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Abstract

A major consideration in the design of engineered cardiac tissues for the faithful representation of
physiological behavior is the recapitulation of the complex topography and biochemistry of native
tissue. In this study we present engineered heart slices (EHS), which seed neonatal rat ventricular
cells (NRVCs) onto thin slices of decellularized cardiac tissue that retain important aspects of
native extracellular matrix (ECM). To form EHS, rat or pig ventricular tissue was sectioned into
300 pm-thick, 5 to 16 mm-diameter disks, which were subsequently decellularized using
detergents, spread on coverslips, and seeded with NRVCs. The organized fiber structure of the
ECM remained after decellularization and promoted cell elongation and alignment, resulting in an
anisotropic, functional tissue that could be electrically paced. Contraction decreased at higher
pacing rates, and optical mapping revealed electrical conduction that was anisotropic with a ratio
of approximately 2.0, rate-dependent shortening of the action potential and slowing of conduction,
and lidocaine (sodium channel blocker)-induced slowing of conduction. Reentrant arrhythmias
could also be pace-induced and terminated. EHS constitute an attractive in vitro cardiac tissue in
which cardiac cells are cultured on thin slices of decellularized cardiac ECM that provide
important biochemical, structural, and mechanical cues absent in traditional cell cultures.
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1. Introduction

The field of cardiac tissue engineering has made steady progress over the past two decades.
It is fueled not only by the prospect of myocardial repair [1,2] but also by the opportunity to
develop new functional in vitro models that are physiologically relevant [1-3]. Various
strategies have been employed in the fabrication of functional cardiac preparations that
mimic native myocardium [1,2]. However, significant challenges remain in the ability of
present engineered tissues to recapitulate the complex biochemical and biomechanical
environment in native myocardium.
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Decellularization of whole organs has provided a natural scaffold that can be repopulated
with a variety of cell types. Decellularized myocardial matrix has been successfully obtained
by whole-heart perfusion [4,5] or through treatment of mm-thick sections of myocardium
[6], and shown to provide a biocompatible substrate for cellular attachment while largely
preserving matrix composition, organization, and mechanical properties. Cardiomyocytes
cultured on this native matrix survive [7,8], contract [6], and respond to electrical
stimulation [4,9,10]. Thus, decellularized myocardium is proving advantageous for the
maintenance of cardiomyocytes and is receiving increasing attention as a scaffolding
material for cardiac tissue engineering. Despite this progress, recellularization of three-
dimensional native tissue remains a challenging proposition, particularly in the whole organ.
On the other hand, recellularization of smaller and thinner tissues should be easier to
achieve. With this approach in mind, our objective was to develop a physiological tissue
system that supports cardiomyocyte survival and organization at confluent densities,
contracts, and exhibits electrical conduction, anisotropic properties, and tissue-level
arrhythmias.

2. Methods

An extended description of the methods is available in the supplementary material.

2.1. Preparation of decellularized slices

For slices made from rat ECM, adult rat hearts were suspended on a Langendorff perfusion
setup and rinsed with double-distilled water (ddH,0) to remove blood and assist in cell lysis
via osmotic pressure. After removal of the atria, the ventricles were embedded in 4% low
gelling temperature agarose and sectioned into 300 pm-thick slices using a vibratome (7000
smz, Campden Instruments, Lafayette, IN) before being cut with a hollow punch to the
desired diameter (5-8 mm). For slices made from pig ECM, cylindrical plugs of myocardial
tissue were punched out of the excised left ventricle of hearts from slaughterhouse pigs
using a 14 mm or a 16 mm-diameter hollow punch. Plugs were stored at =80 °C for a
minimum of 16 h. To obtain thin sections for decellularization, plugs were partially thawed,
and an epicardial portion ~1 cm thick was cut out, embedded in agarose, and sliced 300 um-
thick using a vibratome. In this report, “native” slices refer to tissue slices prepared in this
way and stored in PBS instead of undergoing decellularization.

Slices from rat and pig ECM were decellularized using SDS and Triton X-100 in a
procedure modified from Ott et al. [4]. All solutions contained 1% antibiotic-antimycotic
and 1% penicillin/streptomycin. The decellularized slices were carefully spread on sterilized
plastic 5 mm-diameter coverslips (for rat ECM), or 14 mm-diameter coverslips (for pig
ECM), and the outer perimeter of each slice was hooked around the edges of the coverslip.
Coverslips with affixed slices were placed in 15 mm-diameter wells of standard 24-well
culture plates and kept in sterile PBS or HBSS until use.

2.2. Seeding of decellularized slices with neonatal rat ventricular cells (NRVCs)

All animal procedures were performed in compliance with guidelines set by the Johns
Hopkins Committee on Animal Care and Use and all federal and state laws and regulations.
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Two million NRVCs were seeded in each well of a 24-well culture plate containing a single
decellularized slice, to form an engineered heart slice (EHS). Day 0 of culture was defined
to begin at the time of NRVC plating. After 18 h, EHS were washed with warm PBS, and
fresh medium with 10% serum was added. On day 2, serum in the culture medium was
reduced to 2% to inhibit non-cardiomyocyte proliferation, and cells were fed with 2% serum
every other day thereafter.

