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Abstract 

Cardiovascular engineering using human pluripotent stem cell (hPSC)-derived cardiomyocytes 

holds incredible potential for disease modeling, therapeutic development and testing, and 

cardiac regeneration. The heterogeneity and plasticity of hPSCs and hPSC-cardiomyocytes can 

be both assets and obstacles to the generation and advancement of new technologies, and a 

deeper understanding of how to manipulate these cells is needed. The research pursued in this 

dissertation explores novel means to engineer healthy and diseased states in hPSC-

cardiomyocytes from the single-cell to tissue level. Studies were performed using a broad scale 

of metrics including cell and tissue structure, gene expression, bioenergetic phenotype, and 

electromechanical function in order to obtain a fuller picture of hPSC-cardiomyocyte response to 

mechanical, biochemical, and cellular stimuli. Important and novel findings show that (1) 

confocal microscopy imaging of single cells reveals hPSC-cardiomyocyte contractile lattice and 

cytosolic volume respond independently to hypertrophic stimulation; (2) developmental growth 

factors stimulate proliferation and metabolic maturation of hPSC-cardiomyocytes in engineered 

tissues; (3) adult human cardiac fibroblasts can be manipulated to produce physiological and 

pathophysiological phenotypes in engineered tissues; and (4) metabolic selection to purify 

hPSC-cardiomyocyte populations changes bioenergetic phenotype. Taken together, these 

results stress the importance of considering hPSC-cardiomyocyte immaturity and plasticity in 

engineered cardiac tissues, and that, because of these features, hPSC-cardiomyocytes provide 

unexpected avenues for engineering development and disease in the dish.   
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Chapter 1: Introduction 

Cardiovascular engineering is an exciting field that is progressing toward the clinic, where stem 

cell and tissue engineering in vitro models and clinical therapies can tackle the leading global 

cause of death – heart disease. The field faces a number of obstacles before these translational 

goals can be fully realized. Obstacles addressed in this dissertation are broadly (1) the need for 

widely adaptable, careful characterization and analysis of input cell populations and (2) the 

challenges of engineering tissues with physiological phenotypes to accurately and meaningfully 

recapitulate human myocardium in the dish.  

The research described in this dissertation was undertaken to develop and implement tools to 

mature and manipulate stem cell-derived cardiomyocytes and engineered cardiac tissue made 

from them. Chapters 2 through 6 are the manuscripts produced in these efforts, and their 

individual introductory sections provide motivation specific to each chapter. The present chapter 

provides the reader with an introduction to cardiomyocyte differentiation from human pluripotent 

stem cells, their purification and inclusion in engineered cardiac tissues, as well as many 

approaches employed to increase structural and functional development and maturation of 

engineered myocardium.  

Stem cells and cardiomyocyte differentiation 

Translational opportunities in cardiac tissue engineering have been made possible due to 

advances in stem cell and developmental biology, making feasible the widespread use of 

human pluripotent stem cells (hPSCs) and directed differentiation of cardiomyocytes. Early work 

was performed with embryonic stem cells (ESCs) cultured as embryoid bodies (EBs) from which 

serum-induced differentiated ESC-derived cardiomyocytes (ESC-cardiomyocytes) were 

harvested, first described using mouse ESCs.1 This approach lacked clinical applicability 

because of the allogeneic nature of ESCs,  the limit to scaling up and enhancing spontaneous 

differentiation, and the ethical and regulatory questions surrounding the cell type. In 2007, two 



3 
 

groups showed the transduction of human somatic cells with either four2 or six3 transcription 

factors resulted in human induced pluripotent stem cells (hiPSCs), a biomedical tool to 

personalize treatment and model disease phenotypes. Simultaneous advances in differentiation 

of cardiomyocytes from pluripotent stem cells made hiPSCs a valuable tool in cardiac tissue 

engineering. First developed in hESCs4 but shown to be similarly effective in hiPSCs,5 directed 

differentiation of cardiomyocytes via modulation of Activin/Nodal and BMP signaling, key 

pathways in mesoderm and cardiac commitment in utero, provided a method to produce large 

numbers of hPSC-cardiomyocytes, at a high efficiency.  

More recent advances in cardiomyocyte differentiation and maintenance have been developed 

and chemically defined culture conditions to make translational applications feasible. The now 

standard differentiation protocol replaces the human recombinant proteins used in the 

aforementioned differentiation method with small molecule modulators of Wnt signaling, Chiron 

and Inhibitors of Wnt Protein (IWPs), to obtain ~85% enriched iPSC-cardiomyocyte 

populations.6 This protocol was further defined with the development of a refined cardiomyocyte 

differentiation and maintenance media which replaced the widely used B27 supplement of 21 

components with just two supplemental components, L-Ascorbic Acid and human serum 

albumin.7 The use of small molecules and chemically defined media eliminates batch-to-batch 

variability, unavoidable with other protocols, and simplifies in vitro differentiation conditions, 

which is critical for both basic science discoveries and translational research. 

Purifying cardiomyocyte populations 

Though advances in cardiomyocyte differentiation protocols have reduced cost and variability, 

the process still yields heterogenous cell populations of fibroblast-like non-cardiomyocytes and 

cardiomyocytes.9,8 To reduce this heterogeneity, several methods have been developed to 

enrich for cardiomyocytes upon differentiation. The first, lactate purification, takes advantage of 

immature cardiomyocyte’s unique ability to use lactate instead of glucose as a precursor in 
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oxidative phosphorylation.10 By culturing differentiated cardiomyocytes in glucose-depleted, 

lactate-enriched media, non-cardiomyocytes die of nutrient deficiency while cardiomyocytes 

survive.11 Though used widely in the field, there remains little known about how this process 

changes the bioenergetic phenotype of surviving hPSC-cardiomyocytes. 

Antibiotic selection is also used to purify hPSC-cardiomyocyte populations. This process 

involves genetically engineering stem-cell lines with a cardiac-specific promotor, such as α-

myosin heavy chain, to drive antibiotic resistance.12 After differentiation, cells are treated with 

the antibiotic, and only those expressing the cardiac marker survive selection. Unlike lactate 

purification, the selection process is based on a global cardiomyocyte marker, eliminating the 

possibility of selecting for specific hPSC-cardiomyocyte phenotypes. Though efficient in 

purifying populations, the process of engineering these lines is costly and time intensive, which 

limits the widespread adaption across research groups. 

Lastly, cell-sorting has been used to enrich differentiated populations from cardiomyocytes. 

Signal-regulatory protein alpha (SIRPA) has been identified as a cardiac-specific cell surface 

marker, and has been used to label and enrich hPSC-cardiomyocyte populations using flow 

assisted cell sorting (FACS) and magnet assisted cell sorting (MACS).13 Antibody-based sorting 

methods are particularly unattractive for broad use. Antibodies are costly, and the 

singularization of cells required for efficient sorting results in a significant loss of hPSC-

cardiomyocytes. Metabolic, antibiotic, and antibody selection are all effective but inefficient 

means of purifying hPSC-cardiomyocyte populations to the recommended >80% cardiomyocyte 

purity.14 For these methods to be adopted for high throughput production of hPSC-

cardiomyocytes, the effect on cell phenotype must be investigated, and the cost – both 

monetary and in cell loss – must be reduced.  
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Cardiac tissue engineering 

Scaffold-Free 

HPSC-cardiomyocytes, derived from all three of the differentiation techniques described above, 

have been incorporated successfully into engineered tissue. The extracellular environment that 

individual hPSC-cardiomyocytes encounter affects how the tissue construct performs as a 

functional unit, and a range of systems have been employed to manipulate this extracellular 

space. Scaffold-free systems, such as cell-aggregating patches or cell sheets, rely on the input 

cell populations to produce and remodel their own ECM. Orbital shaking has been used to 

facilitate aggregation of hESC-cardiomyocytes in patches that show electrical syncytium and 

engraftment capability on rodent hearts.17,16,15 Scaffold-free cell sheets using 3-4 cell thick 

hiPSC-cardiomyocyte monolayers as patches have also shown neovascularization and 

improved heart function when implanted in a rodent myocardial infarct (MI) model.18 These 

studies demonstrate the ability of hPSC-cardiomyocytes to produce and remodel ECM, 

however, they are significantly limited by the minimalist approach. The ECM composition and 

mechanical properties cannot be directly manipulated, hindering the ability to elicit structural and 

functional maturation. 

Native mammalian polymeric scaffolds 

Native polymeric scaffolds of varying complexity have gained significant standing in the 

cardiovascular engineering field due to their cyto- and immuno-compatibility. Collagens are the 

most abundant of the fibrillar proteins in native myocardium19 and are thus a commonly used 

scaffold component in engineered tissues.20,21,22 Fibrin, another fibrillar protein which makes up 

>15% of the cardiac ECM19 is also frequently used in native polymeric scaffolds either alone23,24 

or in combination with collagen.25 Not surprisingly, both primary and hPSC-derived 

cardiomyocytes are able to survive in and remodel matrices made from these native polymers to 
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form synchronously beating engineered tissues. These scaffolds, however, lack the structural 

hierarchy and complexity of native myocardium and are reliant on the ability of input cell 

populations to efficiently organize their surrounding ECM. In order to recapitulate the 

physiological environment of a cardiomyocyte with increased fidelity, decellularized, processed 

cardiac ECM has been used as a matrix component.26 Although decellularized ECM is an ideal 

candidate for biomimicry, it introduces unpredictable heterogeneity into engineered tissues that 

will vary based on ECM source and batch-to-batch variability. 

Non-mammalian natural scaffolds 

Although native mammalian polymeric scaffolds possess the most physiologically relevant 

composition for clinical application in humans, other natural scaffolds have been explored to 

circumvent the sourcing problems involved in obtaining mammalian scaffolds. Biological 

alternatives have been investigated as a means to introduce more control over scaffold 

sourcing, structure and mechanical properties. Alginate and chitosan have both gained 

popularity as natural, tunable scaffold components.27 Cardiomyocytes have been successfully 

incorporated into pristine alginate scaffolds,28 and modification of alginate with peptides 

improves engineered tissue formation and performance.30,29 Similarly, chitosan has been shown 

to support cardiomyocyte survival in vitro in its pristine,31 and to a greater extent, chemically 

modified32 form.  

Synthetic scaffolds 

Synthetic scaffolds have also shown promise in cardiac tissue engineering due to their easily 

tunable properties and resulting versatility. Polymers that are popular in cardiac tissue 

engineering are easy to handle, easily modifiable, often conductive, and include Poly(glycerol 

sebacate) (PGS),33 polyglycolic acid (PGA),34 and 50%/50% polylactic acid (PLLA)/polylactic 

glycolic acid (PLGA).35 In order to improve the biocompatibility of these synthetic polymers, 



7 
 

many groups have engineered hybrid scaffolds of synthetic and natural polymers, including 

PLACL/collagen,36 PGA/fibrin,37 and graphene/chitosan.38 All of the described scaffolds face 

similar challenges and must be biocompatible, functional, and versatile. They must also attain 

FDA approval, which makes scaffolds composed of already-approved materials particularly 

attractive. It is likely that no one scaffold formulation will prevail and that many scaffolds, each 

suited for certain applications, will reach translation via unique paths. 

Maturation state of stem cell-derived cardiomyocytes & engineered tissues 

Due to the immaturity of PSC-cardiomyocytes at early stages after terminal differentiation, 

engineered tissues made from these cells lack the full functionality of adult myocardium. One of 

the most widely researched areas of cardiovascular engineering is developing methods to 

facilitate maturation of engineered muscle. A benchmark of functional maturity for clinical 

application has yet to be determined and is debated in the field, and methods of obtaining more 

highly performing tissues continue to be developed. These methods fall broadly into three 

categories: biochemical, electrical, and mechanical stimulation and are often used in 

combination. 

Biochemical 

The use of biochemical factors has been effective for improving function of hPSC-

cardiomyocytes and tissues made from them. Growth factors insulin-like growth factor 1 (IGF1) 

and neuregulin-1 (NRG1) have been used individually to promote PSC-cardiomyocyte 

proliferation39 and electrical maturation,40 respectively, The biochemical approach to stimulate 

maturation has gone beyond growth factors to include growth hormones and steroids. Tri-iodo-l-

thyronine (T3), a growth hormone, has recently gained popularity in the field for its positive 

effect on hPSC-cardiomyocyte bioenergetic maturation.41 The glucocorticoid dexamethasone 

has been shown to increase contractility and structural maturity in fetal murine CMs, and when 
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administered in combination with T342 or T3 and IGF1,43 improves hPSC-cardiomyocyte 

bioenergetic and contractile maturation. A pro-survival cocktail of biochemical factors has been 

shown to aid graft survival on post-MI rodent hearts.4 These studies give a glimpse at the 

incredible potential of biochemical manipulation of engineered cardiac tissues,  

Electrical 

Electrical stimulation has been widely used as a biomimetic means to stimulate maturity in 

engineered cardiac tissue.44 This method has been shown to induce maturation at a 

morphological level by increasing structural organization to resemble that of native 

myocardium.45 Electrical stimulation has also been shown to enhance the electrical properties of 

engineered cardiac tissues. The excitation threshold (the electrical impulse necessary to elicit 

synchronous cardiomyocyte contraction) is lowered from 5 V/cm in unstimulated to 2 V/cm in 

stimulated tissues,46 and the maximum capture rate (the fastest rate of stimulation a tissue can 

follow) is increased from 3 Hz in unstimulated to 4.5 Hz in stimulated tissues.47  At the cellular 

level, expression of Connexin 43 (Cx43, a gap-junction protein involved in the propagation of 

action potentials between cardiomyocytes) is upregulated.46 Recently, ramping up of pacing 

frequency during culture to supraphysiological levels was shown to improve tissue force-

frequency response with the underlying hypothesis that this culture regimen exercises the 

tissues as they form and mature.48 Overall, electrical stimulation is a bioinspired means of 

improving cell and tissue electrical function, however, the extent to which this tool can be used 

to precondition hPSC-cardiomyocytes for electromechanical coupling with adult cardiomyocytes 

has not been demonstrated.  

Mechanical 

Human hearts contract upward of two billion times in a lifetime, so it is unsurprising that 

mechanical preconditioning of engineered tissues has most successful in improving functional 



9 
 

maturity. Culture conditions inspired by the heart’s mechanical environment during development 

and adulthood have proven effective. As well as developing in a specific biochemical and 

electrical context, the fetal heart beats in utero throughout gestation and thus maturing 

cardiomyocytes are subjected to cyclic stress from beating, sheer stress from blood flow, and 

static stress from fetal heart growth.49 All of these biomechanical forces have been recapitulated 

in vitro to facilitate physiological maturation of engineered cardiac tissues. Adult biomechanics 

are most commonly employed during engineered cardiac tissue culture. 

Cyclic stretching has been shown to increase cardiomyocyte alignment,50 protein production,51 

and force generation.52 Similar increases in force production have been reported with the use of 

static stretch,20,52, 53 however, contradictory reports of alignment and protein expression are 

present across studies. Pulsatile flow at varying shear stresses has been demonstrated to be 

differentially beneficial in engineered tissues, increasing contractile myofilament protein 

expression, structural organization, and force production.54,55 Biochemical, electrical, and 

mechanical methods for stimulating maturation in engineered cardiac tissues have all shown 

efficacy to some extent and are valuable techniques, but they still leave engineered cardiac 

tissues functionally performing below native myocardium, often by one or two orders of 

magnitude. Combinations of the conditioning regimens may improve function, but recently the 

field has looked beyond hPSC-cardiomyocytes for cellular contributors to engineered tissue 

maturity. 

