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ABSTRACT OF THE DISSERTATION

Mechanisms of Slowed Conduction

During Ventricular Volume Loading
by

Robert W. Mills
Doctor of Philosophy in Bioengineering
University of California, San Diego, 2006
Professor Andrew D. McCulloch, Chair

Several studies have linked increased myocardial strain (wall stretch) with
atrial and ventricular arrhythmias. Although the precise mechanisms for these
loading related rhythm disturbances remain unclear, the predominant mechanism
underlying ventricular arrhythmias associated with mechanical dysfunction is reen-
trant conduction, which is promoted and sustained by slowed conduction. Passive
ventricular volume loading in the Langendorff-perfused isolated rabbit heart has
been shown to slow conduction.

Optical mapping was used to image myocardial conduction. A phase-
shifting filtering technique was previously developed to enhance optical maps of
myocardial electrical activity. The improvements of the phase-shifting scheme were
validated by processing a known data set taken from a modified FitzHugh-Nagumo
model, to which comparable noise was added. Further improvements were made
to the filtering and analysis routines to improve efficiency and accuracy.

Conduction slowing in response to ventricular volume loading was vali-
dated by excluding several potentially confounding factors. Improved oxygen de-

livery with a synthetic oxygen carrier, indicated that the effect is not a result of
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global ischemia. Measurement of regional tissue perfusion with microspheres sug-
gested that the load effect is not due to regional ischemia. Conduction slowing
was not significantly attributable to a decrease in epicardial surface temperature
during loading. Measurements with epicardial electrodes were performed with-
out two reagents used during optical mapping: di-4-ANEPPS and 2,3-butanedione
monoxime. These measurements indicated that incremental loading within a physi-
ological range still led to incrementally longer activation times (slowed conduction).

Several potential physiological mechanisms of conduction slowing during
ventricular volume loading were investigated. Inclusion of the stretch-activated
channel blocker gadolinium?®* in the perfusate attenuated the reversible increase in
action potential duration during volume loading, but did not alter the reversible
slowing of conduction. Volume loading reduced conduction despite changes in
membrane excitability caused by varying perfusate potassium concentrations. Ef-
fective cross-fiber space and time constants, assessed by optical mapping of the tis-
sue response to a cathodal-break point stimulus, increased significantly, indicating
that loading may reduce intercellular resistance and increase effective membrane
capacitance, resulting in a net slowing of conduction due to the greater sensitivity

of conduction velocity to a change in capacitance.

xiil



Chapter I

General Introduction

Several studies have linked volume overload or increased myocardial strain
(wall stretch) with atrial and ventricular arrhythmias. [1] Clinically, ventricular
wall motion abnormalities, especially dyskinesia, [2] and congestive heart failure [3]
are strongly related to arrhythmia, while abnormal increases in blood pressure
result in ventricular hypertrophy that is linked with arrhythmic predisposition, [4]
and which can be reduced by lowering blood pressure. [5] Experimentally, sudden
increases in intraventriuclar pressure can induce arrhythmia even within normal
physiological ranges. [6] Experimental models of heart failure, [7, 8] hypertrophy, [9,
10], and myocardial infarction [11] all show increased vulnerability to these load-
induced arrhythmias. Further, it has been observed that reducing hypertrophy
reduces arrhythmic susceptiblity [12].

Although the precise mechanisms for these mechanical load-induced rhy-
thm disturbances remain unclear, they generally involve either triggered activity
or reentrant conduction. [13] Mechanical stimuli in the intact heart can trigger ec-
topic activations or after-depolarizations, [14] and there is evidence that mechan-
ical loading can create conditions necessary to initiate or maintain reentry. [15]
Though both mechanisms may contribute, reentry is the predominant mechanism
underlying ventricular arrhythmias associated with mechanical dysfunction [16] in

patients with structural heart disease at risk for sudden cardiac death, [17] who



typically exhibit elevated filling pressures or wall motion abnormalities.

Reentry depends on the presence of excitable tissue ahead of the activa-
tion wavefront (an ‘excitable gap’) as it propagates around an area of structural
or functional conduction block. Slowed conduction or decreased refractoriness can
therefore promote and sustain reentry, while increased spatial and temporal dis-
persion of conduction velocity and refractoriness can provide a substrate for its
initiation. [18] Ventricular wall strains measured during the cardiac cycle or as
the result of altered hemodynamic loading display significant spatial heterogene-
ity. Since myocardial strain has been shown to modulate conduction velocity and
refractory period, [18] altered mechanical loading may increase dispersion of con-
duction velocity and refractory period and thereby facilitate reentry. Observations
on the acute effects of myocardial strain on conduction velocity have varied widely
with experimental preparation, mechanical loading conditions and measurement
techniques, while findings on the stretch-dependence of effective refractory pe-
riod have been somewhat more consistent. Although there is compelling evidence
that mechano-electric feedback influences myocardial conduction and refractori-
ness, more consistent quantitative data in the intact heart are still needed before
a more definitive link to reentrant arrhythmia can be made. Given the inherent
difficulties in measuring regional myocardial mechanics and conduction velocity
in the whole heart without disturbing mechanical or electrical properties, many
of the discrepancies between experimental reports are probably attributable to

differences in experimental methods or definitions.

I.A  The Effects Of Myocardial Stretch On Conduction Ve-

locity

Conduction velocity is defined as the distance an activation wavefront

travels per unit time (though ‘distance’ has several definitions - see below). Con-



duction velocity is not an intrinsic property, but rather a functional variable de-
pendent on distributed cellular properties (e.g. membrane excitability and con-
duction resistances) and wavefront curvature, which influence the speed of im-
pulse wave propagation; and is also dependent on myocardial tissue architecture,
anisotropy, and stimulus sites, which influence conduction path. All of these fac-
tors are potentially affected by myocardial stretch, both physically, by changes in
three-dimensional tissue, myocyte or membrane geometry, and physiologically, by
mechanical regulation of ion channels and gap junctions or by mechanically trig-
gered activity. The effect of stretch on conduction velocity in vivo is further compli-
cated by the nonlinear, viscoelastic, anisotropic, time-varying, and heterogeneous
mechanical properties of myocardium, and by the time-varying and heterogeneous

myocardial stresses and strains.

I.A.1 Factors Influencing Conduction Speed

According to continuous cable theory, intracellular conduction is deter-
mined by passive membrane capacitance, longitudinal resistance, and voltage-
dependent membrane conductances. [19] Membrane capacitance is a function of
membrane dielectric properties and the membrane surface to cell volume ratio.
An oncoming depolarization wavefront must first charge the membrane capaci-
tance from resting to threshold, thus, increasing membrane capacitance will slow
conduction. Intracellular and extracellular longitudinal resistances determine how
rapidly ions travel in the direction of conduction, and are affected by the effective
internal and external cross-sectional areas available for ion transport.

Above threshold, the voltage-gated fast sodium current usually deter-
mines how rapidly the local membrane depolarizes (action potential phase 0), cre-
ating the electrochemical gradient that drives longitudinal ion diffusion. These
voltage-dependent conductances are influenced by channel kinetics and other reg-
ulatory processes, such as ligand gating and autonomic stimulation. [20] The inte-

grated ability of ionic currents to depolarize the membrane and establish a longi-



tudinal potential gradient determines membrane excitability, which can be quanti-
fied by the rate of membrane depolarization at the onset of the action potential,
Altering resting membrane potential influences conduction speed in a biphasic
manner, [21] and model studies suggest that this effect acts through membrane ex-
citability. [22] As resting membrane potential depolarizes, the difference between
resting potential and sodium channel activation threshold potential decreases, re-
quiring less membrane capacitive charging, thereby increasing conduction speed.
Simultaneously, sodium channel inactivation increases with resting membrane de-
polarization, resulting in fewer channels available to open during activation, thus
slowing conduction. The result of these competing effects is that a small depolar-
ization of the membrane from normal rest potential increases conduction velocity,
while a further depolarization slows conduction.

Within the electrically coupled syncytium, ionic movement between cells,
and consequently myocardial conduction speed is modulated by the resistance of
the gap junctions (1 - 5 MSQ). [23] However, though highly resistive, the effective
resistance at normal levels of coupling is on the same order as that of the total my-
oplasmic resistance (~ 160 Q2-cm), and is significantly greater than the interstitial
resistance (~ 60 Q-cm). [24] Consequently, the degree of cellular coupling plays a
significant role in determining myocardial conduction speed, [21] but must be sig-
nificantly altered to significantly affect conduction speed. [25] Gap junction open
probability is sensitive to ischemia, pH, intracellular magnesium and calcium, and
transjunctional voltage. [26] While increased intercellular coupling speeds conduc-
tion, it also places a greater electrical load on depolarizing cells, as downstream
cells draw away charge while their membrane capacitance is charging. Coupling
to more downstream cells draws more charge, reducing the safety factor (ratio of
charge source to charge sink) for propagation and thus increasing the risk of con-
duction block [27]. Activation wavefront curvature similarly affects propagation
speed, as a convex wavefront must stimulate an expanding volume of resting tissue,

imposing a greater electrical load and slowing conduction. [28§]



Stretch may influence these determinants of conduction speed in several
ways. Changes in cell geometry may alter membrane surface area and intracellular
resistance. For example, uniaxial stretch along the fiber axis reduces myocyte cross-
sectional area, and may thus decrease membrane surface area and hence specific
membrane capacitance, which would speed conduction. However, fiber stretch
also increases longitudinal resistance by increasing cell length and decreasing the
cross-sectional area for current flow, thus slowing conduction. Stretch-activated
ion currents may affect conduction velocity by altering resting potential and thus
excitability. Studies in various preparations have demonstrated stretch-induced
resting membrane depolarization to the point of activation threshold due to stretch
that is blocked by gadolinium, consistent with the opening of cation non-selective
stretch-activated channels. [29] It is not known whether acute mechanical stimuli
alter gap junction permeability, but prolonged stretch in cell culture significantly

upregulates connexin-43. [30]

I.A.2 Factors Influencing Conduction Path

Regional conduction speed is a reflection of the fastest conduction path
through local myocardial architecture. Since the fastest conduction path to a re-
gion will activate that region, the resulting path of conduction is highly dependent
on relative conduction speeds through different structures. Gap junctions are pref-
erentially distributed at the ends of the cell aligned with the fiber axis. [26] Though
lower cellular coupling in the cross-fiber direction results in less electrical load such
that capacitance charging and action potential phase 0 are faster in the cross-fiber
direction, conduction speed is typically 2 - 10 fold faster in the less resistive fiber
direction. [19]

As the direction of fastest propagation follows the myocardial fiber direc-
tion, tissue conduction is anisotropic due to myocardial architecture. Conduction
anisotropy is a function of cell shape, gap junction distributions, myocyte branch-

ing, fiber angle dispersion, and the laminar sheet organization of the myofibers



and the presence of connective tissue septa within the interstitium. Within the
ventricle, fiber angles follow a left-handed helix in the epicardium and smoothly
transition to a right-handed helix in the endocardium. Therefore, as activation
spreads transmurally the principal axis of fastest in-plane propagation rotates and
does not remain parallel to the fiber axis, and the wave front changes shape.
Transverse to the fiber direction, cardiomyocytes are stacked into branching lam-
inar sheets about 4 - 6 cells thick surrounded by a perimysial collagen fascia. A
bidomain model based on a detailed three-dimensional reconstruction of tissue mi-
croarchitecture showed that this structural organization of the myocardium results
in anisotropy transverse to the fibers, with conduction across the sheet planes being
slowed by 40% compared with cross-fiber conduction within the sheets. [31] The
local conduction speed, and consequently the overall path, will also be influenced
by the distribution of ion channel isoforms between the different cell types within
the endocardial, mid-myocardial, and epicardial regions. [32]

Since conduction is orthotropic with respect to fiber and sheet axes, strain
can change the conduction path by altering local fiber and sheet directions. Stretch
can also increase or decrease the dispersion of fiber and sheet angles about their
mean directions, altering conduction speed and anisotropy. For example, Penefsky
and Hoffman [33] suggest that increased fiber conduction velocity with stretch in
isolated papillary muscles may have been associated with decreased fiber branching
angles and dispersion as the muscles were elongated. This mechanism would also
decrease cross-fiber conduction velocity if fiber stretch were greater than cross-
fiber stretch, which is seen, for example, on the epicardium during passive filling.
Shearing deformations in the wall, which are present whenever all directions do not
stretch equally, can also change conduction anisotropy. For example, transverse
torsional shearing during filling rotates the epicardium relative to the endocardium,
and ventricular sphericalization during filling results in greater circumferential than
longitudinal strain, [34] making epicardial and endocardial fibers more circumfer-

ential and decreasing transmural fiber angle gradients. This would increase cir-



cumferential speed, but decrease longitudinal speed. It has been reported that
laminar myocardial sheets exhibit significant interlaminar shearing and rotation
during early relaxation, [35] which may affect transmural conduction times and

intramural electrotonic coupling.

I.A.3 Determinants of Regional Wall Stress and Strain

Myocardium and single myocytes are viscoelastic at rest, such that the
response to a change in mechanical load or strain is history-dependent, [36] with
a slow time constant of about 1000 seconds. [37] Many studies of myocardial
mechano-electric feedback on conduction velocity accordingly have allowed sev-
eral minutes for stabilization between load applications. Mechanical loading can
therefore influence the observed electrophysiological effects of stretch, as differ-
ent pressure or volume loading rates will result in different stresses or strains.
Moreover, consecutive applications of the same load /unload cycle usually result in
stress-strain relations that are more compliant at low strains, although these dif-
ferences diminish with subsequent repetition, a process that is dominated by the
strain softening property of myocardium. [37] Thus, more consistent stress-strain
distributions between different load/unload cycles can be obtained with several
mechanical preconditioning cycles, [36] which should also be more representative
of myocardial conditions in wvivo.