2.3. Tissue characterization

Native and decellularized slices of pig ECM were dessicated, weighed, and digested in Tris
EDTA containing 1% SDS and 1% Proteinase K by volume. Since the decellularized slices
weighed much less than the native slices, ten decellularized slices were combined for more
accurate weighing and DNA quantification. After digestion, DNA was isolated and
quantified by measuring absorbance in a spectrophotometer (NanoDrop 1000, NanoDrop
products, Wilmington, DE).

For mechanical testing, 30 mm-diameter, 300 pm-thick slices were prepared from pig left
ventricle as described earlier, and a 1 cm-wide strip was cut from the center of each slice
along the fiber direction. Native and decellularized samples were mounted on an
EnduraTEC ELF 3200 Series instrument (Bose ElectroForce, Eden Prairie MN) by clamping
each end, leaving a 1 cm initial length between the clamps. Samples were stretched
uniaxially to 40% strain, in increments of 5% strain.

Slices of native and decellularized pig ECM were imaged by second harmonic generation
(SHG). Native and decellularized slices from pig ECM were also frozen at =20 °C in
optimal cutting temperature media, and 10 pm-thick cross-sections were cut every
millimeter with a cryostat. These sections were imaged using a phase contrast microscope,
and the cross-sectional thickness was measured using a custom MATLAB script.

Live cells in EHS made from pig ECM were imaged after staining using a viability/
cytotoxicity kit 7 days after plating. Live cells were also imaged in combination with SHG
to visualize cell locations relative to the matrix. For this, cells were additionally stained with
either cell-impermeant ethidium homodimer-1 to image dead cell nuclei or cell-permeant
DRAQS to image live cell nuclei. A z-stack of images was created, and the intensity of
calcein-AM, DRAQS5 and SHG at each z-level, normalized to the maximum intensity for
each stain, was plotted using a custom MATLAB script.

F-actin, DNA, collagen I, collagen 111, and laminin in fixed native and decellularized slices
of ECM, as well as cardiac troponin | (cTnl), a-actinin, connexin 43 (Cx43), and nuclei in
fixed EHS, were stained using standard fixation and staining techniques and imaged using a
confocal microscope. Nuclear elongation and alignment in EHS were analyzed using a
custom MATLAB script.

2.4. Contraction measurement

During culture, the spontaneous beating condition of EHS made with pig ECM was recorded
daily. For quantitative measurements of contractility, EHS from pig ECM were placed on a
37 °C heated stage in a 35 mm dish filled with Tyrode's solution 5 days after seeding. A
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section of the EHS was unhooked from the coverslip so that it could move freely. The EHS
was paced at 1-5 Hz, and the free region was imaged by a CCD camera. A custom
MATLAB script was used to segment the image and calculate the mean displacement of the
edge of the EHS over time, which was used as a surrogate for contractility to measure the
force-frequency relationship of the EHS.

2.5. Electrophysiological studies

Most EHS were optically mapped 5-8 days after seeding. Some EHS made from pig ECM
were mapped 21 days after seeding. EHS from rat ECM were placed in Tyrode's solution in
a 35 mm dish and stained with 10 uM of the voltage-sensitive dye di-4-ANEPPS for 10 min.
This solution was then removed from the dish, and replaced with Tyrode's solution
containing 10 uM of the contraction inhibitor blebbistatin. At least 10 min after adding
blebbistatin, the EHS were field stimulated and optically mapped using a CMOS camera
(MiCAM Ultima-L, SciMedia).

EHS from pig ECM was optically mapped using a custom optical fiber system and protocol
described previously [11]. Briefly, EHS were placed in the mapping chamber and treated
with 20 uM di-4-ANEPPS and 10 uM blebbistatin in Tyrode's solution for 10 min. Tyrode's
solution (35 £ 1 °C) containing 10 uM blebbistatin was then continuously perfused through
the chamber for the duration of each experiment to inhibit motion artifacts. The stimulus
threshold voltage was determined at 2 Hz, and a voltage 10% higher was used for
experiments. EHS were paced at 2 Hz, then in increments of 1 Hz up to 5 Hz, and then in
smaller increments until loss of capture. Some EHS were challenged with stepwise
increasing doses of lidocaine ranging from 90 uM to 360 UM and paced at increasing rates at
each drug level.

Mapping data was analyzed using custom MATLAB scripts. Data was linearly detrended
and low-pass filtered with a cutoff frequency of 32 Hz. Automated filters were applied to
remove excessively noisy or low-signal channels, and this was sometimes supplemented by
manual removal of channels with poor signal. Activation maps were constructed using a 5-
point derivative to identify the time of maximum upstroke rate of the action potential, and fit
in x-y-t space to an ellipsoidal cone (Supplementary Fig. 1). Conduction velocities (CV) in
the longitudinal and transverse directions were calculated as vectors (position, direction, and
magnitude) starting at the vertex of the cone with magnitudes equal to the reciprocal slope of
the cone along the major and minor axes, respectively. Action potential durations at 30 and
80 percent repolarization (APD3g and APDgg) were also calculated from the optical voltage
signal.