Support cells 

Ventricular composition 

A method that has been used to form more mature, organized cardiac tissue is co-culturing 

cardiomyocytes with other relevant cardiac cell populations, which modulate the biochemical, 

electrical, and mechanical environment of the tissue. In native human myocardium, 
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cardiomyocytes compose up to 90% of volume in the left ventricle56 but account for only 30% of 

cells in the human heart.57 This cellular heterogeneity is reflected in engineered cardiac tissues, 

where peak contractile performance is achieved at roughly 50% to 75% hPSC-cardiomyocytes 

(by number).58 Because of this need for a non-cardiomyocyte population in engineered tissues, 

many groups have begun to identify and optimize potential support cell types in their systems. 

Non-cardiac cells 

Several cell types not found in the native ventricle have been successfully leveraged to promote 

engineered cardiac tissue function. A range of support cells including mesenchymal stromal 

cells (MSCs), umbilical vein endothelial cells (HUVECs),59,61,60 brain pericytes,62 and neonatal 

dermal fibroblasts63,58 have been reported to improve engineered cardiac tissue formation and 

function. These non-cardiac cells provide support related to their native functions; however, the 

mechanistic details of these benefits are often only partially understood. Effects of MSCs and 

HUVECs are generally attributed to paracrine signaling,65,64 while pericytes and dermal 

fibroblasts provide structural and mechanical support.66,67 Though moderate improvements have 

been attained with the use of non-cardiac support cells, native support cells remain an attractive 

option, to elicit more dramatic changes in engineered cardiac tissues. 

Cardiac fibroblasts 

Cardiac fibroblasts (CFs) are the cell type responsible for structural integrity via matrix 

deposition and remodeling and are found regularly integrated among cardiomyocytes. In order 

to impart these structural cues in vitro, several groups have used fibroblasts as a supportive cell 

type in engineered cardiac tissue. It has been shown in two dimensions that NIH-3T3 fibroblasts 

can elicit and propagate action potentials when co-cultured with cardiomyocytes.68 In three 

dimensions, 3T3-J2,31 mouse embryonic,69 and cardiac fibroblasts70 have been co-cultured with 

cardiomyocytes, resulting in increased beating frequency and Cx43 expression, a more mature 
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cardiomyocyte morphology, and greater force and protein production, respectively. Cardiac 

fibroblasts act as both paracrine signalers and matrix remodelers. Cardiac fibroblasts secrete 

factors including IL-1ß, to improve infarct healing after acute injury, and TGF-ß, to increase 

ventricular remodeling during heart failure.71 Additionally, cardiac fibroblasts are the main 

producers and maintainers of the heart’s ECM, controlling the mechanical environment 

cardiomyocytes experience during development, homeostasis, and disease. Cardiac fibroblasts 

act as sources of both biochemical and mechanical stimulation of cardiac tissue maturity and 

are therefore a support cell source with great potential in cardiac tissue engineering. 

Modeling development and disease in engineered human cardiac tissue 
 

The tools to differentiate cardiomyocytes, engineer cardiac tissue, and modulate tissue behavior 

are numerous, often drawn from multiple points in development and adulthood, and provide 

countless opportunities to advance cardiovascular engineering. Through the research described 

in the subsequent chapters, I develop and demonstrate means to model and study cardiac 

development and disease in an in vitro engineered human cardiac tissue platform. I show that 

from the single- to multi-cellular scales and in the differentiation to engineered tissue culture 

time windows, hiPSC-cardiomyocytes possess unique and exciting characteristics. I 

demonstrate that previous assumptions surrounding three-dimensional cell volume, lactate 

purification, growth factor administration, and cardiac fibroblast electromechanical participation 

must be carefully examined due to the phenotypic plasticity of hiPSC-cardiomyocytes along the 

development-to-disease spectrum. I show (1) that hiPSC-cardiomyocyte myofibril and cytosolic 

volume measures are not surrogates, (2) that developmental growth factors elicit specific and 

novel responses in 3D hESC-cardiomyocytes engineered tissues, and (3) that human cardiac 

fibroblasts uniquely modulate the electromechanical state of hiPSC-cardiomyocyte engineered 

tissues. In light of this work, the field of cardiac tissue engineering should carefully consider the 
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metrics we use to evaluate 3D tissues and the physiological state of the cell populations which 

we incorporate in them.    
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Chapter 2: The Roles of Neuregulin 1 in Cardiac Development, 
Homeostasis, and Disease 

Publication Reference: Rupert CE, Coulombe KL. The roles of neuregulin-1 in cardiac 

development, homeostasis, and disease. Biomarker Insights. 2015;10(Suppl 1):1-9. 

doi:10.4137/BMI.S20061 

Key words: Neuregulin-1, ErbB receptors, cardiomyocyte, therapeutic, cardiac regeneration, 

stem cells 

 

Abstract 

Neuregulin-1 (NRG-1) and its signaling receptors, erythroblastic leukemia viral oncogene 

homolog (ErbB) 2, 3, and 4, have been implicated in both cardiomyocyte development and 

disease as well as homeostatic cardiac function. NRG-1/ErbB signaling is involved in a 

multitude of cardiac processes ranging from myocardial and cardiac conduction system 

development to angiogenic support of cardiomyocytes and to cardioprotective effects upon 

injury. Numerous studies of NRG-1 employ a variety of platforms, including in vitro assays, 

animal models, and human clinical trials, with equally varying and sometimes contradictory 

outcomes. NRG-1 has potential as a therapeutic tool for stem cell therapies, tissue engineering 

applications, and clinical diagnostics and treatment. This review presents a concise summary of 

the growing body of literature in order to highlight the temporally persistent significance of NRG-

1/ErbB signaling throughout development, homeostasis, and disease in the heart and 

specifically in cardiomyocytes. 

Introduction 

Neuregulin-1 (NRG-1), a member of the neuregulin growth factor family, has been implicated in 

a number of cellular processes via paracrine and juxtacrine signaling through receptor tyrosine 
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kinases, ErbBs, in the family of epidermal growth factor receptors (EGFRs).72 The discovery of 

neuregulins was made in the context of cancer and neural research, unrelated to the 

cardiovascular system.76,73,77,74,75 However, in the late 1990s, several groups performing studies 

to disrupt NRG/ErbB signaling discovered its crucial role in cardiac development.78–80  NRG 

remained for the most part in the realm of neurological research, but in recent years, it 

resurfaced in the cardiovascular field due to adverse side effects of chemotherapeutics that 

target this signaling pathway.81,82  

Numerous studies of NRG-1/ErbB signaling in the heart have been carried out since discoveries 

of its critical roles in both cardiac development and disease. Results have indicated its 

ubiquitous importance in the heart from womb to tomb (Figure 1), however the specifics of 

developmental, homeostatic, and cardioprotective mechanisms are broadly scattered and 

sometimes contradictory. This review aims to weave together many threads of information that 

have been gained about NRG/ErbB signaling during different spatial and temporal contexts into 

a cohesive and coherent timeline. This is done to emphasize the potential of NRG-1 as a 

therapeutic throughout this time course: from a biostimulant in stem cell therapy, to a possible 

biomarker or drug during cardiac disease. Because this review will follow NRG-1 through 

development, homeostasis, and disease with a focus on cardiomyocyte biology, readers are 

directed to other reviews for additional details and a broader perspective of NRG/ErbB 

signaling.85,84,83 

NRG-1 Structure and Signaling 

NRG-1 is a member of the neuregulin family of signaling proteins that act on NRG-responsive 

cells by binding to the extracellular domain of ErbB receptor tyrosine kinases and was 

discovered in 1992 during the search for ligands for ErbB2 in mammary tumor cells.72,74 Fifteen 

isoforms of NRG have been subsequently identified86, indicative of the host of biological targets 

of the protein in vivo. Importantly, these isoforms are distinguished by their N-terminal sequence 
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(I, II, or III), EFG-like domain (α or β, resulting from alternative splicing at the C-terminal which 

determines receptor affinity), and synthesis location (transmembranous or nonmembranous).72 

Type I NRG-1 is transmembranous and requires proteolytic cleavage by three transmembrane 

proteases (meltrin87, memapsin88, and tumor necrosis factor-α-converting enzyme89) to be active 

and secreted, with the EFG-domain available for ErbB binding.90 This type of neuregulin is 

endogenous in the heart at high levels and will be the focus of this review. Type II NRG-1 

expresses an N-terminal secretory signal peptide and is thus an active ligand upon secretion; it 

is not present at significant levels in the heart, and type II-specific research is mostly focused on 

the role in psychological disorders.92,91 Type III NRG-1 is, for the most part, expressed in 

neuronal cells and will not be discussed further. Henceforth, in this review, NRG-1 will refer to 

only type I NRG-1. 

 

NRG-1 acts by means of paracrine signaling through ErbB2, 3, and 4.93 NRG-1 binds to the 

extracellular ligand-binding domain of ErbB3 and ErbB4 (but not ErbB2), which induces a 

conformational change in ErbB3 and 4 and subsequent dimerization with either ErbB2 or 

activated ErbB3 or ErbB4. The many splice variants of NRG-1 are a source of possible 

redundancy in ErbB signaling, with the NRG-1α isoform displaying 100-fold weaker binding 

affinity than NRG-1β.94 Genetic variants in NRG-1 and ErbB4 have been associated with 

sudden cardiac death and congenital left ventricular outflow tract defects, respectively.95,96 Upon 

NRG-1 binding and dimerization, ErbB2, 3, and 4 receptors’ intracellular kinase domains 

phosphorylate their dimerization partner’s C-terminus. This initiates a host of downstream 

signaling pathways, leading to, among other phenomena, migration, growth, adhesion, and 

differentiation in a context-dependent manner. Investigation of these downstream effects has 

led not only to important discoveries in the cardiovascular realm but also to insights into cancer 
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pathology.97 Moving forward, the spatial context examined will be within the heart, and the 

temporal context will span development to heart failure.  

NRG-1/ErbB Signaling in Development 

Cardiac Muscle Development 

The first associations made between NRG-1/ErbB signaling and the heart implicated it in 

cardiac muscle development in vivo. When ErbB478 or ErbB279 were deleted in mice, a 

significant deficit in ventricular trabeculation and endo-cardial cushion formation (from which the 

atrioventricular valves develop) was observed, and mice died mid-embryogenesis. Similar 

results were seen upon deletion of NRG-1 in mice, who also died during embryogenesis.80 A 

less severe phenotype was observed in zebrafish, where erbb2-/- cardiomyocytes exhibited 

irregular myofibril organization, deviating from the spatiotemporal organization of wild-type 

cardiomyocytes.98 Significant trabeculation did not occur in erbb2-/- zebrafish, and by 4.5 days 

post-fertilization, myofibrils were more dense at the base and less dense at the apex of the 

heart versus wild type controls, accompanied by suppressed whole heart function as measured 

by fractional shortening (%FS). Although mutant zebrafish survived through early stages of 

development, defects resulting from ErbB2 removal caused early death. Further into cardiac 

development, NRG-1, synergistically with insulin-like growth factor 1 (IGF-1), was shown to be 

necessary for compact zone expansion in mouse embryos, in addition to previously described 

effects.99 In vitro, treatment of neonatal rat ventricular myocytes (NRVMs) with NRG-1 resulted 

in increased protein production (indicated by >2-fold increase in S6 kinase peptide 

phosphorylation), F-actin organization, and subsequent hypertrophy (both assessed qualitatively 

through phalloidin staining).100 Rapamycin inhibited these effects, indicating PI-3-kinase/p70S6K 

activation is necessary for NRG-1-induced protein synthesis and myofibrillogenesis. Taken 

together, this evidence demonstrates that NRG-1/ErbB signaling is crucial for proper heart 
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formation, a process that must be at least partially recapitulated in stem cell therapies aimed to 

regenerate the heart.  

Cardiac Conduction System Development 

In vivo experiments have demonstrated the importance of NRG-1 in the development of the 

cardiac conduction system (CCS). Injection of mouse embryos with NRG-1 induced ectopic 

CCS development in a dose-dependent manner (with no increased response above 2.5 pM) 

and increased both the number of pacemaker cells as well as the conduction velocity.101 

Because trabeculation, endo-cardial cushion formation, compact zone expansion, and CCS 

development occur sequentially during development, these studies, when examined as a whole, 

demonstrate the temporal importance of NRG-1/ErbB signaling and the multitude of 

downstream effectors of ErbB activation. When the nuances of these sequential effects are fully 

elucidated, NRG-1 has the potential to become a tool with multiple specific uses in cardiac stem 

cell therapy. Administered at the appropriate time, it could direct cardiomyocyte sub-populations 

into desired phenotypes during cardiac development. 

Cardiomyocyte Differentiation from Pluripotent Stem Cells 

Some progress has been made to untangle NRG-1/ErbB signaling effects in the stem cell 

environment. Importantly, NRG-1 also exhibits developmental effects in pluripotent stem cell 

(PSC)-derived cardiomyocytes in vitro; however, treatment results vary and can be 

contradictory. By examining the context and time dependence of NRG-1/ErbB signaling, 

seemingly disparate effects of NRG-1 administration in vitro instead become a roadmap of 

NRG-1’s diverse effects on cardiomyocyte development. Initial reports suggested NRG-1 

globally increased cardiomyocyte differentiation from mouse embryonic stem cells (mESCs).102 

More specifically, NRG-1 was shown to increase cardiomyogenesis, and in particular “working-

type” atrial and ventricular cardiomyocytes, via ErbB signaling in mESCs when administered 
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days 5 through 9 of differentiation.103 When treated with NRG-1 days 1 through 3 of 

differentiation, mESCs were reported to preferentially differentiate into “nodal-type” pacemaker 

cardiomyocytes.104 During development in vivo, the CCS develops after heart trabeculation and 

compaction, which contradicts the aforementioned preferential differentiation of nodal-type 

cardiomyocytes (found almost exclusively in the CCS) with early NRG-1 treatment. Because 

differentiation methods vary between studies and the uniformity and time-course of 

differentiation varies depending upon the differentiation method used, it is difficult to make 

comparisons of the timing of NRG-1 treatments, and comprehensive time-course studies are 

necessary. The in vitro platform will clearly not perfectly mimic in vivo processes, and the 

mechanisms of this preferential differentiation may lead to further understanding of NRG-1’s 

uses in stem cell therapy (Table 1).  

To reconcile sometimes contradictory results, differential receptor activation has been examined 

in mESCs treated with NRG-1. ErbB4 receptors were implicated in increased cardiomyocyte 

differentiation (>20% increase in beating embryoid bodies (EBs) over controls) in mESCs 

treated days 5 through 7 of differentiation via the hanging drop method. NRG-1 treatment also 

increased EB mRNA expression levels of cardiomyocyte contractile components cardiac 

troponin T (cTNT) and myosin light chain 2a (MLC2a), as well as protein expression levels of 

cTNT, Nkx2.5 (an important cardiac lineage transcription factor), and connexin 40 (a major 

component of gap junctions in the CCS).105 However, the ErbB3/ErbB2 receptors were shown to 

be necessary for cardiac induction of mESCs when treated with NRG-1 during days 1 through 3 

of differentiation.106 Interestingly, in rat cardiac myocytes, ErbB2 and ErbB4 expression has 

been shown to persist into adulthood while ErbB3 expression ceases.107 These studies help 

reconcile the different effects of and cardiomyocyte subtypes produced by NRG-1 treatment 

during cardiomyocyte differentiation and help to illustrate the importance of the time 

dependence of NRG-1’s effects, particularly with respect to their receptor binding to ErbB3 or 
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ErbB4. The differential downstream effects of specific ErbB receptor binding by NRG-1 need 

further investigation. 