Myofilament activation also causes stress and strain to vary phasically
throughout the cardiac cycle. [38] In studies of the effects of mechano-electric feed-
back on conduction velocity in the normal heart, diastolic mechanics are the most
important determinant as electrical activation precedes systolic contraction, while
at high heart rates when relaxation is incomplete, diastolic wall properties are in-
fluenced by myofilament interactions. At lower heart rates, afterload alterations
have little direct influence on conduction velocity, but may significantly affect re-
polarization and refractoriness. Finally, cardiac geometry and fiber architecture

strongly affect the local stress and strain distributions resulting from applied hemo-



dynamic loads. [38]

It remains unclear whether the effects of mechano-electric feedback cor-
relate better with stress or strain. Changes in conduction path are determined by
strain, but whether cellular responses are determined primarily by stress or strain
depends fundamentally on the relative compliance of the molecular mechanotrans-
ducer, such as a stretch-activated ion channel. A membrane-spanning complex
such as an ion channel is more likely to be sensitive to changes in stress than
strain. The myocardial wall stress distribution is not readily measured, and is fur-
ther complicated by residual stress, which is wall stress still present in the resting,
unloaded heart. [38] Typically, a single scalar measure of wall stress is used, such as
end-diastolic pressure, even though stress is a spatially varying three-dimensional
tensor; such measurements complicate valid comparisons between geometries from
different chambers or species. A complete description of myocardial strain requires
the three-dimensional displacements of four or more non-coplanar markers, [39] so
most investigators use incomplete one- or two-dimensional measurements, though
three-dimensional strains have been measured using radiopaque markers [35] and
MRI. [40] Ventricular strains tend to be regionally heterogeneous, though epicar-
dial strain fields may be reasonably estimated from the displacements of arrayed

epicardial surface markers. [41]

I.A.4 Measuring Conduction Velocity During Myocardial Stretch

In practice, conduction velocity is usually calculated in one dimension as
the distance between recording electrodes aligned perpendicular to the wavepath
divided by the interelectrode conduction time. During mechanical loading, the dis-
tance between recording sites and the number of myocytes per unit physical length
can change. Thus, in the stretched state, conduction velocity may be defined on
a cellular basis as the number of cells traversed per unit time, or more practically
as the unstretched tissue length divided by the stretched segment conduction time

(see Table I.1). When intercellular coupling sufficiently decreases, conduction time,



and hence velocity, becomes more dependent on the number of intercellular con-
nections between the recording sites. In the extreme of discontinuous propagation,
if strain had no other effect, then cellular conduction velocity would not change
with stretch, and the material and spatial measures would increase, as fewer speed

limiting intercellular resistances would be encountered per unit length.

Table I.1: Definitions Of Conduction Velocity In One Dimension:
At(X) is the conduction time measured over interelectrode distance Ly is the

unstretched interelectrode distance, while L; is the stretched distance.

Unstretched — Stretched

Cellular OV = Lo

Spatial CV = Lo OV = Lo

Material cVv =1L

In contrast, normal continuous conduction depends on the distribution of
heterogeneous properties such as membrane capacitance and resistance. [19] Con-
sequently, if stretch had no other effect, material and spatial conduction velocity
would not change, and cellular velocity would decrease as conduction path length
increased. Furthermore, conduction speed is dependent upon the specific distribu-
tion within the material segment measured, [33] thus, material conduction velocity
describes how stretch affects the distribution of tissue properties that influence
conduction velocity over a constant segment of tissue.

To make appropriate comparisons of conduction velocity before and dur-
ing stretch, the material definition requires that the conduction path remains the
same, which may not be accurate for conduction and stretch in more than one

dimension. Consequently, in studies of two or three-dimensional conduction, a
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highly resolved spatial description is most appropriate, as this description includes
both differences in conduction speed due to changes in tissue properties, and dif-
ferences in conduction direction due to changes in wavepath (see Figure 1.1). In
practice, to determine the two-dimensional conduction direction, the conduction
time is sampled from an array of positions, from which isochrones of conduction
time are generated, indicating the position of the activation wavefront. Conduc-
tion velocity is calculated as the distance traveled normal to the isochrones per

unit time.

() ()

Unstretched Stretched and Sheared

Figure I.1: Schematic of isochrones of activation due to pacing at e. ‘X’ indicates
the initial position of recording electrodes, and ‘x’ indicates the electrode positions
if the electrodes move with stretch, resulting in a material description of conduc-
tion velocity, but this is only correct if the measurement remains normal to the
isochrones. However, conduction velocity calculated from any position and normal

to the isochrones, as from ‘o’, is an exact, but spatial measure.
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I.A.5 Effects of Stretch on Conduction Velocity in the Heart

Early investigations into the effects of myocardial stretch on conduction
speed were limited to one-dimensional propagation. In studies of ventricular and
atrial strips of myocardium from various species, stretching from slack length to
the length of maximal developed tension caused a proportionate increase in spa-
tial conduction velocity while material conduction velocity remained nearly un-
changed. [33] Additional stretch, beyond the length of maximal developed tension,
caused slowed propagation which was asynchronous between neighboring fibers,
and a concurrent decrease in both spatial and material conduction velocity. The
authors suggested that the initial increase in spatial conduction velocity with mod-
erate stretch may be due to increased fiber alignment with stretch. Faster spatial
conduction during stretch was also observed in sheep Purkinje fibers. [42, 43] In
canine Purkinje fibers, both spatial and material conduction velocity initially in-
creased with stretch and then decreased, but conduction in cat trabeculae was not
similarly affected. [44] Conversely, spatial conduction velocity in rat papillary mus-
cle decreased with stretch, while papillary muscle from several other species showed
no effect. [45] Despite the varied effects of stretch across different structures, tis-
sue types, and species, most of these studies imply that conduction velocity may
increase with stretch. However, these studies mostly concentrated on specialized
structures, and after being excised, these tissues were not subject to the same
multiaxial constraints as in vivo.

Other studies have focused on the effect of physiological loading on whole
chamber activation times. In the dog heart in vivo, QRS duration correlated with
acute increases in left ventricular pressure, [46] while left atrial dilation increased
atrial activation time, [47] and ventricular volume inflation in isolated rabbit hearts
increased maximal activation times. [48] In contrast, one study of volume load in
canine ventricle in vivo reported no change in spatial conduction time, [7] while
cellular conduction velocity increased during volume load of rat atrium. [49] These

whole chamber studies indicate that stretch slows material conduction, however,
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possible changes in conduction path were not accounted for.

More recent studies have investigated the effects of stretch on two-dimen-
sional epicardial surface conduction, in order to directly study the path of prop-
agation. In volume-loaded left ventricle of isolated rabbit hearts after ventricular
cryoablation of all but a thin epicardial layer, unloaded conduction velocities were
estimated to be 76 cm-s~! and 26 cm-s~! in the fiber and cross-fiber directions, re-
spectively. [50] Neither graded volume load nor decrements in pacing cycle length
significantly altered these values. The authors acknowledged that the cryoabla-
tion procedure stiffened the ventricle, possibly protecting the viable layer from
mechanical stimulus. Conversely, in right atrium of isolated rabbit hearts, bal-
loon inflation caused an approximate 40% stretch in a nearly isotropic manner,
and caused spatial conduction velocity to decrease from 73 cm-s™! to 55 cm-s™!
at a cycle length of 250 ms. [51] In a similar study, an atrial filling pressure of
10.3 mmHg caused spatial conduction velocity to decrease by 3% from the con-
trol value of 65 cm-s™ at a cycle length of 240 ms. [52] Atrial dilation caused
a greater decrease in conduction velocity at shorter cycle lengths, increased the
incidence of local functional conduction block (defined as conduction velocity less
than 10 cm-s™1), increased conduction velocity dispersion, and altered the direc-
tion of propagation. Conduction velocity returned to normal after the pressure
was removed.

Electrodes require physical contact with the myocardium possibly caus-
ing a local mechanical artifact. Sung et al. [53] used non-contact optical mapping
during left ventricular volume loading in isolated rabbit heart, and employed a
model-based analysis technique [54] that accounted for epicardial curvature and
changes in conduction path, and allowed comparison of conduction velocity with
local fiber direction. Intraventricular pressure was increased to 30 mmHg, which
resulted in mean epicardial fiber strains on the order of 3% and mean cross-fiber
strains near 1.5%, however, the distribution of these strains was regionally hetero-

geneous. [53] Figure 1.2 shows an example of the increase in activation times due to
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ventricular volume loading and the resulting velocity vector field. It also illustrates
that application of stretch can alter the path of conduction. Spatial conduction
velocity transverse to the fiber direction decreased on average by 16%, though
spatial conduction velocity in the unloaded state near the pacing site (principally

1

composed of epicardial conduction) was 20 cm-s~*, while distal to the pacing site

(includes the more rapidly conducting endocardium) was on the order of 60 cm-s™.
Conduction velocity returned to baseline when load was removed.

These whole chamber studies that also include changes in conduction
path consistently show conduction slowing due to stretch. The percent slowing of
spatial conduction due to stretch was not proportional between atrial studies in
which 40% strain caused 25% slowing, [51] while more than 23% strain caused 3%
slowing [52] at nearly the same cycle length. This may indicate that conduction
slowing is stress dependent in atrial tissue, as the passive stress-strain relation of
biological tissues is similarly nonlinear. [38] Similarly, 1.5% epicardial cross-fiber
strain at 30 mmHg caused 16% spatial conduction slowing in ventricle, [53] while

greater than 23% strain at 9 mmHg caused 3% spatial slowing in atrium, [52] also

implying that conduction slowing may correlate better with stress than strain.

I.A.6 Potential Interactions of Stretch with Factors that Influence
Conduction Velocity

The effect of applied stretch on conduction velocity may be due to sim-
ple geometric or structural changes. Penefsky and Hoffman [33] postulated that
increased one-dimensional spatial conduction velocity was the result of increased
fiber alignment, and Deck [42] reasoned that stretch may reduce specific mem-
brane capacitance (capacitance/area), though recent data suggest an increase of
capacitance with stretch. [55] Similarly, Dominguez and Fozzard [43] suggested
that stretch causes membrane unfolding (as recently confirmed [56]), decreasing
membrane area per unit length without altering total membrane area, causing an

apparent decrease in specific membrane capacitance. With a constant cell volume,
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Loaded

Unloaded

Figure 1.2: Activation time fields (a) and conduction velocity vector fields (b)

before and during application of 30 mmHg ventricular volume load in isolated

rabbit heart, using methods from Sung et al. [53] The e indicates the approximate

position of pacing. The ellipses outline a region in which the apparent direction of

conduction has been changed by application of load.
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fiber stretch will decrease cell cross-sectional area, also decreasing apparent spe-
cific membrane capacitance without changes in local membrane physical properties.
However, this decrease in cell cross-sectional area would also increase longitudinal
cytoplasmic resistance, thus slowing conduction. In canine Purkinje fibers, Rosen
et al. [44] observed that stretch caused significant membrane unfolding and slightly
increased packing of the extracellular space. These microstructural changes were
accompanied by a biphasic increase then decrease in both spatial and material
conduction velocity.

Stretch has also been reported to depolarize the resting membrane po-
tential, [29] and this may be sufficient to slow conduction through fast sodium
channel inactivation. Cation non-selective stretch-activated channels (SACs) have
been reported with reversal potentials ranging from -70 to 30 mV, [57] and the
resulting inward current depolarizes the resting membrane. Several of the effects
of mechano-electric feedback in the whole heart have been seen to be blocked by
non-specific inhibitors of SACs, including gadolinium inhibition of increased cel-
lular conduction velocity during stretch in rat atria, [49] however, Sung et al. [53]
observed that streptomycin did not affect the slowing of spatial conduction velocity
during ventricular filling. Sustained stretch may also increase resting membrane
potential through altered cellular calcium handling. [58] Myofilament binding sen-
sitivity to calcium increases with stretch, and prolonged stretch results in a slow
increase in the calcium transient, which subsequently interacts with other currents.
However, increased resting potential should lower pacing threshold, but ventricular
filling has been reported to have no effect on, [48, 59] or increase threshold. [50]
SACs, altered calcium handling, or stretch-sensitive cellular signaling could also
regulate the conductances associated with phase 0 of the action potential, thus
decreasing the maximum rate of rise of membrane potential. [20]

Spear and Moore [45] suggested that stretch may increase intercellular
resistance and slow conduction, and a heterogeneous or anisotropic reduction of

coupling could also lead to changes in conduction path. Gap junction permeability
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is regulated by several rapid factors, and has been observed to decrease within a
few seconds after increases in intracellular sodium, magnesium, or especially cal-
cium concentration. [26] Stretch may inhibit junctional conductance by increasing
intracellular cation concentration through activation of stretch-activated channels
or altered calcium handling. Gap junctions are also subject to slower cell signal-
ing, specifically through phosphorylation by protein kinases A and C, which have
been observed to both increase and decrease junctional permeability. [26] Stretch
activation of these pathways could result in a decrease of intercellular conductance
within one to three minutes.

Stretch may also reduce intercellular coupling by an independent mech-
anism. Though observed on myocyte lateral surfaces, cardiac gap junctions are
primarily located in the intercalated discs along with the fascia adherens, which
link the disc to the actin cytoskeleton, and desmosomes, which link to intermediate
filaments. [60] Thus, most gap junctions co-localize with regions of maximum force
transmission between cells, and may be modulated by these stresses. Moreover,
junctional complexes tend to be located transverse to the fascia adherens. Con-
sequently, longitudinal intercellular force transmission could subject gap junctions
to a high degree of shear stress, and these stresses may effectively reduce electrical

coupling between cells.

I.LA.7 Summary

Conduction speed is functionally dependent on the distribution of hetero-
geneous properties including membrane excitability and cellular coupling, as well as
activation wavefront curvature, while conduction path is functionally dependent
upon regionally heterogeneous cellular and myocardial architectures. Evidence
suggests that stretch affects conduction speed in various cardiac tissue types, and
that the magnitude of conduction slowing in atrial and ventricular tissue is too
great to be explained by physical changes in path length alone. Conduction slow-

ing may be due to simple geometric and structural changes, though most of these
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expected changes would tend to increase conduction velocity. Conduction could
also be slowed due to decreased excitability through stretch-activated channel ac-
tivation or length dependent calcium handling, but it is likely to be slowed in part

by increased intercellular resistance.

I.B The Effect Of Myocardial Stretch On Effective Refrac-

tory Period

I.B.1 Determinants and Measurement of Effective Refractory Period

Effective refractory period (ERP) is the time interval following activation
during which tissue is unable to activate again in response to the same stimu-
lus, and thus is a measure of late-repolarization membrane excitability. ERP is
determined by the voltage-regulated transition of fast sodium channels from the
inactivated to the resting state, and is thus dependent on the time course of re-
polarization. Consequently, ERP is closely related to action potential duration
(APD) and is also cycle-length dependent. One study observed that the ratio of
ERP to monophasic APD at 90% recovery remains nearly constant despite a 60%
decrease in action potential duration as cycle length decreases. [59] Effective refrac-
tory period is typically measured after continuous pacing at a single cycle length
to minimize dynamic variations in action potential duration and other cellular ki-
netics. After this stabilization period, a stimulus is delivered at a shortened time
delay (coupling interval). ERP is typically defined as the longest possible coupling

interval that does not elicit a propagating action potential.

