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Abstract

Myocardial function deteriorates over the course of fibrotic cardiomyopathy, due to
electrophysiological and mechanical effects of myofibroblasts that are not completely understood.
Although a range of experimental model systems and associated theoretical treatments exist at the
levels of isolated cardiomyocytes and planar co-cultures of myofibroblasts and cardiomyocytes,
interactions between these cell types at the tissue level are less clear. We studied these interactions
through an engineered heart tissue (EHT) model of fibrotic myocardium and a mathematical
model of the effects of cellular composition on EHT impulse conduction velocity. The EHT model
allowed for modulation of cardiomyocyte and myofibroblast volume fractions, and observation of
cell behavior in a three-dimensional environment that is more similar to native heart tissue than is
planar cell culture. The cardiomyocyte and myofibroblast volume fractions determined the
retardation of impulse conduction (spread of the action potential) in EHTs as measured by changes
of the fluorescence of the Ca2* probe, Fluo-2. Interpretation through our model showed retardation
far in excess of predictions by homogenization theory, with conduction ceasing far below the
fibroblast volume fraction associated with steric percolation. Results point to an important
multiscale structural role of myofibroblasts in attenuating impulse conduction in fibrotic
cardiomyopathy.
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Introduction

Cardiac pathology, such as that resulting from infarction or hypertension, prompts the
conversion of fibroblasts to myofibroblasts, a larger and more contractile phenotype that
produces collagen, necessary for wound-healing®. Myofibroblasts are adaptive to some
extent, preserving the integrity of the heart after tissue injury; however, excessive
myofibroblast proliferation leads to cardiac fibrosis and degrades mechanical functionality?.
Myofibroblasts can also disrupt electrical impulse propagation, causing arrhythmogenesis.3

Conduction velocity depends on individual cardiomyocyte excitability, transmission between
cardiomyocytes, and the three-dimensional (3-D) tissue structure.* Furthermore,
myofibroblasts may influence cardiac electrophysiology via paracrine interactions with
cardiomyocytes, mechanical-electrical feedback, and direct electrotonic interaction.# One-
dimensional studies have shown increasing myofibroblast concentration to induce a biphasic
response in impulse conduction velocity, with increased velocity at low myofibroblast
concentrations followed by declining velocity at higher concentrations.® These effects have
been attributed to factors including gap junction-mediated electrotonic interaction between
myofibroblasts and cardiomyocytes.>8 Further coculture studies have found evidence of bi-
directional electrotonic interactions between cardiomyocytes and myofibroblasts via gap
junctions.” Monolayers of co-cultured cardiomyocytes and myofibroblasts have also shown
decreased conduction velocity with increased myofibroblast concentration.82 However, the
effects in native myocardium are unclear, with human hearts in end-stage non-ischemic heart
failure showing decreased conduction velocity in the transmural but axial conduction,
suggesting anisotropic effects that do not degrade gap junctions or axial connectivity
between cardiomyocytes.10 Despite these findings, the role of cardiomyocyte-myofibroblast
electrotonic interactions in native myocardium remains unclear. A refined understanding of
the electrophysiology of myofibroblast-cardiomyocyte interactions, particularly with regard
to impulse conduction, is crucial to the development of therapeutic strategies.

In this study, we used well-characterized, 3-D engineered heart tissue (EHT) constructs as an
experimental model for the electrophysiology of such cardiomyopathy. The EHTSs can be
assembled from embryonic cardiomyocytes and myofibroblasts, allowing broad parametric
control over cell volume fractions, collagen concentration, and boundary conditions.11:12
The 3-D nature of the EHT provides cells an environment that replicates the behavior of
native myocardium more accurately than 2-D culture.1314 Multiple investigations have
found that EHT constructs can provide a robust model for experimental study of electrical
cardiac function and its response to stress and treatment.13-16 While conduction velocities
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have been studied in one-dimensional culture3 and in whole hearts,” the ability to
investigate the effects of randomly dispersed myofibroblasts in a more realistic 3-D
environment represents a promising approach.

