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Dynamic culture yields engineered myocardium with near-adult
functional output
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Abstract

Engineered cardiac tissues hold promise for cell therapy and drug development, but exhibit
inadequate function and maturity. In this study, we sought to significantly improve the function
and maturation of rat and human engineered cardiac tissues. We developed dynamic, free-floating
culture conditions for engineering “cardiobundles”, 3-dimensional cylindrical tissues made from
neonatal rat cardiomyocytes or human pluripotent stem cell-derived cardiomyocytes (hPSC-CMs)
embedded in fibrin-based hydrogel. Compared to static culture, 2-week dynamic culture of
neonatal rat cardiobundles significantly increased expression of sarcomeric proteins,
cardiomyocyte size (~2.1-fold), contractile force (~3.5-fold), and conduction velocity of action
potentials (~1.4-fold). The average contractile force per cross-sectional area (59.7 mN/mm2) and
conduction velocity (52.5 cm/sec) matched or approached those of adult rat myocardium,
respectively. The inferior function of statically cultured cardiobundles was rescued by transfer to
dynamic conditions, which was accompanied by an increase in mMTORC1 activity and decline in
AMPK phosphorylation and was blocked by rapamycin. Furthermore, dynamic culture effects did
not stimulate ERK1/2 pathway and were insensitive to blockers of mechanosensitive channels,
suggesting increased nutrient availability rather than mechanical stimulation as the upstream
activator of mTORC1. Direct comparison with phenylephrine treatment confirmed that dynamic
culture promoted physiological cardiomyocyte growth rather than pathological hypertrophy.
Optimized dynamic culture conditions also augmented function of human cardiobundles made
reproducibly from cardiomyocytes derived from multiple hPSC lines, resulting in significantly
increased contraction force (~2.5-fold) and conduction velocity (~1.4-fold). The average specific
force of 23.2 mN/mm? and conduction velocity of 25.8 cm/sec approached the functional metrics
of adult human myocardium. In conclusion, we have developed a versatile methodology for
engineering cardiac tissues with a near-adult functional output without the need for exogenous
electrical or mechanical stimulation, and have identified mTOR signaling as an important
mechanism for advancing tissue maturation and function /in vitro.
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INTRODUCTION

Engineered cardiac tissues can be used for /n vitro studies of heart development [1, 2],
modeling of cardiovascular disease [3-5], and high-throughput screening of drug effects on
cardiomyocyte (CM) survival and function [6, 7]. However, fidelity of these assays is
currently limited by poor functional properties of cultured CMs compared to adult CMs [8,
9]. Specifically, engineered 3D cardiac tissue constructs generate contractile stresses that are
an order of magnitude lower than those of adult ventricular myocardium and conduct action
potentials at a significantly slower speed, likely due to CM immaturity and a low volume
fraction of CMs within the tissue [10]. Engineering tissues that accurately mimic the
structure and function of the native myocardium would enable more predictive in vitro
studies and promote cell therapies for myocardial infarction and heart failure [2, 11]. In the
latter case, achieving highest velocity of action potential conduction and contractile stress
would be two fundamental requirements to ensure electrical safety and functional efficacy of
the therapy, respectively.

The adult heart consists of densely packed myocytes with high metabolic demand, which
necessitates at least one capillary per CM to supply nutrients [12]. Local depletion of oxygen
has been observed in the vicinity of cultured CMs [13-15], highlighting the need to enhance
nutrient and oxygen transport in 3D engineered cardiac tissues. Previous studies have
utilized tissue perfusion [15-17] or bioreactor culture [18-20] to improve mass transport in
engineered myocardium, with low-shear conditions being preferable due to CM
susceptibility to shear-induced damage [17, 20, 21]. Many of these pioneering reports
involved the use of porous polymer scaffolds; however, natural hydrogels (fibrin, collagen)
have proven superior for the generation of highly functional cardiac tissues [22—24] because
they support uniform cell density, macroscopic contractions, and application of tension to
support myocyte spreading and alignment [25, 26].

We therefore sought to develop a versatile approach to culture hydrogel-based cardiac tissue
constructs under low-shear dynamic conditions that would support high tissue cellularity
while maintaining mechanical tension requisite for cell survival and functional
cardiogenesis. Specifically, we designed cylindrically shaped engineered cardiac tissues
(“cardiobundles”) anchored within porous flexible frames that supported both a chronic
auxotonic loading and free-floating culture of CM tissues. Dynamic culture was applied
using standardized tissue culture plates and platform rockers, eliminating the need for
custom-designed bioreactors or perfusion chambers. The effects of dynamic culture on tissue
density, CM size, and electrical and mechanical function were first established for
cardiobundles made of neonatal rat CMs, followed by the application of optimized
conditions to hPSC-CMs. For both rat and human tissues, we observed significant
improvements in myocardial mass, CM maturation, and tissue function with dynamic
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culture, and identified mTOR signaling as a critical mechanistic component of this response.
The resulting cardiac tissue model is simple for implementation and represents promising
platform for future applications in cardiac disease modeling, drug screening, and
regenerative therapy.

METHODS

Additional details and assessment methodologies are provided in Supplemental Materials.