2.6. Statistics

All data are presented as mean + SD, except when stated otherwise. Anisotropy ratio and
nuclear elongation were log transformed to make them more normally distributed since they
were right-tailed. They were expressed as the log-transformed mean as well as the interval
of the log-transformed mean plus or minus one SD, after inverse transformation back into
linear space (see Supplementary Material for more details). Paired t-test was used for
statistical significance between experimental groups, except when data were normalized and
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then compared to control (Figs. 6D and 7C,D), in which case an unequal variance t-test was
used to compare them to 1. Differences were considered statistically significant at p < 0.05.

3.1. Preparation of thin decellularized slices of ECM

Slices of rat ECM were prepared by starting with Langendorff perfusion of whole rat hearts
with deionized water (Fig. 1A). Ventricular tissue was excised, embedded in agarose (Fig.
1B) and sectioned into 5-8 mm-diameter, 300 pm-thick slices (Fig. 1C). Following
treatment by SDS and Triton X-100, the sectioned slices became transparent (Fig. 1D).
Slices of ECM were also prepared from left ventricles of pig hearts (Fig. 1E). The tissue was
frozen, cut as 14 or 16 mm-diameter plugs, and a 1 cm-deep epicardial portion was cut out
and embedded in agarose in a 35 mm dish (Fig. 1F). These tissue plugs were then sectioned
into 300 um-thick slices (Fig. 1G) and decellularized by SDS and Triton X-100, becoming
nearly transparent (Fig. 1H). Slices of decellularized ECM did not maintain their shape
when lifted out of liquid. To allow for easy handling and cell seeding, each slice was
carefully spread over a plastic coverslip and hooked onto the edges of the coverslip (Fig.
1H).

Because the slices were only 300 um-thick, they were decellularized after only 3.5 h in
detergents, and then washed overnight in PBS or HBSS. Imaging of collagen using SHG
showed that fiber alignment and structure was maintained after decellularization (Fig.
2A,B). Images of phalloidin staining for F-actin and DAPI counterstaining for nuclei
showed cells were present in native tissue slices (Fig. 2C) and absent in decellularized slices
(Fig. 2D). Cryosections of the ECM were visualized before and after decellularization using
phase contrast imaging (Fig. 2E,F) and showed that the thickness of the ECM decreased
from 301 + 36 um (n = 4) prior to decellularization to 61 + 17 pm (n = 3) post-
decellularization. DNA content decreased from 2.0 £ 0.6 (n =8) t0 0.12 £ 0.10 (n = 4)
ug/mg initial dry weight, and dry weight decreased from 10.2 +3.5(n=8)t0 0.9+ 0.2 mg
(n = 4). Staining for ECM components collagen I, collagen 11, and laminin showed retention
of these proteins and, importantly, preservation of their native structure and fiber alignment
(Fig. 3). Uniaxial tensile strain testing along the longitudinal fiber direction revealed lower
absolute force at a given level of strain for decellularized slices compared with native slices
(Supplementary Fig. 2A), which we attribute to loss of cellular material. However, tissue
stress calculated by normalizing measured force by sample thickness (which, for a
decellularized slice, was approximately one-fifth of the native tissue thickness (Fig. 2E,F)),
and tangential moduli at a given level of strain were higher in decellularized slices by a
factor of 2.5-5. (Supplementary Fig. 2B). Further, the elastic modulus at 5% strain was
approximately 69 kPa and 95 kPa for native tissue samples but approximately 109 kPa and
119 kPa for decellularized samples.

3.2. Location and orientation of cells seeded on thin slices of decellularized ECM

Freshly isolated NRVCs were seeded on ECM from both rat and pig to form EHS. ECM
slices that were not tethered to coverslips compacted into a ball after cell seeding, making
them unsuitable for microscopy or experimentation. EHS were imaged with calcein and
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DRAQS for live cells and SHG for collagen so that cell location and orientation could be
visualized relative to the collagen matrix in a z-stack (Fig. 4 and Supplementary Video 1).
During the first 3—4 days in culture, the cells elongated from their initial rounded shape and
by 5-7 days aligned along the direction of the ECM fibers (Fig. 4A). The half-maximum of
the SHG signal was used to define the surface of the ECM. Three um below the surface of
the ECM, cells were still densely packed (Fig. 4A), while 30 um below the surface some
cells could still be found, but were sparse (Fig. 4B). Measurements of calcein and SHG
intensity as a function of depth (Fig. 4C,D), as well as depth-coded images of calcein
staining (Supplementary Fig. 3), showed that the cells were located primarily on the surface
of the collagen matrix, but with some penetration into the depth.

Supplementary data related to this article can be found online at http://dx.doi.org/10.1016/
j.biomaterials.2015.03.026.

Live/dead staining showed few dead cells in EHS at day 7 (Fig. 5A,E). Myocytes had well-
formed sarcomeric structure (Fig. 5B,F) and expressed punctate patterns of the gap
junctional protein connexin 43 (Fig. 5F). Staining with ¢cTnl and vimentin revealed the
presence of mostly myocytes and some non-myocytes (Fig. 5C,G). In general, cells were
elongated and aligned (Fig. 5B,C,F,G). Elongation and alignment were quantified by the
shape of the cells' nuclei, which had a mean elongation (ratio of long axis/short axis) of 2.0
(1.4-2.9) and angular standard deviation of 25° in recellularized rat ECM, and elongation of
2.1 (1.5-2.9) and angular standard deviation of 20° in recellularized pig ECM (n = 149 and
76 nuclei, respectively, Fig. 5D,H). Because pig ECM tended to produce an alignment of
cells that was more globally uniform than that in rat ECM, the majority of the following
functional studies were carried out on EHS made from pig ECM.