A preliminary mechanical investigation showed that EHTs with added myofibroblasts
developed greater stiffness and baseline force than the control EHTSs (Figure 1)18. Initially,
they displayed greater twitch force as well, but this twitch force rapidly degraded. Whether
this behavior is due to mechanical, electrical, or paracrine mechanisms, or some
combination, is not clear. A key point of interest in the development of this methodology is
to determine the contribution of cardiomyocyte-myofibroblast electrotonic interactions to
this observed mechanical behavior. We hypothesized that myofibroblasts would act as strong
resistors, and that they would therefore attenuate conduction velocity over the tissue in a
way that followed passive homogenization estimates.

Methods and Materials

EHT Preparation

EHT specimens were prepared as described previously2 by isolating cardiomyocytes from
10-day-old chicken embryos, and suspending the cells (approximately 1.4 million/ ml, final
concentration) in Type | rat tail collagen, Dulbecco’s modified Eagle’s medium with 10%
fetal bovine serum, and 4% chicken embryo extract. Two sets of EHTs were prepared: one
populated with purified cardiomyocytes, which served as a control set, and a second set in
which 20% of cardiomyocytes were replaced with myofibroblasts. Due to the
incompleteness of the separation of cardiomyocytes from other fetal cardiac cells, the
control preparation contained an unspecified number of cells other than cardiomyocytes
including fibroblasts and endothelial cells. We term these non-cardiomyocytes
myofibroblasts in the following, but we note the possibility that other cell types were
present.

The cells remodeled the loose collagen gel, compressing and stiffening it. The process
occurred sooner in the EHTs with augmented myofibroblasts. Although the initiation of
contraction was variable, the cardiomyocytes began contracting individually in 3 to 4 days
and coherently as a tissue in 5-7 days. The mixture was poured into a mold and cultured in a
37 °C CO, incubator, producing a loose collagen gel in which cells were randomly
distributed. The cardiomyocytes began contracting coherently within 5 days. The control
EHTSs were tested at 6, 8, and 17 days following preparation; the myofibroblast-enhanced
EHTSs were tested 5 and 7 days after preparation.

Calcium transient measurements

Impulse propagation in EHTs was recorded with the aid of Fluo-2 (TEFlabs, Austin, TX), a
fluorescent calcium indicator exciting/emitting at 488/515 nm. Imaging was performed on a
Zeiss LSM 510 scanning confocal microscope, using the 10x objective. Images were
recorded with a pco.edge SCMOS camera (Kelheim, Germany), and a 470 nm laser served as
the excitation source. An environmental chamber maintained a constant temperature of
37°C.
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Ring-shaped EHTs were mounted on a pair of glass rods with fine wire electrodes, and
stimulated with a Grass SD9 Stimulator producing square wave pulses of approximately 5 V
at 1 Hz. A custom timing circuit synchronized the camera to the stimulus. Figure 2 shows a
tissue mounted in the experimental setup.

Conduction velocity was measured by imaging a group of cells near the point of stimulation;
the same group of cells was then imaged while stimulation was applied to the opposite end
of the tissue (Figure 3). The lag (At) between peaks in the fluorescent response yielded the
impulse conduction velocity. Measurements were made at several points in each tissue, and
multiple sequences were recorded in each direction for each point.

Volume fraction analysis

Immunofluoresence volume fraction analysis was performed at each point of testing, as
described previously.1® EHTs were fixed with 4% paraformaldehyde, and stained for titin
(9D10, Developmental Studies Hybridoma Banke, University of lowa) and F-actin
(rhodamine-conjugated phalloidin). Titin staining marked the cardiomyocytes; the F-actin
staining marked both cardiomyocytes and myofibroblasts. Each image was converted to a
binary image, using as a threshold the grayscale intensity at which the histogram of
grayscale intensity histogram showed maximum curvature. A volume fraction estimate was
then made as:

__ Stain-positive pixels
¢= total pixels (1)

The myofibroblast volume fraction was taken as the difference between the volume fraction
of all cells and the cardiomyocyte volume fraction. Figure 5A shows an example of the
immunofluorescence staining. Many image stacks, totaling hundreds of images were
acquired throughout each EHT and averaged to calculate the tissue’s volume fraction.