Neonatal rat CM isolation and fabrication of engineered cardiobundles

Neonatal rat ventricular myocytes (NRVMs) were isolated from the hearts of 2-day-old
Sprague-Dawley rats using previously described methods [19, 27] and embedded in a fibrin-
based hydrogel cast into 7 mm x 2 mm troughs of pre-fabricated polydimethylsiloxane
(PDMS) molds (Fig. S1). Obtained cardiobundles, each constructed from 3.75 x 10° cells,
were anchored at each end by a porous nylon frame (Cerex®) and removed from troughs to
allow free movement in culture media. Cardiobundles were cultured on a static (non-
moving) or dynamic (rocking, + 30° tilt, 0.4 Hz [28], Supplemental Video 1) platform for a
period of 14 days. For some experiments, tissues were switched between static and dynamic
conditions on day 7.

hPSC-CM differentiation and cardiobundle fabrication

Human cardiobundles were constructed using CMs differentiated from 2 hESC lines (H9,
RUES?2) and one iPSC line (derived at the Duke University Core Facility). Cardiac
differentiation was carried out using small molecules CHIR99021 and IWP-2 to upregulate
and inhibit Wnt signaling, respectively, as previously described [29]. In some studies, hPSC-
CMs were purified using glucose-free chemically defined medium (CDM3) applied at
differentiation days 10-12 [30, 31]. After 12-22 days of differentiation, derived hPSC-CMs
were utilized to fabricate cardiobundles as described for NRVMs.

Immunohistology

Intact cardiobundles and 10 um thick cross-sections were fixed and immunostained using
standard techniques.

Western blotting and qPCR

Expression of cardiac genes and proteins was analyzed using standard gPCR protocols and
Western blot.

Optical mapping of action potential propagation
Optical mapping of action potentials was performed as previously described [32, 33].
Cardiobundles were stained with a transmembrane voltage-sensitive dye (di-4-ANEPPS) and
paced at different rates by suprathreshold point stimulus to map propagation of action
potentials. Calcium transients were imaged using lentiviral expression of a genetically
encoded calcium indicator (GCaMP6) driven by a myocyte-specific promoter (MHCK?7)
[34], or using Rhod-2 AM.
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Measurement of isometric contractile force generation

Statistics

RESULTS

Isometric contractile forces were measured as previously described [33, 35]. Cardiobundles
were immersed in Tyrode’s solution containing 1.8 mM CaCl, and connected to a force
transducer. Contractions were elicited by electric field stimulus from parallel platinum
electrodes.

Data are expressed as mean + SEM. Statistically significant differences were determined by
one-way ANOVA with Tukey’s post hoc test and p < 0.05 was considered significantly
different.

Dynamic culture of cardiobundles stimulates growth of neonatal rat cardiomyocytes

After 2 weeks of culture, cardiobundles consisted of uniformly aligned, cross-striated
cardiomyocytes that robustly expressed electrical and mechanical junctions (Fig. 1A, Fig.
S2). In both static and dynamic conditions, NRVM cardiobundles contracted synchronously
and spontaneously at rates that initially increased and then decreased to completely cease
after culture day 10 (Fig. S3, Supplemental Video 2). In longitudinal sections, CMs cultured
under dynamic conditions appeared larger and more densely packed than CMs in static
culture (Fig. 1A). In transverse cross-sections (Fig. 1B), dynamically cultured cardiobundles
exhibited a 2.5-fold larger muscle area (Fig. 1C, right), as quantified from F-actin stainings
(Fig. S4), and only 1.2-fold higher nuclei number (Fig. 1D—E) compared to statically
cultured cardiobundles. Similar cellularities in static and dynamic culture were confirmed by
two additional assays (Fig. S5). Consistent with comparable cell numbers, static and
dynamic cardiobundles had comparable expressions of hypoxia marker PHD2 (Fig. S6),
while PHD3 expression was 2-fold higher in static condition (Fig. S6). Regarding previous
reports of ~5-fold increased PHD2 and ~40-fold increased PHD3 expression in 0.5-1%
oxygen vs. normoxia [36, 37], these results suggested that static culture exhibited only a
mild hypoxia relative to dynamic culture. From transverse cross-sections, we estimated a
2.1-fold larger CM size in dynamically cultured cardiobundles by dividing the total muscle
(F-actin™) area with number of muscle nuclei (Fig. 1H). The larger CM size was further
confirmed by quantifying area of individual cells from caveolin-3 staining (Fig. 1F-G).
Fibroblasts and collagen 1 were located preferentially on the cardiobundle exterior and their
abundance was increased in dynamic vs. static culture (Fig. S7).

Consistent with immunostaining results, we found significant upregulation of total RNA
(Fig. 2A) and protein (Fig. 2B) contents in dynamic cultures. This 3-fold higher RNA
expression indicated higher transcriptional activity, a marker of cellular hypertrophy [38—
40]. Furthermore, gPCR revealed upregulated expression of several genes coding for
proteins governing cardiac electrical and contractile function, including SERCA pump, L-
type Ca2* channel, a- and B-MHC, gap junctional protein connexin-43, and fast sodium
channel Na, 1.5 (Fig. 2C, Supplementary Table S4). From Western blot analyses, the amount
of several sarcomeric proteins (myosin heavy chain, sarcomeric a-actinin, cardiac troponin-
T) per total cellular protein (GAPDH) was also higher in dynamic vs. static cultures (Fig.
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2D-E). Consistent with the 2-fold larger immunostained CM area (Fig. 1E-G), the amount
of total cellular protein per nucleus (GAPDH per Lamin B1 ratio) was ~2-fold higher in
dynamically cultured cardiobundles (Fig. 2F), further indicating enhanced CM hypertrophy.
Overall, these results indicated that dynamic culture significantly increased the myocardial
mass within engineered NRVM tissues, primarily by increasing CM size and protein
expression, and to a lesser extent by enhancing the survival, binucleation, or proliferation of
CMs.