3.3. Contraction of EHS

During culture, the beating rate of some EHS made with pig ECM was recorded daily. Two
days after cell plating, approximately 40% of the EHS exhibited small asynchronous areas
of contraction, 40% showed coordinated contraction across a 0.55 mm? field of view, and
20% were quiescent. Over the next 4 days, the fraction of EHS with asynchronous
contraction decreased to zero, while the fraction of quiescent EHS increased. By 7 days,
about 60% of the EHS were quiescent, while the remainder contracted synchronously and
intermittently. Almost all of the EHS that were electrically stimulated on days 7-8 after
characterization of spontaneous beating exhibited either synchronous contraction across the
EHS if assayed for contractility (Supplementary Video 2), or activation across the entire
EHS if optically mapped (Supplementary Video 4), demonstrating that EHS quiescence was
not due to cell death. To quantitate contraction, one corner of an EHS was unhooked from
the coverslip so that shortening could be observed during electrical pacing (Fig. 6A-C and
Supplementary Video 3). Using displacement as a surrogate for contractile force, we
measured the force-frequency relationship of the EHS, and found a statistically significant
decrease in contractile force at pacing rates of 4 and 5 Hz relative to 2 Hz (Fig. 6D, n = 4-6
EHS).
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3.4. Anisotropic electrical conduction, response to lidocaine, and reentrant activity in EHS

EHS made from rat ECM were field stimulated at different pacing rates, and optical
mapping demonstrated action potential propagation over nearly the entire tissue when field
stimulation was slightly suprathreshold (Fig. 7A,B). EHS made from pig ECM were
stimulated at their center by a point electrode. Optical maps enabled the characterization of
action potential propagation and morphology (Fig. 7C,D and Supplementary Video 4). At 2
Hz, EHS (nh = 17) had a normal action potential profile with an APDgq of 157 £+ 39 ms,
similar to that reported in NRVC monolayers (137 £ 13 ms on day 6) [12], and an APD3q of
69 + 15 ms. Longitudinal CV was 14.4 + 5.5 cm/s, transverse CV was 7.5 + 3.4 cm/s, and
the anisotropy ratio of conduction velocities (AR) was 2.0 (1.4-2.8). For pacing rates
increasing from 1 to 5 Hz, action potential duration (Fig. 7E) and conduction velocities in
the longitudinal and transverse directions (Fig. 7F) all had negative rate-dependencies, while
AR remained approximately constant at 2.0. Some EHS were kept in culture for 21 days and
could be paced and optically mapped (Supplementary Fig. 4). Adding increasing doses of
lidocaine to EHS (n = 4-5) resulted in a statistically significant dose-dependent decrease in
conduction velocity (Fig. 8A-C) and maximum capture rate (Fig. 8D) that was largely
reversed after washout. Fractional conduction slowing was more pronounced in the
longitudinal than transverse direction (Fig. 8A-C).

Reentrant activity could be induced in EHS by pacing at progressively faster rates. At slow
pacing rates, EHS exhibited approximately elliptical wavefronts spreading from a point
stimulus (Fig. 9A), but as pacing rates increased, a reentrant spiral wave sometimes formed
(Fig. 9B-G,K), which could be terminated by a high-intensity electrical field pulse (Fig.
9H-K and Supplementary Video 5). In 17 EHS that were rapidly paced, 8 had one or more
pace-inducible spiral waves, which were induced at a pacing rate of 6.3 = 1.4 Hz. All of the
spiral waves could be terminated by field stimulation of 6-24 V/cm.

Supplementary data related to this article can be found online at http://dx.doi.org/10.1016/
j.biomaterials.2015.03.026.

4. Discussion

Since the seminal work by Ott et al. demonstrating the decellularization and subsequent
repopulation of a rat heart [4], the use of decellularized native tissues as natural scaffolds for
engineered organs and tissues has become widely investigated [13]. A common method to
decellularize cardiac tissue is perfusion of the whole organ with detergents and/or enzymes,
and has been successfully applied to rat [4,8,14,10], pig [5], and mouse [9] hearts. However,
recellularization of the decellularized heart, either through the coronary circulation or by
direct injection, has not succeeded in repopulating the tissue evenly. The study of
recellularized hearts has focused primarily on mechanical function, with only two
electrophysiological reports to date. Those reports used calcium indicator dyes in hearts
recellularized by coronary perfusion. In one, electrical activity was shown to propagate over
a 150 um square area of a recellularized mouse ventricle [9], while in the other, cells in
recellularized rat ventricles formed patches that were either well synchronized,
unsynchronized but organized, or disorganized [10].
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Alternatively, global recellularization of isolated slices of myocardium is a much simpler
proposition because cells can be seeded directly onto the exposed surface, although
penetration of cells into the interior is limited. Two to 10 mm-thick slices of dissected
porcine heart have been decellularized by mechanical agitation [6], sonication [15], or
perfusion through a blood vessel [16], but these procedures used long treatment times (10
days, 2.5 weeks, and 5 days, respectively), which run the risk of excessive degradation of
constituents of the ECM [17].