The use of mESCs to study NRG-1 in the context of differentiation and development has led to 

important insights into timing and means of signaling, and yet it is important to utilize human cell 

platforms in order to orient the capabilities of NRG-1 towards tissue engineering and therapeutic 

applications in the clinical setting. When human embryonic stem cell-derived cardiomyocytes 

(hESC-CMs) were treated with NRG-1 on day 10 of differentiation, an increase in the proportion 

of working-type cardiomyocytes was reported by patch clamp measurements of action potential, 

and when NRG-1/ErbB signaling was inhibited in these hESC-CMs, an increase in nodal-type 

cardiomyocytes was observed.40 Interestingly, the time dependence of these results does not 

always coincide with the timeline of cardiac development in vivo as mentioned above, 

demonstrating the need for a more robust study of temporal NRG-1/ErbB signaling in human 

cardiomyocytes. 

NRG-1/ErbB Signaling in Homeostasis 

Cardiomyocyte Metabolic Activity 

Although the levels of NRG-1 decrease in the heart after development, it is still present and 

plays an important role in many homeostatic processes. NRG-1/ErbB signaling has been 

implicated in mitochondrial activity in several contexts. The cardioprotective actions NRG-

1/ErbB signaling have been studied in part because of cardiotoxic side-effects of 

chemotherapeutics.108 Anthracyclines are some of the most effective anticancer drugs that have 

been developed, but cardiac complications began to be reported within 1 to 3 years of their 

introduction.109,110 Anthracycline-induced cardiotoxicity, which at the molecular level increases 

oxidative stress in the heart, manifests clinically with a variety of symptoms ranging from 

arrhythmias and sudden cardiac death to left ventricular dysfunction and congestive heart 
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failure.108 ErbB4 expression and its heterodimerization with ErbB2 were found to be down-

regulated in neonatal rat cardiomyocytes treated with the anthracycline doxorubicin.111 In rat 

cardiomyocytes, NRG-1/ErbB signaling was able to attenuate myocardial damage, resulting 

from anthracycline-associated oxidative stress.109,112  

The mechanisms of the cardioprotective effects of NRG-1/ErbB signaling have been further 

investigated and found in adult rat cardiomyocytes to be at least in part due to increased 

voltage-gated ion channel expression, mitochondrial turnover, and fatty acid transporter mRNA 

suppression.113 Similar results have been observed in rats in vivo, where administration of NRG-

1 has rescued mitochondrial function, reduced oxidative stress, and inhibited cytochrome c 

release in coronary ligation-induced heart failure.114 Conversely, when a Cre-loxP system was 

implemented in mice to delete ErbB2 in cardiomyocytes, attenuating NRG-1/ErbB signaling, the 

number and disorganization of mitochondria increased.115 A second mechanism of NRG-1’s 

cardioprotective effect is the downstream activation of Src/Focal Adhesion Kinase (FAK). NRG-

1β-specific Src and FAK phosphorylation in cardiomyocytes resulted in increased sarcomere 

organization (via p130CAS and CRB adaptor proteins), myosin light chain activation (via 

Erk1/2), cell survival, and cell-cell junction formation at intercalated disks.117,116 

Studies of NRG/ErbB signaling in both cardiac and non-cardiac cells have shed light on its role 

in metabolic activity. Glucose uptake was stimulated by NRG-1 treatment in neonatal rat 

ventricular myocytes.118 The same phenomena was observed in L6E9 rat skeletal muscle cells, 

where chronic NRG-1 treatment enhanced oxidative metabolism and mitochondrial activity by 

stimulating the expression of PGC-1α and PPARδ.119 In ErbB4 expressing PC12 cells, NRG-1 

treatment was found to regulate ROS elevation from H2O2 induced oxidative stress via the PI3K-

PKB/Akt pathway.120 ErbB2 signaling was found to regulate mitochondrial activity in a temporal 

manner via the mitochondrial inner membrane protein UCP2. Upon constitutive overexpression 

of ErbB2 in MCF7 cells, UCP2 levels were increased, which contributes to mitochondrial 
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uncoupling and has been shown to increase cardiomyocyte viability during oxidative stress.121 

Taken together, evidence from studies covering a wide scope of contexts clearly implicates 

NRG/ErbB signaling as a crucial player in regulating metabolic activity through multiple 

pathways.  

Maintaining Cardiac Homeostasis 

NRG-1/ErbB signaling is critical for cardiomyocyte response to physiological stress. During 

exercise-induced physiological hypertrophy in rats, NRG-1 was upregulated at both the mRNA 

and protein expression level in ventricular cardiomyocytes in conjunction with hypertrophy 

(assessed by heart weight and cardiomyocyte diameter) and proliferation (by an increase in 

mononucleated BrdU positive cardiomyocytes, indicating a true increase in new, rather than 

multinucleated cells). In the same study, isolated c-kit positive embryonic cardiac stem cells 

showed greater than 3-fold incorporation of BrdU over control.122 These results are supported by 

a similar study in which NRG-1 treatment increased hypertrophy in both neonatal and adult rat 

ventricular myocytes and increased proliferation in only neonatal ventricular cardiomyocytes, 

with emphasis here on the temporal context dependence of signaling.107 As cardiomyocyte 

proliferation peaks during development in utero and declines drastically to negligible levels in 

adulthood, the ability to stimulate cardiomyocyte proliferation in NRVMs over ARVMs may be a 

result of developmental biology of the cells themselves.123 During pregnancy-induced 

physiological hypertrophy in mice and rats, NRG-1 and ErbB2 and 4 phosphorylation levels 

increased in the mom, and partial inhibition of NRG/ErbB signaling reduced left ventricular 

fractional shortening and enhanced pregnancy-induced left ventricular dilation.124 In vivo, and to 

some extent in vitro, models clearly demonstrate the NRG/ErbB signaling responds to 

physiological changes during homeostasis and impacts cardiomyocyte physiology.   
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NRG-1 has also been implicated in regulating cardiac response to β-adrenergic activity. When 

myocytes isolated from heterozygous NRG-1 knockout mice underwent β-adrenergic stimulation 

to increase contractility, presence of a muscarinic agonist was unable to decrease contractility, 

indicating that NRG-1 plays an important role in modulating β-adrenergic stimulation via 

inhibitory parasympathetic activity.125 In isolated rabbit papillary muscle, NRG-1 treatment 

decreased sensitivity to the β-adrenergic agonist isoproterenol, presenting a negative inotropic 

effect (evidenced by a decreased peak twitch active tension response to isoproterenol of 

papillary muscles simultaneously treated with NRG-1). This response was attenuated by a NOS 

inhibitor, suggesting that NO, to some extent, mediates the negative inotropic effect of NRG-

1.126 When stimulated with β-adrenergic agonist norepinephrine, adult rat ventricular myocytes 

were protected from apoptosis by NRG-1 treatment only when simultaneously undergoing 

electrical stimulation.127 NRG-1/ErbB signaling responds to both physiological and pathological 

stress via multiple, non-redundant pathways and permeates heart function throughout 

adulthood.  

Heterotypic Interactions with Endothelial Cells 

Cardiac vascular endothelium is a critical component of cardiac maintenance, is physically and 

biochemically communicating with cardiomyocytes, and is also susceptible to the effects of 

NRG/ErbB signaling. Endothelial cells are themselves the major producers of NRG-1, and 

interrupting this signaling in mouse endothelium has led to capillary loss, increased expression 

of hypoxia-inducible transcription factor, and decreased cardiac function.129,128  Isolated cardiac 

microvascular endothelial cells have been reported to release NRG-1 in a dose dependent 

response to oxidative stress by H2O2 treatment, and this activity was shown to subsequently 

decrease H2O2-induced apoptosis in adult rat ventricular myocytes.130 The protective effects of 

cardiac microvascular endothelium (CMVE) against cardiomyocyte apoptosis were diminished 

when ErbB2 signaling was blocked in a similar study, indicating, once again, a receptor 
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dependence of the protective action of NRG-1 signaling.131 Endothelial cells can themselves 

employ autocrine NRG/ErbB signaling to induce angiogenesis in a metalloproteinase-dependent 

manner.132 In vitro and in vivo endothelial cell platforms have also indicated that hypoxia-

induced endothelial NRG-1 expression increases angiogenesis via paracrine upregulation of 

VEGF.133 The importance of NRG-1 in CMVE provides yet another avenue whose exploration 

could reveal therapeutic applications of NRG-1 not limited just to cardiomyocytes, but to their 

support system as well.  

 

NRG-1/ErbB Signaling in Heart Disease 

Acute Heart Failure 

NRG-1/ErbB signaling is ubiquitous throughout cardiac development and homeostasis, but its 

role in heart disease (both acute and chronic heart failure) has been the focus of a majority of 

NRG-1-related research. An indication of the role of NRG-1 in acute heart failure is the 

decrease in ErbB2 and NRG-1 expression associated with the need for inotropic support and 

decreased ejection fraction (EF), respectively, in clinical data.134 In acute heart failure models, 

NRG-1 can often exert a cardioprotective effect by means of pathways discussed above. NRG-1 

and phosphorylated ErbB4 levels have been reported to increase directly after 

ischemic/reperfusion injury in rats, and preconditioning with NRG-1 intravenously, 20 minutes 

before injury reduces the resulting infarct in a PI3K/Akt-dependent manner.135 Endothelial cell-

derived NRG-1 has been implicated in this cardioprotective mechanism; when NRG-1 was 

selectively deleted in ECs in an ischemic mouse model, systolic function was significantly 

impaired.136 In a rat myocardial infarct (MI) model, intravenous NRG-1 administration 4 weeks 

after injury reduced mitochondrial dysfunction and myocyte apoptosis, thus reducing left 

ventricular remodeling after injury.114 When human NRG-1 was introduced in a similar rat MI 
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model using lentiviral gene transduction at the infarcted border zone also 4 weeks after injury, 

an increase in microvasculature was observed in the infarcted myocardium, accompanied by an 

upregulation of VEGF.137 When NRG-1 was administered 4-days post-MI for sustained periods 

using microparticle delivery (shown to stably release growth factors for 4 weeks in vitro) in rats, 

overall cardiac function was improved, indicated by increased left ventricular ejection fraction 

(EF) and mass, and end-systolic and end-diastolic diameters and volumes (LVESD, LVEDD, 

LVESV, and LVEDV, respectively).138 More specifically, cardiomyocyte proliferation increased 

as demonstrated by and increased number of Ki67-positive cells in the infarcted and peri-

infarcted zones, and apoptosis and fibrotic remodeling decreased. Clearly, the beneficial effects 

of NRG-1 treatment and the detrimental effects of its removal in acute heart failure models 

provides solid evidence of its importance in the heart’s response to injury. 

Several mechanisms have been proposed to further elucidate the beneficial effects of NRG-1 

during acute heart failure. Some studies have suggested that positive effects of NRG-1 

treatment after MI may be due to increased cardiomyocyte proliferation139,138,, however, 

definitive evidence of this phenomena has yet to be presented. Another study sought to explain 

NRG-1’s mechanism of action using a rat MI model and found that NRG-1 treatment 

significantly upregulated cardiac myosin light chain kinases (cMLCKs) and phosphorylation of 

ventricular myosin light chain 2 (MLC-2v) which accompanied an increase in cardiac function 

(characterized by increased EF, %FS, LVEDD, and LVESD).140 NRG-1 may also exert 

beneficial effects by downregulating genes involved in fibrosis (e.g. matricellular proteins, 

collagens, and basal lamina components).141 These studies are all accompanied by an increase 

in cardiac function, and it is clear that NRG-1 acts through a multitude of pathways to protect 

and help restore heart function during the remodeling process that follows ischemic injury.  

As has been a common thread in the discussion of NRG-1/ErbB signaling thus far, the timing of 

NRG-1 administration in acute heart failure appears to be important. Temporal dependence of 
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treatment was investigated in a rat MI model when NRG-1 was injected via the tail vein 1 or 8 

weeks after injury. A decreased sensitivity to NRG-1 was observed with increasing time post-MI 

for NRG-1 administration, which may be caused by a temporary increase in ErbB2 expression 

immediately after injury. In addition to improving heart function, NRG-1 was reported to 

‘normalize’ expression of genes related to metabolic function back to those of uninjured 

animals.142 In a similar model of rat MI, intravenous NRG-1 treatment either 1 or 8 weeks post-

MI improved hemodynamic function (increased mean arterial pressure, left ventricular pressure, 

and rate of contraction and relaxation over untreated) and showed an additive effect when 

administered with an angiotensin-converting enzyme inhibitor.143 Both studies suggest that 

activation of NRG-1/ErbB signaling at various time points after acute MI can attenuate adverse 

remodeling and improve heart function, implying temporally broad therapeutic benefits of NRG-1 

administration. 

Chronic Heart Failure 

NRG-1/ErbB signaling is not only limited to acute injury in the heart but also has been implicated 

during chronic heart failure (CHF). Although there are fewer studies in this context, NRG-1 

continues to exhibit cardioprotective effects in CHF as previously described for acute heart 

failure. In a study examining 899 systolic heart failure patients, serum NRG-1 levels were found 

to be independently associated with the severity of heart failure.144 Circulating NRG-1 may be a 

biomarker for heart failure as increased levels indicate increased compensatory efforts of the 

cardiovascular system. Increased circulating NRG-1, however, is accompanied with decreased 

expression of ErbB2 and ErbB4 receptors in failing human myocardium.145 Expression levels 

can be rescued upon implantation of ventricular assist devices, indicating that ErbB levels are 

modulated by the degree of overload in chronic heart failure.146 This phenomena has been 

reported by the same group in an aortic stenosis rat model, where ErbB2 and 4 levels were 

stable after 6 weeks of stenosis but significantly decreased 22 weeks after stenosis.147 Because 
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chronic heart failure is associated with depressed ErbB receptor levels, administration of NRG-1 

alone may no longer be sufficient to improve cardiac function in the long term. These studies 

emphasize the importance of uncovering the mechanisms of NRG-1 action over the course of 

disease progression in order to harness its benefits most effectively. 

Therapeutic administration of NRG-1 has been shown to improve cardiac function in a variety of 

in vivo models of CHF. NRG-1 improved heart function and survival in a mouse myocarditis 

model.143 Similar beneficial effects were observed in a canine chronic pacing model, where 

NRG-1 injections for 5 days improved left ventricular end diastolic and systolic pressure, cardiac 

contractility, and relaxation only in chronically paced animals and not in the control group, 

indicating that elevated levels of NRG-1 alone are not sufficient to elicit such responses.143 In a 

study examining diabetic cardiomyopathy in rats, NRG-1 had similar beneficial effects which 

were attributed to attenuation of myocardial interstitial fibrosis.148 Although much work has yet to 

be done to untangle the mechanisms of NRG-1 action in clinical and pre-clinical models of CHF, 

existing studies suggest that NRG-1 imparts benefits on heart function across a broad spectrum 

of disease pathologies. 

