 1) represent the relative
contribution of each input variable in the calculation of a partical#put variable and 2)
indicate the direction (positive or negative) of change in the outpiaiola for a given change in
the input variable. For pre-processing, each columiX @ind Y was mean-centralized and
normalized by its standard deviation for conversion to z-scotashwvere stored iXz andY ;.
Since all of the means are centered, by definition, in z-scones,intercept termby is
automatically assigned a value of zero when MLR coefficiardascomputed. Hence, the MLR
model is described fully (without intercept terms) by the lil@anmation of weighted input
variables inXz, where the “weights” are the MLR coefficients. MLR coeéfits were
computed using the normal equation giverBoy (Xz'Xz)*X2'Yz, whereB is ann 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 amaheaningful
coefficients that reflect the parameter sensitivities. dioee, MLR coefficients were assessed
on their ability to yield accurate estimates of the output valdassmentioned earlier, of the 650
total training sets obtained from simulations using the physmdbgnodel, 150 training sets
were set apart to be used in evaluating the predictive agcofaihe MLR coefficients. In

effect, these 150 training sets were “held-out” from being usetia determination of MLR
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model coefficients for the sole purpose of being used to validatdti®e model. For the
purpose of explanation, we will reuse the notatignandY to refer to the inputs and outputs,
respectively, of the hold-out training seA summary of the following procedure is outlined in
Figure 4.5. Log-transformations were applied to the same Xrid outputy variables that
were transformed for computing the MLR coefficients, as desdrpreviously. Following this,
X andY were converted to z-scores to yidd andYz. The MLR coefficients irB were then
used to calculate the MLR model predictiofiSyredicted With the equatiorY z predicted = XzB. The
predictive accuracy of the MLR model coefficie@svere evaluated based on the proximity of
the linear regression between each output variab¥;iandY z predicted t0 the 1:1 line and the
proportion of the total variance explained by the regression linen(biyd¥). It was imperative
for the regression analysis to be carried out with the MLR oufpp}Sedicted treated as the
independent variable (abscissa) and the physiological model outputss 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, wholeqaith clamp
experiments were conducted to measwgsd lksow @and APs from wild type left ventricular
myocytes. The voltage dependences of peaks:land ksow Obtained from experiments are
presented in Fig 4.2A. Using the model equationg @fdand k sow, Voltage clamp experiments
were simulated with the same protocol used in the experimemtsilafed peakid sastand k siow
conductances (&xast and Gesiows respectively) were scaled to match the peak currents fiem t

experiments and the resulting voltage dependences from this sonuda¢ given in Fig 4.2B.
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From this analysis, mean{as and Gsiow Were determined to be 0.32 and 0.10 (mS/uF),
respectively. Having confirmed that the simulated peaksland ksow are concordant with
experimental data, the scaled conductancgssGand G siow Were implemented in the AP
model. In a separate set of simulationg4gand G siow Were reduced by a percentage amount
(Table in Fig 4.2) in accordance with A2 dose-inhibition curves repantetiapter 3 to model
lo,fast 2N k siow from cells incubated with 200 nM and 1 puM A2. The simulatecktaf APs
incorporating G fastand G siow Of control and A2 stimulated cells are displayed in Fig 4.2€. A
characteristics of simulation and experimental traces drelatad in Table 4.1, in which
simulated values of APD (at 50%, 75% and 90% repolarizatiagy),a¥id \peax Of control cells
appear to agree well with experimental values. Additionallyulsited traces of APs with
reduced G tast and Ggsiow t0 Mimic attenuatedglast and k siow Magnitudes in A2 treated cells
were similar to APs recorded from cells treated with Hraesconcentrations of A2 (Table 4.1).
This suggests that A2-induced reductionsdndand k siow €Xplain most of the change observed

in the AP morphology of A2 treated cells.