Our strategy is to plate cardiomyocytes onto very thin sections of decellularized ECM. By
cutting the tissue chunks into 300 pm-thick sections (Fig. 1), decellularization time by
orbital agitation is greatly reduced to around 3.5 h. Godier-Furnemont et al. [18] and
Oberwallner et al. [7] also used orbital agitation to decellularize 300 um-thick slices
obtained from human heart, but over a period of 8 h and 1 week, respectively. Following
decellularization, our ECM slices thin down to around 60 um (Fig. 2F), but can still be
handled manually. By using tissue plugs from porcine hearts, we can obtain 10-20 sections
per plug. Cells can be directly plated on top of the ECM, and the recellularized tissue is
more homogeneous than that made by perfusion recellularization of whole hearts. Other
advantages of this approach are that EHS are relatively transparent and can be easily
monitored during culture using bright-field microscopy and that cell shape, orientation,
density and connectivity can be visualized more easily than when the cells are fully
embedded in a 3-D tissue matrix.

4.1. Myocytes in EHS experience important physiological cues from 3-D matrix

Fully 3-D engineered cardiac tissues have been achieved by culturing myocytes in hydrogels
or on synthetic scaffolds [2]. This approach has the advantage of control of the scaffold
composition and shape, and has been successfully utilized to produce physiologically
functional cardiac tissue constructs [2]. Uniformity of cell density and connectivity through
the depth of the tissue remains a challenge, although recent advances appear to have largely
addressed this problem for certain types of constructs [1]. However, these systems lack
many of the instructive cues offered by the ECM [19].

Following decellularization, the thickness of the sliced ECM reduces from 300 um to around
60 um (Fig. 2E,F). Similarly, Ott, et al. [4] also found a significant decrease in thickness
(from an average of 3.59 to 0.24 mm) after perfusion decellularization of whole hearts. We
found that cells in EHS lie mostly at the surface of the slice and experience important
biochemical, structural, and mechanical signals from the underlying 3-D ECM, a situation
referred to as “2.5-D” [20]. If left untethered, the EHS would compact and ball up, making
them unsuitable for further experimentation. However, attachment of the decellularized
slices to coverslips (Fig. 1H) maintains the distance between ECM fibers in the x-y plane.
Cells can settle into small openings and valleys of the ECM matrix, and may extend to a
limited degree into the matrix (Fig. 4).

Native ECM contains a complex mixture of structural proteins that interact with the

myocytes and influence their adhesion, growth, and contractile function [19]. For example,
the ECM can retain growth factors and mediate the availability of these and other signaling
molecules [21]. Additionally, cell function is affected by integrin-matrix binding and other
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biomechanical pathways [21,22]. Although the degree of retention of different ECM
constituents varies with the decellularization method [14], the complex protein composition
of native ECM is largely retained following decellularization, which is an advantage over
scaffolds that provide only one or a small number of ECM proteins, since cell growth
depends on a variety of ECM proteins [8,23].

The growth of cultured myocytes also depends on the stiffness of the substrate, and appears
to be best when the tangential modulus is close to physiological values [24]. Our
measurements of the tangential modulus of decellularized slices show values only 2.5-5 fold
higher than that of native matrix (Supplementary Fig. 2). The elastic moduli we calculated
for 5% strain (69 kPa and 95 kPa for native samples along with 109 kPa and 119 kPa for
decellularized samples) were within an order of magnitude of those previously reported for
animal [25] and human [26] hearts, which range from 18 kPa to 30 kPa. Importantly, the
ECM is sufficiently compliant to be substantially deformed by cell contraction (Fig. 6).

A special advantage of native ECM is that it is a natural scaffold that contains a fine
collagen weave that is aligned along the myocardial cells. This alignment is retained
following decellularization (Figs. 2A,B-4) [4,7]. Because structural cues on the micro- and
nano-scale are sufficient to cause myocyte alignment [27], the ECM promotes alignment of
the engrafted cardiomyocytes.

Thus, important physiological cues that have beneficial effects on myocyte function are still
present in EHS. Indeed, we found that NRVCs in our EHS remained electrically connected
and active for at least 21 days in culture, a period of time that is much longer than in NRVC
monolayers, which have a maximal culture period of about ten days in our lab [28].
Additionally, Oberwallner and co-workers seeded neonatal mouse cardiomyocytes or
induced pluripotent stem cell-derived cardiomyocytes onto 300 um-thick slices obtained
from decellularized human heart, and reported cell attachment and survival, visible
contraction of the matrix, and increased cellular metabolic activity compared with cells
cultured on tissue culture plastic [7].