1.B.2 Effects of Stretch on Effective Refractory Period in Whole Heart

In-vivo studies of atrial mechano-electric feedback on effective refractory

period have varied in their mechanical loading protocols. Ravelli [18] recently re-
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viewed the effect of stretch on ERP in atrial myocardium, and attributed most
variations to differences in timing and duration of stretch, as seen in model stud-
ies, [61] but attributed some differences to homeostatic regulation in vivo or pos-
sible species differences. Despite these variations, studies have consistently shown
that acute atrial stretch increases the dispersion of effective refractory periods.

Recent canine studies show that effective refractory period increases when
stretching isolated canine right atrium [62] or canine left ventricle in vivo via vol-
ume load. [7] These observations are consistent with most previous canine stud-
ies, though ERP shortening has been observed during volume inflation of ca-
nine atrium. [47] However, in rabbit atria, increasing pressure consistently and
reversibly shortens ERP, suggesting a possible species specificity. At a drive cycle
length of 250 ms, ERP has been shown to shorten from approximately 80 ms to
50 ms following an increase of approximately 15 cm Hs0 of atrial pressure or an
increase in atrial length of 40%. [51, 63, 64, 65]

Studies on the effects of stretch on left ventricular effective refractory pe-
riod have been more consistent across different species and experimental methods.
In swine heart in vivo, an increase in afterload caused a greater decrease in ERP at
the apex than the base, thus increasing dispersion of refractoriness. [66] Similarly,
in studies of isolated rabbit heart, left ventricular volume loading [48] or increased
preload [67] also decreased ERP. Increased preload decreased ERP in a manner
that correlated better with increased diastolic wall stress, as estimated from end
diastolic pressure and ventricular geometry, than with increased systolic wall stress
or diastolic circumference. Dilation also shortened ERP more significantly on the
endocardial than epicardial surface. [59] This indicates that ERP may correlate
better with cross-fiber than fiber stress or strain, since myocardial residual stress
and torsion during filling allow a more uniform transmural distribution of fiber
strain [38] under load at the expense of cross-fiber strain gradients.

In rabbit, ventricular stretch caused by increasing preload also caused

greater shortening of effective refractory period as the drive cycle length
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decreased. [50] This finding was later corroborated in isovolumically contracting
rabbit ventricles. [59] Reiter et al. [50] suggest that this rate dependency may
follow dependency on the stretch-sensitive delayed rectifier potassium current.

Those studies that also examined the effect of stretch on action poten-
tial duration observed that mechano-electric feedback on late APD (typically 90%
recovery) reflected the observed effects on effective refractory period, either in-
creasing [7] or decreasing [48, 59, 63, 66] with stretch in atria and ventricles, and
did not alter the ratio of ERP to late APD. [59] Several other studies have re-
ported a decrease in late action potential duration with stretch in various species
including lamb, swine, guinea pig, rabbit, and human. However, some investiga-
tors report an increase in late APD during stretch in canine and other species
consistent with a cation non-selective stretch-activated channel, and presumably,
ERP would reflect this increase. Nilius and Boldt [68] observed a lengthening of
APD at 90% recovery (APDgg) with stretch in rabbit atrial trabeculae that they
attributed to a decreased potassium current near resting potential. Volume load-
ing of the left atrium in guinea pig variably affected both APD5y and APDgg, with
about a quarter of observed APD’s increasing during stretch. [69] In contrast, axial
stretch of isolated guinea pig ventricular myocytes caused a consistent prolonga-
tion of APDgy, APD5, and APDgy. Similarly, volume loading of isolated rabbit
ventricle caused an increase in APDyy and APDgg. [53] These studies indicate that
in some non-canine preparations, ERP may increase with stretch. Finally, sev-
eral studies by the Franz group also observe late APD lengthening in canine and
rabbit, but see it shortening at earlier levels of recovery. [29] Franz suggests that
depending on the stimulus strength used, mechano-electric feedback on ERP may
simply reflect changes in APD at varying levels, thus, ERP could shorten during
stretch reflecting shortening of early APD, while late APD lengthens.
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1.B.3 Potential Interactions of Stretch with Factors that Influence Ef-

fective Refractory Period

Stretch-activated channels (SACs) and altered calcium handling have
both been implicated in stretch-induced action potential duration shortening, [18]
and consequently could influence effective refractory period. Model studies indi-
cate that the effect of stretch can have various influences on action potential shape
depending on the relative contributions of SACs and calcium handling, both of
which are sensitive to timing and intensity of stretch. [61, 70] Zabel et al. [70]
showed that including a length dependent non-specific cationic conductance with
a reversal potential near -30 mV could reproduce several experimental observations
including early APD shortening and late APD lengthening during stretch, while
Kohl [61] showed that a more moderate stretch can lead to an overall shortening
of APD. Kohl further showed that stretch in a model that included sarcomere
length-dependent calcium handling would produce an overall prolongation of APD
if applied early or sustained throughout the action potential, but an overall short-
ening if applied during late repolarization.

Investigations into the mechanisms of stretch-induced effective refractory
period shortening by pharmacological interventions have yielded inconsistent re-
sults. Streptomycin, a blocker of cationic stretch-activated channels, inhibited
acute stretch-induced shortening of rabbit ventricular ERP, but had no effect dur-
ing sustained stretch. [59] In contrast, the more specific SAC blocker GsMtx-4 did
not block stretch-induced shortening of rabbit atrial ERP, although this may have
been be due to resistance of the potassium selective SAC to these compounds. [65]
Zarse et al. [64] found that the L-type calcium channel blocker verapamil inhibited
stretch-induced shortening of atrial ERP, suggesting the contribution of a length-
dependent calcium handling mechanism, [58] but others have observed no effect of
verapamil on rabbit ventricular ERP shortening. [59]

Increased dispersion of effective refractory period with stretch may fol-

low inhomogeneous stress or strain distributions. A ventricular model study that
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coupled physiological fiber and cross-fiber strains to a stretch-dependent current
within an action potential model predicted a near doubling of the dispersion of
late APD. [71] Finally, a reduction in cellular coupling could lead to greater het-
erogeneity of repolarization as the electrical activity of individual cells becomes

more independent.

I1.B.4 Summary

Increased preload, afterload, or sustained load typically decreases effective
refractory period, however, ERP follows action potential duration, and some have
observed APD prolongation at all levels of recovery. How stretch effects ERP is
likely a result of the balance of several competing effects including stretch-activated
channels that can be cation selective or KT selective, altered calcium handling, and
the timing and intensity of stretch, which could have varying levels of activation

in different species and manners of stretch.

I.C Conclusions

Recent evidence provides a basis to explain why stretch is associated with
arrhythmias, particularly reentrant forms. Both atrial and ventricular stretch slow
spatial conduction, while atrial stretch increases conduction velocity dispersion
and increases the occurrence of local functional conduction block, all of which
promote reentrant arrhythmias. These stretch effects may correlate with the ap-
plication of diastolic mechanical load, but correlation with stress or strain is less
clear owing to regionally heterogeneous cardiac geometry, structure, and time-
dependent material properties. Stretch may affect conduction velocity through
reduced effective cellular coupling, cellular level geometric changes, or alterations
in excitability, particularly an increase in resting membrane potential due to the

activity of stretch-activated channels or altered calcium handling.
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In general, both atrial and ventricular stretch decrease effective refractory
period, but stretch consistently increases dispersion of effective refractory period,
both of which are associated with increased incidence of reentrant arrhythmias.
The effects of stretch on refractoriness parallel effects on action potential duration,
which may vary as a function of the relative activation of competing mechanisms,

including stretch-activated channels and altered calcium handling.

I.D Objectives Of The Dissertation

The primary objective of this dissertation is to investigate the mechanisms
that could contribute to the slowing of conduction during left-ventricular volume
loading. These studies were separated into two aspects: those possible mechanisms
that were experimental methodology dependent, and those mechanisms that would
reflect real cellular regulation or biophysical phenomena.

The first specific aim of this dissertation was to further develop and val-
idate the signal-processing and analysis algorithms used to obtain measurements
of conduction velocity from optical maps of apparent epicardial conduction in the
Langendorff-perfused isolated rabbit heart preparation during varied volume load-
ing. This involved validation with simulated data to which noise was added, and
extension of the signal processing routines to handle large quantities of data in an
efficient and accurate manner. These aspects are covered in Chapter II.

The second specific aim of this dissertation was to investigate the con-
tributions of potential confounding factors in the experimental methodology, in-
cluding loading associated ishemia or hypothermia, the use of the excitation-
contraction uncoupler, 2,3-butanedione monoxime, used to inhibit motion artifact
in the optical signals, and the use of the voltage-sensitive dye, di-4-ANEPPS, used
to acquire the optical maps. These studies are described in Chapter III.

The final specific aim of this dissertation was to investigate the poten-
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tial mechanisms of conduction slowing due to loading associated regulation of ion
conductances or loading associated modification of the biophysics of the electrical

syncytium of the myocardium. These studies are described in Chapter IV.

The text and figures of this chapter, in part, are a reprint of the material as it appears in:
Mills RW, Narayan SM, McCulloch AD. The effects of wall stretch on ventricular conduction
and refractoriness in the whole heart. In: Kohl P, Sachs F, Franz MR, eds. Cardiac mechano-
electric feedback and arrhythmias: From pipette to patient. Philadelphia: Saunders/Elsevier;
2005:Chapter 14. Copyright (© 2005 Elsevier Inc. Reprinted with permission from Elsevier. The
dissertation author was the primary author and the co-authors listed in this publication directed

and supervised.
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Chapter 11

Analytical Methods for Optical

Mapping Data

II.A  Abstract

Using charge-coupled devices to optically map myocardial electrical ac-
tivity offers several advantages, but these devices tend to have low signal-to-noise
ratios. We previously developed a phase-shifting filtering technique to improve
signal-to-noise while preserving the upstroke of the action potential, but this tech-
nique comes at computational expense. The improvements of the phase-shifting
scheme were validated by processing a known data set taken from a modified
FitzHugh-Nagumo model, to which comparable noise was added. Further im-
provements were made to the filtering and analysis routines to improve efficiency

and accuracy.

II.B Introduction

Optical mapping is frequently used for studying mechano-electric feed-

back, as this technique of recording myocardial electrical activity does not require
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physical contact with the myocardium, as compared to other methods, such as
monophasic action potentials, surface electrograms, and microelectrodes, which
may introduce mechanical artifact. [1] Optical mapping can achieve higher spatial
resolution that most conventional electrode arrays, [2] is a measure of transmem-
brane voltage rather than extracellular potential, [3] and has been shown to have
excellent correlation with microelectrode recordings of action potentials. [4] In com-
parison to optical techniques, multi-electrode arrays can equally assess activation,
but only monophasic action potential and microelectrode techniques can reliably
assess local transmembrane activity and repolarization, and these techniques are
not practical for high-resolution multi-site mapping. [2]

Of the currently available technologies for acquisition of the fluorescent
signal emitted from the potentiometric dyes used in optical mapping, charge-
coupled devices (CCD) tend to have several advantages over photodiode arrays
(PDA) and complementary metal-oxide semiconductor (CMOS) cameras. CCD
devices tend to have higher spatial resolution than PDAs, and currently tend to
have better dynamic range to CMOS cameras, making them superior in low light
applications. However, CCD cameras tend to have lower temporal resolution, and
poorer signal-to-noise ratios.

To improve measurements of activation time (and consequently conduc-
tion velocity) and repolarization time from CCD recordings of myocardial electrical
activity, we previously developed a combined spatial and temporal filtering tech-
nique that improves signal-to-noise of optically recorded action potentials. Spatial
filtering uses the weighted mean of a small neighborhood of adjacent pixels, but
since ectopically elicited activation propagates electrical activity in a wave-like
manner through a highly-coupled syncytium, adjacent pixels record morphologi-
cally similar but phase-offset signals. This offset potentially introduces a temporal
error into the spatially filtered signals, especially within the quickly rising action
potential upstroke. Consequently, the filtering technique was further developed to

include phase-correction shifting prior to weighted spatial averaging. [5]
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Implementation of this technique greatly increased the computational
overhead in filtering typical data sets. A stack of 120 images (a single optical
action potential and surrounding resting potential signal) required 160 minutes to
filter with phase-shifting, while requiring only 4 minutes without. Further, a typical
data set of 2 seconds of imaging contains roughly 5 action potentials, which must
be manually parsed and individually filtered, as several filtering routines relied on
being presented with single action potentials. In addition, basic analysis algorithms
can be sensitive to irregularities in morphology. The objective of this work was
to validate the utility of the phase-shifting algorithm in light of its increase in
computational expense, and to reduce the number of man and computational hours
required by re-implementing these data processing routines as necessary to create
autonomous and efficient filtering and robust analysis algorithms in light of the

approximate 150 - 300 propagating optical potentials to be analyzed per study.

II.C Experimental Methods

II.C.1 Isolated Heart Preparation and Experimental Protocol

All data were acquired from isolated Langendorff-perfused rabbit heart
preparations as previously described [6] under animal use protocols approved by
the UCSD Institutional Animal Care and Use Committee. Briefly, the heart was
isolated and retrogradely perfused with warmed(35° - 37°C) and oxygenated (95%
04, 5% CO4) modified Tyrode’s solution composed of: 130 mM NaCl, 4.5 mM KCl,
1.3 mM CaCly, 1.1 mM MgCls, 25 mM NaHCOg3, 1.2 mM NaH;POy, 10.0 mM
dextrose. Surface ECG and total coronary inflow were continuously monitored.
The heart was apically paced at twice diastolic threshold at a cycle length of
360 ms.
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II.C.2 Optical Mapping

Optical mapping was performed as previously described. [6] Briefly, after
staining with a 10 mL bolus of the voltage-sensitive dye, di-4-ANEPPS (10.4 M),
the dye was excited at 516 + 45 nm from a 300 Watt xenon arc lamp. Epifluo-
rescence was passed through a > 610 nm filter and focused with a high numerical
aperture lens (£/0.95, Navitar, Rochester, NY) onto an 8-bit CCD camera (Dalsa,
Waterloo, Ontario model CA-D1-256) at 399 frames/second and a resolution of
128 x 126 pixels, imaging an approximate 9-cm? area. Additional 5 mL dye injec-
tions were given as needed to maintain acquired fluorescent signal intensity. The
electromechanical uncoupling agent 2,3-butanedione monoxime (BDM, 12.5 mM)
was added to a secondary perfusate reservoir, which was used to perfuse the heart

during data acquisition, and was washed out immediately after data acquisition.