Homogenization bounds and estimates

To test the hypothesis that myofibroblasts acted as passive resistors and evaluate the
consequences of this on conduction velocity, we explored Hashin-Shtrikman-type
homogenization bounds.2? At the hierarchical level of cells, conduction velocity within and
between cardiomyocytes was approximated as unchanged by the myofibroblasts. At the
hierarchical level of EHTSs, conduction velocity was modeled as being retarded due to
obstruction by myofibroblasts that extended the path length traversed by the current. This
retardation increased with the volume fraction of the myofibroblasts. For linear, isotropic
materials within an ergodic system with strong conductivity contrast, the change in
conduction velocity associated with myofibroblast overgrowth follows the change in
conductivity of the EHT because both scale with conduction path length. Although EHT is
an active material, passive theory proved sufficient to provide a first order estimate.
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Harmonic and arithmetic bounds

We treated EHT as a multi-phase composite and used results from homogenization theory to
interpret experimental observations. For application of homogenization theory, the
contributions to conductivity were divided into those of the resistive, proliferating
myofibroblasts, with conductivity o5 and the homogenized contributions of
cardiomyocytes and collagen, with conductivity aq. The contributions of collagen to
conduction are relatively minor?l. The aim was to develop bounds for the effective
properties of the EHT as a function of the myofibroblast volume fraction, ¢, and to
determine from deviations from these bounds how cross-scale contributions of
myofibroblasts affected EHT function. As a first order approximation, we treated the
remodeling process as simply compressing the collagen; mechanical tests on fibroblast
populated collagen tissue constructs indicates that this is accurate at lower myofibroblast
volume fractions?223, The data revealed that the combination of cell death and remodeling
yielded a cardiomyocyte volume fraction that did not vary signficantly over time from ¢cps
= 0.08. Therefore, the conductivity o corresponded to the conductivity of EHT in the
absence of myofibroblasts.

The simplest bounds, based upon one-point correlation functions, rely only upon arithmetic
(Equation 3) and harmonic (Equation 2) averages of conductivity and include only volume
fractions of each material and their conductivities20:

1 _ °mFB | ©0

V=g ®

U(Ul) =0,rp(l =) +oyp  (3)

The arithmetic average, a(l}) (Eq. 3), approximates a parallel, layered arrangement of the

materials and tends to overestimate the effective property. It therefore serves as an upper
bound. The harmonic average, a(Ll) (Eq. 2), approximates a series, layered arrangement of the

materials and tends to underestimate the effective property. It therefore serves as a lower
bound?°. In general, the effective properties of random heterogeneous materials lie
somewhere between these one-point bounds

Hashin-Shtrikman bounds

Correlation functions that describe the material microstructure statistically improve upon the
one-point bounds. Hashin and Shtrikman developed the best possible bounds given only
volume fraction information by incorporating two-point correlation functions.24 For
anisotropic and structured solids, these can be improved upon further2%:25.26 Although
derived using two-point correlation functions, only volume fractions and conductivities
appear because, for isotropic media, the two-point correlation functions depend only upon
volume fractions. Thus, for a 2D solid:
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(1= p)pcy = 6, pp)°

2) _ _

o= (5) +0,pp @
(1= p)p(cy — 6, p)°

o2 = (¢) - 0 B (5)

(@) + 0y

where

<0> =0,p5(1 — @) +o4p (6)

and

() = 0ppd + o1 =), (7)

Volume fractions

The specimens all shrank over time as myofibroblasts proliferated and remodeled the
collagen ECM. Despite this, cardiomyocyte population showed no statistically significant
trends over time, indicating that some fraction of the cardiomyocytes died and disappeared
from the EHT as the EHT shrank. The mean cardiomyocyte volume fraction was ¢y, =0.08.
Both the myofibroblast-enhanced and control EHTSs displayed variation in their cellular
composition, both within individual specimens and between specimens (Figure 7). The
myofibroblast population increased over time in all EHT specimens (Figure 5).