4.2. Myocytes are elongated and aligned in EHS

In native atrial and ventricular myocardium, cardiac cells have an elongated rod shape and
are aligned along fiber directions, which is important for efficient force production. When
cardiomyocytes are cultured on chemically or topologically defined anisotropic substrates,
they have an elongated shape and align along a preferred direction, with better
ultrastructural organization and higher contractile force than when cultured on uniform
surfaces [29]. Cell elongation and alignment have also been shown to affect the intracellular
handling of calcium [29,30], which is vital to excitation-contraction coupling in the heart
and, when disturbed, is a mechanism for many cardiac arrhythmias [31]. We measured
nuclear elongation as a surrogate for cellular elongation because nuclear deformation
parallels cellular deformation and anisotropy [32], and because the functional consequences
of cell shape are mediated by changes in gene expression arising from deformation of the
nucleus by microtubules and intermediate filaments and subsequent mechanotransduction
events [33].
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Another important functional consequence of cell elongation and alignment is anisotropic
action potential propagation [34], a property of native tissue which, under pathological
conditions, can cause propagation to locally fail and create arrhythmic, reentrant circuits
[35]. Fiber alignment and anisotropy can vary with location in the heart, and while
sophisticated microprinting techniques can be used to recapitulate a DT-MRI image as a
two-dimensional pattern of cells [36], our approach is to use the ECM as a template for
cellular patterning. EHS can be prepared from any region of the heart to study the effects of
the local structure. For example, cells grown on the endocardial surface of decellularized
hearts do not align [5], while cells in our slices, taken from near the epicardium, do. To our
knowledge, our study is the first demonstration of anisotropic conduction of electrical
activity in recellularized ECM. In EHS, the fibrillar structure of the ECM (Figs. 2B and 3)
leads to cell elongation and alignment (Figs. 4 and 5), which then results in anisotropic
conduction (Figs. 7C,F, 8 and 9). AR is around 2.0, which falls within the range of 1.4-3.7
that can be achieved with NRVC monolayers cultured on anisotropic 2-D substrates [37] but
is somewhat lower than the AR of ~2.7 found in adult ventricular muscle [38].

4.3. Myocytes in EHS are mechanically active and contract synchronously

Myocytes in EHS form a confluent, contractile, syncytium (Figs. 4-6, Supplementary Fig. 3)
that is electrically coupled by gap junctions (Fig. 5F). The myocytes produce enough force
to overcome the stiffness of the ECM, resulting in EHS shortening during contraction (Fig.
6, Supplementary Video 2). Optical mapping showed that during spontaneous activity or
electrical pacing, action potentials propagate through the entire surface of the EHS (Fig.
7A,C), which act to initiate and synchronize contraction throughout the EHS. Measurements
of the force-frequency relation (Fig. 6D) show a monotonic decrease in contraction from 1
to 5 Hz pacing rate, consistent with measurements in other NRVC-based engineered cardiac
tissues [39] and native rat myocardium [40].

4.4. EHS exhibit physiological response to lidocaine

The fact that EHS form an anisotropic syncytium allowed us to study the effect of drugs on
longitudinal and transverse conduction velocities, which is not possible in simpler systems.
To demonstrate this, we applied increasing doses of lidocaine, a sodium channel blocker that
is clinically used as an antiarrhythmic agent [41], and measured its effect on conduction
velocity and maximum capture rate. We found a 19% and 14% decrease in CV at 2 Hz by 90
UM lidocaine in the longitudinal and transverse directions, respectively (Fig. 8C), which is
similar to the reported ~19% increase in conduction time at 1 Hz by 100 uM lidocaine in
Langendorff-perfused rabbit hearts [42], although direct comparison of these values is
complicated by the different models and pacing rates. Additionally, we found more
fractional slowing in the longitudinal direction (Fig. 8C) which is consistent with findings in
Langendorff-perfused dog hearts [43]. We also found a dose-dependent decrease in
maximum capture rate by lidocaine (Fig. 8D), which is expected due to its sodium channel
blocking activity [41]. These findings demonstrate the applicability of EHS to studying drug
effects on cardiac tissue.
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4.5. Potential applications of EHS

EHS are an attractive model for physiological and pathophysiological studies because of
their contractile and electrophysiological function at a tissue level. Their macroscopic 2.5-
dimensional nature represents a step up in structural and functional complexity from one-
dimensional tissue constructs (strips, strands, fiber bundles), opening the door to studies
involving biaxial stretch or two-dimensional tissue electrophysiology. EHS can be
maintained in culture for at least 21 days (Supplementary Fig. 4), raising the possibility of
their use for long-term drug studies. The ECM scaffold is an aligned substrate that is
inexpensive and does not require specialized facilities to produce. Although we used
NRVCs as the cardiac cell type, other cell types, such as cardiomyocytes derived from
human embryonic stem cells or induced pluripotent stem cells, can be substituted, and this is
the subject of an ongoing study by our group.

Although other investigators have recellularized whole-heart ECM with cardiomyocytes, the
distribution of cells is generally patchy and not well-coupled electrically, making them
prone to arrhythmia [10]. In EHS, myocytes are electrophysiologically active throughout,
behave as an electrically coupled syncytium, and exhibit contraction and anisotropic
conduction similar to that in native tissue, with physiological (for rat) negative rate-
dependencies of contractility (Fig. 6D), action potential duration (Fig. 7E), conduction
velocity (Fig. 7F), as well as physiological drug response (Fig. 8). Unlike single cells or 1-D
tissue constructs, EHS allow 2-D wave propagation and are large enough in area to support
reentrant arrhythmias (Fig. 9), which are the more life-threatening forms of arrhythmia (like
fibrillation). Cell monolayers also support reentrant arrhythmias and have been used for
mechanistic studies [44], but they are cultured in a less physiological microenvironment
consisting of a rigid flat surface typically coated with a single ECM protein.