4.3.2 Evaluation of the ML R Coefficients

Scatter plots of the MLR model output (yredicted) VErsus the corresponding outputs of
the physiological modelY(z) were constructed and linear regression lines were fitaa@ata to
determine the accuracy of the MLR model coefficients (F6y. 4Regression lines fitted for each
output variable virtually overlapped the 1:1 line with high (® 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 variaieie
plotted on bar charts (example in Fig 4.7) to visualize the gignie of each input variable on
influencing a particular outcome. From this analysis, we weretalltypothesize that the list of
input variables having significant contributions to the AP can be rddiacsix inputs, which
were Gua, Gnab Guotasi Gk stow, Gk1 and \ki. Notably, AP is most influenced by x.st and
moderately influenced by Giow and Gy, whereas APR) is most influenced by &Giow With Ixy
having a more prominent role than.f: Having determined that, st and/or ksiow are
significant contributors to APf3, APD;s and APDQ, based on the parameter sensitivities, we
sought to understand whether, in addition to the conductances, time-depemgentigy of
lio.fastand k siow @re also significant contributors. Parameter sensitivityyarsalFig 4.8) with six
input variables (Gfass Ok slows Tactfast Tinactfasi Tactslow Tinactslow fevealed that the inactivation
time constants of bothyk.st and k siow Were of minimal significance in contributing to the AP.
To ascertain whether inactivation takes on more significantte imcreasing stimulation rate,
parameter sensitivities were computed with the stimulation freyuecreased from 2.5 Hz to
10 Hz. Despite this increase, inactivation time constants rechasgnificant in influencing
the AP (Fig 4.9A to 4.9C). To demonstrate that inactivation propenmgesdeed not significant
in affecting the AP at a stimulation frequency of 10 Hz, inatibwatime constants were either
increased by 50% or decreased by 50% in the physiological randehe resulting APs were
visualized (Fig 4.9G and 4.91). These were compared with ARsnelt by modulating the
activation time constants and the conductances in the same n@ig#9D to 4.9F and 4.9H).
APs obtained by modulating the inactivation time constants wertalrtidentical to each other

whereas modulating the activation time constants or the conductgretdsed significant
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changes in the morphology of the AP. Therefore, we were ablerify that the parameter

sensitivities, with respect t@ Jastand k siow properties, were valid.

4.4 Discussion

4.4.1 Evaluation of the Physiological AP Model

A previously published computer model of the mouse left ventriculand&enko, et al.
2004) was modified and simplified to simulate ideal patch-clamp tonsdiin which it is
assumed that ionic concentrations are held fixed. To valitietenbdel with respect to the
activity of ko fastand k siow, Which are known to be the primary repolarizing currentshtbavily
influence the AP, d,. was set to zero to simulate conditions in whighclurrents were
experimentally obtained. Additionally, APs, which would later sepvweatidate the model, were
measured in the same external solution in whigltdrrents were recorded to eliminate the
effects of switching to a solution that does not contain €qBfus, Z.S. et al. 1991). Though
this may seem to be counter-productive, since physiological @maugenerally do not contain
high concentrations of Co& lwe decided to take the approach of accurately modeling the AP
the same environment in whicly is measured where we are more certain,gbrbperties and
hence are capable of making a more confident prediction of the ARfthe were to try and
model the AP in a solution in whick Is inadequately described. In addition, the exclusion of
lca,L prevents the need to address the complex interplay of this curreng,wiithrénts in shaping
the AP (Sah, et al. 2003) and makes validation of the model feasibledudtionist approach to
model evaluation minimizes errors in the model stemming from teert@nty of how d,
contributes to the repolarization rate in cooperation withy and | ase One goal of this study

was to accurately model the mouse ventricular AP, in its siityplicsing direct measurements
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from experiments as the standard for model evaluation, as asfept towards complex
characterizations that includes}, dynamic ion concentrations and“Cdynamics. We verified
that our model adequately replicates experimentally obtained A¥efevens based on
guantitative comparisons of five output variables that sufficiently describe tlj€ablie 4.1). In
summary, all of the simulated output variables were within at presistandard deviation of the

experimental means.