Dynamic culture improves electrophysiological function of NRVM cardiobundles

For assessment of electrical function, we paced cardiobundles at one end and applied a
voltage-sensitive dye (Di-4-ANEPPS) and optical mapping to generate movies of action
potential propagation (Supplemental Video 3). Both static and dynamic cardiobundles
showed highly uniform propagation (Fig. 3A) allowing the precise measurement of
conduction velocity (CV) along the bundle axis (Fig. S8). Consistent with qPCR results (Fig.
2C), dynamically cultured cardiobundles exhibited a 41% faster CV than statically cultured
cardiobundles (52.5 £ 0.9 cm/s compared to 37.1 = 1.8 cm/s, Fig. 3B). Both static and
dynamic cardiobundles showed expected physiological slowing (restitution) of CV at higher
pacing rates (Fig. 3C). Action potentials in static and dynamic cultures (Fig. 3D) had similar
durations at basal pacing rate of 2 Hz (123 + 10 ms vs. 115 + 6 ms, Fig. 3E) and at faster
pacing rates (Fig. 3F). Dynamic culture supported higher maximum capture rate (8.5 Hz)
than static culture (6.9 Hz, Fig. 3G), approaching the heart rate in adult rats during exercise
(9 Hz) [41].

Dynamic culture improves contractile function of NRVM cardiobundles

In addition to improved electrical function, dynamically cultured cardiobundles generated
3.5-fold higher isometric contractile force than statically cultured cardiobundles (2.10 + 0.10
mN vs. 0.59 + 0.09 mN, Fig. 4A,D), without a change in the duration or kinetics of twitch
contractions (Fig. 4E). Both groups exhibited physiological force-length relationships and
maximum contractile force when elongated 8% beyond culture length (Fig. 4B, Fig. S9). In
agreement with histological findings (Fig. S7), dynamically cultured cardiobundles
generated more passive force at 12% elongation (0.95 + 0.28 mN vs. 0.45 £ 0.11 mN, Fig.
4C), consistent with increased tissue stiffness. Maximum specific force (contractile force
normalized by total cardiobundle cross-sectional area) was increased from 21.8 + 4.6
mN/mm? in statically cultured to 59.7 + 4.3 mN/mm? in dynamically cultured cardiobundles
(Fig. 4F). Contractile force normalized by muscle (F-actin*) cross-sectional area was less
prominently increased (Fig. 4G), suggesting that the enhanced contractile function in
dynamic culture resulted partially from the increase in myocardial mass alone. Moreover, we
conducted fluorescence-based calcium imaging and found that, consistent with expression of
calcium handling genes (Fig. 2C), calcium transient amplitude was higher in dynamically
cultured cardiobundles (Fig. 4H), which additionally contributed to their increased
contractile force.

Switching from static to dynamic culture rescues function of NRVM cardiobundles

Since inferior function of 14-day static cardiobundles was primarily a result of smaller cell
size rather than cell death, we investigated if the effects of static vs. dynamic culture were
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reversible and could be manipulated to study underlying mechanisms (experimental flow
shown in Fig. S10). We began with cardiobundles cultured for 7 days that had inferior
properties to their 14-day counterparts (Fig. 5). The day 7 cardiobundles cultured in dynamic
conditions showed significantly higher forces (Fig. 5A), faster CVs (Fig. 5B) and more
cross-sectional myocardial area (Fig. 5C-D) compared to age-matched static cardiobundles.
When the day 7 static cardiobundles were switched to dynamic culture for the next 7 days
(denoted as stat—dlyn), they exhibited a remarkable 5.4-fold increase in contractile force,
nearing the force of cardiobundles cultured dynamically (dyn) for the entire 14-day period
(1.98 + 0.09 mN for stat—dynvs. 2.29 + 0.10 mN for dyn group, Fig. 5A). A similar trend
was observed for the conduction velocity, although star—dyn cardiobundles displayed
intermediate CVs (stat. 35.3 + 1.8 cm/s; stat—dyrm. 44.9 £ 3.2 cm/s; dym. 54.5 + 2.2 cm/s,
Fig. 5B) instead of a near-full recovery as seen for contractile function. Conversely, day 7
dynamic cardiobundles that were switched to static culture for the next 7 days (denoted as
dyn—stal) exhibited a decrease in contractile force and CV to levels comparable with those
of cardiobundles cultured statically the entire 14 days (Fig. 5A,B). Cross-sectional stainings
of cardiobundles revealed increase in myocardial area when static cultures were switched to
dynamic, and decrease in myocardial area in dyn—statgroup (Fig. 5C-D). These changes in
myocardial area were mostly due to differences in cell size rather than CM number (Fig. 5E-
F). Interestingly, dyn—stat cardiobundles had a similar cross-sectional myocardial area as
stat cardiobundles, but CMs were packed much more tightly (Fig. 5C-D). This finding
suggests that CM hypertrophy in dynamic culture was associated with irreversible
remodeling or loss of ECM, such that the switch to static conditions caused compaction of
atrophied CMs and decrease of the cardiobundle size.

MTOR signaling mediates response of CMs to dynamic culture

Mammalian target of rapamycin (mTOR) is a protein kinase that serves as a master regulator
of protein synthesis and cell growth based on availability of nutrients [42, 43]. Thus, we
studied the role of mMTOR signaling in the structural and functional response of
cardiobundles to dynamic culture. Specifically, we analyzed activity of multiple mTOR-
related Kinases in stat, stat—dyn, dyn, and dyn—stat cardiobundles on day 8 (Fig. S10).
This experimental strategy enabled analysis of both transient signaling effects immediately
(24 hours) after switching culture conditions, and sustained effects of chronic dynamic
culture (> 7 days after initiation). Phosphorylation of mMTOR and ribosomal S6 kinase (S6K),
which is the downstream effector of mMTOR complex 1 (mTORCL1), were both increased
after switching from static to dynamic culture, and conversely decreased after switching
from dynamic to static culture (Fig. 6A-B). mTORCL activity, measured by S6K
phosphorylation, was elevated in chronic dynamic culture relative to chronic static culture.
Akt phosphorylation, a positive regulator of mMTORC1, was increased upon switching to
dynamic culture but, interestingly, decreased in chronic dynamic culture. AMPK, a negative
regulator of mMTORC1, exhibited reduced activity in chronic dynamic culture relative to
chronic static culture. We also assessed if differences in mechanical environment between
dynamic and static culture were responsible for the observed effects in cardiobundles.
However, ERK1/2 phosphorylation, which is upregulated in CMs in response to mechanical
stress (e.g. cyclic stretch [44, 45], pulsatile interstitial flow [46]), was not increased by either

Biomaterials. Author manuscript; available in PMC 2017 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jackman et al.