Conduction velocities

Staining with Fluo-2 clearly revealed cellular calcium transients. These impulse conduction
velocities were highly consistent from beat to beat in paced EHTS, as measured using
fluorescence imaging of the calcium transient. These could be resolved for individual
cardiomyocytes, which displayed responses as in Figure 6. The peak and trough of each
successive peak decayed due to photobleaching.

Conduction velocities decreased with increased myofibroblast concentration (volume of
myofibroblasts/total cell volume) in both myofibroblast-enhanced and control tissues (Figure
7). Enhanced tissues were tested on days 5 and 7; control tissues were tested on days 6, 8,
and 17. Conduction velocity of the myofibroblast-enhanced EHTs decreased earlier than that
of the control EHTS, falling below 3 cm/s by day 7. By day 17, approximately 45% of the
cells in the control EHT were non-cardiomyocytes, and the EHT displayed no detectable
calcium transient; conduction velocity was therefore considered to be 0.
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Discussion

In both control EHTSs, initially populated predominantly with cardiomyocytes, and EHTs
populated with cardiomyocytes and additional myofibroblasts, impulse conduction velocity
slowed over time as the course of EHT remodeling progressed (Figure 7, upper panel). We
note that the nature of this remodeling is a continued source of uncertainty (cf.27-29). Both
control EHTs and those augmented by additional myofibroblasts contained a baseline level
of non-cardiomyocyte cells. Based upon the observations it seems clear that the remodeling
effects of these “endogenous” cells were outweighed by the added myofibroblasts in the
augmented EHTSs. In the control EHTSs, however, the non-cardiomyocyte cells are likely to
have contributed substantially to remodeling, delayed though it was relative to that in the
augmented cultures. Nevertheless, we do not have certain knowledge that even in the control
EHTs it was these non-cardiomyocytes that dominated the slower remodeling, and it is also
possible that cardiomyocytes did some of the remodeling.

The time decay of impulse conduction velocity appeared to be approximately the same for
the treatment and control groups, but were offset by several days. However, as expected
from homogenization theory, the data collapsed onto a single trend when plotted against the
composition of the EHT. The trend was nearly linear when plotted as a function of
myofibroblast ratio ©, derived from cardiomyocyte and myofibroblast volume fractions ¢cy
and ¢,r5 that were estimated from immunohistological staining:

d)mFB
OQ=——— (8
P+ Pem ®)

Note that the cardiomyocyte volume fraction, ¢cu, did not change signifianctly from
approximately 0.08 over time, while the myofibroblast cell concentration ¢,z showed a
proportionally larger rise. Impulse conduction velocity appeared at first glance to decrease
linearly with ® (R2=0.89) down to a complete cessation at about ®=0.63 (Figure 7, lower
panel).

Upon interpretation through the lens of homogenization bounds, a more detailed story arose.
In many two-phase compaosites, as one phase supplants another, many behaviors transition at
the steric or rigid percolation threshold from following upper to lower Hashin-Shtrikman
bounds, including composite stiffness3%-34, and conduction0. In the results of our
experiments, the expected drop was observed from the upper to lower Hashin-Shtrikman
bound on conductance, which, as described in the methods section, provides a reasonable
approximation of conduction velocity for the conditions of EHT. However, the effect
occurred at a value of myofibroblast fraction @ that was substantially below the percolation
threshold (gray band, Figure 8).

