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The Role of Cardiac Tissue Alignment in Modulating
Electrical Function

CHIUNG-YIN CHUNG, M.S.,∗ HAROLD BIEN, M.S.,∗ and EMILIA ENTCHEVA, PH.D.∗,†
From the ∗Department of Biomedical Engineering, and †Department of Biophysics and Physiology, SUNY Stony Brook,

Stony Brook, New York, USA

Cardiac Tissue Alignment and Function. Introduction: Most cardiac arrhythmias are associated
with pathology-triggered ion channel remodeling. However, multicellular effects, for example, exaggerated
anisotropy and altered cell-to-cell coupling, can also indirectly affect action potential morphology and elec-
trical stability via changed electrotonus. These changes are particularly relevant in structural heart disease,
including hypertrophy and infarction. Recent computational studies showed that electrotonus factors into
stability by altering dynamic properties (restitution). We experimentally address the question of how cell
alignment and connectivity alter tissue function and whether these effects depend on direction of wave
propagation.

Methods and Results: We show that cardiac cell arrangement can alter electrical stability in an in vitro
cardiac tissue model by mechanisms both dependent and independent of the direction of wave propagation,
and local structural remodeling can be felt beyond a space constant. Notably, restitution of action potential
duration (APD) and conduction velocity was significantly steepened in the direction of cell alignment.
Furthermore, prolongation of APD and calcium transient duration was found in highly anisotropic cell
networks, both for longitudinal and transverse propagation. This is in contrast to expected correlation
between wave propagation direction and APD based on electrotonic effects only, but is consistent with our
findings of increased cell size and secretion of atrial natriuretic factor, a hypertrophy marker, in the aligned
structures.

Conclusion: Our results show that anisotropic structure is a potent modulator of electrical stability via
electrotonus and molecular signaling. Tissue alignment must be taken into account in experimental and
computational models of arrhythmia generation and in designing effective treatment therapies. (J Cardiovasc
Electrophysiol, Vol. pp. 1-7)

arrhythmia, mechanisms, calcium, cellular, cell culture, membrane potential, myocytes

Introduction

The heart is an anatomically and functionally anisotropic
organ, with properties dependent on the underlying
structure—propagation of electrical signals along the align-
ment of muscle fibers is faster than transverse to fiber align-
ment. During diseased states, structural remodeling altering
the anisotropy has a major impact on electrophysiologi-
cal function. Development of electrical instabilities and ar-
rhythmias are serious potential consequences. Such structural
changes are seen in myocardial infarct (MI) where surviving

This study was funded by grants from the Whitaker Foundation (RG-02-
0654), The American Heart Association (0430307N), and the National Sci-
ence Foundation (BES-0503336).

Chiun-Yin Chung received financial support from Stony Brook University
for presentation of the material (in part) at the BMES 2005 Conference.

This study was presented in part at the Heart Rhythm Society’s 28th Annual
Scientific Sessions, Denver May 2007 and published in abstract form.

Address for correspondence: Dr. Emilia Entcheva, Ph.D., Depart-
ment of Biomedical Engineering, Stony Brook University, HSC T18-
030, Stony Brook, NY 11794-8181. Fax: 631-444-6646; E-mail:
emilia.entcheva@sunysb.edu

Received 26 January 2006; Revised manuscript received 3 July 2007; Ac-
cepted for publication 9 July 2007.

doi: 10.1111/j.1540-8167.2007.00959.x

tissue has loss of side-to-side connections between muscle
fibers and “stringy” fibrosis encroaching on border zone my-
ocytes causes heterogeneity in orientation.1-4 Noninfarcted
myocytes undergo hypertrophic growth in order to sustain
cardiac output. In cardiac hypertrophy itself, exaggerated
anisotropy is often seen due to reduced coupling between
fibers and additional fibrosis and collagen deposition.3,5

Structural changes are paralleled by electrophysiological
remodeling that leads to increased susceptibility to arrhyth-
mias. For example, in hypertrophy due to either compensation
in MI or pressure overload, a major arrhythmogenic change is
action potential duration (APD) prolongation caused mainly
by decreased potassium channel (Ito) function and protein ex-
pression.6-8 Longer APD leads to more frequent wavefront–
waveback collisions potentially resulting in conduction block
and reentry.9 Hypertrophy-associated APD prolongation can
be caused also by calcium channel remodeling. However,
changes in the current are dependent on the stage of hypertro-
phy; mild hypertrophy sees an increase in ICaL, while severe
hypertrophy and heart failure result in decreased ICaL.10