4.4.2 Simulations of A2-Induced Reductionsin lgfas @and I gow

The validated model was then used to simulate the AP with@nd G siow reduced in
accordance with peak reductions {grk: and k sow In response to prolonged (+2 hours) A2
stimulation. For this particular exercise, APs were alsatlijreneasured from cells stimulated
with 200 nM and 1 pM A2 for comparison with model outputs. All but onelsited parameter
(Vpeaw 1 pM A2) out of ten were within one standard deviation of the expetal means,
suggesting that the reductions in f&: and Gesiow Can explain most of the changes in AP
morphology in response to A2 stimulation, given our experimental conditidosiever, from
this analysis, it was not possible to deduce whether or not AZfisagly 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 ofikast and ksiow On the AP morphology is a well-known
murine trait (Brunner, et al. 2001) however, the relative contributicgaclh component to the
AP has not been guantitatively defined. Therefore, the second gba efudy was to quantify

the impact of st and ksow properties on the morphology of the AP using parameter
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sensitivities obtained from MLR. Before this analysis wagiadrout, we assessed the
predictive accuracy of the MLR model to ensure that the regresefficients accurately
represented parameter sensitivities. Our evaluation indicatethth&LR model reproduced
physiological model outputs, with the range of input values that emrsidered in our analysis.
Given that all of the conditions (i.e. normality of input variablediency distributions, linearly
independent input variables, large number of training sets) werefateldast-squares linear
regression, a calculation of informative parameter sensitivitéesto be expected. In situations
where all of these conditions cannot be met (i.e. smaller numberirahg 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 maaedccurately predicting
outputs of a non-linear system (physiological model) undoubtedly besheffiom the log-
transformations of both input and output variables, which allowed MLR to Hermped on
transformed variables with (approximately) normal distributiofserefore, in situations where
log-transformations will not suffice, MLR models may benefinirusing other transformation

functions (i.e. square root) that result in the closest resemblance to a nornialtaist

4.4.4 Significance of lotas @nd Ik gow Properties

Based on the parameter sensitivities (Table 4.2), it appeark,thaheavily influences
the early repolarization rate, reflected in the AfDvithout much influence on late phase
repolarization (APky) while Ik sow influences both early and late phases consistently. This
result is not surprising based on experimental observations (Brimjikgtal. 2004) thai Liow
possesses slow inactivation kinetiegaf: > 1000 ms) that are dramatically different from those

Of lio fast (Tinact < 100 ms). From a theoretical standpoint, this means that insmiva Ik siow
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plays an insignificant part within physiological durations of the Rich is on the order of tens
of milliseconds. Therefore, the contribution @kidw in shaping the AP mostly depends on its
activation properties and maximal conductance. This was verisgty UMLR parameter
sensitivity analysis on six input variables representing the iwaéicin and activation time
constants of st and ksiow (Fig 4.8). Surprisingly, based on this analysis, changeg g |
inactivation were also insignificant in influencing the AP morphypldgspite its shorter time
constants. To test whethegsi and k siow inactivation properties were significant with faster
AP rate, parameter sensitivities were calculated with tiheukation frequency increased to 10
Hz (Fig 4.9). Even under these conditions, inactivation appeared to be a negtigiblenent in
shaping AP morphology. The insignificance g@fi.k: inactivation properties to the APD in
murine left ventricular myocytes suggests an important differdveteveen the underlying
electrophysiological properties of mice and larger specresyhich the longer APD nearly
guarantees thaf,linactivation properties are an integral part of shaping the Rithermore,
the observation thatgkss: iS not significantly involved in AP§ suggests that the primary
function of lysst IS in the determination of the early repolarization rate andejesasts to
regulate ¢, In contrast, dsiow appears to be a more crucial component of AP repolarization
since it regulates the AP considerably in virtually all phases of repatianz

Another interesting observation in our study was that increasingqdtieation time
constants of tastand k siow prolong AP, but does the opposite with AR The difference
here is possibly because ARDs influenced mainly by the upstrokes gfds:and k siow Whereas
APDgy, depends upon how slowly, stand k siow decay during the AP. Since inactivation is not
involved, the decay depends solely on the rate of activation “galesih@ in response to

membrane repolarization. Moreover, our results suggest thatatemtivand inactivation
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properties have minimal influence on ARDwhich probably reflects the time point at which the
two currents are mostly affected by the membrane potential tfeandfore, the conductance)

rather than time-dependent gating properties.