How do myofibroblasts cause such substantial change to conduction velocity at volume
fractions so far below percolation? From the mechanical perspective, myofibroblasts
seemingly seek percolation by proliferating or dying off23:35, and by exploiting the fibrous
nature of collagenous ECM, which enables cells to form mechanical connections at volume
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fractions far below what would be predicted by neo-Hookean elastic treatments of the
ECM?29:36-38 The ECM also adapts viscoelastically to enable cell-cell communication
across long distances3940, Myofibroblasts respond to mechanical perturbations in a way that
causes alignment at the cell level that furthers mechancial communication*1-46. However,
the fibrous collagen ECM is believed to have relatively little capacitance?!, and the search
for the source of the surprisingly rapid drop in conduction velocity must therefore focus on
direct interactions between myofibroblasts and cardiomyocytes.

Both macrostructural and microscale factors warrant further scrutiny. At the macroscale,
some evidence was evident of isolated groups of cells forming networks independent of
those of the larger EHT structure. In some regions of tissue, alternans, series of heartbeats
with alternating amplitude, were evident, as shown by a single-cell calcium transient
revealing alternating amplitudes of the calcium transient from beat to beat (Figure 9).47
Formation of pockets of isolated electrical networks as well as spontaneous beating have
been predicted by two-dimensional theoretical models of fibrotic heart tissue*8 and our
observations confirm that this is a potential source of cardiac dysfunction at volume fraction
of myofibroblasts far below the percolation threshold.

At the level of cell-cell interactions, the literature shows that myofibroblasts can have a
range of effects on the electrophysiological responses of cardiomyocytes, including both
lengthening and shortening action potential duration*950, Substantial perturbation of action
potential duration would be expected to interfere with conduction velocity. Our data show
clearly that myofibroblasts always slow conduction velocity, meaning that cell-cell
interactions are likely secondary to structural considerations in determining the effects of
myofibroblasts on conduction velocity in EHTS. The structural effects considered here arose
from the spatial distribution of myofibroblasts and cardiomyocytes within the EHT. In this
context, models such as those of Xie et al.%1 that account for the architecture of a tissue are
at least as important as those that account only for the direct vicinity of a single
cardiomyocyte when determining roles of myofibrobalsts on cardiac tissue
electrophysiology49-50.

Myofibroblast proliferation can account for the increased myofibroblast volume fractions in
both the enhanced and control sets of tissues. Possible explanations for the slight decrease in
cardiomyocyte volume fractions include cell death needed to reach a target concentration of
cells and starvation due to tissue remodeling and compression that restricted the permeation
of oxygen and nutrients into the EHT. It is also possible that compaction of cardiomyocytes
into myfibrils, rather than cell death, contributes to the decrease in cardiomyocyte volume.
Due to the low concentrations of cells and the large variation in cell type and density within
EHT specimens, obtaining accurate estimates of cardiomyocyte and myofibroblast volume
fractions proved difficult. The estimation technique used in these experiments was sufficient
for correlation with conduction velocity, but future studies would benefit from more refined
measurements of EHT volume fractions.

This method of measuring conduction velocity was designed to overcome imaging
limitations. The impulse conduction velocity estimates obtained were sufficient to allow
insight into the electrophysiological effects of myofibroblasts in EHTs, but full-specimen

ACS Biomater Sci Eng. Author manuscript; available in PMC 2019 May 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Spencer et al.

Page 9

impulse mapping would allow future studies to obtain more accurate and detailed results.
Such mapping has been achieved in cardiac monolayers®2 and in native heart tissue.53
Combination of these mapping techniques with 3D EHT constructs would yield a very
powerful tool for experimental modeling of cardiomyopathy.