Cell-level electrical remodeling can be further exac-
erbated by changes in cell arrangement. The anisotropic
structure of cardiac tissue determined by the oriented and
elongated cell morphology and cell-to-cell connections (gap
junctions) establishes different electrotonic loading in prop-
agation longitudinal or transverse to fiber orientation and
produces well-known functional anisotropy. Due to greater
proportion of highly conducting cytoplasm and greater num-
ber of gap junctions, overall resistance is less and electrotonic
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load is greater in the longitudinal direction; thus, propagation
proceeds faster.11,12 Larger electrotonus in longitudinal prop-
agation also translates into a flattened maximum upstroke
rate of depolarization.13 This functional anisotropy may be
affected in diseased states where structural anisotropy may
be exaggerated, leading to greater heterogeneity and potential
for arrhythmia development.

The arrhythmogenicity of cardiac tissue is also affected by
its dynamic response to frequency. The frequency response
(restitution) of cardiac tissue traditionally describes a correla-
tion between the diastolic interval and the subsequent action
potential. It has been proposed that a steeper APD restitution
slope may indicate a more unstable system with increased
susceptibility to the development of alternans, a precursor
to deadly fibrillation. Studies have demonstrated that APD
restitution, modulated by restitution of conduction velocity,
plays a critical role in break up of stable spirals into fibril-
lation.14-18 The structure and the dynamics of cardiac tissue
have mostly been treated as separate factors in determin-
ing the arrhythmogenic state. Recent theoretical studies have
shown a potential interaction between restitution and elec-
trotonus thus questioning the true independence of these two
determinants of electrical stability.17,18 Little experimental
data exist addressing these interactions.

In this study, we sought to determine and isolate the ef-
fects of structure on electrophysiological function and sta-
bility in cardiac tissue. Specifically, we asked the follow-
ing questions: (1) Is the frequency response (restitution) of
aligned tissue dependent on the tissue structure? (2) Do struc-
tural features affect function remotely (outside of a space
constant)? To address these questions, anisotropic neonatal
rat cardiac myocyte networks were grown using topographic
guidance on 3D polydimethylsiloxane (PDMS) surfaces. The
dynamic response of these networks was probed over a
range of stimulation frequencies in the voltage and calcium
domains.

Methods

Primary Myocyte Culture and Anisotropic Growth

Neonatal rat cardiac myocytes were isolated and plated
as previously described.19 Briefly, myocytes from 3-day-old
neonatal Sprague–Dawley rats were isolated by enzymatic di-
gestion overnight with trypsin (1 mg/mL, 4◦C, USB, Cleve-
land, OH, USA), then collagenase (1 mg/mL, 37◦C, Wor-
thington, Lakewood, NJ, USA). After 90 minutes preplating
to remove the fibroblast population, myocytes were plated
at high density (4 × 105 cells/cm2) onto fibronectin-coated
polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning,
Midland, MI, USA) scaffolds with varying topographical fea-
tures produced by molding onto metal templates fabricated
by acoustic micromachining.19,20 Flat, uniformly grooved,
and combination (combined flat and grooved) scaffolds
(Fig. 1B–D) were used in this study.

Dynamic Functional Measurements

Across five cultures, on days 5 to 7 after cell plating, my-
ocytes were washed and equilibrated at room temperature
in Tyrode’s solution (1.33 mM Ca2+, 5 mM glucose, 5 mM
HEPES, 1 mM MgCl2, 5.4 mM KCl, 135 mM NaCl, 0.33
mM NaH2PO4, pH 7.4) and costained for transmembrane
voltage and intracellular calcium with di-8 ANEPPS and