Page 7

transient or chronic dynamic culture, and was rather decreased by chronic dynamic culture
(Fig. 6A-B).

Inhibition of mMTORCL1 with rapamycin significantly reduced the contractile force increase
between 7 and 14 days of dynamic culture in both stat—dyn group (2.10 + 0.10 mN without
rapamycin, 1.27 £0.07 mN with rapamycin) and dyn group (2.27 £ 0.11 mN without
rapamycin, 1.64 = 0.09 mN with rapamycin, Fig. 7A). Rapamycin decreased the CV of
stat—dyn cardiobundles (from 47.4 + 3.7 cm/s to 33.6 £ 2.0 cm/s, Fig. 7B), but had no
significant effect on cardiobundles dynamically cultured for 14 days. These functional
changes exerted by rapamycin on dynamically cultured cardiobundles were associated with a
decrease in cross-sectional muscle area (Fig. 7C) and no effect on muscle nuclei count (Fig.
7D) compared to drug-free controls. Quantification of muscle area per nucleus (Fig. 7E) and
higher magnification cross-sectional images (Fig. S12) further suggested that rapamycin in
dynamic cultures acted by preventing CM hypertrophy. In contrast to dynamic cultures,
rapamycin had no effect on contractile force, CV, cross-sectional muscle area, or nuclei
number in gyn—stat or static cultures (Fig. 7A-F). Furthermore, inhibition of
mechanosensitive channels with effective doses of streptomycin or gadolinium [47] did not
attenuate the functional improvements by dynamic culture (Fig. S11). Along with no
increase in ERK1/2 phosphorylation (Fig. 6A-B), this result suggested increased nutrient
availability rather than mechanical stimulation as the main trigger for mTORC1-mediated
effects of dynamic culture.

Effects of dynamic culture on cardiobundles differ from pathological cardiac hypertrophy

We also investigated if dynamically cultured cardiobundles underwent changes characteristic
of the pathological cardiac hypertrophy. Specifically, molecular and functional effects of
dynamic culture were compared with traditional model of pathological hypertrophy,
treatment of CMs with phenylephrine (PE) [48, 49]. Day 7 statically cultured cardiobundles
were exposed for additional 7 days to dynamic culture or 20 uM PE. In contrast to dynamic
culture, PE selectively increased passive force rather than active force, prolonged both APD
and twitch kinetics, and significantly slowed CV (Fig. 8A-E). Furthermore, PE had no effect
or decreased the expression of cardiac functional genes improved by dynamic culture,
instead inducing a disproportionate increase in expression of pathological hypertrophy
markers atrial natriuretic peptide (ANP) and a-skeletal actin (Fig. 8F, Table S4).
Collectively, these results suggested that dynamic culture induced physiological growth and
functional maturation of CMs akin to postnatal cardiac development rather than adult
pathological hypertrophy.

Dynamic culture induces mTOR-dependent functional improvement of hPSC-CM
cardiobundles

We further studied cardiobundles made of hPSC-CMs and found consistent responses to
dynamic versus static culture with those observed in NRVM tissues. Specifically, under
optimized conditions, hPSC-CMs in 14-day dynamically cultured cardiobundles were
aligned, cross-striated, and robustly interconnected by electrical and mechanical junctions
(Fig. S13A-C). They exhibited better structural organization compared to statically cultured
cardiobundles (Fig. 9A), but still inferior cell elongation and alignment compared to
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NRVMs (Fig. 1A). From transverse cross-sections (Fig. 9B), dynamically cultured hPSC-
CM cardiobundles exhibited a 1.2-fold and 2.3-fold higher total and myocardial (F-actin*)
area (Fig. 9C), respectively, and a 1.6-fold and 2.1-fold higher total and myocardial nuclei
numbers (Fig. 9D), compared to static cardiobundles. However, in contrast to NRVMs,
hPSC-CM size in static and dynamic cultures was not different (Fig. 9E).

Furthermore, while both statically and dynamically cultured hPSC-CM cardiobundles
supported continuous and uniform action potential propagation (Fig. 9F, Supplemental
Video 4), dynamic culture yielded a 1.4-fold increase in CV compared to static culture
(25.8+£1.2 cm/s vs. 18.2+1.2 cm/s, Fig. 9G) without significant change in APD (Fig. 9H).
Dynamically cultured cardiobundles also demonstrated a 1.6-fold increase in CaZ* transient
amplitude relative to static group suggesting improved CM maturation (Fig. 91). In response
to electrical stimulation, hPSC-CM cardiobundles exhibited forceful contractions (Fig. 9J)
and demonstrated a physiological force-length relationship (Fig. S13D-E). Similar to
findings in NRVM cardiobundles, compared to static culture, dynamic culture of hPSC-CM
cardiobundles yielded a 2.5-fold higher active force (1.3 £ 0.051 mN vs. 0.52 + 0.027 mN,
Fig. 9K) and a 1.9-fold increase in specific force (23.2 + 1.6 mN/mm?2 vs. 12.2 + 1.0
mN/mm?2, Fig. 9L), further suggesting enhanced CM maturation. The total twitch time and
rise time both slightly but significantly decreased, while twitch decay time remained
unchanged (Fig. 9M). We then applied the same dynamic culture method to produce human
cardiobundles from hPSC-CMs that were differentiated using 2 distinct protocols and 3
different hPSC lines, and obtained similarly advanced cardiobundle function with maximum
achieved forces > 2 mN, specific forces of > 30 mN/mm? and CVs of > 40 cm/sec (Fig.
S13F-I).