II.D Validation of Phase-Shift Filtering

II.D.1 Methods

To quantify the effects of the signal processing scheme on signal accuracy,
a propagating action potential was simulated using a modified FitzHugh-Nagumo
model. [7] A 16 x 32 finite element mesh was constructed representing a 5 x 10 mm
rectangle of tissue. The model was sampled at 500 Hz at the nodes, giving a spatial
and temporal resolution comparable to those used in experiments. The diffusion
coefficients were set to give an approximate conduction velocity of 20 cm/s in
the cross-fiber direction and 30 cm/s in the fiber direction, which are within the
ranges observed in experiments. This combination of parameters resulted in a
phase shift between nodes of 1.0 - 1.5 ms, which is comparable to the range seen
in experiments (0.4 - 1.6 ms), resulting in a range of phase shifts within a pixel

neighborhood that was similar to or greater than the sampling period of 2 ms.
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The signals were scaled to cover a range of 15, which is similar to the range of the
measured 8-bit intensity valued optical action potentials. Gaussian noise (o = 0.7)
was independently added to each signal, after which the signals were rounded to
the nearest integer, resulting in quantized noisy signals like those observed in
experiments. The signals were then rescaled to a range of 6, corresponding to the
range of experimental signals after normalization (Figure II.1). This data set was

then filtered using the phase-shifting algorithm.

a) b)
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Figure I1.1: (a) Representative acquired raw signal after inversion and normaliza-

tion and (b) a representative generated raw signal before filtering.

Four error measures were used to evaluate signal quality. These error
measures were all percent differences between the final filtered signal and the orig-
inal simulated signal (before noise had been added), specifically: (1) percent mean
signed difference of the rate of depolarization, calculated by sequence averaging
the difference of the rate of depolarization throughout the upstroke for each sig-
nal, and dividing by the ensemble average of the maximum rate of depolarization;
(2) percent mean absolute difference of the signal magnitude during repolarization,
calculated by sequence averaging the absolute difference of the signal throughout

repolarization (signal peak to 80% recovery), then dividing by the ensemble average
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of the maximum signal magnitude (during repolarization); (3 and 4) percent signed
difference of activation and repolarization times (as determined by the feature ex-
traction algorithm described above), calculated by taking the signed difference for
each signal, and dividing by the ensemble average of action potential duration (as

defined above).

I1.D.2 Results

Table II.1 shows the distribution statistics of the above error measures
calculated from the application of three different Gaussian convolution kernels:
3x3(0=0.631),5x5(c=1.179),and 7 x 7 (0 = 1.475) with and without phase
correction. Without the phase correction, the 3 x 3 filter resulted in a modest
improvement in signal quality, as seen in the decrease of depolarization rate error
deviation, repolarization error, and repolarization error deviation. Application of
the larger sized filters decreased repolarization error and deviation, but worsened
depolarization rate error and deviation due to blurring from averaging over a larger
area, which compounds slight errors in phase alignment due to signal discretization
in time. Incorporating the phase correction improved signal quality compared to
the non-phase corrected for all three kernel sizes. The phase correction significantly
decreased the depolarization rate error and deviation. The decrease in signed error
indicates that the algorithm attenuates a systematic error that reduces measured
upstroke rate when filtering without phase correction. The effect on signal-to-
noise ratio due to phase correction was not appreciable. Phase correction also
removes a systematic error in the calculation of repolarization time. Though the
best signal quality was achieved with the 7 x 7 filter, the additional improvement
was only slightly better than that achieved with the 5 x 5 kernel, and comes at a

significantly greater computational cost.
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Table I1.1: Error Distribution Statistics of AP Characteristics:
Values were computed following the application of three different sized Gaussian

convolution kernels (3 x 3,5 x 5, 7 x 7) without and with phase correction.

Unfiltered 3 x 3 5 x5 7T x7
o = 0.631 oc=1.179 o =1.475

Percent mean signed difference of the rate of depolarization

Unshifted 0.06-3.80 5.85£2.30 12.88£3.93 18.43+4.88
Phase-shifted ’ 1.55+1.70  0.78+1.11  0.63%£0.98

Percent mean absolute difference of the signal magnitude
during repolarization

Unshifted 4,000 53 1.11£0.23  0.65£0.15  0.57%0.14
Phase-shifted ’ 1.06£0.23  0.61+0.13  0.4940.11

Percent signed difference of activation time

Unshifted 0-09.00 040.20 0+0.35 040.47
Phase-shifted ' 0+0.13 0+0.11 0+0.11

Percent signed difference of repolarization time

Unshifted 04-0.36 -0.12+£0.19  -0.24£0.27 -0.36+0.36
Phase-shifted ’ 0=£0.19 0=£0.13 0=£0.12

I1.D.3 Discussion

The improvement in signal quality due to phase correction was not sub-
stantial until the range of phase shifts within the pixel neighborhood used for
spatial averaging was equal to or greater than the sampling period. The range of
phase shifts is influenced by many factors. As spatial resolution or conduction ve-
locity increases, the range of neighborhood phase shifts decrease. However, camera

capabilities and the area of tissue that is imaged limit spatial resolution. Increas-
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ing temporal resolution or the size of the spatial filter will increase the range of
phase shifts (greater number of time-sampling indices). Thus, as optical mapping
studies are performed in mice, for example, the increase in conduction velocity and
spatial resolution will be offset by the required increase in sampling frequency to

resolve the action potentials properly, bolstering the utility of this algorithm.

II.LE Efficient and Robust Data Processing

II.LE.1 Data Masking

The optical signal from each pixel was checked for proper morphology. If
a pixel recorded myocardial electrical activity, then the minimum digital number
of the signal should be greater than 60 for 8-bit images (typical: 180 to 240),
and have a range of digital numbers of more than 2 (typical: 10-15). For 12-bit
images, these cutoff values are 960 and 3, respectively. Only those signals that
achieve these minimum requirements and neighbor other acceptable signals were
analyzed further. Excluded pixels were typically unusable due to curvature of the
heart, saturation, or simply lying outside the bounds of the heart. This masking of
the data set significantly improved temporal efficiency, as some data sets recorded
valid signals at only 8,000+ pixels of a possible 16,128. Masking can also improve
overall accuracy, especially in the measurement of field variables such as conduction
velocity, as these measurements are based on differences between pixels and can

be sensitive to spurious values.

II.E.2 Multiple Action Potential Signal Filtering and Analysis

The original algorithms required that single action potentials be parsed
from the data set, then separately pre-processed, filtered, and analyzed. These

routines were re-implemented to handle multiple action potential signals. The
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basic process of phase-shift filtering, as previously described, [5] did not need to
be altered, as these principles are independent of the signal. After filtering, the
data set was automatically parsed by searching for action potential upstrokes and
comparing/matching with electrocardiogram data, which had been analyzed for
individual activations by looking for relatively large deflections (QRS waves), and
comparing and matching to a user supplied pacing protocol. A graphical user
interface was also developed that allows manual, but faster, parsing of complex
data sets. After parsing, sections of data that contain a single optical action
potential were analyzed for activation times, by searching for the maximum rate
of rise of the action potential upstroke, and were analyzed for repolarization times
at user defined levels of recovery from maximum amplitude. Conduction velocity
vector fields were calculated from the reciprocal gradient of the fit to the local

activation time field, as described by Bayly et al. [§]

II.LE.3 Improved Accuracy and Robustness

Though the basis of the phase-shifting filtering algorithm was already
in place, several details of implementation were improved. Proper accounting for
filter scaling and transients was added. Algorithms to extract activation times and
action potential durations from optical action potentials were made more robust
to protect against spurious values due to the effects of signal noise and drift.
Measurements of action potential duration were also vulnerable to error due to
premature beats elicited during repolarization, which are frequently encountered
during restitution studies. Figures I1.2, I1.3, and II.4 are examples of the improved

robustness of these algorithms.

II.E.4 TImproved Efficiency

Memory efficiency was improved, as previously, large data sets were
passed intact down several recursed layers of sub-functions. Large variables are

now passed by reference, and subsections of data are passed where appropriate.



39

—— Gradient of Interpolated Signal
Interpolated Gradient of Signal
— Original Signal
— Projected Signal
O Activation Time
O Peak Amplitude
¥ 80% Repolarization

Q
N
=
n

© o o o9
o M M » .

Normalized Amplitude

0 100 200 3(5)0 400 500
milliseconds

©c o o
N o @

o
N

Normalized Amplitude

o

|
o
(\)

2(?0 0 400 500
milliseconds

100
Figure I1.2: (a) Example of original detection of optical action potential features in
an S1 - S2 pacing protocol. (b) The same data with improved algorithms. S1 - S2
protocols cannot always be parsed, as short coupling intervals will elicit excitation

while late-activated regions are still in the early repolarization stage.
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Figure 11.3: (a) Example of activation map using original filtering and analysis
algorithms in an S1 - S2 pacing protocol. (b) The same data with improved

algorithms. Color bar indicates milliseconds.
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Figure 11.4: (a) Example of APDgy map using original filtering and analysis algo-

rithms in an S1 - S2 pacing protocol. (b) The same data with improved algorithms.

Color bar indicates milliseconds.
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Previously, each action potential to be analyzed was manually parsed from the
data set, and the series of filtering algorithms were manually called. In addition
to auto-parsing, several algorithms have been written to batch process concurrent
data sets. Graphical user interfaces have been developed to assist where manual
intervention is required, and to assist in visual analysis of complex data sets. These
improvements in speed and efficiency allow the routine analysis of large data sets,
where more than 50 runs of 2 second data, each including approximately 5 action

potentials when pacing at a cycle length of 360 ms.

The text and figures of this chapter, in part, are a reprint of the material as it appears in:
Sung D, Somayajula-Jagai J, Cosman P, Mills RW, McCulloch AD. Phase shifting prior to
spatial filtering enhances optical recordings of cardiac action potential propagation. Ann Biomed
FEng. 2001;29(10):854-861. Copyright © 2001 Biomedical Engineering Society. Reprinted with
permission from Springer Science and Business Media. The dissertation author was the primary
researcher and author of the work presented here, and the co-authors listed in this publication
directed and supervised the research that forms the basis for this chapter, or were primary

researchers of material not presented here.
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Appendix: Relevant MATLAB Code Table of Contents

o® o0 o0 o0 o° o o° o° o° o° o

o® o° o° o°

Phase-Shift Filtering and Utility Functions

M-files used in:
Sung, D, et al.; Phase Shifting Prior to Spatial Filtering Enhances
Optical Recordings of Cardiac Action Potential Propagation; Annals
of Biomedical Engineering; 2001, v29 pp854-861

Contact: Andrew McCulloch, Ph.D.
Cardiac Mechanics Research Group
Dept. of Bioengineering
University of California San Diego
9500 Gilman Dr., La Jolla, CA 92093-0412
amcculloch@ucsd.edu

Copyright (c) 2004 CMRG - UCSD Bioengineering
Any copy of these m-files must include this contents file
with this header unaltered.

NOTE: Several of these functions (especially Batch Processing Scripts)
assume that data is stored in files with the naming structure: r[run
number]vars, with one variable per run. Each file may contain several
different variables with assumed (and if called in the appropriate
order, already given) naming structure. See ’'domanymultiAP’ for more.

Loading and Saving

bmpstack - Create an image stack from many sequentially named
.BMP' s
rhf — Load an HPVEE (now LABVIEW) data file

Batch Processing Scripts (must be altered for use)

bmptomat - Create .MAT variables from several runs stored in
.BMP’ s

domanymultiAP — Filter and analyze multiple runs of data

manrange — Manual ranging of AP’s

Specific Utility Functions:
runmanrange

Visualization
makemovie - Creates a MATLAB movie from an image stack
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57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
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81
82
83
84
85
86
87
88
89
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showmap
viewAPinfo
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Displays maps of extracted AP features
Allows one to scroll over image and see associated
signals

AP Filtering and Parameter Extraction

APranges
apfeaturesB

extpaceinfo
extractmultiaps
filtermultiaps
makegradvect
makephaseap
makesmthvect
normmultiaps
phasefiltgen
timeshift
unshift

Determines approriate ranges for individual AP’s
from a multi-AP image stack

Extracts activation anf repolarization features
from AP

Extracts pacing info from a pace artifact signal

"apfeaturesB’ over a map over all AP’s

Normalizes and filters an image stack

Creates a vector used to approximate a gradient

Forms the phase version of an AP signal

Creates a vector used to smooth a signal

Normalizes signals, creates information mask

Sets up spatial and temporal filtering

Calculates time shift between two similar signals

Time shifts a signal vector

Specific Utility Functions:

apmaps
initranges
rngmatch

— Working part of ’'extractmultiaps’
— Initialzes the ’'rngs’ variable
— Matches data and image range sets

Restitution Analysis

restextract - Extract restitution information from several points

Specific Utility Functions:

restextract?2 — The working part of restextract

restextract2_reapd - The same, but with re-APD’ing

restcheck - Shows data that gave a point on restitution
curve

restcheckbutton - Sets up ’'restcheck’ capability

General Utility Functions Used Various Places

Bobroipoly
Bobgetline
drawline
errorbar_logx
expfitfunc
genincexp
getpixel
looseroipoly
medianap
nicegrad

Select a ROI polygon, tracked in multiple axes
Select a line, tracked in multiple axes

Draws lines with text on figure

Use to draw error bars on log plots

Fit an exponential function to data
Generalized increasing exponential function
Get a pixel location from a map/image

Select a ROI freely, calls ’'loosegetline’
Median filter an AP (or any signal)

Takes the gradient, 2nd order, and handles
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transients
nicesmooth — Applies a smoothing vector and handles transients
outliers — Useful for determining outliers of a data group
pointerfollow — Tracks motion in one axis in another
rngcheck — Checks wvalidity of ranges

weightedlsqgcurvefit - Adjusts ’lsgcurvefit’ so that data can
be weighted
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Chapter III

Experimental Validation

ITII.A Abstract

Conduction slowing in response to ventricular volume loading was vali-
dated by excluding several potentially confounding factors. The effect of volume
loading was still present despite improved oxygen delivery with a synthetic oxy-
gen carrier, indicating that the effect is not a result of global ischemia. Mea-
surement of regional tissue perfusion with microspheres indicated that loading
uniformly decreases perfusion, suggesting that the effect of loading is not due
to regional ischemia. Conduction slowing during loading was greater than that
due to perfusate hypothermia resulting in equivalent epicardial surface tempera-
tures, indicating that conduction did not slow due to a loading associated decrease
in temperature. Because the optical mapping technique required the use of the
voltage-sensitive dye, di-4-ANEPPS, and the excitation-contraction uncoupler, 2,3-
butanedione monoxime, measurements with epicardial electrodes were performed
without these reagents and indicated that incremental loading within a physiolog-

ical range still led to incrementally longer activation times (slowed conduction).