EHS may also prove to be valuable for studies of myocardial contraction. With the proper
interface, they can be stretched to different resting lengths. By changing the thickness of the
EHS, the mechanical load presented to the cells can be varied [45,46]. Additionally, EHS
may be superior to adherent cells or cell monolayers for metabolic studies, because of their
ability to perform mechanical work.

EHS will undoubtedly be useful for a better understanding of the physiological and
pathophysiological roles of the ECM. For example, they can be formed using decellularized
slices from different regions of the heart, from old vs. young hearts, and from healthy vs.
diseased hearts, all of which can have differing compositions and structure of ECM
[8,47,48]. By obtaining sequential ECM slices from the same tissue plug, our approach
readily yields multiple EHS with similar characteristics, making them effective as a tool for
in vitro investigations.

Finally, in terms of clinical applications, EHS may be an attractive alternative to the method
of forming myocardial patches by stacking individual sheets of myocytes grown on flat
surfaces [49]. EHS may also be useful as a preclinical model for drug testing, much as
native cardiac slices are being used [50]. However, functional variability between EHS
remains a present limitation for this use, and improved protocols for their production may be
needed.
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5. Conclusion

Engineered heart slices are essentially 2.5-dimensional tissues that retain important
biochemical, structural and mechanical aspects of the extracellular matrix. Cardiomyocytes
grown in EHS are aligned and can be maintained in culture, resulting in a tissue that has
anisotropic properties similar to native tissue. EHS contract synchronously throughout and
are electrophysiologically active, behaving as an integrated, functional tissue. Thus, they can
serve as a model system for studies of physiological and pathophysiological myocardial
function “in a dish.”

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Native Decellularized

Rat

Fig. 1.
Preparation of EHS from rat and pig ECM. To make slices of rat ECM, adult rat hearts were

suspended on a Langendorff perfusion setup and rinsed with filtered deionized water to
remove blood and assist in cell lysis via osmotic pressure (A). After removal of the atria, the
ventricles were embedded in agarose (B) for sectioning. To make slices of pig ECM, left
ventricles were excised from pig hearts (E). A 1 cm-thick epicardial plug was punched out
and embedded in agarose (F). Tissue from both preparations was sectioned into 300 um-
thick slices using a vibratome (C and G). Slices are shown following decellularization by
SDS and Triton X-100 (D and H). H shows a slice after it was spread on a 14 mm-diameter
coverslip. C, D, G, and H have the same scale.
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Fig. 2.

Cr?aracterization of decellularized slices of pig ECM. Second harmonic generation imaging
showed similar collagen structure and alignment before (A), and after (B), decellularization.
A and B have the same scale. Confocal images of native (C) and decellularized (D) pig
ECM stained for nuclei (DAPI) and F-actin (phalloidin) showed a virtual absence of cellular
material after decellularization. C and D have the same scale and imaging settings. Ten um-
thick cross-sections of slices of pig ECM before and after decellularization are shown using
phase contrast microscopy (E and F, respectively). E and F have the same scale.
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Fig. 3.
Characterization of decellularized pig ECM proteins. Immunostaining showed retention of

collagen | (A-B), collagen Il (C-D), and laminin (E-F), after decellularization. All panels
have the same scale. Native and decellularized images in each row were acquired using the
same settings.
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Fig. 4.
Survival and location of cells in EHS made from pig ECM. Calcein-AM (live cells), second-

harmonic generation (SHG), and DRAQ5 (nuclei) were imaged 7 days after plating to create
a z-stack of confocal images. A and B show x-y (en face) images from different depths,
with zero depth defined to be at the half maximum of the rising edge of the SHG signal (see
D). The intensity of calcein-AM, SHG, and DRAQ5 were averaged in the y-direction and
plotted in the x-z plane (C). These intensities were then averaged in the x-direction and
plotted as a function of z (D, normalized to maximum for each channel), and show a layer of
cells residing mostly on top of the ECM. Supplementary Video 1 shows a 3-D rendering of
the z-stack.
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Fig. 5.