NRG-1 in Clinical Trials 

Because of the cardioprotective role of NRG-1/ErbB signaling and the dire consequences when 

this signaling is inhibited, recombinant human NRG-1 (rhNRG-1) has been used in two clinical 

trials with reported results and several other clinical trials are ongoing.149–152 A phase II, 

randomized, double-blind trial enrolled 44 chronic heart failure (CHF) patients, characterized by 

a LVEF ≤40%.  CHF patients received rhNRG-1 intravenously, 8 hours a day for 10 days and 

LVEF improved 31.99% in treated patients over a 15.05% increase with placebo 90 days after 

treatment, indicating that short-term administration can have long-term effects on the inhibition 

of adverse remodeling.153 In a single-center, prospective, non-randomized, open-label study, 

rhNRG-1 was administered intravenously to 15 CHF patients (LVEF ≤40%) 6 hours a day for 11 



27 
 

days, and both acute and sustained hemodynamic responses were measured by Swan-Ganz 

catheterization.154 Significant changes in cardiac function were observed within 8 hours of 

rhNRG-1 treatment, including increased cardiac output, stroke volume, and mean arterial 

pressure, however, the latter was the only hemodynamic parameter to display a significant 

change at 84 days post-treatment. The promising results of these two trials suggest that 

therapeutic use of rhNRG-1 will continue to be investigated in the CHF patient population. As 

scientific research continues to unravel the specific mechanisms of NRG-1/ErbB 

cardioprotection and improvement of contractile and hemodynamic function, the specificity of 

NRG-1/ErbB therapeutic treatment can be applied to an increasing diversity of developmental 

and disease conditions.  

Conclusion 

Because of the large number of time and context-dependent effects of which NRG-1/ErbB 

signaling is capable, NRG-1 will continue to be studied as a tool for both tissue engineering and 

therapeutic purposes. Human pluripotent stem cells (hPSCs) have provided a platform for tissue 

engineering with clinical applications, and the advent of cardiomyocyte differentiation from 

hPSCs in fully defined conditions7,6 has set the stage for engineering functional cardiac tissue. 

HPSC-derived cardiomyocytes and thus the tissues made from them display an immature 

phenotype155, and NRG-1, whose signaling has been implicated in cardiac development, is a 

prime candidate for increasing maturation of engineered myocardium. By obtaining a fuller 

understanding of when and how NRG-1/ErbB signaling directs cardiac development, we can 

harness this pathway for stem cell therapies targeting the heart. 

NRG-1/ErbB signaling also plays an important role in angiogenesis and cardiac homeostasis, as 

well as having cardioprotective and therapeutic effects pre- and post-myocardial injury. At least 

5 clinical trials are currently underway in which recombinant human NRG-1 is administered to 

chronic heart failure patients.156 The effects of NRG-1 in the clinical setting have yet to be fully 
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uncovered, and the mechanisms of the observed homeostatic and cardioprotective functions 

must be untangled in order to fully utilize and tailor NRG-1/ErbB therapy. However, the ubiquity 

of NRG-1/ErbB signaling throughout life is an undeniably encouraging discovery with respect to 

NRG-1’s possible therapeutic targets. The vast therapeutic applications of NRG-1 in cardiac 

development and disease are an incredible motivation to more fully understand the context-

dependence of NRG-1/ErbB signaling. 

  



29 
 

Figures & Tables   

Figure 1 

 

Figure 1. Developmental, homeostatic, and disease related effects of NRG-1/ErbB 

signaling in the heart. Upon binding of NRG-1 to an ErbB3 or 4 receptor, dimerization with 

another ErbB2 (preferred), 3, or 4 receptor initiates a cascade of downstream signals in the 

heart. Signaling plays an important role in development of cardiomyocytes and the cardiac 

system, homeostatic function of the heart via cardiomyocyte adaptability to stress and 

microvascular support, and the transition to disease in both acute and chronic heart failure (HF). 
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Table 1. Studies conducted on NRG-1/ErbB signaling during cardiac development. Studies 

include in vivo and in vitro platforms in mice, zebrafish, and mouse embryos, and rat, mouse, 

and human cell lines, respectively. Different experimental results are observed depending on 

platform, timing, and duration of treatment. 

Model Animal Treatment Results 

In Vivo 

Mouse 

ErbB 4 deleted78 
Death in utero, decreased trabeculation and AV 

cushion formation 

ErbB 2 deleted79 
Death in utero, decreased trabeculation and AV 

cushion formation 

NRG-1 deleted80 
Death in utero, decreased trabeculation and AV 

cushion formation 

Zebrafish NRG-1 deleted98 Myofibrillar disorganization 

Mouse 

Embryo 

NRG-1 & IGF-1 

injected E11.5-

E12.599 

GFs necessary for compact zone expansion  

and AV cushion formation 

NRG-1 9.5-11.5 

dpc101 NRG-1 necessary for full CCS development 
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Model Animal Treatment Results 

In Vitro 

NRVMs NRG-1, 24 hours100 Increased F-actin organization and hypertrophy 

mESCs 

NRG-1 d1-d3 of 

differentiation104 

Preferential differentiation to nodal-type 

cardiomyocytes 

NRG-1 d1-d3 of 

differentiation106 

Increased cardiac induction via ErbB3/ErbB2 

signaling 

NRG-1 d3-d7 of 

differentiation102 Global increase in cardiogenesis 

NRG-1 d5-d7 of 

differentiation105  

Increased cardiogenesis via ErbB4 signaling, 

increased contractile components 

NRG-1 d5-d9 of 

differentiation103 

ErbB signaling increases working type 

cardiogenesis 

hESCs 

NRG-1 Agonist d5-

d12 of 

differentiation40 

Increased proportion of working type 

cardiomyocytes 
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Chapter 3: Hypertrophy changes 3D shape of hiPSC-cardiomyocytes: 
Implications for cellular maturation in regenerative medicine  

Publication reference: Rupert CE, Chang HH, Coulombe KLK. Hypertrophy Changes 3D Shape 

of hiPSC-Cardiomyocytes: Implications for Cellular Maturation in Regenerative Medicine. Cell 

Mol Bioengineering. August 2016:1-9. doi:10.1007/s12195-016-0462-7 

Abstract 

Advances in the use of human induced pluripotent stem cell (hiPSC)-derived cardiomyocytes for 

heart regeneration and in vitro disease models demands a greater understanding of how these 

cells grow and mature in 3-dimensional space. In this study, we developed an analysis 

methodology of single cardiomyocytes plated on 2D surfaces to assess their 3D myofilament 

volume and its z-height distribution, or shape, upon hypertrophic stimulation via phenylephrine 

(PE) treatment or long-term culture (“aging”). Cardiomyocytes were fixed and labeled with α-

actinin for confocal microscopy imaging to obtain z-stacks for 3D myofilament volume analysis. 

In primary neonatal rat ventricular myocytes (NRVMs), area increased 72% with PE, while 

volume increased 31%. In hiPSC-cardiomyocytes, area increased 70% with PE and 4-fold with 

aging; however, volume increased significantly only with aging by 2.3-fold. Analysis of z-height 

myofilament volume distribution in hiPSC-cardiomyocytes revealed a shift from a fairly uniform 

distribution in control to a basally located volume in a flatter and spread morphology with PE 

and even more so with aging, a shape that was akin to all NRVMs analyzed. These results 

suggest that 2D area is not a sufficient measure of hiPSC-cardiomyocyte growth and 

maturation, and that changes in 3D volume and its distribution are essential for understanding 

hiPSC-cardiomyocyte biology for disease modeling and regenerative medicine applications. 

Keywords 

Confocal microscopy, image analysis, phenylephrine, aging, myofilament volume 
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Introduction 

Heart disease is the leading global cause of death and is frequently due, at least in part, to 

native cardiomyocytes’ extremely limited capacity for proliferation.157,158 Fortunately, many 

advances in the generation and use of human induced pluripotent stem cell (hiPSC)-derived 

cardiomyocytes for myocardial regeneration have been made7,159,160, and implanting engineered 

cardiac tissue to improve heart function is becoming a possibility62,161. However, a more 

complete understanding of how hiPSC-cardiomyocytes, the building blocks of these tissues, 

grow and mature is necessary to optimize their performance in engineered tissues and other 

regenerative therapies to increase efficacy in pre-clinical and clinical applications.  

To date, most studies characterize the morphology of hiPSC-cardiomyocytes and other primary 

cardiomyocytes from two dimensional (2D) images, analyzing parameters including area, 

elongation, and perimeter.162,165,164,163  However, cells are inherently 3-dimensional, even when 

plated on 2D substrates. We hypothesize that this height or z-component changes with cellular 

phenotype, affects total cell volume, and is therefore a critical component to assess in hiPSC-

cardiomyocytes as we study their maturation.  Several methods of measuring cell volume have 

been reported, including the use of suspended microchannel resonators, non-interferometric 

quantitative phase microscopy, and magnetic resonance imaging of cardiac tissue. 166,167,168 

However, these techniques can be prohibitively complex, preventing their adoption beyond the 

labs in which they were produced. Developing a robust and widely accessible tool to analyze 

single cells in 3D is crucial to fully understanding how hiPSC-cardiomyocytes grow, mature, and 

respond to stimuli. 

In this study, we develop a semi-automated, increased throughput image analysis protocol to 

quantify cell volume and shape using confocal microscopy z-stack imaging, CellProfiler169, and 

MATLAB®. We successfully measure the myofilament volume of monodispered neonatal rat 

ventricular myocytes (NRVMs) plated on glass in order to validate our protocol and 
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subsequently demonstrate the sensitivity of the analysis by quantifying hypertrophy of NRVMs 

and hiPSC-cardiomyocytes in response to adrenergic stimulation by phenylephrine (PE) or 

hypertrophic stimulation by aging. Our results indicate that in hiPSC-cardiomyocytes 2D area is 

not an accurate predictor of 3D myofilament volume and that the z-height distribution of 

myofilament volume is sensitive to hypertrophic stimulation. Specifically, control (unstimulated) 

hiPSC-cardiomyocytes (~3 weeks old) were tall and round, and PE stimulation or aging induced 

a flatter 3D shape that resembles the shape of both control and stimulated NRVMs. Because 

these differences in hiPSC-cardiomyocyte morphology were only detected with careful analysis 

of 3D shape, it is critical to adopt robust volume analysis techniques in order to accurately 

describe cellular morphological behavior. 

Methods 

Cell Culture and Hypertrophic Stimulation 

All hiPSC-cardiomyocytes were derived from the Gibco® Human Episomal iPSC Line (Life 

Technologies, Carlsbad, CA), following a previously reported protocol.7 HiPSCs were 

maintained in chemically defined conditions on plates coated with truncated human vitronectin 

(VTN-N) in Essential 8™ medium (Life Technologies). For differentiation, hiPSCs were plated 

as colonies at a low density on truncated VTN-N-coated 6-well plates in Essential 8™ Medium. 

HiPSCs were grown to 80% confluency at which point chemically defined directed differentiation 

was performed in RPMI 1640 medium supplemented with 213 μg/mL L-Ascorbic Acid (Sigma-

Aldrich, St. Louis, MO) and 500 μg/mL human serum albumin (ScienCell, Carlsbad, CA) 

(CDM3)7 with the sequential application of CHIR 99021 (6 µM, d0-d1) followed by inhibitor of 

Wnt protein 2 (IWP2, 5 µM, d3-d5; Thermo Fisher Scientific, Waltham, MA, USA). After two to 

three weeks of differentiation, hiPSC-CMs were harvested using 0.25% Trypsin (Life 

Technologies) and dispersed into single cells via trituration. HiPSC-cardiomyocytes were 

replated on Matrigel-coated, #1.5 glass coverslips at approximately 26,000 cells/cm2. Aged 
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hiPSC-cardiomyocytes were cultured for 12 months before being trypsinized and replated. Aged 

cells were cultured for 6 days before staining and imaging to correspond with replating time of 

PE-treated cells. 

Neonatal rat ventricular myocytes (NRVMs) were a generous gift from Dr. Ulrike Mende 

(Cardiovascular Research Center, Rhode Island Hospital) and were harvested in accordance 

with all institutional and national guidelines for the care and use of laboratory animals as 

approved by the Institutional Animal Care and Use Committee. NRVMs and hiPSC-

cardiomyocytes were given 72 hours to adhere and recover after replating and before beginning 

stimulation by phenylephrine (PE). Cells received either PE (2 µM) with Timolol (to ensure α-

adrenergic stimulation, 0.2 µM)170 or media alone for 72 hours. For cytosolic volume 

experiments, hiPSC-cardiomyocytes were incubated with Alexa Fluor® conjugated wheat germ 

agglutinin (WGA, 10 µg/mL, Thermo Fisher Scientific) for 10 minutes prior to fixation. All cells 

were then rinsed with KCl (100 mM) to induce diastole and fixed in 4% paraformaldehyde for 10 

minutes at 4°C. Cells were stored in DPBS at 4°C until stained. 

Immunocytochemistry and Imaging 

Cells were blocked in 1.5% normal goat serum (NGS; Jackson ImmunoResearch Laboratories, 

Inc., West Grove, PA) and stained for α-actinin (Mouse monoclonal α-actinin, 1:800 dilution, 

Sigma-Aldrich) in 1.5% NGS overnight followed by 1 hour incubation at room temperature with 

Alexa Fluor® 594 Goat anti-Mouse  as the secondary antibody (Life Technologies). Nuclei were 

labeled with DAPI, and the coverslips were inverted onto slides using VectaShield (Vector 

Laboratories, Burlingame, CA). Confocal microscopy (Zeiss 510 Meta Confocal Laser Scanning 

Microscope) was performed using a 63.3x oil immersion objective and z-stacks (0.43 µm thick 

optical sections) of single cells from each experimental condition (n ≥ 53) were obtained.  

Image Analysis 
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Collected images were processed in ImageJ171 and analyzed with a custom pipeline in 

CellProfiler.162 In brief, cell nuclei were identified from the compressed z-stack image of the 

channel recording DAPI (Fig. 1a). The cell body was identified in each slice of the z-stack using 

a combination of propagation from the identified nucleus and fluorescence intensity of the 

stained myofibrils (Figs. 1b, 1c). Measurements of cell body area were made in CellProfiler. 

Two-dimensional area for each cell was defined as the largest slice of its z-stack, as this value 

was not significantly different from compressed z-stack area and more closely represents 

cellular cross-sectional area. The maximum cross-sectional area was used to quantify 2D 

effects of hypertrophic stimulation (Fig. 2) and for normalization of volume distribution by slice 

area in individual cells (Figs. 4c-4f). Binning of volume distribution was performed by dividing 

the number of slices within a stack by 5 and averaging the parameter of interest within each 

section from z=0, defined as the cell-substrate interface, to z=1, defined as the top of the cell 

(Fig. 4b). 

Because the thickness (zheight) between each z-stack slice was more than 10-fold less than the 

height of the cell, the volume was calculated as a trapezoidal prism, where N is the number of 

slices in the z-stack (Eqn. 1).  

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 =  �
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝚤𝚤 + 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝚤𝚤−1 

2

𝑁𝑁

𝚤𝚤=1

̇
(𝑧𝑧ℎ𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑡𝑡) 

 

A MATLAB® (MathWorks, Natick, MA, USA) code was implemented to calculate cell volume 

from the output CellProfiler area (Fig. 1d). Total cell height was calculated as the distance 

between the first slice with α-actinin or DAPI labeling at the cell-substrate interface and the last 

slice with α-actinin or DAPI labeling at the top of the cell (Fig. 4a). CellProfiler and MATLAB 
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codes are available for free download from the Brown Digital Repository, 

doi:10.7301/Z0WS8R5F. 