Figure 1. Functional measurement setup. (A) Cells plated on PDMS scaf-
folds were stimulated (10 V/m) at one end with a line electrode. Propagated
signals were collected with a PMT at the opposite end (example calcium
and voltage signals shown). Distance (d) between the electrode and objec-
tive was used in conduction velocity calculations along with the lag time
between stimulus and observed signal. (B) Cardiac myocytes grown on flat
surfaces showed random orientation. (C) Myocytes grown on grooved sur-
faces showed anisotropic growth aligned with the grooves. (D) Five ex-
perimental groups were used: longitudinal (L) with grooves parallel to the
direction of propagation; transverse (T) with grooves perpendicular to the
direction of propagation; control isotropic (I); and combination samples
with both grooved (CL) and isotropic (CI) regions, each region probed sep-
arately more than a space constant away from the border. Location of signal
acquisition in experimental group is indicated on each scaffold.

fura-2 AM (Molecular Probes, Eugene, OR, USA), respec-
tively. Stained myocytes were transferred to a temperature-
controlled (∼30◦C) experimental chamber perfused with
fresh Tyrode’s solution. In the experimental chamber, cells
were stimulated with a Pt line electrode at one end of the
scaffold, initiating a planar wave. Cells were paced at sev-
eral frequencies following a dynamic restitution protocol.16

Frequency was varied from 1 Hz to 2 Hz in 0.5 Hz steps
and thereafter in 0.2 Hz increments. Fluorescence signals
were recorded with a photomultiplier tube at a fixed distance
(1.2–1.6 cm) from the electrode (Fig. 1A) at a sampling rate
of 1,000 Hz. After achieving steady state by pacing for 60
beats,21 20 transients in the voltage and then the calcium
domain were collected. Cells were paced until they failed
to follow 1:1 (occurrence of alternans or conduction block).
As shown in Figure 1D, five experimental groups with vary-
ing anisotropic structure were used: surfaces with grooves
aligned longitudinal (L) to propagation, n = 12, surfaces
with grooves aligned transversely (T) to propagation, n =
11, flat isotropic controls (I), n = 9, and combination scaf-
folds with both isotropic (CI), n = 10, and grooved (CL),
n = 15, features, each configuration probed individually at
least 500 µm away from the anisotropic/isotropic border
(Fig. 1D).
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Data Processing and Analysis

Collected fluorescence signals were temporally filtered
using a polynomial filter (Savitsky-Golay) of second order
and analyzed with a custom-made Matlab (Mathworks, Nat-
ick, MA, USA) program. Conduction velocity (CV) was es-
timated from the straight line distance, d, between the stim-
ulating electrode and the acquisition site and the lag time
between stimulation pulse and acquired response (Fig. 1A).
This is a conservative measure of CV; effective velocity along
the straight line path may be lower than the actual velocity if
conduction occurs along a curved path. Aside from CV, func-
tional parameters of interest were action potential duration at
80% repolarization (APD), calcium transient duration at 80%
return (CTD), and estimated wavelength of propagation (W).
The restitution behavior was characterized by linear fits to
the frequency response of individual samples and determin-
ing average linear slope using Excel (Microsoft, Redmond,
WA, USA). Statistical significance was determined with mul-
tiway analysis of variance (ANOVA) in Matlab with P < 0.01
considered significant, followed by Tukey post hoc testing.

Macroscopic Optical Mapping and Analysis

Macroscopic spatial mapping of fluorescent signals in
combination samples was done 5 days after plating using an
intensified CMOS camera system with 1,280 × 1,024 pixel
resolution, as previously described.22 The cells were stained
with a calcium-sensitive dye, fluo-4 AM (Molecular Probes),
excited at 488 nm through fiber optic light guides. Fluores-
cent movies of wave propagation in the tissue at 30◦C were
collected at several frequencies after arrival at steady state at a
frame rate of 200 frames per second and a sensor-determined
spatial resolution of 22 µm.

For propagation maps, raw data were binned (10 × 10) and
analyzed in customized Matlab software after filtering both
spatially (Gaussian, 3-pixel kernel) and temporally (Savitsky-
Golay, order 2, width 5) and cropping to a center region of
interest spanning the anisotropic/isotropic border zone. Ac-
tivation times for each pixel were calculated as 50% of the
peak height in the upstroke. An isochrone map was interpo-
lated at every 400 µm. Spatial profiles of CV during planar
propagation were constructed. Average CV profiles were cal-
culated by averaging CV of three consecutive transients at
each pixel and across all pixels with the same distance from
the anisotropic/isotropic border (n = 7).