Ct?aracterization of cells in EHS made from rat and pig ECM. Staining of live cells with
calcein-AM (green) and dead cells with ethidium homodimer-1 (EthD, red) reveals few dead
cells in the EHS 7 days after plating (A,E). a-actinin staining (green) shows alignment and
elongation of cells (B,F), and distinct sarcomeric striations (insets show portions of the
images at 10 times magnification). Connexin 43 (Cx43, red) staining suggests cells are
electrically coupled (F). Staining with vimentin (violet) for non-myocytes, a-actinin (green)
for cardiomyocytes, and DAPI (blue) for nuclei showed mostly myocytes and some non-
myocytes in EHS made from both types of ECM (C, G). Automated analysis of nuclear
shapes showed they were elongated and aligned (C,D,G,H). White ellipses in C and G show
fits of nuclei. Radial distances in D and H show elongation (long axis/short axis) of nuclei in
C and G, respectively, while the angles show the orientation of the long axes of the nuclei.
The mean orientation and elongation are marked by solid radial and circumferential lines,
respectively. EHS in B,C,F,G were fixed 5-8 days after plating. (For interpretation of the
references to color in this figure caption, the reader is referred to the web version of this
article.)
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Fig. 6.
Contraction of EHS made from pig ECM. Representative images of EHS while relaxed (A),

and at the peak of contraction (B) show shortening of day 5 EHS with 2 Hz pacing. The
edge of the slice is outlined during rest (red line) and at peak contraction (blue line). The
average slice displacement during each frame of the video recording was calculated, as
shown over a 38 s recording interval (C), and from this mean contraction amplitude was
quantified. The average force-frequency relationship across multiple EHS (n = 4-6 for each
rate) is shown, normalized for each EHS to its 2 Hz peak displacement (D). * in D indicates
significant decrease (p < 0.05) in contraction amplitude from that at 2 Hz. See
Supplementary Video 3. (For interpretation of the references to color in this figure caption,
the reader is referred to the web version of this article.)

Biomaterials. Author manuscript; available in PMC 2016 July 01.




1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Blazeski et al.

Page 21

Rat ECM Pig ECM

m
)
o
(=)

Il APD30

-
(6)]
o
*

AP Duration (ms)
)
o

* (1 APD30

*

50r
0
2 Hz 3Hz 4Hz 5Hz
Pacing Rate (Hz)
F
Optical Voltage Signal Optical Voltage Signal Q) 25 - Longitu'dinal
% [ Transverse
£ 20
_é" *
8 15 *
(]
>
< 10 ut
RS
©
3 5
=
O
600 ms 300 ms 2 Hz 3 Hz 4 Hz 5Hz
Pacing Rate (Hz)
Fig. 7.

Optical recordings of transmembrane voltage in EHS made from rat and pig ECM. EHS
from rat and pig ECM were optically mapped with voltage-sensitive dye after 5-7 days in
culture. Activation maps (A) and signal traces (B) show anisotropic propagation in EHS
from rat ECM during 1 Hz field stimulation. Signal in B is from location marked by white
dot in A. Activation map (C) for EHS from pig ECM showed anisotropic propagation during
2 Hz point stimulation. Activation maps in A and C have 10 ms isochrones and same color
scale. White pulse symbol indicates site of the stimulus electrode. White dot marks location
of recording in D. White lines and values show the calculated longitudinal and transverse
conduction velocity (CV) vectors. Optical voltage signals in EHS (D) showed normal action
potential morphology, and APDgg and APD3q were measured at different pacing rates (E).
CVs in the longitudinal and transverse directions were measured at different pacing rates
(F). In E-F, the number of EHS recorded was 17,15,13 and 7 at pacing rates 2-5 Hz,
respectively, with fewer samples at faster rates due to loss of 1:1 capture. * in E and F
indicates significant change (p < 0.05) from values at 2 Hz. See Supplementary Video 4,
corresponding to C and D. (For interpretation of the references to color in this figure
caption, the reader is referred to the web version of this article.)
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Fig. 8.

Rgsponse of EHS made from pig ECM to lidocaine. Activation maps in the absence (A) and
presence (B) of 360 uM lidocaine at 2 Hz pacing rate showed lidocaine caused conduction
slowing in EHS. Activation maps in A and B have 20 m isochrones and the same color
scale. White pulse symbol indicates site of the stimulus electrode. White lines and values
show the calculated longitudinal and transverse conduction velocity vectors. When
normalized to lidocaine-free control (longitudinal CV = 10.3 + 3.1 cm/s, transverse CV =
4.0 £ 0.8 cm/s, and max. capture rate = 4.1 + 1.2 Hz), lidocaine decreased transverse and
especially longitudinal CV (2 Hz pacing shown) (C) and maximum capture rate (D) in a
dose-dependent manner that was largely reversed after at least 15 min washout. * in C and D
indicates significant difference (p < 0.05) from control (i.e. 1). T in C indicates significant
difference (p < 0.05) from relative CV in longitudinal direction. n = 4-5 EHS in C and D;
one EHS in C lost capture in 360 pM lidocaine. (For interpretation of the references to color
in this figure caption, the reader is referred to the web version of this article.)
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Fig. 9.

Reentrant activity in EHS made from pig ECM. EHS produced uniform anisotropic
conduction at 2 Hz pacing rate (A). Pulse symbol indicates site of the stimulus electrode. A
counterclockwise spiral wave was induced after pacing at 8.3 Hz. Voltage maps taken 25 ms
apart show reentry (B-G). Four 24 V/cm electrical shocks were applied 500 ms apart, and
the second (H, gray background) terminated the spiral wave (I-J). Small arrows show
movement of AP wavefront. Thick curved arrows show propagation around the central
rotation of the spiral wave. K shows the entire sequence of applied shocks (gray lines) and
the optical voltage recording from the location marked by the small black dot in B-J. Small
black tick marks indicate when the snapshots in B—J were taken. See Supplementary Video
5.
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