Conclusions

In EHT constructs prepared both with and without the addition of myofibroblasts,
myofibroblast volume fractions increased over time, while cardiomyocyte volume fractions
decreased. By measuring the impulse conduction velocity of EHTSs at different stages of
culture, we were therefore able to directly compare conduction velocity to the myofibroblast
volume fraction. Conduction velocity was found to decrease with increasing myofibroblast
concentration, dropping precipitously long before the myofibroblast concentration reached
the steric percolation threshold, and ceasing before streric percolation. These findings were
explained to some degree through homogenization theory showing a drop from a Hashin-
Shtrikman upper bound to a Hashin-Shtrikman lower bound with increasing myofibroblast
volume fraction, and indicating effects of a lengthening of conduction path due to
myofibroblast overgrowth. However, when interpreted in the context of these multiscale
models it was clear that the myofibroblasts affected conduction velocity substantially long
before the steric percolation threshold was reached. Cell-cell interactions not modeled using
the passive homogenization theory approaches might be a factor. The behaviors observed
outside of homogenization bounds shows that at high volume fraction of myofibroblasts
either cell-cell interactions or a lack of connectivity amongst cardiomyocytes dominates
electrophysiological responses. Results highlight the role of structural effects in addition to
cell-cell local interactions in determining the effects of myofibroblasts on cardiac tissues,
and suggest that 3-D EHT constructs provide a robust experimental model for
electrophysiological studies of cardiomyopathy.

Advancement of this experimental approach will require improvements in imaging
techniques so as to enable high-speed optical mapping of larger regions of tissue. Whole-
tissue mapping will yield a greater level of detail and allow more specific insight into
myofibroblasts effects on cardiac impulse conduction. However, even at this stage, results
point to a critical role for the spatial structure of myofibroblasts in determining their
contributions to fibrotic cardiomyopathy.
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Myofibroblast content of the EHT determines the development of contractile forces. Data

from Genin et al.18.
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Figure 2:
Top: EHT specimens were paced and imaged using an integrated system to enable mapping

of calcium transients. Bottom: an EHT mounted for imaging on a heating plate (not shown;
glass cover).
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Figure 3:
EHT specimens were paced at opposite ends, and their fluorescence transients were

analyzed to estimate cimpulse conduction velocity.
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Figure 4:
A. A representative immunofluorescence image with orthogonal view sliced from left to

right (top) and top to bottom (right). Cardiomyocytes are stained for titin (green),
cardiomyocytes and myofibroblasts are stained for F-actin (red). B. A tile scan across an
entire tissue reveals large variation in cell type and density.
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Volume fraction of cardiomyocytes remained stable over time, while fibroblasts proliferated
unevenly. Error bars represent range of scatter. Negative values (not shown) arose due to

challenges associated with subtracting titin signals from actin signals.
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Figure6:

A transient calcium response of a single cardiomyocyte within an EHT specimen, shown in
the lower panel, revealed regular oscillation convoluted with signal attenuation due to
photobleaching. The intensity reported was that of the region of interest within the box
shown in the lower panel.
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Top: Conduction velocity declined over time as myofibroblasts proliferated though the EHT.
Decline occurred at approximately the same rate for both control and treatment groups, but
began earlier in the specimens with added myofibroblasts. Error bars indicate standard
deviation in impulse conduction velocity. Bottom: Data collapsed onto a single linear
trendline when renormalized against myofibroblast fraction. Error bars indicate standard
deviation in impulse conduction velocity. Error bars indicate standard deviation in impulse
conduction velocity (y-axis) and standard error of the mean distribution of myofibroblast

concentration (x-axis).
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Figure8:
The observed decline in impulse conduction velocity with increasing myofibroblast

concentration fell from the upper to lower Hashin-Shtrikman bound at a concentration far
below the percolation threshold. At sufficiently high volume fraction, impulse conduction
ceased.
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Figure9:
Fluo-2 recording of a single cell’s calcium transient at 40 fps revealed possible alternans.

This rare event, first predicted by#8, is an example of a local interaction phenomena that can
explain the large effect of myofibroblasts relative tho their volume fraction.
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