Finally, hPSC-CM cardiobundles cultured under static conditions for 7 days were switched
to dynamic culture, with or without addition of rapamycin, for an additional week prior to
histological and functional assessment. From the cross-sectional images (Fig. 10A), we
found that switching from static to dynamic conditions had no significant effects on the total
and myocardial (F-actin*) areas or nuclei counts (Fig. 10B); however, it yielded a 2.3-fold
higher contractile force and a trend towards higher CV compared to static group (Fig. 10D—
E). Addition of the mTORCL inhibitor rapamycin after switching to dynamic culture
reduced force production to levels not statistically different from those measured in static
cultures (Fig. 10D), suggesting that similar to NRVMs, dynamic cardiobundle culture
promoted functional maturation of human CMs and that this effect was at least in part
mediated by mTOR signaling.

DISCUSSION

In this study, we described a versatile approach for engineering highly cellular rat and
human cardiac tissues (“cardiobundles™) capable of rapid action potential conduction and
strong force generation. In contrast to traditional static culture of hydrogel-based engineered
heart tissues [25, 50-56], this method relies on the application of free-floating dynamic
culture conditions that lead to upregulation of mMTORC1 signaling and robust structural and
functional improvements associated with increased cardiomyocyte density, hypertrophy, and
maturation. Reproducibility of the increased functional output (across different species,
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hPSC lines and methods of hPSC-CM differentiation) and the simplified, cost-effective
nature of the system (reusable PDMS molds, no specialized bioreactors or exogenous
electromechanical stimulation) offer an easy-to-implement platform for production of highly
functional engineered cardiac tissues for various /n vitro and, potentially, /n vivo
applications.

One of the unique features of this system is the use of laser-cut, porous polymer frames to
provide anchorage and mechanical tension to fibrin-based tissue, while simultaneously
enabling free-floating, dynamic conditions to improve mass transport around metabolically
demanding cardiomyocytes. The final cardiobundle diameter (Fig. 1B, Fig. 9B) is
comparable to that of trabeculae from adult rat (40 — 360 pm) [57-59] and human (< 1mm)
[60] hearts, which are the standard cardiac tissue preparations for ex vivo studies of
myocardial function. Optimized cardiobundles require relatively low cell number (3.75 x
10°), have dense and uniformly aligned cardiomyocytes throughout the tissue volume, and
allow accurate quantification of cellular composition and architecture in transverse tissue
cross-sections. Importantly, the use of anchoring frames facilitates transfer and mounting of
cardiobundles to allow rapid assessments of both electrical (optical mapping) and
mechanical (isometric force testing) function.

Consistent with previous studies that applied other forms of dynamic culture [15-18, 20, 61,
62], free-floating dynamic culture of cardiobundles yielded significantly increased
myocardial mass and expression of contractile proteins and functional genes compared to
static culture (Fig. 2). For neonatal rat CMs, the larger myocardial mass of cardiobundles
was contributed by a slightly (1.2-fold) higher CM nuclei number and substantially (2.1-
fold) increased CM cross-sectional area (Fig. 1C,E-H). Conversely, dynamically cultured
human cardiobundles exhibited a 2.1-fold higher CM nuclei number (via enhanced cell
survival, binucleation, or proliferation) compared to static cultures, without significant
change in CM size (Fig. 9D-E). Furthermore, compared to static culture, dynamic culture of
NRVM cardiobundles had proportionally increased number of both CMs and non-CMs
without altering the CM to non-CM ratio (~3:1) over 14-day period (Fig. 5E). Moreover, the
total NRVM number in either static or dynamic fibrin-based cardiobundles remained
relatively constant with time of culture (Fig. 5E). The observed stability in cell number and
cell population is in contrast to a previous report where NRVMs underwent continuous
apoptotic death over 12 days of collagen gel culture, yielding a ~8 fold decrease in the CM
number and the final CM to non-CM ratio of ~1:4 [1].

Unlike previous studies, we also compared statically and dynamically cultured engineered
cardiac tissues for their action potential conduction and isometric force generation. The
average CV of 52.5 cm/s (range of 41.9 — 61.1 cm/s) achieved in dynamically cultured
NRVM cardiobundles is the highest reported in the field, significantly higher than the CV of
neonatal rat myocardium (22 — 27 cm/s) [19, 63], but still lower than the longitudinal CV of
adult rat myocardium (66 — 69 cm/s)[64, 65]. Faster conduction in dynamic vs. static culture
could be contributed to increase in CM size [66] and gene expression of Cx43 (Gjal) and
fast Na™ current (SCN5A) (Fig. 2C). Similarly, the average CV in dynamically cultured
hPSC-CM cardiobundles (25.8 cm/s, range of 15.0 — 42.1 cm/s) is among the highest
reported in the field [23, 51, 67]. Dynamic culture also robustly increased contractile force
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generation of rat and human cardiac tissues by 3.5-fold and 2.5-fold respectively, resulting in
average specific forces of 59.7 mN/mm? (range 43.8 — 70.1 mN/mm?2) and 23.2 mN/mm?
(range 16.2 — 32.1 mN/mm2), i.e., the highest reported in the field, and in the case of 3D
NRVM tissues, the first time matching those of adult rat ventricular myocardium (40 — 71
mN/mm?) [59, 68, 69]. However, achieving adult-level specific force in thicker patches
suitable for cardiac repair will be significantly more challenging. The higher contractile
force per CM area (Fig. 4G), Ca2* transient amplitude (Fig. 4H, 91), maximum capture rate
(Fig. 3G), and cellular expression of functional genes and sarcomeric proteins (Fig. 2C-E),
all suggested improved CM maturation in dynamically cultured cardiobundles, although
CM s still exhibited certain immature features including relatively small size and diffuse
expression of Cx43 (Fig. S2B).