4.4.5 Interpretation of Parameter Sensitivities

Parameter sensitivities quantify the relative change inuhgut that is the result of a one
standard deviation increase in the relevant input. Based on thigidefimfi a particular input
variable were to be more widely distributed with higher standavéhtilen, the corresponding
parameter sensitivity would be greater. For the purpose oftody,sthe mean-normalized
standard deviations of ionic conductances and maximal transportes k€. and Kakmax
were equal since the random number scaling factors were a@vamstently from a log-normal
distribution with a median of 1 and a standard deviation of 0.1. dhpater sensitivities were to
be calculated using experimental data, in which normalized varisaroesig various input
parameters are likely to vary, interpretation of paramedasisvities should account for the

variances of individual input parameters.

4.4.6 Conclusions

In this study, we demonstrated the use of a linear regressiolel o quantify the
relative importance of individual electrophysiological paramset®n determining the
morphology of the mouse left ventricular AP. Specifically, walywed MLR parameter
sensitivities to distinguish the roles of differegtk:and k siow properties in influencing the AP.

Future work should involve the precise incorporationf,ldynamic ion concentrations and
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Cd&* handling machinery to the physiological model and work towards undéirsga the

complexity of the cardiac cell using regression model-based analysis.
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N\ 4Py, (ms) | APDys (ms) | APDes (ms) | Viest (V) | Virax (mV)
CON
Experiment (n=6) 41+0.6 10.3+1.6 244 +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+94 | -67.2+13 | 54.1+7.1
Simulation 4.4 10.3 29.3 -67.3 51.1
1mMA2
Experiment (n=5) | 5.2+1.2 13.8+3.2 | 33.4+123 | -66.2+2.0 | 54225
Simulation 4.9 12.5 36.4 -67.3 51.5

Table4.1: AP properties measured from patch clamp experiments and modehtsimsl The
control (CON) values of APD, ¥;:and Vjhax from experiments and simulation demonstrated that
a simulated AP using the computer model is well in agreemeht experimentally obtained
traces of the AP from control myocytes. Simulating A2-inducech@®s in § fast and k siow

produced APs that minimally deviated from experimental measurements.
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B APDs, APD,; APDg, Viest 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
Givab 0.0899 -0.1439 0.2150 0.6335 -0.4769
Groost | -0.7646 -0.6147 -0.1931 0.0013 -0.0154
Gisow | -0.4500 -0.5891 -0.5683 0.0015 -0.0799
Giss -0.0409 -0.1126 -0.2768 -0.0008 -0.0108
Gu: -0.0817 0.1446 -0.5324 -0.6474 0.4914
Vio fast -0.0906 -0.1180 -0.0621 0.0048 -0.0179
Vi stow -0.0211 -0.0523 -0.1463 -0.0046 0.0029
Vi -0.0141 0.1667 0.3548 -0.3156 0.2164
Vicss -0.0193 -0.0206 -0.0468 0.0022 0.0080

Table 4.2: Multivariable regression parameter sensitivities containe® imdicate relative
contributions of each input variable (leftmost column) on influencingStlautput variables
(APDso, APDzs, APDgo, Viestand Vpeay that were considered for this study. The top three input
variables that significantly influence a particular outcommetain values in their respective rows
that are highlighted in bold.
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Figure4.1: Simulated traces of the Bondarenko model AP in control (1QQ%) and 30%

Ik slow reduced (70% of controk Low conductance retained) myocytes. According to the
Bondarenko model outputs, 30% reductionkigoly results in repolarization failure. This was
a significantly different result compared with AP traces ioleth from cells incubated with 5
MM A2 (pink trace in Fig 3.1), which possegsakiand k siow that are approximately 40% and
45% reduced, respectively, relative to CON (based on Fig 3d3edBon these comparisons,
the Bondarenko model inadequately describes the electrophysiblacfivéty underlying the
AP. Therefore, we modified the model equations in accordance withrireepéal
observations to improve the model output (Appendix).
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Figure 4.2: Evaluation of the physiological mouse AP mod®eak conductances qf st

and ksow Used for the computation of the AP were scaled to match our exogaim
observations. In doing so, the peak I-V relationships obtained from exqresi (A) were in
agreement with the simulations (B). (C) Representative tralcéd®s that were obtained
experimentally from control (CON), 200 nM A2 and 1 uM A2 groups. (D) Simulations of the
AP using the modified model with varying #s:and k siow COnductance parameters based on
experimentally observed cellular changes in peai&sdand peak dsiow in the presence of
different concentrations of A2 (shown in the table). Based on Ehenfasurements (Table
4.1), the simulated APs agreed well with experimental APs.
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Randomly drawn n times from normal (or
To obtain X log-normal) distribution with mean (p) and
normalized st. dev. (o?)