47
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III.B Introduction

Previously, it has been observed using the non-contact optical mapping

technique that passive ventricular volume load slows apparent epicardial conduc-

tion and increases action potential duration at both early (20%) and late (80%)

repolarization levels. [1] However, several potentially confounding factors must be

accounted for:

1)

Passive ventricular volume loading is applied by inflation of intraventricular
balloon. This could increase total coronary resistance and reduce myocar-
dial perfusion, which could potentially induce global ischemia, which would
slow conduction. [2] Further, the effect of loading on activation times (from
which conduction velocity is derived) appears to be greater at points dis-
tal to the pacing site, where conduction is primarily epicardial reactivation
from the faster conducting endocardium, (a consequence of the differences in
epi- and endo- fiber orientation between the pacing site and conduction sam-
pling sites). [1] Thus, the latex balloon could be impinging on endocardial
perfusion, while only moderately affecting total coronary inflow, and thus

significantly slowing conduction by causing regional ischemia.

To minimize the phototoxic effects of the decomposition products of the
voltage-sensitive dye, di-4-ANEPPS, the dye and excitation light are lim-
ited, resulting in a light limited fluorescent signal. In order to collect the
maximal emitted light and to allow access for pacing and electrocardiogram
electrodes, the isolated heart preparation is allowed to hang freely, such that
the epicardial surface is exposed to room-temperature air. Consequently, the
slight reduction in perfusion caused by passive inflation may decrease the

epicardial surface temperature and result in slowed conduction. [3, 4]

Optical mapping of mechano-electric feedback in the Langendorff-perfused

isolated rabbit heart was performed with di-4-ANEPPS, a fluorescent probe
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used to visualize myocardial electrical activity, and 2,3-butanedione monox-
ime, an excitation-contraction uncoupler, used to inhibit motion artifact in
acquired images. It is possible that exposing the myocardium to these agents

results in loading associated changes in conduction velocity.

III.C Methods

ITII.C.1 Isolated Heart Preparation

All experiments were conducted using isolated Langendorff perfused rab-
bit heart preparations under animal use protocols reviewed and approved by the
UCSD Animal Subjects Committee. 11 New Zealand white rabbits (2.5 - 3.0 kg)
were sedated with a subcutaneous injection of ketamine (50 mg/kg) and xylazine
(4 mg/kg) and anesthetized to a surgical plane with intravenous administration
of sodium pentobarbital (30 mg/kg). A tracheotomy was performed to intubate
and ventilate the animals with a mechanical respirator. Heparin (1,000 units/kg)
was delivered intravenously. Following thoracotomy, the heart was arrested with
a hyperkalemic cardioplegic solution (30 mM KCI) and rapidly excised.

The aorta was immediately cannulated, and the coronary arteries were
perfused retrograde with a warm (35° - 37°C) oxygenated (95% O, 5% COs)
modified Tyrodes solution: (130 mM NaCl, 4 mM KCI, 1.0 mM CaCly, 1.0 mM
MgCly, 24 mM NaHCOg, 1.2 mM NaHyPOy, 10.0 mM Dextrose). The left ventricle
(LV) was vented with a small drain tube at the apex, and a latex balloon was
inserted into the LV through an incision in the left atrium and secured at the
mitral apparatus with a purse string suture. The balloon was connected to a

fluid-filled pressure transducer as well as a servo-controlled volume infusion pump.
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IT1.C.2 Optical Mapping Technique

The voltage-sensitive dye, di-4-ANEPPS, which was dissolved in DMSO
and diluted to 10.4 M with Tyrodes solution. A 10 mL bolus of this dye solu-
tion was injected into the perfusion line to stain the tissue. Additional injections of
5 ml of the dye solution were applied as needed. The electromechanical uncoupling
agent 2,3-butanedione monoxime (BDM, 12.5 mM) was added to the perfusate to
eliminate motion artifact. BDM was washed out immediately after data acquisi-
tion. The heart was paced at twice diastolic threshold and with a cycle length of
300 msec from the LV apical epicardium.

The hardware configuration for optical mapping has been described ear-
lier. [5] Briefly, excitation light from a 300 Watt xenon arc lamp (Oriel Instruments,
Stratford, CT) was passed through a dichroic mirror to filter out ultraviolet and
infrared components and subsequently through a 516 £+ 45 nm band-pass filter.
The excitation light beam was then split with a bifurcating fiber optic bundle and
directed as uniformly as possible onto the surface of the LV free wall. An electronic
shutter limited excitation light exposure to a few seconds per run, thus minimizing
the phototoxic and photobleaching effects of the dye. The emitted fluorescence
was passed through a ; 610 nm high-pass filter and focused with a fast 50 mm lens
(1:0.95, Navitar, Rochester, NY) onto an 8-bit CCD camera (Dalsa, Waterloo,
Ontario model CA-D1-256). The optical images of the LV free wall (lateral view)
were captured at a speed of 399 frames/second and a resolution of 128 x 126 pixels

imaging an approximate 16-cm? area.

II1.C.3 Optical Mapping Experimental Protocol

Following cannulation, the hearts were perfused with Tyrodes solution
and allowed to actively contract. The initial volume (Vy) in the balloon was
adjusted to an end diastolic pressure (EDP) of ~0 mmHg, resulting in systolic
pressures between 60 and 80 mmHg. The myocardium was mechanically precon-

ditioned three times by infusing and withdrawing volume into the balloon at a
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rate of 10 ml/min to a peak EDP of 30 mmHg. On the final preconditioning run,
the volume at EDP = 30 mmHg was recorded, and the LV was loaded to this set
volume (V7) during the subsequent loading protocols.

From preliminary observations, we noted that the addition of BDM to
the perfusate resulted in an increase in passive stiffness of the myocardium over
a time course of approximately 20 minutes. However, within the first 5 minutes
myocardial stiffness increased only slightly (4 to 6 mmHg at fixed LV volume),
consequently, all experimental data were taken within 5 minutes after switching
to the BDM-containing perfusate, with 1 minute given to allow motion to subside.
Optical electrophysiological data were collected for 1 second from the ‘initial un-
loaded’ (Vy), ‘loaded’ (Vy), and ‘final unloaded’ (Vy) states. The LV balloon was
infused or effused at 10 ml/min, and a 1 minute stabilization period was allowed
after each state change. The perfusate was switched back to a BDM-free solution

immediately following the protocol.

II1.C.4 Conduction Velocity Analysis

Optical data were processed and phase-shift filtered as previously de-
scribed. [5, 6] After filtering, activation times at each pixel were extracted as the
time of the maximum rate of rise of the optical action potential upstroke. The
apparent epicardial conduction velocity vector field was calculated from the recip-

rocal gradient of the activation time field as described by Bayly et al. [7]

III.C.5 The Effect of Increased Oxygen Delivery

A separate study of n = 3 hearts was studied to examine how increased
oxygen delivery affected changes in apparent epicardial conduction velocity and
action potential duration during mechanical loading. The perflubron emulsion
oxygen carrier (Oxygent’™ | a gift from Alliance Pharmaceutical Corp., San Diego,
CA) was mixed into the perfusate at 20% by volume, and this mixture was contin-

uously agitated and oxygenated with 95% Oq, 5% CO,. Because the oxygen carrier
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obscured optical signals, an epicardial monophasic action potential (MAP) probe
(EP Technologies, Sunnyvale, CA; 200 model) was used to record MAP’s during
loaded and unloaded states, before and after the addition of the oxygen carrier
to the perfusate. All MAP recordings were taken at the posterior LV base dur-
ing apical pacing. The LV was incrementally loaded to the volume, V;, at which
EDP was 30 mmHg. The preparation was unloaded and returned to sinus pacing
for 30 seconds between successive applications of loads, and allowed to stand at
each load state for 30 seconds before recordings were taken. Activation time was
measured as the time from the pacing artifact to the maximum first derivative of
the MAP phase 0, and APDgy, was measured as 90% recovery from maximum of

phase 2 to the median of phase 4.

II1.C.6 Regional Perfusion

In a separate study of n = 2 hearts, fluorescent microspheres (Interactive
Medical Technologies, Ltd., Irvine, CA) were used to determine how loading to an
EDP of 30 mmHg affected myocardial perfusion distribution in the left ventricle.
250x 10 microspheres, 15 pum in diameter, were injected into the perfusion line
when the heart was unloaded and another bolus of microspheres labeled with a
different fluophore was injected while the LV was loaded, both in the presence of
BDM. In one heart of two, microspheres were injected while the preparation was
perfused with a mixture of Tyrodes, BDM, and the synthetic oxygen carrier. A
third set of microspheres was injected in this heart during normal Tyrodes and
BDM perfusion as a reference. Total coronary inflow was measured using an in-
line ultrasonic flow probe (Transonic Systems, Ithaca, NY; model 2N). The free
wall of the left ventricle was removed and snap-frozen in embedding media using
liquid nitrogen. The LV was cut into epi-, mid-, and endocardial pieces, weighed,
and then analyzed for microsphere content by Interactive Medical Technologies,
Ltd., Irvine, CA. Regional myocardial perfusion was calculated from the fraction

of total injected microspheres found in each tissue piece and the total coronary
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inflow.

II1.C.7 The Effect of Loading on Epicardial Surface Temperature

In a separate study of n = 2 hearts, a thermocouple was used to record
epicardial surface temperature before and during ventricular volume loading to
30 mmHg. In a follow-up study of n = 2 hearts, conduction velocity was assessed
at 0 and 30 mmHg as a baseline, after which conduction velocity was repeatedly
assessed as epicardial surface temperature decreased from nominal (34°C at a per-
fusate temperature of 37°C) to 33°C at 0.4°C/min by switching off the heated wa-
terbath that warmed the perfusate. In a secondary follow-up study of n = 2 hearts,
epicardial surface temperature was again monitored before and during loading, but
the isolated heart preparation was modified such that the pulmonary artery was
tied-off, and a small incision made in the artery just before it crosses-over the
left atrium, so that warm saline that collected in the right ventricle constantly

super-fused the epicardium of the left ventricle.

ITII.C.8 The Effect of BDM and di-4-ANEPPS

BDM was required in the perfusate to mechanically decouple the heart
so that repolarization could be imaged without motion artifact. A separate study
of n = 4 hearts was studied to examine the effects BDM may have had on appar-
ent epicardial conduction velocity and action potential duration as a function of
ventricular loading. Further, these studies were performed without di-4-ANEPPS.
Bipolar electrograms were recorded while using the same pacing and loading pro-
tocols as above and a probe with an inter-electrode distance of 1 mm. Bipolar
electrograms activation times and activation recovery intervals (ARI) were mea-

sured from electrograms as in Keevil. [§]
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III.D Results

II1.D.1 The Effect of Increased Oxygen Delivery

Including oxygen carrier in the perfusate caused an immediate and re-
versible increase in total coronary inflow of 10% - 15% in 3 of 3 preparations.
Figure III.1a shows MAP activation times from one study as a function of infused
volume using Tyrodes and BDM perfusates with and without the oxygen carrier.
Activation time increased with increasing load during Tyrodes and BDM perfusion,
and this effect was also seen when the oxygen carrier was included. The oxygen
carrier also decreased activation time at all load levels. Figure I11.1b shows MAP
APDy values from the same study. APDg, increased with loading when perfused
with Tyrodes and BDM, which was also seen when the oxygen carrier was included
in the perfusate. The inclusion of the oxygen carrier also increased APDgq at all

load levels. These changes were observed in all three hearts.

II1.D.2 Regional Perfusion

Regional myocardial perfusion in the loaded ventricle when the oxygen
carrier was added to the perfusate was similar to that in the unloaded state without
the oxygen carrier. Figure II1.2 shows myocardial perfusion distribution with the
oxygen carrier included in the perfusate. The oxygen carrier caused a 40% - 60%
increase in regional perfusion in the left ventricular free wall, though total coronary
inflow only increased a mean 10% - 15%. Ventricular loading caused a nearly
uniform decrease in perfusion of about 30% throughout the LV free wall in both

hearts; total flow was reduced by approximately 10% in both hearts.

II1.D.3 The Effect of Loading on Epicardial Surface Temperature

Volume loading to 30 mmHg caused epicardial surface temperature to
decrease ~0.5° - 1.0°C. Figure III.3 shows that increased load caused conduction

to slow 8%, while allowing epicardial temperature to drop by 1.0°C from nominal
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Figure II1.1: The effect of increased oxygen delivery on (a) MAP activation time
in heart R108 and (b) MAP APDyj in heart R108. The inset of (a) shows a typical
MAP when the oxygen carrier was present, where * indicates the activation time
referenced from the pacing artifact, the vertical arrow indicates 90% recovery from

peak value, and I indicates APDgy. The calibration bar indicates 100 msec.
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Figure I11.2: Left ventricular free wall perfusion distribution as affected by the

oxygen carrier and load.

caused conduction to slow 5%. Load decreased epicardial temperature, but this
could be ameliorated by a slight modification of the preparation. In the final follow-
up study with the modified preparation such that the left ventricular surface was
constantly superfused with warm saline, the epicardial surface temperature change

due to load was within the measurement error (+ 0.1°C).