Statistical Analysis 

Each hypertrophy stimulation experiment was performed in triplicate with cells from independent 

cell isolations (NRVMs) or differentiation runs (hiPSC-cardiomyocytes). Data are presented as 

the average across all cell isolations or differentiation runs, and error bars represent the 

standard error of the mean (SEM). Intra- and inter-species comparisons were made with 

ANOVA followed by Tukey’s multiple comparison test, and the volume-area relationship was 

characterized with linear regression. Comparison of myofilament and cytosolic volume 

measurements was made with paired Student’s t-test. Significance for all analyses was 

determined as P < 0.05. All data analysis was performed in GraphPad Prism version 6.00 for 

Windows (GraphPad Software, La Jolla, CA).  

Results 

Hypertrophic Stimulation Increases Cardiomyocyte Area 

To begin morphological assessment of cardiomyocytes, we characterized the hypertrophic 

response of monodisperse, plated neonatal rat ventricular myocytes (NRVMs) and hiPSC-

cardiomyocytes to adrenergic stimulation with phenylephrine (PE) using two-dimensional area 

measurements. PE stimulates hypertrophy in rodent cardiomyocytes172 and hESC-

cardiomyocytes,173,174 thus we hypothesized that cell area would increase in both PE-stimulated 

NRVMs and hiPSC-cardiomyocytes. To test this, cardiomyocytes were treated for 72 hours with 

PE and continued to beat spontaneously.  

In addition to undergoing hypertrophy with PE stimulation, cardiomyocytes hypertrophy during 

development.175 In order to assess if cardiomyocyte growth occurred during in vitro long-term 
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culture, hiPSC-cardiomyocytes were cultured for 12 months, during which time they maintained 

their automaticity, and were then replated for single-cell analysis. Aged cardiomyocytes had 

morphological signs of hypertrophy with a 4.5-fold increase in area, a 3.0-fold increase in 

perimeter, a 33 ± 14% increase in nuclear area (potentially due to increased nuclear ploidy176), 

and a 21 ± 5% increase in sarcomere length (P < 0.05, n=20 cells per group). This 

morphological hypertrophy with aging has been reported to coincide with more mature 

electromechanical properties of human pluripotent stem cell-derived cardiomyocytes.164 

Cardiomyocytes stained for α-actinin, a protein of the myofibril z-disks, showed striations 

throughout the cell in both hiPSC-cardiomyocytes (Fig. 2a-c) and NRVMs (Fig. 2d-e). PE 

treatment significantly increased area in NRVMs by 72% from 2,492 ± 228 µm2 to 4,299 ± 455 

µm2 and in hiPSC-cardiomyocytes by 70% from 1,148 ± 149 µm2 to 1,950 ± 802 µm2 (Fig. 2f; 

n=53 per group, P < 0.05). Aged hiPSC-cardiomyocytes showed a 3.5-fold increase in area over 

control with an area of 5,139 ± 421 µm2 (n=53, P < 0.01). NRVMs had a significantly greater 

area than hiPSC-cardiomyocytes of the corresponding treatment group (P < 0.05). Area 

determined by membrane labeling in hiPSC-cardiomyocytes yielded similar results, where PE 

stimulation induced a 2-fold increase in area (n=27 cells per group, P < 0.01). These results 

confirmed that PE elicited a hypertrophic response in 2D area for both NRVMs and hiPSC-

cardiomyocytes and that aged hiPSC-cardiomyocytes underwent hypertrophy during 12 months 

of culture. 

Myofilament Volume Increases in Aged hiPSC-Cardiomyocytes 

We next sought to determine if PE stimulation significantly increased cardiomyocyte volume. To 

accomplish this, a custom CellProfiler pipeline and MATLAB® code were written which 

reconstructed cardiomyocytes from confocal z-stacks to determine volume (Fig 3a). NRVM 

volume increased significantly with PE stimulation by 31% from 17,892 ± 1,752 µm3 to 28,446 ± 
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3,274 µm3 (n = 53 cells per group; P < 0.01). HiPSC-cardiomyocyte volume, however, increased 

only slightly from 5,673 ± 651 µm3 to 6,583 ± 555 µm3 and did not reach significance (n=53 cells 

per group, P = 0.3).  Analysis of biological replicates revealed no significant difference in volume 

with PE stimulation among single differentiation runs. Hypertrophy of aged cardiomyocytes, 

however, resulted in a significant volume increase of 2.3-fold over control to 12,962 ± 1,050 µm3 

(n = 53 cells, P < 0.01). These results suggest that cell area does not accurately predict cell 

volume of hiPSC-cardiomyocytes.  

Correlation of cell volume to cell area was performed in order to quantify the predictive value of 

area. Control and PE-stimulated NRVMs and aged hiPSC-cardiomyocytes were strongly 

correlated (R2 = 0.35-0.83, Fig 3b) compared to control and PE-stimulated hiPSC-

cardiomyocytes (R2 = 0.01-0.02) (Fig 3c). Cardiomyocyte cytosolic volume was analyzed for 

control and PE-stimulated hiPSC-cardiomyocytes using the membrane marker wheat germ 

agglutinin (WGA; Fig 4a). Cytosolic volume was significantly greater than myofilament volume 

for both control and PE-stimulated cells (n = 27 cells per group, P < 0.01), and only cytosolic, 

not myofilament volume, increased significantly with PE treatment (P < 0.01; Fig 4b). 

Additionally, the relationship between area and volume determined by WGA labeling was 

strongly correlated (R2 = 0.88-0.89; Fig 4c). These results suggest that cytosolic volume 

changes independently of myofilament volume during PE stimulation. Because we are 

interested in using this cell type in a regenerative context as a contractile cell, myofibril volume 

(the amount of contractile lattice per cell) is the functionally relevant morphological metric of 

interest. Additionally, myofilament markers are widely used in the literature to quantify 

cardiomyocyte morphology.162,178,177 Thus, further studies of cardiomyocyte morphology were 

explored with myofilament quantification where we investigated morphological reasons why a 

significant increase in myofilament area was not accompanied by an increase in myofilament 

volume with PE stimulation. 
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Hypertrophic Stimulation Changes hiPSC-Cardiomyocyte 3D Shape  

Because 3D myofilament volume and 2D area were not correlated for control and PE-treated 

hiPSC-cardiomyocytes (unlike NRVMs), we hypothesized that the 3D morphology of hiPSC-

cardiomyocytes differed with and without PE stimulation. Cell height was first examined to 

determine how cells changed total height in the z-direction with hypertrophic stimulation (Fig 

5b). No significant difference was observed in control and PE-treated NRVMs (8.23 ± 0.22 µm 

and 8.58 ± 0.19 µm, respectively), however, hypertrophic stimulation in hiPSC-cardiomyocytes 

with PE (9.49 ± 0.42 µm) or aging (6.35 ± 0.26 µm) led to a significantly decreased cell height 

compared to control (11.41 ± 0.45 µm, P<0.01).  

To further investigate how cell shape changed in three dimensions, we analyzed the volume 

distribution in ten representative cells of each group. For each image slice of the z-stack (with 

z=0 corresponding to the cell-substrate interface and z=1 to the top of the cell, Fig 5c), cell area 

was normalized to the average maximum area of the control group of the same cell type and 

areas were binned by z-height for graphical representation. In NRVMs, distribution of cellular 

volume was similar in control and PE-stimulated cells, with significantly smaller areas in the top 

half of the cell compared to the bottom in both groups (P<0.05, Fig. 5d). The ~50% increase in 

area at z=0 and 0.25 height with PE treatment reflects our 2D area measurements and is not 

present at z≥0.5. This significant increase in area for z<0.5 with PE treatment indicates that the 

volume increase measured with PE treatment is occurring in the bottom half of the cells. In 

hiPSC-cardiomyocytes, only PE-treated and aged groups showed significantly decreased area 

in the top half of the cells (P<0.05, Fig 5e), demonstrating a more uniform distribution of cell 

volume throughout the height of the cell in control hiPSC-cardiomyocytes.  

These data suggest that hypertrophic stimulation via PE and aging causes a significant shift in 

hiPSC-cardiomyocyte myofilament volume distribution, concentrating it in the bottom half of the 
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cell. In contrast, PE treatment in NRVMs causes only slight redistribution of myofilament volume 

since volume is already concentrated in the bottom half of control NRVMs. Additionally, whereas 

PE treatment led to a significant increase in area in the bottom half of the cell (z<0.5) over 

control in NRVMs (a, P<0.05 versus control at same z-height, Fig 5d), PE treatment in hiPSC-

cardiomyocytes did not significantly increase area at z<0.5 contrary to 2D area measurements 

(Fig 5e). This discrepancy may be due to the use of binning for analysis of 3D volume 

distribution and the fact that maximum slice area (used for normalization) was not always at z=0 

(shown as a slightly less than 1.0 value for control hiPSC-cardiomyocyte area at z=0). This data 

analysis underscores the need for carefully defined metrics in 2D and 3D and suggests that a 

more complete picture of cellular morphology can be obtained with both area and volumetric 

analysis. Interestingly, aged hiPSC-cardiomyocytes displayed a significant increase in area at 

z<0.5 versus control (b, P<0.05 versus control, Fig 5e), showing a >3-fold increase in area at 

z=0. Further, aged hiPSC-cardiomyocyte area was significantly reduced and not different from 

control at z≥0.5 (Fig 5e), similar to control NRVMs. However, all hiPSC-cardiomyocytes 

maintained ~10% area at z>0.5 suggesting a fundamental difference versus NRVMs. Taken 

together, these data suggest that while PE treatment leads to an increase in myofilament 

volume in NRVMs, it leads only to a redistribution of myofilament volume in hiPSC-

cardiomyocytes and that hypertrophy (defined as an increase in cell volume) can be achieved 

with aging hiPSC-cardiomyocytes in culture.  

Discussion 

In this study, a new image analysis protocol was developed to analyze 3D morphology of 

neonatal rat ventricular myocytes (NRVMs) and hiPSC-cardiomyocytes. The protocol was then 

used to examine the effects of hypertrophic stimulation on cardiomyocyte shape in 3D. We 

demonstrate that (1) aging increases 2D area in hiPSC-cardiomyocytes and phenylephrine (PE) 

stimulation increases 2D area in both NRVMs and hiPSC-cardiomyocytes, (2) our image 
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analysis protocol can be successfully implemented to quantify 3D morphology of single cells 

from confocal z-stack images, (3) PE stimulation increases myofilament volume in NRVMs but 

not hiPSC-cardiomyocytes while aging increases myofilament volume in hiPSC-cardiomyocytes, 

and (4) the discrepancy in area versus volume quantification with PE stimulation in hiPSC-

cardiomyocytes can be explained by differences in 3D morphology.   

Our results provide a novel explanation for differing reports of hypertrophic response to 

phenylephrine stimulation in the literature. NRVMs are consistently observed to hypertrophy 

with phenylephrine stimulation, however, contradictory results have been reported for hiPSC-

cardiomyocytes.178,177 Using the image analysis method described in this study, we 

characterized three-dimensional volume and its distribution (or shape) and demonstrated an 

important difference between single NRVM and hiPSC-cardiomyocyte shape under control 

growth conditions. While untreated NRVMs are spread and undergo more spreading during 

phenylephrine stimulation, untreated hiPSC-cardiomyocytes present a taller, more variable, and 

rounded morphology and become flatter and more spread upon phenylephrine stimulation. This 

change in overall hiPSC-cardiomyocyte shape may account for why a significant increase in 

area is not accompanied by a corresponding increase in myofilament volume during PE 

stimulation in our study. Implementing this rigorous three-dimensional characterization in other 

systems may elucidate changes in cell shape which could underlie apparently conflicting 

responses of cells to growth stimuli. 

This data also describes for the first time how hiPSC-cardiomyocyte shape changes with 

hypertrophic stimulation via aging. Metabolic179 and functional6,7 maturation have been 

demonstrated in aged pluripotent stem cell-derived cardiomyocytes, however, a change in 

three-dimensional shape has not been described. Cardiomyocytes increase in volume during 

fetal development,180 and this study demonstrates that the same phenomena occurs in long-

term in vitro culture of hiPSC-cardiomyocytes, with volume increasing more than 2-fold in aged 
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12-month-old cardiomyocytes versus 2-week-old control cells. It should be noted that while 

differences in hiPSC-cardiomyocyte volume and shape were observed with pathological 

(phenylephrine) and physiological (aging) hypertrophy, this protocol is a means to characterize 

those differences rather than a tool to identify pathological versus physiological mechanisms of 

hypertrophy. The findings presented here, where hiPSC-cardiomyocyte volume increased from 

5,673  µm3 at 2 weeks old to 12,962 µm3 over one year of culture, is consistent with the limited 

data available for primary human cardiomyocytes, where volume was reported to be 5,835 µm3 

at birth.181 

PE-stimulated growth of hiPSC-cardiomyocytes differs markedly from aging in long-term culture 

in our study, suggesting mechanistic differences in these two stimuli. With PE stimulation, we 

observed a redistribution of myofilaments, localizing at the cell-substrate interface and resulting 

in increased cell area without a corresponding increase in myofilament volume.  This could be 

explained via PE-mediated changes in focal adhesion expression182 that may initiate myofibril 

localization to the sub-sarcolemma compartment through changes in the cytoskeleton as shown 

in development.183 The short duration of PE stimulation and culture may preclude new myofibril 

formation in young hiPSC-cardiomyocytes, even though we observed an increase in cell volume 

using a membrane label (Fig. 4). A similar increase in cardiomyocyte size (measured by surface 

area) without accompanying change in myofibril content has been observed in NRVMs 

stimulated for just 36 hours.184 Taken together, these data suggest that acute (72-hour) PE 

stimulation of hiPSC-cardiomyocytes may progress through the same phases with slower 

kinetics, resulting in an increased cytosolic volume, focal adhesion mediated redistribution of 

myofilaments, and no increase in myofilament volume. In contrast, we observed both increased 

area and volume in aged hiPSC-cardiomyocytes, which may be attributed to alternative 

mechanisms of growth. Aged hiPSC-cardiomyocytes likely have more focal adhesions, similar 

to the approximately 3-fold increase in vinculin protein expression in 24-month-old vs 6-month-
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old rat ventricles.185  Further, in aged hiPSC-cardiomyocytes, myofibril formation likely occurs 

during long-term culture, reflected in a 2.3-fold increase in myofilament volume, a phenomenon 

well documented in cardiomyocytes undergoing early development where human 

cardiomyocyte volume increases approximately 4-fold in the first three months after 

birth.181 Thus, additional study of the stimulation dependence and kinetics of myofibril assembly, 

re-organization, and relationship to transmembrane adhesions and the sarcolemma in hiPSC-

cardiomyocytes will be a valuable area to pursue. 

The analysis protocol described here has valuable uses for characterizing changes in cell shape 

over time, beyond models of hypertrophic stimulation. Cells are known to respond to and 

remodel the environment with which they are presented, and their three-dimensional shape may 

change due to this process. Further development of this image analysis protocol could elucidate 

how single cardiomyocytes interact with matrices in three dimensions, and future work will seek 

to adapt this protocol to more complex three-dimensional environments such as those found in 

engineered tissues. 

In summary, we have developed a sensitive image acquisition and analysis protocol to 

characterize three-dimensional size and shape of single cells and demonstrated its ability to 

detect hypertrophy of hiPSC-cardiomyocytes. This protocol is easily adaptable across cell types 

and laboratories. As tissue engineering continues to develop in three-dimensional space, 

analysis methods must be created and adopted to mirror this, and the protocol reported here 

takes an important first step in providing higher throughput 3D analysis for single cells. It will be 

necessary to continue to push these analyses protocols toward characterizing dense, cellular 

3D tissues in order to accurately understand these complex environments and cellular 

responses to them. 