To obtainY Physiological Model

Log Transform
(if necessary)

To obtainB -~

Convert to z-scores

MLR
(mean-centralize and

B = (X)X, Y,

normalize by st. dev.)

Figure 4.3: Overview of the procedure taken to calculate parameter semsgiBitfrom
matricesX andY. Each column of matriX represents an input parameter (i.e.1{g and
each column off represents an output variable (i.e. ARPwhich were calculated from the
physiological model. The rows of andY represent the number of randomly drawn samples
n. The mean (1) of each input parameter is the value of the giaraim control conditions.
To obtain parameter sensitivitiBs some input parameters ¥hand some output variables in
Y were log-transformed so that the frequency distributions of akhlas in bothX andY
resembled normal distributions, which is one of the conditions that neael fidfilled for
least-square regression. Although the regression may proceed witinetsion to z-scores
for MLR-based prediction of, meaningful values dB that represent relative contributions
of each input variable to the calculation of the outputs can only benetitaihen all of the
input and output variables have been mean-centralized and normalizeditbyespective
standard deviations.

87



100 1 80 -
80 e
60 1
60 1 = | M
40 A
40
20 H
20 1
0 , : : , o L=
0.04 0.08 0.12 0.16 0.20 -3 -2 -1 0 1 2 3
G, fast (MS/LLF) V., tast Shift (mV)

Figure 4.4: Representative examples depicting the frequency distribution$00 samples)
of two input variables, for which the distribution of,¢s: is log-normal (left) and that of
Vi tast IS Normal (right). Log-normal distributions were used for oertaariables (i.e.
conductances) which physically cannot have negative values.
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Conversion of raw data into z-scores

Log Transform

(if necessary)

Convert to z-scores
(mean-centralizeand
normalize by st. dev.)

Prediction of Y, using MLR coefficients

YZ,predicted = XZB g YZ,.preclii:tel:l

To evaluate the predictive accuracy of B, Y; and Y, ;. gicted WETe
compared using regression analysis

Figure 4.5: Overview of the procedure to evaluate the predictive accuracy oMt

coefficients contained

inB.

Hold-out training sets (training sets not used for the

determination of MLR coefficients) iX andY were converted to z-scor&s andY; and
MLR model predictionsY z predicted Were calculated with the equatidfy predicted = XzB. ToO
evaluate the predictive accuracy Bf the relationship betweeMz and Yz redicteds Was
assessed using regression analysis.
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Figure 4.6: Evaluating the predictive accuracy of the MLR model coeffisient(A)
Representative scatter plot of ARx-scores obtained with the MLR mod&lz(yedicted) VS.
z-scores obtained with the physiological modét)( The gray line represents the 1:1 line
which has slope = 1 and zero intercept. The solid line is thesggn line, which virtually
overlaps the 1:1 line with high Rindicating good predictability of the MLR model.
Regression analysis of (B) AR (C) APDy, (D) Viestand (E) Weakare shown without the
actual data points for clarity.
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Figure 4.7: Parameter sensitivity analysis of input variables on affe@&irDs,. This is a

representative bar chart of normalized MLR coefficients, whiehralicative of the relative
contributions of each input variable to each output variable. Fronghhrs, it can be easily
determined that out of the 12 input variables examinggks@nost heavily contributes to

AP Dsy.
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Figure 4.8: Parameter sensitivities of fst and k siow properties consisting of conductances
(Giotast and G siow), activation time constants ofo kst and ksiow (Tactfast @Nd Tact siow
respectively) and inactivation time constantgadiast and Tinactsiow).  INactivation time
constants of both currents are not significant in shaping the AP.thEee results, AP
stimulation frequency was set at 2.5 Hz.
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Figure4.9: (A to C)Parameter sensitivities qf fastand k siow propertieobtained at high AP
stimulation rate (10 Hz). To verify these parameter sertgyiinput variables were
individually modulated (by increasing or decreasing by 50%) andeating APs were
examined to determine whether or not a significant change hadreatc(D to I). In
accordance with the parameter sensitivities, inactivation loérelt as: Or Ik siow (G and 1) was
not significant in contributing to the AP morphology. AP traceslteng from no change,
50% increase and 50% decrease of the relevant input variabEpaesented by blue, red and
green lines, respectively. The vertical axes represent naalpotential (mV) and the

horizontal axes represent time (ms).
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Chapter 5