II1.D.4 The Effect of BDM and di-4-ANEPPS

Removing BDM from the perfusate reversibly decreased total perfusion to
the preparation by a mean of 10%-20%. Figure III.4a shows bipolar electrogram
activation times from one study as a function of infused volume using Tyrodes

perfusate with and without BDM. Activation time increased with increasing load
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Figure II1.3: The effect of 30 mmHg ventricular volume load vs. the effect of

decreasing epicardial surface temperature by 1 degree.

during Tyrodes and BDM perfusion, and this effect was also seen when BDM was
excluded. Removing BDM also decreased activation time at all load levels. These
relationships were seen in all four hearts studied. Figure I11.4b shows ARI’s from
another study versus infused volume. ARI increased with loading when perfused
with Tyrodes and BDM, which was also seen when BDM was removed. The
removal of BDM also increased ARI at all load levels. These relationships were
observed in 3 of 4 hearts studied. In the fourth study, BDM containing perfusate
had a relatively small positive correlation between load and ARI, while perfusate

without BDM had a small negative correlation. These studies were performed in

the absence of di-4-ANEPPS.
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activation recovery interval. The calibration bar indicates 50 msec.
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III.E Discussion

III.E.1 The Effect of Increased Oxygen Delivery

The observed decrease in CV in the loaded state could also be consistent
with the effects of general ischemia. However, perfusion remained adequate despite
a decrease in coronary inflow during loading. Edlund et al. [9] concluded that car-
diac perfusion with saline that has been oxygenated at atmospheric pressure with
a 5% COs, 95% O, mixture was sufficient, with low lactate production and sub-
maximal coronary flow and fractional oxygen extraction. Moreover, Murashita et
al. [10] concluded that a more metabolically demanding preparation, a working iso-
lated rabbit heart, was adequately perfused with a bicarbonate buffer. In addition,
BDM increased O, supply from baseline by inhibiting the increased resistance to
coronary flow during contraction, and also reduced metabolic demand. Further-
more, the decrease in CV was still seen during increased oxygen delivery by the
oxygen carrier.

Increased oxygen supply did not change observations or conclusions. Ap-
parent conduction velocity, as inferred from the increase in activation time from
the pacing to measuring electrodes, still decreased with the amount of applied
load even when well oxygenated by the oxygen carrier. Moreover, supply-ischemia
would tend to decrease APD, whereas an increase in APDgy was observed at all
distances from pacing site. APDs3q exhibited the same correlations, though the
increase in magnitude was not as great as APDgy (not shown). In two hyperper-
fused preparations, perfusion pressure head was matched to the loading pressure
(30 mmHg) and was applied just before recording to minimize edema. The same
conduction velocity and APD trends were observed (not shown) as in the oxygen
carrier studies.

These electrode studies indicate that load-induced supply-ischemia did
not cause the decrease in apparent conduction velocity or increase in APDgy during

optical mapping studies. As previously seen in optical mapping studies, [1] these
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electrode studies also showed at least partial recovery of activation times and APD
with unloading (not shown). The load dependent nature of these measurements
further indicates that these observations cannot be mainly attributed to recovery

from an ischemic episode.

III.E.2 Regional Perfusion

In the optical mapping studies, the decrease in apparent conduction ve-
locity is greater distal from the pacing site, after the induced AP wavefront has
propagated transmurally. This observation is not explained by subendocardial
supply ischemia due to balloon loading. Microsphere measurements showed that
perfusion was reduced nearly uniformly throughout the wall. Actual myocardial
perfusion would be greater than reported due to microsphere loss, though loss
should be consistent between microsphere sets. However, measured values when

loaded were still greater than 0.75 mL/min/g-w.w.

III.LE.3 The Effect of Loading on Epicardial Surface Temperature

Because volume loading caused a slight decrease in myocardial perfusion,
and because the heart is exposed to room temperature air to optimize the collection
of fluorescent light for the optical mapping technique, epicardial surface tempera-
ture decreased with loading. However, decreasing epicardial surface temperature to
the lowest levels measured during ventricular loading slowed conduction less than
ventricular loading. Further, the effect of loading on conduction is also observed
distal to the pacing site, where conduction is primarily epicardial reactivation from
the faster conducting endocardium (a consequence of the differences in epi- and
endo- fiber orientation between the pacing site and conduction sampling sites), [1]
where temperature would be minimally affected by loading. Finally, the modified
isolated heart preparation had minimal decreases in epicardial surface temperature,
and volume loading slowed conduction in subsequent studies using this preparation

(see Chapter IV). These results show that the effect of loading acts independently
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of a decrease in epicardial temperature.

IITI.E.4 The Effect of BDM and di-4-ANEPPS

To acquire the optical images of myocardial conduction, it was necessary
to use the voltage-sensitive dye, di-4-ANEPPS. To prevent motion artifact in the
optical measurements, it was necessary to add the electromechanical uncoupling
agent BDM to the perfusate just prior to recording. Removal of BDM decreased
activation time, consistent with previous reports that BDM slows conduction. [11,
12] However, the load-dependent increase of activation times observed with optical
mapping was also seen using electrode recordings when neither di-4-ANEPPS nor
BDM was present. These studies further show that neither agent had a significant
impact on the trends observed or conclusions reached from the optical studies.

The effect of including BDM in the perfusate on APD is consistent with
previous reports. [11, 13, 14] The increase in APD with load was seen when
the preparation was perfused with saline and BDM, or when perfused with the
saline/BDM /oxygen carrier mixture, but only usually seen when perfused with
normal saline. This discrepancy in APD when normo-saline perfused may be due
to ischemia from a combination of load-induced decrease in supply and increased
demand, as compared to when mechanically decoupled. Additionally, ARI load
correlation varied greatly in slope between interventions and preparations, and
was highly dependent on specific protocol. Conversely, activation time trends were

reasonably consistent between interventions, preparations, and differing protocols.

ITI.FF Conclusions

These studies indicate that conduction slowing during ventricular vol-
ume loading is not a consequence of global or regional ischemia, nor due to a

load associated decrease in epicardial surface temperature. These studies also in-
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dicate that conduction slowing during volume loading still occurs in the absence
of di-4-ANEPPS and 2,3-butanedione monoxime, which were necessary for the op-
tical mapping technique. Further, these studies show that conduction slowing and
action potential lengthening are correlated with the degree of loading within a
physiological range, as incremental increases in load incrementally affect conduc-
tion and APD. These studies also led to an improved isolated heart preparation,

wherein epicardial surface temperature is less impacted by loading.
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Chapter IV

Mechanisms of Conduction
Slowing During Myocardial
Stretch by Ventricular Volume
Loading

IV.A Abstract

Introduction: Passive ventricular loading by volume inflation reversibly
slows electrical conduction, but the mechanism behind this slowing remains un-
clear. The objective of these studies was to investigate the contributions of stretch-
activated channels, depressed membrane excitability, increased intercellular resis-
tance, and increased effective membrane capacitance during volume loading as the
mechanism behind conduction slowing.

Methods and Results: Apparent conduction velocity was assessed using
optical mapping in epicardially-paced, isolated perfused rabbit hearts at left ven-
tricular end diastolic pressures of 0 and 30 mmHg. Inclusion of 50 uM gado-
linium?®*, a stretch-activated channel blocker, in the perfusate attenuated the re-

versible increase in action potential duration during volume loading, but did not

65



66

alter the reversible slowing of conduction. Volume loading reduced conduction
despite changes in membrane excitability caused by varying perfusate potassium
concentrations from 1.5 - 8 mM.

Effective cross-fiber space and time constants, assessed by optical map-
ping of the tissue response to a cathodal-break point stimulus, increased signifi-
cantly by 36 + 8% (p = .02) and 64 + 14% (p = .02), respectively.

Conclusions: Slowing of apparent epicardial conduction during myocar-
dial stretch by ventricular volume loading is not significantly attributable to stretch-
activated channels or depressed membrane excitability. Increased effective space
and time constants indicate that volume loading may reduce intercellular resis-
tance and increase effective membrane capacitance, resulting in a net slowing of
conduction due to the greater sensitivity of conduction velocity to a change in

capacitance.

IV.B Introduction

Several studies have linked volume overload or increased myocardial wall
stretch with atrial and ventricular arrhythmias, [1] and reentrant arrhythmias are
the predominant phenotype underlying those disturbances associated with me-
chanical dysfunction. [2] A reentrant circuit requires excitable tissue ahead of the
activation wavefront (an ‘excitable gap’), and thus is promoted and sustained by
reduced refractoriness and slowed conduction. We have previously observed in
isolated rabbit heart that passive ventricular loading by volume inflation slows
conduction. [3] Other effects of mechanical stimuli on electrophysiology (broadly
termed ‘mechano-electric feedback’) are frequently associated with the activation
of stretch-activated channels. [4]

Conduction velocity (CV) is influenced by membrane excitability, as a

faster phase 0 of the action potential more quickly creates the electrochemical gra-
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dient that drives ionic diffusion along the membrane. The associated voltage-gated
fast sodium conductances are regulated not only by ligand gating and autonomic
stimulation, [5] but also by resting membrane potential. As resting potential de-
polarizes towards threshold, less charge is needed to achieve threshold, yet more
sodium channels are trapped in the inactivated state, [6] resulting in a biphasic re-
lationship between conduction speed and resting potential. [7] Myocardial stretch
has been associated with a slight depolarization of resting membrane potential. [8]

Passive conduction speed is influenced by resistive and capacitive for-
ces. [9] Although total mypolasmic resistance along a cell length is the primary
resistance to longitudinal conduction, [10] gap junctions, which co-localize with
several cellular structural elements, [11] further modulate longitudinal resistance
to conduction, [7] yet, these recurring resistances reduce the downstream electri-
cal load on the depolarizing wavefront. [12] Similarly, membrane capacitive load,
which is governed by the membrane surface to cellular volume ratio, [9] can influ-
ence conduction speed as greater membrane capacitance requires more time for an
upstream cell to charge its neighbor from resting potential to threshold, thereby
slowing conduction.

The objective of these studies was to investigate the contributions of
stretch-activated channels, membrane excitability depression, increased intercellu-
lar resistance, and increased membrane capacitance to conduction slowing during
myocardial stretch by ventricular volume loading in isolated rabbit hearts. We con-
clude that stretch-activated channels do not significantly contribute to conduction
slowing during volume loading, that volume loading does not significantly affect
membrane excitability, that intercellular resistance is actually decreased by vol-
ume loading, and that conduction slowing during volume loading is predominantly

a result of increased effective membrane capacitance.
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IV.C Methods

IV.C.1 1Isolated Heart Preparation and Experimental Protocol

All studies were performed using isolated Langendorff-perfused rabbit
heart preparations as previously described [3] under animal use protocols approved
by the UCSD Institutional Animal Care and Use Committee. Briefly, the heart was
isolated and retrogradely perfused with warmed (35° - 37°C) and oxygenated (95%
O,, 5% CO3) modified Tyrode’s solution composed of: 130 mM NaCl, 4.5 mM KCI,
1.3 mM CaCly, 1.1 mM MgCl,, 25 mM NaHCOs3, 1.2 mM NaH;PO,, 10.0 mM
dextrose. Surface ECG and total coronary inflow were continuously monitored.
The heart was apically paced at twice diastolic threshold at a cycle length of
360 ms. The left ventricle could be passively volume loaded to an end-diastolic
pressure of 30 mmHg by inflating an intraventricular latex balloon connected to
a pressure transducer, with 1-minute stabilization periods allowed between load
state changes. Optical mapping data were taken for triplicate 2-second runs in the
‘initial unloaded’ (0 mmHg), ‘loaded’ (30 mmHg), and ‘final unloaded’ (0 mmHg)

states.

IV.C.2 Optical Mapping

Optical mapping was performed as previously described. [3] Briefly, after
staining with a 10 mL bolus of the voltage-sensitive dye, di-4-ANEPPS (10.4 pM),
the dye was excited at 516 + 45 nm from a 300 Watt xenon arc lamp. Epifluo-
rescence was passed through a > 610 nm filter and focused with a high numer-
ical aperture lens (f/0.95, Navitar, Rochester, NY) onto an 8-bit CCD camera
(Dalsa, Waterloo, Ontario model CA-D1-256) imaging an approximate 9-cm? area
at 399 frames/second and a resolution of 128 x 126 pixels. Additional 5 mL dye in-
jections were given as needed to maintain acquired fluorescent signal intensity. The
electromechanical uncoupling agent 2,3-butanedione monoxime (BDM, 12.5 mM)

was added to a secondary perfusate reservoir, which was used to perfuse the heart
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during data acquisition, and was washed out immediately after data acquisition.

IV.C.3 Conduction Velocity Analysis

Optical data were processed and phase-shift filtered as previously de-
scribed. [13, 14] After filtering, activation times at each pixel were extracted as
the time of the maximum rate of rise of the optical action potential upstroke.
The apparent epicardial conduction velocity vector field was calculated from the
reciprocal gradient of the activation time field as described by Bayly et al. [15]

Conduction velocity is reported as mean magnitude from 4 consecutive
action potentials and in the region near (1 - 5 mm) the stimulating electrode,
which is composed primarily of epicardial cross-fiber conduction. [3] Assessment
of mean CV was replicated in triplicate for each load state. Mean conduction
velocities were then normalized by the mean initial unloaded value of the specific
unload /load /unload series, so that comparisons of the effect of volume loading
could be made at different time points within the same study and between indi-

vidual preparations.

IV.C.4 Stretch-Activated Channels

Conduction velocity was measured in n = 4 hearts before and after 50 uM
gadolinium®* (Gd**"), a non-specific blocker of stretch-activated channels (SACs),
was added to the perfusates. Since Gd3" precipitates out of carbonate/phosphate
buffered saline, the perfusate was modified to a HEPES buffered solution: 140 mM
NaCl, 4.5 mM KCI, 1.3 mM CaCl,, 1.3 mM MgCly, 10 mM HEPES, 10.0 mM
dextrose, titrated to pH of 7.4 and oxygenated with pure Os. As a positive control
of the effect of Gd3*, action potential duration at the 30% and 60% repolarization
levels (APD3y and APDgy) were concurrently measured by taking the difference
between repolarization time at 30% or 60% recovery from peak value and activation

time.
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IV.C.5 Membrane Excitability

Conduction velocity was measured in n = 5 hearts as a function of potas-
sium concentration to manipulate membrane excitability. [6, 7] The relationship
between conduction velocity and perfusate potassium concentrations was evaluated

at: 1.5, 2, 2.5, 3.5, 4.5 (normokalemic), 5.5, 6.5, and 8 mM.