 



45 
 

Acknowledgments 

We gratefully acknowledge Celinda Kofron, Ph.D. for sharing NRVMs for this study and funding 

from NIH R00 HL115123 (to K.L.K.C.), the Brown University Eccleston Fellowship (C.E.R.), and 

a Brown University Karen T. Romer Undergraduate Teaching and Research Award (H.H.C.).  

Conflict of Interest 

Authors Rupert, Chang, and Coulombe declare that they have no conflict of interest. 

Statements of Human and Animal Rights and Informed Consent 

All studies on neonatal rat ventricular myocytes were performed with cells provided by Dr. Ulrike 

Mende’s laboratory at the Rhode Island Hospital Cardiovascular Research Center, in 

accordance with all institutional and national guidelines for the care and use of laboratory 

animals as approved by the Institutional Animal Care and Use Committee. 

 

 



46 
 

Tables & Figures 

Figure 1 

 

Figure 1. Automated image analysis compiles z-stack images to calculate cardiomyocyte 

volume. (a) The nucleus is identified from a compressed z-stack. (b) The nucleus mask is 

imposed on each slice of the α-actinin stained cell’s z-stack images, and the propagation 

function is used to couple cell area within each slice with the nucleus. (c) Cell borders are drawn 

for cardiomyocyte area in each slice and measurements of the identified cell area is made for 

each slice in CellProfiler. (d) Measurement data is exported to MATLAB® where z-stack slices 

are reconstructed into 3D cardiomyocytes. See Methods for details. 
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Figure 2 

 

Figure 2. Cardiomyocyte 2D phenotype and area changes in hypertrophic stimulation. Single 

hiPSC-derived cardiomyocytes (hiPSC-CMs) were seeded in control conditions (a) stimulated 

with phenylephrine (PE; b) and aged for 12 months (c). Neonatal rat ventricular myocytes 

(NRVMs) were seeded in control conditions (d) and stimulated with PE (e) Cardiomyocytes 

were stained for α-Actinin (red) and nuclei (blue). Scale bar: 15 µm. (f) Cell area was calculated 

for NRVM control and PE and hiPSC-CM control , PE, and aged  groups (n=53 per group); bars 

represent mean ± SEM. *P<0.05 versus control; **P<0.01 versus control; †P<0.05 versus 

NRVM control.   
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Figure 3  

Figure 3. Volume correlates differentially with 

cardiomyocyte source and hypertrophic 

stimulation. (a) Neonatal rat ventricular 

myocyte (NRVM) and hiPSC-cardiomyocyte 

(hiPSC-CM) volume was determined under 

phenylephrine stimulation (PE) and aging 

(Aged). Bars represent mean ± SEM. *P<0.05 

vs. control of same species; **P<0.01 vs. 

control of same species; †P<0.05 vs. NRVM 

control. (b,c) The correlation between area 

and volume was plotted for NRVMs (b) and 

hiPSC-CMs (c) with R2 values displayed next 

to each group.   
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Figure 4 

Figure 4. Cytosolic volume responds to 

hypertrophic stimulation in hiPSC-

cardiomyocytes. (a) HiPSC-cardiomyocytes 

stained for α-actinin (red), wheat germ 

agglutinin (WGA, green), and nuclei (DAPI, 

blue) in orthoslice view. (b) HiPSC-

cardiomyocyte myofilament and cytosolic 

volume determined by α-actinin and WGA 

staining, respectively for control and PE-

stimulated conditions. Bars represent mean 

± SEM. **P<0.01 vs. control of same volume 

type; #P < 0.01 vs. myofilament volume of 

same treatment. (c) The correlation between 

area and cytosolic volume was plotted for 

hiPSC-cardiomyocytes with R2 values 

displayed next to treatment group.  
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Figure 5  

 

Figure 5. Volume and z-height distribution in hypertrophically stimulated cardiomyocytes. (a) 

Representative 3D renderings of control neonatal rat ventricular myocytes (NRVMs, top) and 

hiPSC-cardiomyocytes (hiPSC-CM, bottom) stained for α-actinin (red) and nuclei (blue). (b) 

Average height of NRVMs and hiPSC-cardiomyocytes under control (C), phenylephrine 

stimulation (PE) and aging (A) conditions. **P<0.01 vs. control of same species. (c) Schematic 

for z-height convention. (d,e) Fraction of control maximum area as a function of z-height in 

NRVMs (d) and hiPSC-CMs (e). Note that the y-axis has the same linear scale (unit/inch) for 

direct comparison. †P<0.05 vs. z=0 within control; #P<0.05 vs. z=0 within PE; *P<0.05 vs. z=0 

within Aged; aP<0.05 for PE vs. control at same z-height; bP<0.05 for Aged vs. control at same 

z-height. Bars represent mean ± SEM.  
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Chapter 4: IGF-1 and NRG-1β Enhance Proliferation, Metabolic Maturity, 
and the Force-Frequency Response in hESC-derived Engineered Cardiac 
Tissues 

Publication Reference: Rupert CE, Coulombe KLK. IGF1 and NRG1 Enhance Proliferation, 

Metabolic Maturity, and the Force-Frequency Response in hESC-Derived Engineered Cardiac 

Tissues. Stem Cells Int. 2017;2017:7648409. doi:10.1155/2017/7648409 

Abstract 

Insulin-like growth factor 1 (IGF1) and neuregulin-1β (NRG1) play important roles during cardiac 

development both individually and synergistically. In this study, we analyze how 3D cardiac 

tissue engineered from human embryonic stem cell (hESC)-derived cardiomyocytes and 2D 

plated hESC-cardiomyocytes respond to developmentally relevant growth factors both to 

stimulate maturity and to characterize the therapeutic potential of IGF1 and NRG1. When 

administered to engineered cardiac tissues, a significant decrease in active force production of 

~65% was measured in all treatment groups, likely due to changes in cellular physiology. 

Developmentally-related processes were identified in engineered tissues as IGF1 increased 

hESC-cardiomyocyte proliferation 3-fold over untreated controls and NRG1 stimulated oxidative 

phosphorylation and promoted a positive force-frequency relationship in tissues up to 3 Hz. 

HESC-cardiomyocyte area increased significantly with NRG1 and IGF1+NRG1 treatment in 2D 

culture and gene expression data suggested increased cardiac contractile components in 

engineered tissues, indicating the need for functional analysis in a 3D platform to accurately 

characterize engineered cardiac tissue response to biochemical stimulation. This study 

demonstrates the therapeutic potential of IGF1 for boosting proliferation and NRG1 for 

promoting metabolic and contractile maturation in engineered human cardiac tissue. 
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Introduction 

The development of defined methods to derive cardiomyocytes from human pluripotent stem 

cells (hPSCs) has provided a valuable platform to develop regenerative medicine technologies. 

Cardiomyocytes derived from human embryonic stem cells (hESC-cardiomyocytes) and tissues 

constructed from them have been shown to exhibit a cardiac phenotype characterized by gene 

expression patterns, electrophysiological behavior, and mechanical function. Previous research 

describes the response of engineered cardiac tissues (ECTs) to common drugs, however, little 

is known about how ECTs develop under in utero-like biochemical conditions. Just as 

embryonic development has informed directed differentiation of hESCs to the cardiac lineage, 

we hypothesize that fetal development can inform how ECTs grow and mature. In order for 

ECTs to advance towards the clinical realm as both a translational therapy and an in vitro 

model, a more thorough understanding of how to manipulate hESC-cardiomyocyte maturation in 

3D tissues via developmental cues is required. 

Two growth factors crucial to cardiac development in vivo are insulin-like growth factor 1 (IGF1) 

and neuregulin-1β (NRG1). IGF1 has been implicated in physiological growth of the heart, and 

studies performed to downregulate186 and upregulate187 its receptor in mouse models show 

dilated cardiomyopathy and cardiomyocyte physiological hypertrophy, respectively. At the 

cellular level, IGF1 has been shown to increase proliferation in hESC-cardiomyocytes via the PI 

3-kinase/Akt pathway in vitro.39 Thus, carefully regulated IGF1 signaling is required for proper 

development and maturation of the heart in order to achieve both cardiomyocyte proliferation 

and growth, yet the timing of IGF1 stimulation likely alters this response. Similarly, a critical 

need for appropriate NRG1 signaling during development has been demonstrated. When 

NRG180 or its receptors ErbB279 and ErbB478 are deleted in mice, ventricular trabeculation and 

endocardial cushion formation are depressed, and mice die mid-embryogenesis. When mice 

embryos are cultured ex vivo, NRG1 is required for complete cardiac conduction system 
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development101. A synergistic effect of IGF1 and NRG1 has also been reported in mice in utero 

where their combined presence is necessary for ventricular wall expansion and atrioventricular 

cushion formation.99 We hypothesized that we could improve functional maturation of 

engineered cardiac tissue formed from hESC-cardiomyocytes by extending the developmental 

period beyond the stereotypical two-week differentiation time point via application of 

developmental growth factors IGF1 and NRG1 independently or in combination after formation 

of 3D hESC-derived engineered cardiac tissues.   

In the current study, we demonstrate that our ECTs are sensitive to biochemical stimulation with 

IGF1 and NRG1 and that hESC-cardiomyocytes in 3D tissues respond in unique patterns to 

these growth factors that is not predicted from previous studies. We show that force production 

declines by 60-70% in ECTs with IGF1 and/or NRG1 stimulation. However, we discovered that 

our ECTs respond sensitively to IGF1 and NRG1 stimulation in proliferative activity and 

metabolic capacity, respectively and that the force-frequency relationship is preserved or 

improved with NRG1 or NRG1+IGF1, respectively. We show that hESC-cardiomyocytes exhibit 

increased area when plated in 2D and treated with NRG1 or IGF1+NRG1 and that this 2D 

“hypertrophy” does not correlate with increased force in 3D tissues. These data suggest that 2D 

and transgenic mouse models are not sufficient to fully predict the effects of biochemical 

stimulation on 3D hESC-derived engineered cardiac tissues and that our platform for forming 

and characterizing ECTs uniquely possesses the sensitivity to describe tissue response to 

physiologically relevant growth factors for regenerative medicine applications.  

Materials & Methods 

2.1 Cell culture and differentiation 

Undifferentiated RUES2 human embryonic stem cells (hESCs) from Rockefeller University were 

maintained in mouse embryonic-fibroblast conditioned media, supplemented with basic 
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fibroblast growth factor (R&D Systems). HESCs were differentiated into cardiomyocytes with a 

previously described directed differentiation protocol (Figure 1A).188 Briefly, CHIR99021 

(Cayman Chemical), Activin A, bone morphogenetic protein 4 (BMP4; R&D Systems), and 

Tankyrase inhibitor XAV 939 (Tocris Bioscience) were applied sequentially in defined, 

monolayer culture conditions on Matrigel™ (BD Biosciences)-coated 6-well plates.189 HESC-

cardiomyocytes were differentiated in RPMI 1640 + 1X B27 supplement without insulin 

(RPMI/B27 without insulin; Life Technologies) and maintained in RPMI/B27 (with insulin) with 

medium replaced every two days. After two weeks of differentiation, hESC-cardiomyocytes were 

harvested with 0.25% trypsin in 0.5 M EDTA (Life Technologies) and either incorporated into 

engineered tissues (Figures 1-5) or cryopreserved190 for later use in single-cell experiments 

(Figures 6 and 7). 

2.2 Flow cytometry 

Cardiac purity was determined for each hESC-cardiomyocyte harvest. Cells were fixed in 4% 

PF and stained with antibodies against cardiac troponin T (cTnT, 2 µg/mL; Thermo Fisher 

Scientific) and alpha-smooth muscle actin (α-SMA, 0.5 µg/mL; Abcam) to identify 

cardiomyocytes (cTnT+), fibroblast-like cells (SMA+), and immature cardiomyocytes (double 

positive for cTnT and SMA).191 Samples were analyzed with a FACSAria II cell sorter (BD 

Biosciences) and 10,000 events were recorded per sample. FACS data was analyzed used 

FlowJo software (Figure 1B) where gates were set based on isotype antibody controls. 

2.3 Mold and tissue formation 

Custom acrylic and polydimethylsiloxane (PDMS) molds were produced for ECT culture as 

previously reported.192 Negative templates for tissue molds were created using a 100W CO2 

laser to etch a pattern generated in Adobe Illustrator into ¼” acrylic (TAP Plastics). 

Polydimethylsiloxane (PDMS, Thermo Fisher Scientific) was poured into acrylic negatives, 
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degassed, and cured overnight at 60°C (Figure 1C). Tissue molds were sterilized by autoclave 

and made hydrophilic with a BD-20A high frequency generator (Electro-Technic Products). 

Engineered tissues were created by combining 1x106 hESC-cardiomyocytes 50%/50% vol/vol 

with 2.5 mg/mL rat tail collagen-I (Advanced Biomatrix) for a final concentration of 1.25 mg/mL 

collagen-I and pipetting into the prepared molds. Collagen-cell suspensions were allowed to gel 

for 45 minutes at 37°C before RPMI/B27 was added. Tissues were cultured in 6 well plates 

fitted with C-pace stimulator lids (IonOptix) and stimulated at 1 Hz, 4 ms pulse width, 5V/cm for 

14 days immediately following tissue formation. Tissues contracted the collagen and began 

beating within 48 hours of formation (Figure 1D). Experimental groups were treated daily with 

100 nM39 insulin-like growth factor (PeproTech), 100 ng/mL193 neuregulin-1 (R&D Systems), or 

both 100 nM IGF1 and 100 ng/mL NRG1. All experiments described used these concentrations 

where relevant. Media was replaced every other day, and tissues were cultured for two weeks. 

All constructs were treated with 10 µM bromodeoxyuridine (BrdU; Roche) 18-24 hours prior to 

fixation to label replicating DNA.  

2.4 Mechanical testing 

Cardiac tissues were cut into strips and their passive and active mechanical properties were 

measured with a custom mechanics setup as previously described.194,16 Tissue strips were 

mounted on two hooks (attached to a force transducer and motor arm), bathed in Tyrode’s 

solution containing 1.8 mM Ca2+ at 30-34°C, and electrically field stimulated via platinum 

electrodes. Force exerted by the tissue was measured with a 100 mN load cell (Aurora 

Scientific). Tissues were initially stretched to L0, determined as the shortest length at which 

individual contractions could be detected by the force transducer. The tissues were then 

stretched by steps of 5% L0 to 30% stretch (Figure 2A). Once at 30% stretch, tissues were 

paced at increasing frequencies and the fastest frequency they were able to follow was 
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measured and recorded as the maximum capture rate (MCR). Mechanical experiments were 

run in biological triplicate with three to four replicates in each group. 

The following calculations were made based on the data obtained from mechanical testing. 

Active stress, σa, was determined at each length by averaging the amplitude of twitch force, Fa, 

of at least 5 contractions and normalizing by the cross-sectional area (CSA). The CSA of each 

tissue strip was assumed to be an ellipse with the measured preparation width and height 

corresponding to the major and minor axes, respectively.  The fold increase in active stress was 

calculated from the active stress (σa,1) at the first length step (L1 = 1.05 L0) and maximum active 

stress (σa,max) at 30% stretch (L6 = Lmax = 1.30 L0) using Equation 1 (Figure 2A).  