Quantification of Hypertrophic Growth

Confocal images of connexin 43 (Cx43) and actin were
taken at 60× to reveal cell structure. The high magnification
resulted in a small field of view, but allowed proper cell area
calculation. Quantification of cell size was done by man-
ual outlining of cells (n = 22 for anisotropic, n = 29 for
isotropic) in the images and automated analysis in Matlab. In
addition, secreted atrial natriuretic factor (ANF) was quan-
tified as a marker of hypertrophic growth23 24 hours post-
culture medium change on anisotropic (n = 10) and isotropic
(n = 11) networks 10 days after plating, using an ANF
ELISA kit (Peninsula Laboratories, San Carlos, CA, USA).
Statistical significance (P < 0.01) was determined using a
paired t-test.

Results

In this study, a remarkable difference, induced by the
anisotropic structure, was seen in action potential and cal-
cium transient morphology (Fig. 2A, B). Results at single pac-
ing frequencies had similar trends as the frequency-averaged
graphs throughout most pacing frequencies. At both low
(1 Hz) and high (3 Hz) frequencies, action potentials (Fig. 2A)
were prolonged in L and T, compared with I controls (80%
repolarization at dashed lines). Similarly, calcium transients
(Fig. 2B) showed lengthened CTD at low pacing frequency
(1 Hz). Thus, anisotropic structure resulted in slower recov-
ery of systolic calcium levels and altered the repolarization
phase of the AP. In addition, the mere presence of partial
anisotropic structure in combination structures increased the
APD, compared with I controls, so that APDL ≈ APDT >
APDCL ≈ APDCI > APDI. Convergence of values was seen
in APD and CTD at pacing frequencies greater than 3.5 Hz.
Overall, structures with aligned tissue had prolonged APD
(P < 0.01, Fig. 2C), with a parallel increase of CTD
(Fig. 2D) at lower pacing frequencies.

A clear dependence of restitution properties on direction
of propagation was observed in aligned structures. Propaga-
tion in L was found to be the most sensitive to frequency
(P < 0.01), as assessed by average linear slope of the
frequency response, in CV, APD, CTD, and wavelength
(Fig. 3). Conversely, mere presence of an isotropic region

Figure 2. APD and CTD prolongation seen in anisotropic tissue regardless
of propagation direction. A and B. Example AP (left) and calcium transient
(right) at low (1 Hz) and high (3 Hz) frequencies showed anisotropy-induced
changes in APD and CTD with little modulatory effect of propagation direc-
tion. Comparison between low and high frequency pacing showed a greater
change in APD at 80% repolarization (dashed line) in L than other config-
urations. Interestingly, mere presence of anisotropic structure had slower
recovery of systolic calcium levels and altered repolarization phase. Black
solid traces are L, gray solid traces are I, and black dashed traces are T. C.
APD at 80% return at 1 Hz pacing frequency showed significantly longer (P
< 0.01) APD in purely anisotropic samples (L and T) regardless of direction
of propagation compared to I. APD in the combination samples with part
anisotropic regions were intermediate between anisotropic and isotropic
samples. Asterisks indicate significant difference from I (P < 0.01). D. Sim-
ilar to APD, average CTD at 80% return at 1 Hz pacing frequency showed
negligible effects from neighboring regions and little dependence on direc-
tion of propagation. L was significantly longer than I (P < 0.01).
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Figure 3. Restitution is dependent on direction of propagation. The slope of
the linear approximation of the frequency response was used to characterize
restitution. The frequency response in L of CV (A), APD (C), CTD (E), and
wavelength (G) showed a significantly steeper slope, while other samples
had flatter responses (right). Asterisks indicate significant difference from I
(P < 0.01).

(in combination samples) flattened the restitution, espe-
cially noticeable in the CV, APD, and wavelength frequency
response.