In the heart, mTOR signaling is required for postnatal cardiomyocyte growth and is
generally associated with physiological hypertrophy [70, 71]. Active mTOR complex 1
(mTORCYL) increases protein synthesis from mRNA by phosphorylation of S6 kinase and
inhibition of 4E binding protein (4E-BP1), while also activating transcription factors such as
STAT3 to increase MRNA synthesis [72, 73]. Despite the known role of mTOR in coupling
nutrient availability to cellular growth, it has not been studied in the context of improving
nutrient delivery to engineered 3D tissues via enhanced mass transport. In the present study,
dynamic culture increased mTORC1 activity in cardiobundles via a transient activation of
Akt and a sustained suppression of AMPK activity (Fig. 6), and inhibition of mMTORC1 with
rapamycin attenuated the effects of dynamic culture (Fig. 7). Akt is activated by insulin or
IGF1 signaling and is known to promote physiological CM hypertrophy [74-77], suggesting
that dynamic culture improves delivery of serum-derived nutrients and growth factors to
cells in engineered tissues. The reduced Akt activation in chronic dynamic culture, which is
likely due to negative feedback of S6K on mTORC?2, PI3K, and insulin receptors [78-80],
could mirror previously observed biphasic responses of Akt to mTORC1 modulation [78,
81] and prevent pathological consequences of constitutively active Akt in the heart [76].
Since PI3K also stimulates ERK1/2 signaling through several mechanisms [82], the negative
feedback of S6K on PI3K likely explains the suppression of ERK1/2 in dynamic culture
(Fig. 6). Another mTOR signaling mediator, AMPK, is activated by accumulation of
intercellular AMP, typically when the cell is deprived of metabolic substrates, and inhibits
MTORC1 activity to conserve energy. The suppression of AMPK by dynamic culture could
be a result of improved availability of oxygen (Fig. S6) and glucose to cardiomyocytes.
Interestingly, chronic static and chronic dynamic cultures exhibited equal Ser2448
phosphorylation of mMTOR, which is present in both mTORC1 and mTORC?2 [83]. The
elevated mMTORC1 activity (S6K phospho-Thr389) in dynamic culture and elevated
mMTORC2 activity (Akt phospho-Ser473) [84] in static culture generally suggest that
dynamic culture facilitates growth signaling, as opposed to survival signaling in static
culture [85, 86]. The most important changes in mTORC1-related signaling by dynamic
culture are summarized in Fig. S14.

It is well known that CM hypertrophy is the main contributor to postnatal heart growth [87,
88]. The average diameter of day 14 neonatal rat CMs in this study was increased from
approximately 6.0 um in static culture to 9.1 um in dynamic culture (estimated from CM
areas in Fig. 1G), which was comparable to CM diameter of P12 rats (9-10 um [1, 89]) yet
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significantly smaller than adult CM diameter (18-24 um [1, 89-91]). This suggests that the
increased size of neonatal CMs in response to dynamic culture mirrors normal
developmental growth rather than a pathological response with abnormally large CMs. To
further assess physiological vs. pathological hypertrophy, we directly compared effects of
dynamic culture to treatment with the a-adrenergic agonist phenylephrine, a known in vitro
and /n vivo inducer of pathological hypertrophy [48, 49, 92, 93]. Unlike dynamic culture, PE
failed to improve contractile force and expression of several cardiac genes, instead causing
increased passive tension, decreased CV, prolonged APD, significant upregulation of ANP
and a-skeletal actin, and selective decrease in a-MHC with trend of higher B-MHC (Fig. 8).
Collectively, these results indicate that dynamic culture promotes normal growth and
maturation rather than causing functional decline and re-activation of fetal genes classically
associated with adult pathology [76, 77]. The increased activity of mTORC1, but not
ERKZ1/2, further supported that CM growth induced by dynamic culture was physiological
rather than pathological [77]. Finally, we substantiate this conclusion by comparing the
molecular and functional changes caused by dynamic culture, PE treatment, postnatal
cardiac development, and pathological cardiac hypertrophy in Table S6.

In summary, we have developed a method to engineer trabeculae-sized cardiac tissues that
consistently generate near-adult levels of contractile force and conduction velocity without
requiring application of electrical stimulation or mechanical stretch. A critical aspect of the
high cellularity and function of cardiobundles is dynamic culture, which was also a stimulus
for enhanced maturation of CMs from both neonatal rats and human pluripotent stem cells.
The involvement of mTOR signaling as a mediator of the dynamic culture effects could have
broader implications for tissue engineering field. In addition to yielding a realistic /n vitro
model of miniature cardiac muscle, this approach may provide a framework to scale up size
of engineered tissues for use in myocardial repair /in vivo.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Effects of static and dynamic culture on structure of engineered NRVM cardiobundles
(A) Representative images of cardiobundles cultured for 2 weeks under static (Stat) or