IV.C.6 Effective Space and Time Constants

The effect of volume loading on the effective space and time constants
was assessed in n = 4 hearts using similar methods to those of Poelzing et al., [16]
in conjunction with assessment of conduction velocity. Because measured con-
duction velocities primarily reflected cross-fiber conduction, this study focused on
the effective space and time constants in the cross-fiber direction. The magni-
fication of the optical mapping system was increased to reduce the field-of-view
to an approximate 2.25-cm?, centered about a 125-micron-diameter Teflon-coated
platinum wire contacting the mid-lateral LV freewall. After steady-state pacing
from the apical electrode (100 paced beats), a 1 mA (~2x threshold) cathodal
stimulus was delivered for 250 ms, with onset during phase 2 of the local action
potential, resulting in a cathodal-break stimulus during phase 4. Optical signals
were not temporally or phase-shift filtered, so that the tissue response to the stim-
ulus was not artifactually propagated in space or time. Signals were normalized
by baseline action potential amplitude so that the tissue stimulus response could
be compared across space. The common mode signal (mean signal distal from
the stimulus site) was subtracted from every pixel, leaving only the transmem-
brane voltage response to the stimulus.[Figure IV.1a-b] The steady-state stimulus
response field[Figure IV.1c| (mean of the last ~75 ms of stimulus) was fit to the
steady-state approximate analytical solution to the bidomain equations. [17] These
equations were modified by multiplying all terms by the dimensionless radius (co-
ordinates normalized by the transverse and longitudinal space constants), as this

better reflects the temporal and spatial averaging inherent in the optical mapping
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technique. [16] The resulting equation when the coordinate system is rotated such
that z is aligned with the local epicardial fiber direction, and x with the cross-fiber

is:

M, <e—R — Mg {e—R - [% —e ! (1 + % - %ﬂ %}) (IV.1)

where

R:

(g)l(;_L)T 8

AL

where ®,, is the transmembrane potential, and where M; and Mg are scaling para-
meters taken from the amplitude of the response at the center and nominal ratios
of intracellular and extracellular conductivities, [17, 18] while the free parameters
are the transverse and longitudinal space constants (A and Ar).

Mean strain induced by volume loading was used to correct loaded val-
ues of the effective space constant, such that all reported values are in terms of
unloaded length (a constant material description; uncorrected effective space con-
stant values are ~1.05x larger). The transient response of epifluorescence to the
stimulus was fit to a mono-exponential at all pixels near the stimulus site and in
the cross-fiber direction. The mean exponential value was used as the effective
time constant of the local tissue. Measurement of effective space and time con-
stants was replicated in triplicate for each load state. Mean effective space and

time constants were also normalized by the series mean initial unloaded values.

IV.C.7 Carbenoxolone

The effect of volume loading on conduction velocity and effective space
and time constants was assessed in n = 3 hearts using perfusates without and with

50 uM carbenoxolone, a selective gap junction uncoupler. [19]
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Figure IV.1: (a) Example signal showing transmembrane voltage response to
cathodal-break stimulus. (b) The same signal after common mode rejection, and
indicating the steady-state region. (c) Representative steady-state stimulus re-

sponse and bidomain model fit.
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IV.C.8 Statistics

All values are expressed as mean + standard error of the mean. Conduc-
tion velocity and effective space and time constants were analyzed using repeated
measures analysis of variance with load state and use of pharmacological agents as
multiple within-factors where appropriate, and a post hoc Scheffe’s F-test was used

to differentiate load states when appropriate. Power is calculated as described by

Cohen. [20]

IV.C.9 Multicellular Fiber Model Conduction Analysis

A model of conduction along a multicellular fiber was created as described
by Shaw and Rudy, [21] with 3 discretizations per cell, and with the Saucerman
et al. [22] implementation of the Puglisi-Bers rabbit ventricular myocyte ionic
model, [23] an extension of the Luo-Rudy model. [24] The 70-cell fiber was stimu-
lated at the first cell, and conduction velocity was calculated as the distance cov-
ered divided by the difference in activation times (calculated from the maximum
derivative of the upstroke) between cell numbers 20 to 50. Effective intercellu-
lar resistance was increased to 250 {2-cm so that baseline conduction velocity was
slower than the nominal fiber direction conduction speed and similar to measured
values of approximately 35 cm/s, as measured values reflect a large contribution of
cross-fiber conduction. Conduction velocity was again calculated after increasing
membrane capacitance 64%, the measured mean increase in effective time constant
during volume loading, and again after decreasing intercellular resistance 45%, as

implied by the measured mean increase in effective space constant (see below).
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IV.D Results

IV.D.1 Stretch-Activated Channels

Inclusion of 50 M Gadolinium?* in the perfusate attenuated the increase
in APD3y and APDgy during volume loading and prevented recovery to unloaded
values, but Gd** did not significantly alter the reversible conduction slowing during
volume loading. Mean initial unloaded APD3y was 103 & 3 ms, increased 19 &+ 3%
(p = .001) during volume loading and recovered to 104 + 2% of the initial value
after load was removed. With Gd** present, mean initial unloaded APDs, was
105 £ 7 ms, but increased only 6 £ 7% during volume loading, and continued to
increase to 113 & 8% of the initial value after load was removed. This interaction
of Gd*" with the effect of loading on APD3, was significant (p < .05). The at-
tenuation of the increase in APDgy during volume loading in the presence of Gd3™"
was less pronounced, but the recovery of APDgy, when loading was removed was
still inhibited, and this interaction effect of Gd** was significant as well (p < .01).
Figure IV.2 shows that mean initial unloaded CV was 30.8 &+ 4.7 cm/s, decreased
12 £+ 3% (p = .01) during volume loading and recovered to 95 + 1% of the initial
value. With Gd3* present, all conduction values were similar: mean initial un-
loaded CV was 29.9 + 4.8 cm/s, decreased 15 + 7% during volume loading, and
recovered to within 94 + 2% of the initial value. The interaction effect on CV was
not significant, while this study could detect a minimum 40% interaction effect (a
40% attenuation of slowing during loading due to the presence of Gd*") with a

power of .8 or greater.

IV.D.2 Membrane Excitability

Varying perfusate potassium concentration did not significantly alter the
effect of volume loading on conduction velocity. Figure IV.3 shows that in the
range of concentrations studied, altering perfusate potassium concentration from

normokalemic slowed conduction. This relationship was similar before, during, and
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30% repolarization without and with 50 uM gadolinium?*. All values are normal-

ized by the initial unloaded value.

after volume loading. Mean initial unloaded CV was 28.4 4+ 2.4 cm/s, decreased
11 + 3% percent when normokalemic, and decreased at all potassium concentra-
tions, with an overall average decrease of 9 + 6% (p = .03). When load was
removed, CV recovered to 94 + 2% of the initial value when normokalemic, but
the overall average CV remained at 91 + 5% of the initial value. This interac-
tion between recovery of CV from load and perfusate potassium concentration was

significant (p < .01).
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IV.D.3 Effective Space and Time Constants

Volume loading concurrently slowed conduction and increased the effec-
tive cross-fiber space and time constants. Figure IV.4 shows the mean effect of
volume loading on effective cross-fiber space and time constants in all 4 hearts.
Mean initial unloaded CV was 34.7 £ 2.5 cm/s, decreased 13 + 1% (p = .01)
during volume loading, and recovered to 97 4+ 3% of initial value when load was
removed. However, mean initial unloaded space constant was 0.71 £+ 0.06 mm,
increased during loading 36 £ 8% (p = .02) and recovered to 110 + 4% of initial
value. Similarly, mean initial unloaded time constant was 8.3 £+ 2.1ms, increased
during loading 64 + 14% (p = .02) and recovered to 140 + 15% of initial value.

All three relationships were correlated. The correlation coefficient be-
tween space constant and time constant was .489, and was statistically significant
(p = .01). The correlation coefficient between space constant and CV was -.536,
and was statistically significant (p < .01). The correlation coefficient between time

constant and CV was -.726, and was statistically significant (p < .0001).

IV.D.4 Carbenoxolone

Inclusion of 50 uM carbenoxolone in the perfusate slowed conduction,
decreased effective cross-fiber space constant, and had little consequence on effec-
tive cross-fiber time constant; further, it had little consequence on the effect of
volume loading on CV, space constant, or time constant. Carbenoxolone caused a
25 4+ 5% decrease in unloaded CV (p = .06), a 35 & 7% decrease in space constant
(p=.06), and a 6 £ 15% decrease in time constant (power was .10 to detect a 10%
difference). However, from these new baseline unloaded values, volume loading still
decreased CV a further 16 + 5% (p = .08), which recovered to 96 £+ 3% of this
new baseline value. Volume loading still increased space constant by 48 + 20%
(p = .25), which recovered to below the new baseline value to 92 + 10%, and
increased time constant by 67 + 31% (p = .17), which recovered to 140 + 15% of

the new baseline value.
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IV.D.5 Multicellular Fiber Model Conduction Analysis

Inclusion of nominal changes in both intercellular resistance and effective
membrane capacitance as implied by the measured changes in effective cross-fiber
space and time constants slowed conduction on the same order as that measured.
From an initial conduction velocity of 35 cm/s, decreasing only intercellular re-
sistance 45% caused conduction velocity to increase 18%, while increasing only
membrane capacitance 64% caused conduction velocity to decrease 23%. A con-
current decrease in resistance and increase in capacitance resulted in a conduction

velocity decrease of 10%.
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IV.E Discussion

IV.E.1 Stretch-Activated Channels

Previously we have shown that inclusion of the non-specific SAC blocker
streptomycin in the perfusate did not significantly alter the effect of volume loading
on CV, [3] however, streptomycin had a similar lack of effect for APD. Changes
in APD during stretch have been attributed to the action of stretch-activated
channels. [25] In this study we observed that loading lengthens APD3q and APDgy,
similar to our previous results, but we further observed that the presence of the
SAC blocker Gd3* had an interaction with the effect of volume loading on APDs
and APDg, acting as a positive control of the impact of Gd**. Concurrently, Gd3*+

had no interaction with the effect of volume loading on CV.

IV.E.2 Membrane Excitability

Varying perfusate potassium concentration had the same previously re-
ported effects on CV. [7] Membrane excitability was significantly altered, as indi-
cated by the large changes in CV. If load caused conduction slowing primarily by
altering membrane excitability, then the loaded state would be similar to move-
ment along the unloaded CV vs. perfusate potassium concentration curve, i.e., the
loaded curve would be similar to a left- or rightward shift of the unloaded curve.
However, volume loading caused conduction slowing at all potassium concentra-
tions, i.e. the loaded curve is similar to a downward shift of the unloaded curve,
indicating that load slows conduction independent of altered excitability within
the range studied. Moreover, one model study indicates that the slight depolariza-
tion from resting potential typically observed during stretch [8] (and attributed to
SAC’s) would tend to enhance excitability, [26] rather than depress it. Although
manipulating excitability did not significantly alter the effect of volume loading on
conduction speed near normokalemic concentrations, more extreme depression of

excitability did seem to inhibit CV recovery when load was removed.
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IV.E.3 Effective Space and Time Constants

Conduction slowing due to volume loading was associated with increases
in the effective space and time constants. Our measured effective space constant
is on order with that previously reported for the cross-fiber direction using similar
methods (A7 ~ 0.73 mm). [16] Our measured effective time constant was larger but
similar to those membrane time constants previously reported (7, ~ 2 - 6 ms). [27,
28] This discrepancy may lie in that these groups used cable-like preparations of
myocardial tissue so that cable theory could be used to predict specific myocardial
electrical constants, whereas we measured the effective time constant of bulk intact
ventricular tissue to get an index of relative capacitive load in different mechanical
load states. We did not observe the classic doghone shape, however, we were
looking at the tissue response to the stimulus in the steady-state, some 200 ms
after stimulus onset. Others have reported that low stimulus strengths induce an
initial dogbone that spreads out non-uniformly, such that the dogbone shape can
no longer be easily detected after 10ms. [29]

In one dimension, the effective space constant is proportional to mem-
brane resistance (R,,), and inversely proportional to extracellular and intracellular
resistances (R, R;), and the membrane surface to tissue volume ratio (/3), while
the effective time constant is proportional to membrane resistance and capacitance

(Cm)- [30]

R,
A=) — and T=0C,R,,
r \/(RiT + Rer) B

The increase in both space and time constants could be a result of increased mem-
brane resistance, which varies during repolarization and is a function of the current
state of the membrane. The Saucerman et al. [22] implementation of the rabbit ven-

tricular myocyte ionic model was used to estimate dynamic membrane resistance



81

during application of the test stimulus. R,, was estimated as the inverse of the
summation of the individual ion dynamic membrane conductances (1/XG;), where
the G; = dl;(t)/dV,,(t), where I;(t) and V,,(t) are the individual ion membrane
currents and transmembrane potential, respectively. [31] These derivatives were
estimated by calculating the ion membrane currents at perturbations of V,,(t) as
in Sampson and Henriquez. [32] This was repeated after including a linear stretch-
activated current, as previously suggested, [33] : Isac = Gsac(Viu(t) - V,.) with
V, =10 mV so that early repolarization was prolonged, as observed in the isolated
rabbit heart studies, and Ggac chosen to cause a 10% action potential amplitude
depolarization in resting membrane potential. [25] The stimulus was applied at a
time such that the stimulus began at approximately 50% repolarization in the orig-
inal model, similar to experimental studies, and at the same absolute time in the
model with the stretch-activated current, consequently, the stimulus began when
the membrane was less repolarized compared to the original model. The stimulus
amplitude was chosen to cause the same deviation in transmembrane voltage as
observed in the experimental studies (~15% action potential amplitude). These
model studies indicate that activation of such a stretch-activated current causes
the dynamic membrane resistance to decrease about 2% during the period in which
the space constant was measured, and increases about 15% during the period in
which the time constant was measured. This indicates that a significant major-
ity of the increases in effective space and time constants is not attributable to
increased membrane resistance.