In accord with previous studies, we saw that CV was
highly dependent on the direction of propagation—fastest
conduction longitudinal to the direction of tissue alignment
and slowest in the transverse direction. Isotropic controls had
intermediate CV (CVL > CVI > CVT), all significantly dif-
ferent from each other (P < 0.01, Fig. 4A) at 1 Hz pacing,
a result matched in wavelength (Fig. 4B). At higher pac-
ing frequencies, convergence of CV (and wavelength) oc-
curred, with only T remaining statistically different from the
other groups. Furthermore, longitudinal propagation in com-
bination scaffolds (CL) was depressed compared to L in the
presence of isotropic neighboring regions, while presence of
an aligned neighbor accelerated conduction in the isotropic
region (CI), so that CVL > CVCL > CVCI > CVI (simi-
larly WL > WCL > WCI > WI). These results were mea-
sured 0.5 to 2 mm away from the anisotropic/isotropic bor-
der, a distance larger than the space constant of 360 µm.24

Spatial mapping of calcium activation further confirmed

Figure 4. Gradient CV and wavelength show potential remote effects of cell
alignment and wavefront curvature. (A) Conduction velocity (CV) at 1 Hz
pacing frequency changed with direction of propagation, as expected, but
also in a dose-like manner by presence of neighboring regions of different
alignment, as seen in combination samples (CL and CI). CV in L, CL, CI, and
T were all significantly different than I (P < 0.01). (B) Wavelength calculated
from the product of CV and APD also showed a significant dose-like effect
from neighboring regions as well as directional differences, similar to CV.
All samples were significantly different from I controls (P < 0.01), however
the combination samples were not significantly different from each other.
(C) Example isochrone map of calcium wave propagation in combination
samples showed faster propagation in the anisotropic portion compared to
the isotropic portion with concave curvature in the isotropic region and
convex curvature in the anisotropic region. Propagation direction is shown
by the arrow. (D) Activation maps matched average CV profiles (n = 7) that
displayed a monotonic trend from the isotropic portion (left side of figure)
to the anisotropic portion (right side of figure).

these findings in combination samples and showed a mono-
tonic gradient of CV across the anisotropic/isotropic border
(Fig. 4C, D).

Considering the observed prolongation in APD and CTD
in anisotropic samples, consistent with hypertrophic changes,
we measured cell size from confocal images and quanti-
fied release of atrial natriuretic factor (ANF). Cells were
significantly larger in the anisotropic samples (P < 0.01,
Fig. 5A). Preliminary results on ANF as a marker of hyper-
trophy, also showed a significantly larger amount secreted in
pure anisotropic samples compared with isotropic controls
(P < 0.01, Fig. 5B).

Discussion

Hypertrophic Prolongation of APD and CTD
in Anisotropy is Direction-Independent

An unexpected functional change observed in this study
was the significant prolongation of APD and CTD in
anisotropic structures (compared to isotropic controls) for
both longitudinal and transverse propagation (Fig. 2). Based
on electrotonus effects on propagation alone, one would
predict AP and CT prolongation in L but not T.25-27

Furthermore, combination scaffolds exhibited intermedi-
ate APD values between anisotropic and isotropic sam-
ples. A possible mechanism for these results is outlined in
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Figure 5. Quantification of hypertrophic
growth in anisotropic cultures. (A) Signifi-
cantly increased cell size was seen in confocal
images of the anisotropic cells as compared to
isotropic controls (P < 0.01). (B) Quantifica-
tion of ANF secreted over 24 hours showed a
hypertrophy-like increase in anisotropic sam-
ples (n = 10) over isotropic controls (n = 11).

Figure 6. As commented in Wilders et al., the altered load-
ing conditions in the anisotropic networks allow easier prop-
agation of ectopic beats.28 Higher likelihood for “surviv-
ing” ectopic beats leads to facilitated self-sustained pacing
(Fig. 7A). Indeed, in anisotropic cultures, we have confirmedQ1
higher incidence of synchronized spontaneous activity and fa-
cilitated pacemaking accompanying altered calcium dynam-
ics.19,29 This increased pacemaking and constant stimulation
are known to lead to hypertrophy-like conditions via electri-
cal and mechanical mechanisms.30-32 (Fig. 6B) In our system,
increased mechanical stress is due to persistent stretch of cells
attached to 3D topographic features19,20,29 and leads to sig-
nificant hypertrophic growth (Fig. 5A). We have previously
shown indirect evidence of hypertrophic growth, including
increased strain development, higher systolic calcium, in-
creased sarcoplasmic reticulum calcium content, upregulated
connexin 43, and significantly elongated nuclei.19,20,29 In the
above-described scenario, altered mechanical loading during
anisotropic growth can trigger hypertrophy-consistent pro-
longation of the AP and CT without the presence of external
electrical or mechanical stimulation.