dynamic (Dyn) conditions, stained for sarcomeric a-actinin (SAA, red) and nuclei (DAPI,
blue). (B) Representative cardiobundle cross-sections stained for filamentous actin (F-act,
green) and nuclei (blue). (C) Total and F-actin* area of cardiobundle cross-sections (n = 8-
10 cardiobundles per group from 4 cell isolations). (D) Cross-section stains from (B) without
F-act shown. (E) Count of total and F-actin* nuclei per cross-section (n = 8-10
cardiobundles per group from 4 cell isolations). (F) Higher magnification images of cross-
sections stained for F-actin (red), Caveolin-3 (Cav3, green), and nuclei (blue). (G) Cross-
sectional area of CMs (n = 4 cardiobundles per group from 2 cell isolations, with >25 CMs
analyzed per cardiobundle). (H) F-actin* area per nucleus (n = 8-10 cardiobundles per group
from 4 cell isolations) *, p < 0.05 vs. static.
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Figure 2. Molecular analysis of statically and dynamically cultured NRVM cardiobundles
(A, B) RNA (A) and total protein (B) contents of cardiobundles cultured for 2 weeks under

static or dynamic conditions (n = 9 samples per group from 3 cell isolations, each sample is
2-4 pooled cardiobundles). (C) Gene expression of cardiobundles (N = 3 cell isolations with
3 cardiobundles per group in each isolation). (D) Western blots of cardiobundles (N = 3 cell
isolations with 3—4 cardiobundles per group in each isolation). (E) Quantification of protein
expression from Western blots in (D) by densitometry normalized to GAPDH. (F) GAPDH
normalized to LaminB1 estimates amount of total cellular protein per nucleus. *, p < 0.05
vs. static. Gene expression analyzed: SERCA (Atp2a2), L-type Ca2* channel (Cacnalc), a-
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and B-myosin heavy chain (Myh6 and Myh7), connexin-43 (Gjal), sodium channel Na, 1.5
(Scnb5a). Protein expression analyzed: a-myosin heavy chain (MYHB6), sarcomeric a-actinin
(SAA), cardiac troponin-T (cTnT).
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Figure 3. Effects of static and dynamic culture on electrical function of NRVM cardiobundles
(A) Representative isochrone maps of action potential (AP) propagation in response to 2 Hz

point pacing (pulse sign) in cardiobundles cultured for 2 weeks under static or dynamic
conditions. (B) Cardiobundle conduction velocity (CV) at a pacing rate of 2 Hz. (C)
Dependence of CV on pacing period (cycle length) from 500 ms (2 Hz) to 125 ms (8Hz).
(D) Representative optical action potentials recorded in cardiobundles during 2 Hz pacing.
(E) AP duration (APD) measured from activation time to 80% repolarization during pacing
at 2 Hz (for B and E, n = 43 cardiobundles per group from 9 cell isolations). (F) APD
dependence on pacing rate (2-8 Hz). (G) Maximum capture rate (MCR) in cardiobundles
(for C, F and G, n = 12 cardiobundles per group from 3 cell isolations). *, p < 0.05 vs. static.
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Figure 4. Effects of static and dynamic culture on mechanical function of NRVM cardiobundles
(A) Representative twitch force traces recorded from cardiobundles cultured for 2 weeks

under static or dynamic conditions and paced at 2 Hz. (B—-C) Active force (twitch amplitude,
B) and passive tension (C) curves as a function of cardiobundle elongation (n =6
cardiobundles per group from 3 cell isolations). (D) Maximum twitch forces recorded during
2 Hz pacing at optimal tissue elongation of 8% (n = 55-60 cardiobundles from 13 cell
isolations). (E) Twitch kinetics, measured by total duration, rise time, and decay time of the
twitch (n = 55-60 cardiobundles from 13 cell isolations). (F-G) Specific force (max twitch
force normalized by total cardiobundle cross-section area, F) and muscle-only specific force
(max twitch force normalized by muscle-only, F-actin* area, G) (n = 17-18 bundles per
group from 4 cell isolations). (H) Calcium transient amplitude measured as a relative change
in GCaMP6 fluorescence signal (AF/Fg) during 1 Hz pacing. (n = 11 cardiobundles per
group from 3 cell isolations). *, p < 0.05 vs. static.
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Figure 5. Effects of switch between static and dynamic culture on structure and function of
NRVM cardiobundles

(A-B) Max twitch force (A) and CV (B) at 2 Hz pacing in static (Stat) and dynamic (Dyn)
cardiobundles on culture day 7 and 14, cardiobundles cultured static for 7 days then dynamic
for 7 days (Stat—Dyn), and cardiobundles cultured dynamic for 7 days then static for 7 days
(Dyn—Stat) (n = 12-14 cardiobundles per group from 3 cell isolations). (C) Representative
cross-sections of cardiobundles stained for F-actin (green) and nuclei (DAPI, blue). (D-F)
Quantification of D) total and F-actin* area, E) total and F-actin* nuclei, and F) F-actin®
area per F-actin® nucleus in cardiobundle cross-sections (n = 5-7 cardiobundles per group
from 2 cell isolations). *, p < 0.05 vs. static at same culture point; #, p < 0.05 vs. dynamic at
the same culture point.
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Figure 6. Studies of nutrient and mechanical stress related mediators of MTORCL1 signaling in