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = σ𝑎𝑎,𝑚𝑚𝑎𝑎𝑥𝑥− 𝜎𝜎𝑎𝑎,1
𝜎𝜎𝑎𝑎,1

                                                    Eqn. 1 

Stiffness of each tissue strip was calculated by plotting the passive stress produced by each 

tissue against the strain (Figure 2C). Passive stress, σp, was calculated by normalizing the 

passive (or baseline) force produced by the tissue at each step, Fp, by the CSA and is reported 

in units of kPa. Strain, εx, at each step, Lx, was determined by Equation 2.   

𝜀𝜀𝑥𝑥 =  𝐿𝐿𝑥𝑥−𝐿𝐿0
𝐿𝐿0

            Eqn. 2 

A linear relationship of these data allowed for a regression line to be fit to each stress vs. strain 

plot (R2 values of 0.749 to 0.998), and the stiffness (Young’s modulus) is reported as the slope 

of the line for each ECT strip. Passive stiffness was difficult to measure in tissues due to 

uncontrolled drift in the baseline force during testing of some samples, resulting in reduced 

sample sizes of n=5-6. 

Contraction kinetics were calculated from data traces acquired at 1000 Hz sampling rate in 

custom Lab View software using a custom analysis script in MATLAB®. The peak speed of 
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force development during contraction, upstroke velocity (vup), was determined as the slope of 

the linear regression line to the steepest rise in stress and was averaged across at least 5 

contractions (Figure 2B). The peak force of each contraction and the time to relax to 50% and 

90% (σa,max, R50, and R90, respectively) were calculated and averaged across at least 5 

contractions (Figure 2B).   

2.5 Immunofluorescent and immunohistochemical staining 

Engineered tissues were fixed in 4% paraformaldehyde (PF; Sigma-Aldrich), embedded in 

paraffin, and sectioned at 5µm. Sections were blocked in 1.5% normal goat serum in PBS and 

primary antibodies for cardiac troponin T to label cardiomyocytes (cTnT, 0.5 µg/mL; Thermo 

Fisher Scientific) and BrdU for cells in the S phase of the cell cycle (1.5 U/mL; Roche) were 

applied sequentially overnight with development using Vector Red and DAB (Vector 

Laboratories) according to manufacturer’s instructions to color cTnT-positive cells pink and 

BrdU-positive nuclei brown.  Hematoxylin (7 mg/mL; Sigma-Aldrich) was used as a nuclear 

counterstain. For cardiomyocyte proliferation studies, at least 100 cTnT-positive nuclei were 

counted per slide with proliferating cardiomyocytes identified as those with brown nuclei and 

senescent cardiomyocytes those with blue nuclei. Brightfield images were taken with an 

Olympus IX70 Inverted Microscope. 

For immunofluorescent staining of ECT sections, slides first underwent antigen retrieval with a 

Proteinase K digest (10 µg/mL; Roche) for 12 minutes at 37°C. Mouse anti-alpha-actinin was 

used to identify cardiomyocyte z-discs of the myofibrils (1:800; Sigma-Aldrich) with Alexa Fluor® 

488 goat anti-mouse secondary antibody (Life Technologies) and Hoechst 33342 to label nuclei 

(1.5 µg/mL; Sigma-Aldrich; Figure 1d). The same protocol was used for immunofluorescent 

staining of single cells with the Proteinase K digest replaced by a permeabilization step in Triton 

X-100 (0.25%; Sigma-Aldrich) for 6 minutes at room temperature. Confocal images were taken 
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with a Zeiss LSM 510 Meta Confocal Laser Scanning Microscope. Image processing and 

analysis was performed with ImageJ,171 CellProfiler,169 and MATLAB® (MathWorks). 

2.6 RNA isolation and quantitative reverse transcriptase-polymerase chain reaction 

MRNA was extracted from engineered tissues using the RNeasy Mini Kit (QIAGEN) and mRNA 

concentration was measured with a NanoDrop 1000 Spectrophotometer (Thermo Fisher 

Scientific). CDNA was synthesized from the same mass of mRNA per sample with the 

SuperScript III First-Strand Synthesis System (Life Technologies) and included genomic DNA 

digestion. CDNA samples were combined with primers (Thermo Fisher Scientific) and SYBR 

Master Mix (Life Technologies), and quantitative real-time PCR was run with an Applied 

Biosystems® 7900 fast real-time system (Life Technologies). Relative expression levels were 

calculated using the 2^(-ΔΔCt)195 with HPRT as an internal control (Figure 4). Samples were run 

with biological and technical triplicates.  

2.7 Mitochondrial content quantification 

Single hESC-cardiomyocytes were plated on Matrigel-coated chamber slides (Thermo Fisher 

Scientific) at 22 x 103 cells/cm2 on day 0, and treatment groups were pulsed daily with IGF1, 

NRG1, or IGF1+NRG1. On day 5, cells were treated with MitoTracker® Red FM (Life 

Technologies), incubated for 30 minutes at 37°C, and then fixed in 4% PF. Cells were imaged 

with an Eclipse Ti-E inverted fluorescence microscope (Nikon), and total integrated fluorescence 

per image, normalized by cell number, was calculated with a custom CellProfiler Pipeline. 

CellProfiler data was analyzed in MATLAB®.  

2.8 Metabolic activity 

HESC-cardiomyocytes were seeded at 40 x 103 cells/well of a Matrigel-coated XFe96 cell 

culture microplate (Seahorse Bioscience, North Billerica, MA, USA) and fed daily for two weeks. 
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Treatment groups were supplemented with IGF1, NRG1, or NRG1+IGF1 daily. On day 14, cells 

were switched to 175 µL/well assay media: XF Base Medium (Seahorse Bioscience), 4 mM 

GlutaMAX, 1 mM Sodium Pyruvate (Life Technologies), and 25 mM glucose (Sigma-Aldrich) 

and incubated for 90 minutes at 0% CO2 and 37°C. Basal oxygen consumption rate (OCR) and 

extracellular acidification rate (ECAR) measurements were then made with an XFe96 

Extracellular Flux Analyzer (Seahorse Bioscience).  

2.9 Statistical analysis 

Data are expressed as mean ± SEM or SD as indicated in figure legends. Statistical significance 

was determined by using Student unpaired t-tests (Figure 3A, 3B), one-way ANOVA with 

Dunnett’s multiple comparisons (Figures 4-7), linear regression analysis (Figure 3B), or as 

indicated in the text. A P-value < 0.05 was considered statistically significant.  

Results 

3.1 Cardiac force-length relationship is recapitulated in ECTs 

ECTs were formed in a collagen gel with 1.0 x 106 cells per tissue ranging from 81-95% cardiac 

purity by flow cytometry (Figure 1B) in custom PDMS molds (Figure 1C). We treated ECTs daily 

with 100 nM IGF1, 100 ng/mL NRG1, or both 100 nM IGF1 + 100 ng/mL NRG1 (IGF+NRG) and 

continuously paced ECTs at 1 Hz during their two-week culture period. ECTs contracted within 

the PDMS molds (Figure 1D) and assembled striated myofibrils (Figure 1E). To characterize the 

effects of biochemical treatment with IGF1 and NRG1 upon contractile function of ECTs, we 

used a custom mechanics apparatus to measure intact twitch forces and their kinetics under 

electrical stimulation. ECTs from all groups followed electrical stimulation at 1 Hz both in culture 

and during mechanical measurements, however, ECTs treated with NRG1 or IGF1+NRG1 

exhibited a loss of spontaneous contractions (automaticity) when external pacing was paused 

after just one week in ECT culture. ECTs exhibited the classic Frank-Starling relationship196 with 
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active twitch force, Fa, increasing as tissues were stretched up to 30% of their initial length, L0 

(Figure 2A). A fold change in active stress significantly greater than 1 indicates a positive force-

length relationship. This signifies increased contractile force with stretch, consistent with the 

Frank-Starling relationship (Table 1). There was no significant difference in fold-change of active 

stress between control and treatment groups, indicating that biochemical stimulation neither 

enhanced nor inhibited the sensitivity of hESC-cardiomyocytes to increases in length. Passive 

tissue stiffness, defined as passive force normalized by cross-sectional area, ranged from 0.685 

± 0.265 kPa in control to 0.964 ± 0.158 kPa in NRG1-treated tissues (Figure 2C, Table 1). The 

maximum passive stiffness value measured, 1.928 kPa, was equal to that previously reported 

for scaffold-free engineered hESC-cardiac patches16 and about ten-fold below that of human 

myocardium (~16 kPa).197 

3.2 Active contractile force and force-frequency relationship are sensitive to biochemical 

stimulation 

We hypothesized that cardiomyocyte maturation due to biochemical stimulation would be 

detected at the level of force production in ECTs. To test this, we measured active stress in 

tissue preparations up to 30% stretch, σa,max (Table 1). Surprisingly, active stress was 

significantly decreased by 63%, 64%, and 65% of control with IGF1, NRG1, and IGF1+NRG1 

treatment, respectively. The average σa,max in the control group, 0.59 ± 0.14 mN/mm2, is 

equivalent to other reported values in collagen-based engineered hESC-cardiac tissue198 and 

two orders of magnitude below healthy human myocardium199. The force-frequency relationship, 

which is a positive relationship in vivo and one often missing in vitro,201,200,198 was examined in 

our ECTs by calculating the fraction of the force produced at 1 Hz to that produced when pacing 

tissues at a range of stimulation frequencies (Figure 3A). We observed a negative force-

frequency response in control and IGF1-treated tissues with significant decreases in force 

beyond 1.5 Hz and 1 Hz, respectively. In NRG1-treated tissues, we observed sustained force 
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amplitude with increasing frequency and measured a significant drop in force only at 3 Hz (180 

beats per minute), which is close to the maximum rate captured. IGF1+NRG1 treated tissues 

showed the most positive force-frequency relationship, with force significantly higher at 1.5 Hz 

and no significant reduction in force with increasing frequency, similar to recently reported 

results when using electromechanical stimulation.202,58 Lastly, the maximum capture rate (MCR) 

of each group was determined at 30% stretch (Table 1). The IGF1-treated group had the 

slowest MCR, while the NRG1-treated group had the fastest at 2.8 ± 0.3 Hz and was 

significantly greater than control.  

3.3 Biochemical stimulation does not alter the kinetics of contraction and relaxation 

To determine if biochemical stimulation altered contraction and relaxation kinetics independent 

of changes in force, we examined the speed of tissue contraction and relaxation. Peak rate of 

force development or upstroke velocity, vup (Figure 2C), at 30% stretch was fastest in the control 

group, depressed with IGF1 treatment, and significantly slower in the NRG1 and IGF1+NRG1-

treated groups (Table 2). The change in vup with stretch was then examined and a slope 

significantly greater than 0 was observed in all groups, indicating a significant increase in vup 

with stretch as is expected for increased twitch force amplitude. The slope was steepest in the 

control group and significantly reduced in treatment groups (Figure 3B). The control group had 

the slowest time to 50% and 90% relaxation from peak force (R50 and R90, respectively; Figure 

2B) and both R50 and R90 were decreased with NRG1 treatment (Table 2). However, the 

apparent changes in contraction upstroke velocity and relaxation kinetics with biochemical 

stimulation at maximal stretch can be explained by the lower maximal twitch force that 

biochemically stimulated tissues produced. Because force production in treated ECTs was 35% 

of control, we also examined vup, R50, and R90 in control ECTs at 35% of their maximal force 

production (at 10% stretch) where R50 and R90 were very similar to what has been previously 

reported for hESC-cardiomyocytes.203 No significant differences were observed between 
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treatment groups and 35% control (Table 2). When examined over the range of maximal stress 

produced across all groups (Figure 3C), vup does not differ with IGF1 and NRG1 treatment. This 

confirms that for a given σa,max, contraction kinetics are not altered with biochemical stimulation. 

3.4 Biochemical stimulation induces increased gene expression of maturation markers in 

ECTs 

To determine if our biochemical stimulation could induce changes at the molecular level in our 

ECTs, we used q-RT-PCR to examine mRNA expression levels of a panel of cardiac markers 

involved in force production, development, calcium handling, and resting membrane potential. 

Genes MYH6, MYH7, and TNNT2, which code for proteins α- and β-myosin heavy chain and 

cardiac troponin T, respectively, that are components of the contractile lattice, increased 

expression by about 4- to 6-fold without reaching significance when NRG1 was included in the 

stimulation cocktail (Figure 4A). Atrial and ventricular myosin light chain expression did not 

change significantly with stimulation (data not shown). NPPA and NPPB, coding for atrial (ANP) 

and brain (BNP) natriuretic peptides, had expression levels greater than 50-fold above control 

with NRG1 stimulation (Figure 4B). Their increased expression has been associated with 

cardiovascular development, where natriuretic peptides are expressed in the ventricles during 

gestation and in the cardiac conduction system after birth.204 Phospholamban (PLN), whose low 

expression is characteristic of stem cell-derived cardiomyocytes but is required for proper 

calcium handling205 also trended towards increased expression with NRG1 and IGF1+NRG1 

treatment, which may contribute to decreased twitch amplitude in those groups. Ryanodine 

receptor 2 (RYR2), responsible for the release of Ca2+ from the sarcoplasmic reticulum, was not 

altered by treatment (Figure 4C). Two ion channels important for resting membrane potentials in 

cardiomyocytes were not altered by biochemical stimulation, namely the hyperpolarization-

activated channel 4 (HCN4), responsible for the “funny current” and necessary for pacemaker 

action potentials in cardiomyocytes,206 and the KCNJ2 gene, encoding the inward-rectifier 
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potassium ion channel, Kir2.1 (Figure 4D).  No gene expression differences were observed with 

IGF1 treatment alone and synergy between NRG1 and IGF1 was not observed.  Together, this 

gene expression data suggests that the cardiac lineage may be pushed forward into a more 

mature phenotype in ECTs stimulated with NRG1. 

3.6 IGF1 increases cardiomyocyte proliferation in ECTs  

Because force production was decreased in biochemically stimulated ECTs, we sought to 

identify alternative molecular mechanisms occurring in IGF1- and NRG1-treated tissues. First, 

we examined proliferation rates in ECTs by quantifying the number of cardiomyocytes that had 

incorporated bromodeoxyuridine (BrdU) into their nuclei during DNA replication (S phase of the 

cell cycle; Figure 5A,B). This was done by incubating ECTs with BrdU overnight, prior to 

fixation, and staining tissue sections for cardiac troponin T and BrdU. Proliferation rates 

increased more than 3-fold over control with IGF1 treatment from 3.0 ± 0.6% to 12.3 ± 1.0% 

(Figure 5c). NRG1 treatment negated this effect, returning proliferation rates to that of control. 

As seen in both gene expression and mechanics data, NRG1 dominates the treatment effects 

when administered simultaneously with IGF1. Because treatment of hESC-cardiomyocytes with 

IGF1 in 2D culture results in increased cytokinesis, not karyogenesis, we hypothesize the same 

is the case in ECTs. 