Figure 6. Hypothesized mechanism of
anisotropy-related functional differences. (A)
Postulated link between anisotropic structure
and increased incidence of ectopic activity
due to altered electrotonic loading. (B)
Established pathways of cardiac electrophys-
iological remodeling in response to pacing
and mechanical stress show a complex
interaction between molecular signaling and
tissue structure.

Our results follow several controversial findings regarding
APD and cell alignment. While some studies have confirmed
increase in APD along the direction of propagation due to
larger electrotonus,25,26,33 others have shown region-specific
differences, for example, only in right, but not left ventric-
ular epicardial tissue.34 This unclear relationship between
electrotonic load and APD may indicate that other modu-
lators of APD are present in aligned cells. A well-known
consequence of mechanical stress and hypertrophic growth
that may play a role in determining APD is altered molecular
signaling (Fig. 6B). A well-studied example is angiotensin II,
which is increased in cases of pressure overload and stress-
induced hypertrophy and has been shown to remodel several
ionic currents, including Ito, ICaL, and IKr.35 In addition, hy-
pertrophic growth is accompanied by increased secretion of
ANF—a rather specific and strong indicator of cardiac hyper-
trophy.23 Recent studies have shown the potential of ANF to
act not only as an endocrine factor regulating blood volume,
but also as a local autocrine factor.36 In our anisotropic sam-
ples, we saw increased ANF secretion (Fig. 5B), providing
further evidence for hypertrophy development in conditions
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of anisotropic growth. By means of the ANF/cyclic GMP sig-
naling pathway, the structural changes in hypertrophy can re-
sult in remodeling of ICaL.36,37 While in this study no causal
relationship between increased ANF and electrophysiologi-
cal remodeling is confirmed, our results provide a potential
mechanism for ion channel remodeling in anisotropic cell
networks. Walsh et al. showed that elongated cell morphol-
ogy increased L-type calcium channel density and protein
expression.38 Overall, modulation of structure can produce a
myriad of functional changes, at least partially brought about
by altered loading conditions, and potentially by changing
molecular signaling (Fig. 6). By prolonging APD, the like-
lihood of wavefront–waveback interactions is increased and
may facilitate the development of conduction blocks and ar-
rhythmias.

Restitution is Dependent on Cell Alignment
and Electrotonus

Directional dependence of restitution with greatest restitu-
tion slope of CV, APD, and wavelength in longitudinal prop-
agation (Fig. 3) is a new finding. Restitution is brought about
by the intrinsic kinetics of the ion channels; Qu et al. showed
that APD restitution was steepened by sodium and calcium
channel dynamics, while CV restitution was altered in re-
sponse to sodium channel restitution kinetics.15 Addition-
ally, Kucera et al. also showed evidence of co-localization of
sodium channels with gap junctions at intercalated discs.39

Therefore, the steepened restitution in L is likely a combina-
tory effect from increased electrotonic load (greater number
of gap junctions) and spatial redistribution of sodium chan-
nels. The dependence of restitution on the direction of wave
propagation, shown here, indicates the heterogeneous nature
of cardiac tissue’s dynamic response. It is not immediately
apparent whether the steepened APD restitution in L will
promote increased development of undesirable alternans, be-
cause as shown in computational studies, the parallel steeper
CV restitution and increased electrotonus via AP and CT mor-
phology may play a counteracting stabilizing role.17,18 The
relative contribution of APD and CV restitution steepness
in the promotion of instabilities deserves further attention,
given the prominent modulatory role that anisotropic struc-
ture has on these parameters. This heterogeneity in functional
properties (restitution) also has implications for experimen-
tal studies—restitution curves measured under different elec-
trode configurations and wave propagation directions with re-
spect to tissue alignment may yield varied results. We provide
experimental support for the idea of quantification of resti-
tution by histogram-based methods, as described by Fenton
et al.,40 so that a family of restitution relationships could be
revealed and linked to structure and wave direction.