Recently, it has been observed that shear stress of osteocytes induces
opening of Cx43 hemi-channels, the predominant connexin type expressed in ven-
tricular myocytes, within 10 minutes from onset of shearing. [34] The increase in
effective space constant we measured is indicative of a decrease in longitudinal
resistances, and may specifically indicate that ventricular wall stretch caused in-
creased intercellular coupling, possibly by a similar pathway. This may further

explain our previous results wherein we saw an unexpected decrease in dispersion
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of repolarization during volume loading. [3] An increase in intercellular coupling
would be expected to lead to faster conduction. However, computer simulations of
propagation in a chain of Luo-Rudy cells indicate that CV in not very sensitive to
changes in intercellular resistance at normal levels of cellular coupling. This model
study showed that a decrease in CV of 7% required an increase in intercellular
resistance of 43%, as most of the resistance to propagation in the fiber direction is
composed of myoplasmic resistance. [10] A related experimental study was unable
to resolve a difference in CV between synthetic strands of wild-type neonatal car-
diomyocytes and strands composed of cells from mice with a 43% reduction in Cx43
expression. Because extracellular resistance in the cross-fiber direction is roughly
0.25 times that of the intracellular resistance, [18] any effect of volume loading on
extracellular resistance is expected to have a proportionally less significant effect
on conduction velocity.

The increase in measured effective time constant is indicative of an in-
crease in effective membrane capacitance, which is consistent with previous mea-
surements of the effects of stretch on cell membrane. Kohl et al. [35] showed that
passive ventricular volume loading to 30 mmHg causes unfolding of slack membrane
and integration of caveolae into the sarcolemma. This could lead to an increase in
the effective cell membrane surface area to volume ratio, increasing effective mem-
brane capacitance, resulting in increased capacitive electrical load (current sink)
on the depolarization wavefront, slowing conduction. Sokabe et al. [36] observed
in chick skeletal muscle that a membrane patch placed under tension by suction
in the patch pipette resulted in an increase in apparent membrane strain and a
proportional increase in patch capacitance, and this has been recently confirmed

in rat astrocytes. [37]

IV.E.4 Carbenoxolone

Inclusion of the gap junction uncoupler, carbenoxolone, in the perfusate

caused a reduction in both effective space constant and CV, further validating the
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methods used to measure the effective space constant. Carbenoxolone was used
to test the hypothesis that the increase in effective space constant caused an in-
crease in the effective electrical load on the depolarization wavefront, potentially
slowing conduction. However, this implies a biphasic relationship between cou-
pling and CV, and would require that in a moderately uncoupled system, volume
loading would increase CV. The carbenoxolone study disproves this hypothesis.
Cumulative damage at the stimulus test site and the extended protocol times may
explain why the carbenoxolone results have much greater variance, resulting in non

statistically-signficant results.

IV.E.5 Multicellular Fiber Model Conduction Analysis

The fiber model results indicate that volume loading may increase effec-
tive intercellular coupling, which would result in only slightly faster conduction,
as conduction speed in not very sensitive to perturbations in intercellular cou-
pling at normal levels. [10] However, volume loading simultaneously increases the
effective membrane capacitance, significantly slowing conduction, as conduction
speed is most sensitive to perturbations of membrane capacitance, [38] masking
the effect of the increased effective intercellular coupling. The relative contribu-
tions of these two competing effects may explain some of the discrepant reports
of faster conduction during stretch in several different isolated myocardial tissue
preparations, [39, 40, 41, 42] though the discrepancy may also lie in the definition
of conduction velocity used, [43] as several reports in whole chamber preparations
have observed slowed conduction during stretch. [44, 45, 46, 47] The combination
of the two effects in the fiber model resulted in a 10% decrease in conduction speed,
while the measured mean decrease in conduction velocity during loading was 13%
in the studies in which the effective space and time constants were measured. How-
ever, this model study assumed that the entire measured change in effective space
and time constants were entirely attributable to a change in effective intercellular

resistance and effective membrane capacitance.
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IV.F Conclusions

We have shown that slowing of apparent epicardial conduction during
myocardial stretch by ventricular volume loading is not significantly attributable
to stretch-activated channels or depressed membrane excitability. We have further
shown that volume loading is associated with an increase in the effective space and
time constants, indicating reduced intercellular resistance and increased effective
membrane capacitance, resulting in a net slowing of conduction due to the greater
sensitivity of conduction velocity to a change in capacitance. Our model study
indicates that increasing effective membrane capacitance and reducing intercellular
resistance by amounts suggested by the measured changes in effective space and
time constants may be sufficient to account for the degree of conduction slowing
observed. Such a mechanism could contribute to re-entrant arrhythmias associated

with altered loading conditions.

The text and figures of this chapter, in full, will be submitted for publication. The dissertation
author was the primary researcher and author of the work presented here, and any co-authors of

this publication directed and supervised the research that forms the basis for this chapter.
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Appendix: Relevant MATLAB Code Table of Contents

Additional M-files used in the Analysis of Slowed Conduction During
Ventricular Volume Loading:

M-files used in:
Mills et al.; Mechanisms of Conduction Slowing During Ventricular

Volume Loading. (in preparation)

Contact: Andrew McCulloch, Ph.D.
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Cardiac Mechanics Research Group

Dept. of Bioengineering

University of California San Diego

9500 Gilman Dr., La Jolla, CA 92093-0412
amcculloch@ucsd.edu

Copyright (c) 2005 CMRG - UCSD Bioengineering
Any copy of these m-files must include this contents file
with this header unaltered.

Conduction Velocity Analysis and Associated Batch Scripts

contvelocmap - Calculates conduction velocity from activation
times
gd3extract — Setup is useful for comparing a single intervention

on the effect of loading on conduction

potassextract - Setup is useful for comparing a graded-intervention

on the effect of loading on conduction

Specific Utility Functions:

runpotassextract - The working part of ’potassextract’

Resistance\Capacitance Analysis
capacianalyze — The engine
decayexpfitfunc2D — Fits data to 2D exponential-type distribution

Specific Utility Functions:

addARBWpoint — Assitant in creating ARBW

Bobgline — Selection of line along which a space constant
is estimated and selects region to include in
2D fit

capacianalyzemidpthelper - midtpt helper

decayexpfitfunc — should be rolled into ’'expfitfunc’, used by

"Bobgline’
decayexpfitfunc2Doptiminteract - go-between function
fsdtofsifffunc — Assistant in adjusting the difference

between Fsi and Fsd
gendecayexp — should be rolled into ’'genincexp’
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getMlM2relationship - Assistant for fitting to
"rothshapefunc_mlm2linked’

rothshapefunc3 - Fit theory to data
rothshapefunc3_mlm2linked — Fit theory to data, with
M1-M2 restriction
normrange - Assitant in setting the range for the
normalization AP
plotsforcapacianalyze — Plots relevant data
resistranges — Assistant in setting the steady-state
range for measuring the space constant
runcapacianalyze — The working part of ’'capacianalyze’

selectrmscutofffunc - Assistant in selecting the RMS cutoff

Modeling of Conduction Along a Fiber

multicalc - Setup for running repeated model runs
using varied parameters
Bobfiberdiscretemulticalc — Initializes the fiber model

Specific Utility Functions:

solvediscretefiber - Solves a specific fiber problem

JSrabBob — Jeff Saucerman’s implementation of a rabbit

ventricular myocyte model
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Chapter V

Conclusions

Several studies have linked increased myocardial strain (wall stretch) with
atrial and ventricular arrhythmias. [1] Although the precise mechanisms for these
loading related rhythm disturbances remain unclear, the predominant mechanism
underlying ventricular arrhythmias associated with mechanical dysfunction is reen-
trant conduction, [2] which is promoted and sustained by slowed conduction. Pas-
sive ventricular volume loading in the Langendorff-perfused isolated rabbit heart
has been shown to slow conduction. [3]

The objective of this dissertation was to investigate the potential mech-
anisms of conduction slowing during ventricular volume loading in the isolated
heart. Though the focus of this work was to investigate a physiologically-based
conduction response to a mechanical stimulus, this work required validation of pre-
vious observations of conduction slowing using optical mapping, and the extensive
development of data handling algorithms, which continue to be useful in other
studies using optical mapping of Langendorff-perfused hearts.

We chose the non-contact optical mapping technique to record epicar-
dial electrical activity, as this technique does not introduce mechanical artifact,
which may be present in other methods of measuring electrical activity, such as
monophasic action potential electrode and microelectrodes, because these meth-

ods require contact with the myocardium. [4] This technique is also advantageous
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in that it is capable of high-resolution multi-site mapping of electrical activity,
including an accurate representation of local repolarization. [5, 6] Charge-coupled-
device cameras were chosen to acquire this mapping, as they currently have a
superior combination of spatial resolution and dynamic range compared to other
devices, but at the cost of lower signal-to-noise ratios. As part of this work, we
validated the utility of a computationally expensive phase-shift filtering technique
that enhances signal-to-noise without distorting the optical action potential up-
stroke. Further improvements were made to the filtering and analysis algorithms
to improve efficiency and accuracy.

Previous experimental observations of conduction slowing during passive
ventricular volume loading were validated by eliminating several potential non-
physiological mechanisms. We found that conduction slowing is not a consequence
of global or regional ischemia, or a decrease in epicardial surface temperature,
all of which could be caused by increased resistance to perfusion during intraven-
tricular balloon inflation. We also found that conduction slowing during volume
loading still occurs in the absence of the agents di-4-ANEPPS and 2,3-butanedione
monoxime, which were necessary for the optical mapping technique. Further, these
studies show that conduction slowing and action potential lengthening are cor-
related with the degree of loading within a physiological range, as incremental
increases in load incrementally affect conduction and action potential duration.
These studies also led to an improved isolated heart preparation, wherein epicar-
dial surface temperature is less impacted by loading.

Several potential physiological mechanisms of conduction slowing dur-
ing ventricular volume loading were investigated. We found that stretch-activated
channels do not significantly contribute, which is consistent with our previous find-
ings using a different stretch-activated channel blocker, streptomycin. [3] However,
in this study we had a positive control of the activity of gadolinium3* blocking
stretch-activated channels. We also found that volume loading does not signifi-

cantly depress membrane excitability, which is consistent with a model study of
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the effect of stretch on membrane excitability. [7] Finally, we found that ventric-
ular loading caused an increase in effective space and time constants, suggesting
that loading may reduce intercellular resistance and increase effective membrane
capacitance, resulting in a net slowing of conduction due to the greater sensitivity
of conduction velocity to a change in capacitance. These conclusions are consis-
tent with findings that shear stress can induce opening of Cx43 (the predominant
connexin type expressed in ventricular myocytes gap junctions) hemi-channels in
osteocytes, [8], that membrane strain increases membrane capacitance, [9] and
that ventricular volume loading can increase whole-cell capacitance by causing the
incorporation of sequestered membrane into the sarcolemma. Our model study in-
dicates that increasing effective membrane capacitance and reducing intercellular
resistance by magnitudes suggested by the measured changes in effective space and
time constants may be sufficient to account for the degree of conduction slowing

observed.

V.A Limitations and Future Work

The pharmacological agent, 2,3-butanedione monoxime (BDM) was used
to eliminate motion artifact in the optically acquired recordings of myocardial
electrical activity. BDM causes a shift towards more weakly bound actin-myosin
complexes, reducing fiber tension by increasing phosphate binding and by direct
action on the crossbridges. [10] In addition BDM promotes Ca?" release from the
sarcoplasmic reticulum, [11] suppresses the L-type Ca®" channel and the transient
outward current, [12] the Na™/Ca?" exchanger, [13] and causes some uncoupling
of gap junctions. [14] Despite all of these effects, we observed that volume loading
slows conduction even when BDM is not present. [3] However, further studies
without the use of this agent would improve the veracity of our findings. Further

improvements to the optical mapping technique currently in progress will obviate
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the use of BDM through a combination of fluorescence ratiometry and optical flow
techniques to remove motion artifact.

Other studies that have used optical mapping to observe myocardial elec-
trical response to current injection, and thus measure the effective space constant
of the tissue, have used sub-threshold stimuli applied to resting membrane. [15, 16]
However, these studies were performed using a lower spatial resolution (16 x 16)
photo-diode array (PDA), which tend to have superior signal-to-noise ratios than
the charge-coupled-device (CCD) camera used in our studies. We used a CCD cam-
era due to its superior spatial resolution (128 x 126), but sub-threshold stimuli
could not be resolved from the noise in preliminary studies. Consequently, we used
supra-threshold stimuli applied during repolarization, during which the effective
membrane resistance is not constant. The effective space constant is dependent
on membrane resistance, however, measurements of effective space constant were
made after the transmembrane voltage achieved steady-state (post-repolarization).
The effective time constant is also dependent on effective membrane resistance,
however, a few stimuli that did not elicit break excitation were used to measure
the effective time constant at the stimulus break (post-repolarization), and cor-
roborated the increase in time constant during loading. Repeated studies using a
PDA and sub-threshold stimuli could confirm our findings.

The conclusions of increased coupling and capacitance are based on the-
ory applied to the measurements of effective space and time constants, which are
also dependent on membrane resistance and extracellular resistance (space con-
stant only). However, independent studies of stretch of cellular preparations are
consistent with these conclusions. [8, 9] Further cellular studies would be useful
in confirming these conclusions and elucidating specific mechanisms behind in-
creases in intercellular coupling and capacitance during stretch, by attempting to
block these increases. Gap junctions are regulated by local ion concentrations
and several pathways that are influenced by stretch, [17] and tend to co-localize

with several cellular structural elements, [18] giving several suitable targets for at-
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tempted disruption of an increase in intercellular coupling during stretch. Cellular
studies in which whole-cell capacitance of myocytes is monitored during stretch
could confirm an increase. Unfortunately, previous studies in myocytes have only
measured stretch of membrane patches. [9, 19] Capacitance could also be increased
by integration of caveolae and sheltered membrane folds into actively capacitive
membrane during ventricular volume loading. [20] Studies of stretch on whole-cell
capacitance in preparations from caveolin deficient mice [21] could elucidate the
relative contribution of this mechanism, while studies in preparations that have
been treated with the actin filament disrupter, cytochalasin D, may be sufficient
to disrupt membrane unfolding.

Finally, it would be beneficial to have a more temporally refined assess-
ment of the time course of the slowing of conduction and changes in effective space
and time constants after the onset of volume loading, since our measurements were
taken 1 minute after loading. An immediate slowing of conduction would indicate
a direct mechanical effect on biophysical properties, while conduction slowing that
develops over a period of a couple of minutes could be the result of cellular signal-

ing.

V.B Implications

These studies suggest that reentrant ventricular arrhythmias associated
with increased myocardial strain and mechanical dysfunction may be promoted
and sustained by an increased effective membrane capacitance. Consequently,
decreasing membrane capacitance by treatment with growth hormone [22] or pen-

etratin [23] may be cardioprotective against these arrhythmias.
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