General Discussion
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This chapter summarizes and discusses the major findings di¢kis.t The overall goal
of this research was to investigate A€ceptor involvement in the transduction of mechanical
stress into molecular signals, which induce significant changabe electrophysiology of
cardiac myocytes. Our secondary objective was to use a coropatatiodel-based approach to
understand the role and significance of individual ion channel prapentiaffecting the AP
profile. In fulfilling these objectives, we introduced several nespeats of cardiac cell
regulation and function that, we believe, will greatly impactretstudies on this particular

subject.

5.1 AT, Receptor-Mediated Electrical Remodeling in Left Ventricular Myocytes

The first aim of this research was to determine the rol&Taf receptors in mediating
pressure overload-induced electrical remodeling in mouse leftrilar myocytes. A
preliminary observation was the immediate (within 48 hours) downregulat ke tastand k siow
in response to sustained increases in mechanical stress broughtyponti®d constriction.
These changes were observed prior to any structural remodelingssnggthat electrical
remodeling, involving reductions ingast and ksiow, precedes the development of cardiac
hypertrophy in response to increased mechanical load. In isolgmaytes, reductions ingkast
and ksiow, resulting from short-term TAC surgery, were reversible usingAT; receptor
blocker, indicating that pressure overload-induced reductionseif: Bnd ksow may be
attributable to AT receptor activation. From the observation that these reductiorgetained
in isolated myocytes, which are no longer subjected to mechastiaal, we hypothesized that
AT receptor stimulation is sustained in these myocytes possibgnvatocrine mechanism of

A2 release (Sadoshima, et al. 1993) contained within the t-tubulésnghterm TAC myocytes,
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lofast Was reduced and ATreceptor blockade restoregds; but unlike short-term TAC
myocytes, ksow Was only moderately reduced and minimally changed in responsd ito
receptor blockade. The reasons for this is yet unclear, butyitimralve increased surface
expression levels of Kv1.5 and Kv2.1 (Marionneau, et al. 2008), both of which ercggeirn

long-term TAC myocytes.

5.2 G Protein-Independencein AT; Receptor-Mediated Electrical Remodeling

To further explore the mechanisms of ;Afeceptor-mediated electrical remodeling in
cardiac myocytes, we incubated isolated control left ventriculgocytes with various
concentrations of external A2. Preliminary observations of APghwrieflect the global activity
of all membrane ionic currents, recorded from these cellsayisplA2 dose-dependence in both
APDsy and APDg, suggesting a strong relationship between A2 and either or botheof
predominant repolarizing currentg dst and ksow. Therefore, the effects of various A2
concentrations on these individual currents were examined, from whigs ibbserved that A2
inhibits both kst and ksow In @ dose-dependent manner without shifting their voltage-
dependence. This suggests that A2 regulation @f:Bnd k s,ow primarily involves modulations
in the number of functionalok.st and k siow Channels expressed in the membrane. Moreover,
based on their dose-inhibition curvasskiand k siow half-max concentrations were virtually the
same, suggesting that A2 may regulatg.sl and ksow In @ coherent manner. Based on a
previous study, which suggests Afeceptors co-internalize with Kv4.3 (Doronin, et al. 2004),
we hypothesized thatotast and ksiow are not dependent on G protein stimulation, which is
independent of-arrestin dependent ATreceptor internalization. The first set of experiments

involved application of colchicine to the isolated myocytes to disruggdeliular trafficking. In
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these cells, APDs were unchanged in response to application of Azssoggthat either
inhibition of ATy receptor internalization or the inhibition @fs{l« siow trafficking (or perhaps
both, if AT; receptor and channels are co-internalized) resulted in the desgimsitof |, sastand

Ik slow t0 A2 stimulation. Hence, this experiment alone could not rule oubtgiprdependence
of AT, receptor-mediatediokast and ksiow reductions. Therefore, we utilized a recently
developed pharmacological approach to selectively activate thee&&ptor without stimulating
G proteins to test for the involvement of G proteins in Adceptor-induced reductions @f it
and ksiow. Even without G protein involvement, st and k siow Were significantly reduced in
response to Al receptor stimulation, suggesting thatk: and k siow reductions mediated by
AT, receptors are G protein independent and may depend on co-intéioraliwdth the

receptors.