NRVM cardiobundles

(A) Representative Western blots for phosphorylated (Ser2448) and total mTOR,
phosphorylated (Thr389) and total S6K, phosphorylated (Ser473) and total Akt,
phosphorylated (Thr172) and total AMPK, phosphorylated (Thr202/Tyr204) and total
ERK1/2, and GAPDH (loading control) at 8 days of static (S) or dynamic (D) culture or 24
hours after switching from static to dynamic culture (S—D) or from dynamic to static
culture (D—S) at culture day 7. (B) Quantified ratio of phosphorylated/total protein for each
kinase in (A), normalized to static (S) group (n = 4 samples per group from 2 cell isolations,
each sample is lysate of 4 cardiobundles pooled together). *, p < 0.05 vs. static; #, p < 0.05

vs. dynamic.
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Figure 7. Effects of mMTORCL inhibition on structure and function of NRVM cardiobundles
(A-B) Max twitch forces (A) and CV (B) in cardiobundles switched from static to dynamic

culture (Stat—Dyn) or from dynamic to static culture (Dyn—>Stat) at culture day 7. (Stat)
and (Dyn) denote static- and dynamic-only culture for 14 days. Cardiobundles were cultured
with or without the mTORCL inhibitor rapamycin (500 nM, rapa, diagonally patterned bars)
(n = 10-13 cardiobundles per group from 3 cell isolations). (C-E) F-actin* area (C), nuclei
count (D) and F-actin+ area/nuclei (E) in cardiobundle cross-sections (n = 6-8
cardiobundles per group from 2 cell isolations). (F) Representative cross-sections stained for
vimentin (Vim, red), F-actin (F-act, green), and nuclei (DAPI, blue). *, p < 0.05 vs. static at
the same culture point; #, p < 0.05 vs. dynamic at the same culture point; &, p < 0.05 vs.
corresponding non-rapamycin control.
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Figure 8. Comparison of effects of dynamic culture and phenylephrine treatment on function
and gene expression of NRVM cardiobundles

(A-B) Twitch force (A) and passive force (B) at 8% elongation of NRVM cardiobundles
cultured statically for the entire 14 days (Stat) or treated after first 7 days of static culture
with either 20 uM phenylephrine (Stat+PE) or dynamic culture (Stat—Dyn) for the
following 7 days. (C) Twitch kinetics, measured by total duration (Total), rise time (Rise),
and decay time (Decay) of the twitch. (D—E) Conduction velocity (CV, D) and action
potential duration (APD, E) of cardiobundles during 2 Hz point stimulation. (F-G) Fold
change in expression of indicated genes (Table S4) relative to static (Stat) group (n = 7-10
cardiobundles per group from 2 cell isolations for each figure panel). *, p < 0.05 vs. Stat, #,
p < 0.05 vs. Stat—Dyn.

Biomaterials. Author manuscript; available in PMC 2017 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jackman et al.

c 8 +  DOStatc [ 500 O Static E 209 , DStatic
T 71 ® Dynamic 400 ®Dynamic ® Dynamic
ST » E150 1
=
550 = a0 . B
0o 4 . o <>
ox% B 200 2100
Sa 3 S 2
22 2 4 z WL 50
52 100 A 5
5 11 =
@
0 - 0 0 -
Total F-actin+ Total F-actin+
F : H 18
Static %730, + 600 3515 .
Tlaestonrs ) st S _ — E‘ﬁ
2 @y 2400 <810
1Tmm | |5 g E ‘gg
Dynamic 03 310 A 2200 2 ‘:50.5
y o ) B (& < s
55 —uw
< 0 &<0.0
Tmm M, OStatic  mDynamic O
J Static Dynamic K 2.0 L 30 . M 500
Pt e (R .
1\ I b3 *
‘ Z1s 8 400
0 SE £300
[ £1.0 c
A A L) 8" 2E S 200
[\ "\ A | w =Z =
=1/ [\ ) | 'l =05 SE 10 © .
= [\ |1 | \ o™ (%\—/ 8 100
~1/ Y NN YU E0.0 0 0 .
500 ms OStatc mDynamic 'o® Rise Decay

Figure 9. Effects of static and dynamic culture on structure and function of hPSC-CM

cardiobundles

(A-B) Representative longitudinal (A) and cross-sectional (B) images of human
cardiobundles cultured for 2 weeks under static (Stat) or dynamic (Dyn) conditions, stained

for sarcomeric a-actinin (SAA, red), F-actin (green), and nuclei (DAPI, blue). (C-E)

Page 26

Quantification of the total and F-actin* cross-sectional area (C) and nuclei counts (D), and
cross-sectional area per F-actin® nuclei (E) in human cardiobundles (n = 24-26
cardiobundles per group from 7 differentiations). (F) Representative isochrone maps of

action potential propagation in human cardiobundles in response to 1 Hz point pacing (pulse
sign). (G-H) Quantification of conduction velocity (CV, G) and AP duration (APD, H) (n =

31-38 cardiobundles per group from 10 differentiations). (1) Ca2* transient amplitude

measured as a relative change in GCaMP6 fluorescence signal (AF/Fg) during 1 Hz pacing
(n = 10-14 cardiobundles per group from 3 differentiations). (J) Representative twitch force
traces recorded from human cardiobundles during 1.5 Hz stimulation. (K-L) Quantification
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of max twitch force (K), specific force (per total cardiobundle cross-sectional area, L), and
force kinetics (M) in human cardiobundles. (n = 23-33 cardiobundles per group from 6-9
differentiations). *, p < 0.05 vs. static culture.
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Figure 10. Effects of switch between static and dynamic culture on structure and function of

hPSC-CM cardiobundles

(A) Representative cross-section images of human cardiobundles cultured for 2 weeks in
static or dynamic conditions stained with F-actin (green) and nuclei (DAPI, blue). (B-C)
Quantification of areas (B) and nuclei counts (C) from cross-sections of human
cardiobundles shown relative to static group (n = 14-17 cardiobundles per group from 4
differentiations). (D-E) Quantification of twitch force amplitude (D) and CV (E) in human
cardiobundles relative to static group (n > 25 cardiobundles per group from 6-7
differentiations). *, p < 0.05 vs. static; &, p < 0.05 vs. corresponding non-rapamycin group.
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