The different structural groups in this study exhibited dif-
ferent restitution responses, yet APD, CTD, and CV values
converged at higher pacing frequencies. This is an expected
outcome—as the cell networks are paced at faster frequencies
ion channel kinetics becomes a limiting factor up to a con-
duction block. Thus, at higher frequencies, the differences
brought about by electrotonic loading are minimized and ion
channel dynamics become the limiting factor in cell response.
Even so, the differential characteristics of the system over a
range of frequencies (restitution), dictated by structure, are
important in tissue adaptation to changing pacing rates.

Remote Effects of Anisotropy on Electrical Function

We used a novel method of growing tissue of differ-
ent structures adjacent to each other in order to isolate the
functional effects of structural remodeling found in situa-
tions similar to the border zone of myocardial infarction, for
example. Our results showed a gradient of conduction ve-
locity and wavelength across the border between networked
anisotropic and isotropic regions with mutual influence be-
tween the two regions (Fig. 4A, B). In combination struc-
tures, areas of aligned cells had decreased CV, as compared
with pure anisotropic growth, and isotropic areas of combi-
nation structures had increased CV, as compared with pure
isotropic controls, so that overall CVL > CVCL > CVCI >
CVI. This was matched also for wavelength measurements.
Optical mapping revealed curvature of the wavefront across
the anisotropic/isotropic border with a concave front in CI
and a convex front in CL (Fig. 4C, D). Such curvature effects
can act as modulators of conduction velocity by either con-
verging (concave) or diverging (convex) excitatory currents
due to the nonplanar wavefront.1,41 Wavefront curvature ef-
fects at the border are likely to affect not only CV, but also
to contribute to equalizing changes in APD in the isotropic
and anisotropic portion of the scaffold,42 as seen in our ex-
periments.

In addition to curvature effects, remote action may also be
felt via paracrine/autocrine effects. As mentioned previously,
structural remodeling and alignment of cells can result in
altered molecular signaling, as seen in ventricular release
of ANF in hypertrophy. Indeed, preliminary results indicate
increased secretion of ANF in our anisotropic samples, as
compared with isotropically grown cells (Fig. 5B). In the case
of combination samples, molecular signaling may be partly
responsible for the dose-like response of CV and wavelength
(Fig. 4A, B), in addition to loading considerations. Our results
indicate that effects of remodeled structure on function can
extend beyond a space constant distance by altering wave
curvature and molecular signaling.

Conclusions

Our results demonstrate that anisotropic tissue growth can
affect electrical function both independent and dependent of
the direction of propagation and electrotonic loading. The re-
sultant electrophysiological changes alter the electrical sta-
bility of aligned cells: (1) Lengthened APD and CTD may re-
sult in increased chance of wavefront–waveback interactions
causing conduction blocks, (2) Steepened slope of APD and
CV restitution may affect the induction of alternans, the pre-
cursor to fibrillation, and (3) functional consequences of lo-
cally altered structure can extend over distance by wavefront
curvature-related mechanisms. We outline in Figure 6 a pro-
posed mechanism for anisotropy-driven functional changes,
linking the studies of Wilders et al.28 that presented a re-
lationship between altered electrotonus and greater ectopic
activity with previously established pathways of electrophys-
iological remodeling in response to pacing and mechanical
stress.30-32 While structural disease can result in ion channel
remodeling at the cellular level, we show that the multicel-
lular arrangement and alignment can serve as a potent mod-
ulator of electrophysiological function. This is of particular
consequence to diseased states, such as hypertrophy and my-
ocardial infarct, in which hypertrophic anisotropic structure



1
2

3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

Chung et al. Cardiac Tissue Alignment and Function 7

initially comes about as an adaptive mechanism in order to
compensate for lost contractile function. Our results indicate
that such changes in structure, while mechanically optimal,
may lead to compromised electrical stability. Extrapolating
from our results, there is need for proper models, both in vitro
and in silico, taking into account the complexity of cardiac
structure and alignment in order to develop effective therapies
for the problems seen in structural heart disease.
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