5.3 Regression Model-Based Analysis of Electrophysiological Parameters

The third and final aim of this research was to use a comlapptbach involving a
physiological model of the mouse AP and multivariable linearessgon (MLR) to quantify the
significance of various electrophysiological parameters inridaing to the AP morphology.
Based on our analysis of the MLR parameter sensitivities, SARBre highly sensitive to
changes iny st and/or k sow cOnductances relative to other electrophysiological parameters
However, we determined that APDs were insensitive to changeégg and ksiow time
constants of inactivation at both slow (2.5 Hz) and fast (10 Hz) a&&s.r Therefore, we
hypothesized that in mouse left ventricular myocytes, indativgproperties of tastand k siow
have minimal influence on the AP morphology unlike their respective ctamhes 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 myocygtedve a
diverse array of processes, of which, we have studied only a suaeét. First, our findings
suggest the importance of revealing the time dependence, elgpatiaearly time points, of
changes that occur in cardiac myocytes in response to pressuteadve Second, as a
continuation of our study, future work should investigate the elecotsigbgical consequences
of biased AT receptor signaling, which may potentially lead to the developofemell-targeted
pharmacological therapy. Lastly, we stress the importahdeweloping and finding new ways
of utilizing mathematical cardiac cell models, which will fintbre use in the future as our

knowledge base continues to grow.
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APPENDIX - Modificationsto Existing AP Model (Bondarenko, et al. 2004)

1. Inaag andog were changed in accordance with Clancy and Rudy (1999).
2. lpcamaxlowered to 0.05, similar to adult rat left ventricular model (Pandit, et al. 2001).

3. Published values of Kselectivity (permeability ratios: \gPx) were incorporated into the
calculation of Nernst potentials fqag st (Campbell, et al. 1993) Liow (Snyders, et al. 1993)
and ki (Lu, et al. 2001) channels.

4. lptast Was reformulated so that the steady state activation tonstants do not approach
infinity at hyperpolarizing potentials and to shift the half-mteady state activation from -
22.5 mV to -35 mV, which is uncompensated for the presence of divalemscat the
external solution (2 mM Coglshifts activation curve approximately -12.5 mV). This
yielded the following equations:

1.5¢(V—30)/25 1.5~ (V+100)/25
%a = 1+ e(V=30)/25 a= 1 + e—(V+100)/25
0.000152¢~(V+235)/7 0.00095¢(V+435)/7
%= 0.067083e V+435)/7 1 1 £~ 0.051335¢ V4357 4 1
dat ) dlt , . .
o - aa(l - ato,f) — Bato s of = ai(l - lto.f) — Biltos
dt dt
+ +
B, = RT  (0:92[K*], +0.08[Na*], ——
A 0.92[K*]; + 0.08[Na*]; f

Ito,f = Gto,tho,fa?o,fito.f(V - Eto,f)
5. Ik siow Was similarly reformulated to yield the following equations:

0.916(V_30'21)/18

T 1+ e(v-302D)/18 Ba = 0.008e~(V73%)/23:5

Uq

170

_ -1 _
7o = (@g + Ba) 7; = 1200 - 1 4 e(V+35.2)/5.7

o = (1 + e—(V+15)/10.7)—1 i = (1 + e(V+35.2)/5,7)—1

daK,slow _ A — Ak slow dlK,slow _ loo = lg slow
dt T, dt T;
— ,V/150
RK,slow =e /

. ~ RTl 0.993[K*], + 0.007[Na*],
Kstow =g 1| 0.993[K*]; + 0.007[Na*];
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Ix siow = Gk stow Rk siow Ak stow ik, slow (V - EK,slow)
6. lonic concentrations were held constant to simulate patch clamp conditions.
7. GcaLWas set to zero in order to simulate blocksgf. by CoC}.
8. A small leak current was added to simulate non-ideal whole-cell seganess.
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