3.7 Cellular metabolic activity is modulated by NRG1 and IGF1 treatment 

Because NRG1 signaling has been implicated in altering cellular respiration207 and because we 

noticed increased media yellowing of ECTs treated with NRG1 and IGF1+NRG1, we 

investigated mitochondrial content and metabolic rates in hESC-cardiomyocytes. We first 

sought to confirm that overall mitochondria content was differentially affected by growth factor 

stimulation. Plated single cells were treated for 2 or 5 days with IGF1, NRG1, or IGF1+NRG1 

and mitochondrial content per cell was then determined with MitoTracker® Red. No differences 
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were seen between groups treated for 2 days, but 5 days of NRG1 treatment significantly 

increased mitochondrial content 3.6 ± 0.6-fold over control (P<0.05, n=4). Either increased 

mitochondria size or biogenesis could explain this result, se we next sought to assess if 

increased mitochondrial content in NRG1-treated cells was associated with an increase in 

metabolic activity, we examined basal cardiomyocyte metabolic rates with an XFe96 

Extracellular Flux Analyzer (Seahorse Bioscience). To emulate the 3D engineered tissue 

conditions as closely as possible, we plated cardiomyocytes as a confluent monolayer and 

treated for 2 weeks with IGF1, NRG1, or IGF1+NRG1 daily. On day 14 we measured the basal 

oxygen consumption rate (OCR, Figure 6A), extracellular acidification rate (ECAR), and 

calculated the ratio of the two measures (OCR/ECAR, Figure 6B) with all measures normalized 

to cell number. A significant increase in OCR over control was present in all treatment groups, 

indicating increased metabolic activity with each treatment. The OCR/ECAR ratio indicates 

relative levels of mitochondrial respiration and glycolysis, with an increased ratio reflecting an 

increase in mitochondrial respiration and a decreased ratio reflecting an increase in glycolysis. 

The IGF1-treated cells had a significantly lower OCR/ECAR ratio versus control, whereas 

NRG1-treated cells had a significantly higher OCR/ECAR ratio. IGF1+NRG1-treated cells 

displayed a trend towards an increased OCR/ECAR ratio, but this did not reach significance. 

These results align with previous studies that show proliferating cells have increased rates of 

glycolysis208 and treatment with NRG1 increases oxidative phosphorylation subunits in 

mitochondria of rat skeletal muscle cells.119 

3.8 NRG1 induces increased area at the single-cardiomyocyte level 

Because both IGF1 and NRG1 have been implicated in cardiomyocyte hypertrophy through 

traditional 2D culture methods using single cells210,209 we examined the morphological response 

of single hESC-cardiomyocytes plated in 2D to IGF1 and NRG1. Cells were treated daily with 

IGF1, NRG1,  IGF1+NRG1 or a recently published hypertrophic cocktail “TID” (100 nM 
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triiodothyronine hormone, 100 ng/mL IGF1, 1 µM dexamethasone)43 for five days. HESC-

cardiomyocytes in every group show distinct striations with alpha-actinin labeling (Figure 7). 

Further, biochemical treatment for 5 days increased cell area by 2- to 2.6-fold of untreated 

control with a significant increase in NRG1, IGF1+NRG1, and TID groups (p<0.01, Figure 7). 

These results in 2D-plated hESC-cardiomyocytes do not predict the response of the same cell-

type in 3D ECTs where there was no significant difference in alpha-actinin content per 

cardiomyocyte with growth factor stimulation (data not shown). This demonstrates the necessity 

of studying cardiomyocytes in the more physiological, 3D platform. 

Discussion   

This study describes the response of hESC-cardiomyocytes in engineered cardiac tissues 

(ECTs) to stimulation by developmentally important growth factors insulin-like growth factor 1 

(IGF1) and neuregulin 1β (NRG1). The novel findings include  (1) description of the amplitude 

and kinetics of twitch force development and the force-frequency relationship in ECTs 

stimulated with IGF1 and NRG1, (2) quantification of hESC-cardiomyocytes’ proliferative 

response in 3D to IGF1 and NRG1, (3) characterization of the metabolic activity of biochemically 

stimulated hESC-cardiomyocytes, and (4) the observation that responses from cells in 2D and 

at the gene expression level do not predict 3D engineered tissue functional behavior.  This 

study demonstrates that this ECT platform is an accessible and valuable 3D in vitro tool to 

analyze the response of hESC-cardiomyocytes to biologically important growth factors. 

In an effort to develop a contractile tissue therapy for the heart, it is necessary to thoroughly 

understand the contractile function of engineered cardiac tissues. We used a variety of 

parameters to evaluate how growth factor treatment modulated ECT function. Across all groups 

we observed a positive relationship between stretch and both σa and vup. The average active 

force produced by the control group (normalized only by cross-sectional area, CSA) of 0.59 ± 

0.14 mN/mm2 was higher than previously reported for hESC-cardiomyocyte-only, strip-like 
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tissues;23,21 was equal to recently reported values;198 and was lower than with patterned molds 

where overall tissue force production was normalized by CSA, porosity, and cellular 

orientation.211 Notably, our tissues were formed without Matrigel or Geltrex and were cultured in 

serum-free conditions in contrast to these other studies, suggesting that it is possible to 

eliminate ill-defined protein components in the process of making engineered cardiac tissue. In 

our tissues, contraction kinetics are within 25% of what has been reported in both hESC-

cardiomyocytes203 and adult cardiomyocytes.213,212 In order to boost both passive and active 

mechanical properties in our ECTs to physiologically relevant levels, it will be important to 

create a more stiff matrix environment that more closely mimics human myocardium, and these 

efforts are underway by our group and others.214,215  

Cardiomyocyte proliferation can be significantly enhanced in ECTs treated with IGF1 to 12.3 ± 

1.0% (3-fold above untreated control) as evidenced histologically and metabolically, far above 

rates in mature, adult myocardium which have a proliferation rate of <0.1% beyond 20 years of 

age.216 This phenomena has been reported in human ESC-derived cardiomyocytes in both 2D39 

and in vivo,4 but had yet to be confirmed in engineered tissues in vitro prior to this study. A 

balance between proliferation and differentiation of cardiomyocytes exists in the embryonic 

cardiovascular system217 where the increase in one process precludes the other. This could 

explain why increased cardiomyocyte proliferation rates in ECTs stimulated by IGF1 was 

accompanied with a significant decrease in force production, which requires assembly and 

maturation of the contractile lattice. Although IGF1 results in decreased twitch force amplitude in 

ECTs, the ability of engineered cardiac tissue to respond to proliferative stimulation is a valuable 

asset because of the precious nature of hESC-cardiomyocytes. Producing hESC-

cardiomyocytes is an expensive endeavor, and tools to maximize yield will be key to advancing 

cardiac tissue engineering technologies towards therapeutic applications. Because this study 

focused on the detailed evaluation of ECT response to biochemical stimulation, only one 
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treatment condition for each stimulant group was used. In the future, optimization of dose and 

timing could enable a more careful modulation of ECT response to growth factor stimulation to 

elicit a particular response.  For example, IGF1 administered early in engineered tissue 

formation would facilitate proliferation of hESC-cardiomyocytes and could be followed by 

subsequent treatments or growth periods. Additionally, the B27 supplement used in this study 

contained insulin, which can bind and activate IGF receptors, and future studies may 

demonstrate increased sensitivity to IGF1 treatment with insulin-free supplement. 

NRG1 treatment of ECTs produced additional novel benefits, enhancing electromechanical 

maturity, reflected in a non-negative force-frequency relationship up to 3 Hz and a maximum 

capture rate of 2.8 Hz, and promoting metabolic activity with an increase in both mitochondrial 

content and oxidative phosphorylation by 1.4 and 1.5-fold over control, respectively. Metabolic 

sensitivity to growth factor treatment has previously been reported in hiPSC-cardiomyocytes 

where tri-iodo-L-thryonine (T3) treatment increased oxygen consumption rate without an 

increase in mitochondrial content but with a corresponding increase in force production.41 

Similar results were reported with a cocktail of T3, IGF1, and dexamethasone (TID).43 Our 

results also show that hESC-cardiomyocyte metabolism can be manipulated with biochemical 

stimulation, but in a manner that increases mitochondrial content (biogenesis). Recent work has 

demonstrated that mitochondria number increases during maturation of hPSC-cardiomyocytes 

in long-term culture, and our results suggest a means to expedite this process.218 Currently, the 

field is limited to metabolic measurements of hESC-cardiomyocytes in 2D cultures, and yet we 

believe these data accurately represent the metabolic behavior of engineered 3D tissues 

because they provide plausible explanations for the phenomena observed in 3D, namely an 

increased rate of medium acidification (apparent with overnight color change to yellow in phenol 

red-containing culture medium) and decreased force production. With NRG1 stimulation, the 

increase in mitochondrial content and decrease in force production we observed suggests that 
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mitochondrial maturation was achieved with NRG1 while contractile maturation was paused or 

hindered. This result contrasts those of T3 stimulation41 and TID stimulation,43 suggesting that 

hESC-cardiomyocyte maturation is dependent upon the specific developmental stimulant. We 

hypothesize that metabolic maturation is required for increased contractile function of hESC-

cardiomyocytes, but that removal of NRG1 stimulation to curb mitochondrial biogenesis may be 

required to promote contractile strength.  

NRG1 stimulation in ECTs dramatically increased ANP and BNP expression greater than 50-

fold over control, which suggests hypertrophic growth and is in stark contrast to the reduced 

maximal force we obtained with NRG1 stimulation. Spikes in ANP and BNP transcript levels are 

observed during important milestones in embryonic cardiac development.219 The high levels of 

gene expression observed in ANP and BNP may be due to the biochemically-induced 

developmental environment we create in vitro through the addition of NRG1. NRG1 has also 

been implicated in maintaining metabolic homeostasis,220 which could indicate the ANP and 

BNP upregulation correlates with the postnatal period. Alternatively, increased ANP and BNP 

serum levels have been clinically associated with heart failure,221 so an alternative explanation 

for increased ANP and BNP levels, accompanied by decreased contractility, could be the 

induction of a pseudo disease state. Because NRG1 signaling is present in both development 

and disease,220 we hypothesize that the spikes in ANP and BNP are likely akin to normal 

development (e.g., ANP/BNP spike at birth due to rapid changes in hemodynamics and atrial 

pressure) and cardiac homeostasis because of the immaturity of these hESC-cardiomyocytes 

as well as the positive metabolic effects NRG1 stimulation had on ECTs. Assessing the 

mechanistic importance of ANP and BNP in hiPSC-cardiomyocyte maturation will require 

verification of protein levels and activated signaling pathways. 

Our data on cardiomyocyte area versus tissue force production support the idea that the 

morphological response of hESC-cardiomyocytes plated on stiff surfaces in 2D  is not 
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necessarily predictive of hESC-cardiomyocyte functional maturity.222 Biochemically treated cells 

showed a significantly larger area versus control in 2D and although gene expression profiles in 

ECTs suggested maturity, no significant change in α-actinin content was observed at the tissue 

level as assessed by α-actinin staining intensity normalized per nucleus in ECTs (data not 

shown). Further, functional analysis of active contractile strength in ECTs showed decreased 

twitch force amplitude with biochemical stimulation by IGF1, NRG1, or IGF1+NRG1. The 

discrepancy we find in cellular growth in 2D (increased) and force generation in 3D engineered 

tissue (decreased) is likely due to the different microenvironments (e.g., stiffness) that are 

provided to the cells in these two culture systems, which is a phenomenon that has been 

previously described and appears to affect cell phenotype across many cell types ranging from 

fibroblasts223 and neurons224 to primary cardiomyocytes.225 Additionally, recent work from our 

group demonstrates that single hPSC-cardiomyocyte volume does not increase with area, which 

suggests that 2D area increase with biochemical stimulation does not truly indicate physiological 

hypertrophy of the cells but rather a morphological response to the microenvironment.226   

In summary, this study describes how developmentally important growth factors can be used to 

elicit functional responses in 3D engineered cardiac tissues (ECTs) for therapeutic applications 

including increased cardiomyocyte proliferation by IGF1 and metabolic maturation by NRG1. 

We developed and characterized an hESC-derived cardiac tissue engineering platform that 

incorporates static stress and electrical stimulation during culture and utilize it as a test bed for 

cardiac tissue maturation. ECTs responded to NRG1 and IGF1 treatment at the biomolecular, 

metabolic, and functional levels, demonstrating the therapeutic potential of these biochemical 

stimulants. We speculate that the timing and combination of developmentally pertinent growth 

factors including IGF1 and NRG1 will reveal methods for maximizing ECT maturity and 

contractile performance.  

5 Conclusion 
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Our results show that growth factors identified from development, IGF1 and NRG1, modulate 

hESC-derived cardiomyocyte physiology in 3D engineered cardiac tissues by increasing 

proliferation and maturing the metabolic phenotype, respectively. IGF1 and NRG1 together 

synergistically acted to create a positive force-frequency response.  Further, we showed that 

when IGF1 and NRG1 were administered to single hESC-cardiomyocytes in 2D culture, NRG1 

promoted increased cell area (often referred to as hypertrophy but potentially not the case with 

hPSC-cardiomyocytes),226 which was different from the 3D hESC-cardiomyocyte response as 

measured by force production, highlighting the necessity of 3D platforms to characterize and 

develop tissues for therapeutic applications. 
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 Figures & Tables 

Figure 1 

Figure 1. Directed differentiation 

of hESCs result in highly 

enriched cardiomyocyte 

populations which form beating 

tissues in vitro. (A) Timeline of 

differentiation of cardiomyocytes 

from hESCs (Cond. Media: MEF-

conditioned media, CH: 

Chiron99021, AA: activin A, BMP: 

bone morphogenic protein 4). (B) 

Differentiated populations were 

immunofluorescently stained for 

cardiac troponin T (cTnT) and 

smooth muscle actin (SMA) and analyzed with flow cytometry. (C and D) Cardiomyocytes 

cultured with a collagen-1 matrix in PDMS molds cast from custom laser-etched acrylic 

negatives (C) remodeled the matrix and formed beating constructs within 48 hours (D). (E) 

Immunofluorescence of α-actinin (red) and nuclei (blue) in engineered tissue sections. Myofibril 

striations were visible (inset). White double-headed arrow indicates direction of uniaxial stress in 

tissue during culture.   
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Figure 2 

 

Figure 2. Engineered muscle displays robust twitch contractions. (A) Force (top) and length 

(bottom) trace of an ECT stretched to 130% of its initial length in 5% steps with individual twitch 

contractions recorded at each length. Active and passive force are indicated at 5% stretch 

(length step L1) as Fa,1 and Fp,1 and at 30% stretch (Lmax) as Fa,max and Fp,max as indicated by 

asterisks. (B) Traces of individual contractions were processed to identify maximal twitch stress 

(σa,max, red asterisk ), time to 50% and 90% force relaxation (R50, green asterisk, and R90, black 

asterisk), and peak upstroke velocity (vup). (C) Young’s modulus (stiffness) of each tissue was 

determined by measuring passive stress, σp, from 5% stretch of initial length (L1 = 0.05 strain) to 

30% stretch (Lmax = 0.30 strain) and calculating the slope of the line of best fit. In this example, 

Young’s modulus = 1.93 kPa (R2=0.99).   
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Figure 3 

 

Figure 3. Engineered muscle displays a force-frequency response that is sensitive to 

biochemical stimulation. (A) Maximum active stress at 30% stretch was measured at increasing 

frequencies for control, IGF1, NRG1, and IGF1+NRG1. Data are shown normalized to active 

stress at 1 Hz and expressed as mean ± SEM. (B) The relationship between upstroke velocity 

(vup) and percent stretch was plotted and fit with a regression line for each treatment group. 

Data are expressed as mean ± SEM at each length. (C) A scatterplot of vup versus maximum 

active stress, σa,max, was plotted.  n = 10 per group. *P < 0.05, **P < 0.01, ***P < 0.001 vs 1Hz of 

same group (A) or slope of line versus control (B).   
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Figure 4 

 

Figure 4. Engineered tissues alter their gene expression patterns by q-RT-PCR analysis in 

response to biochemical stimulation. Genes shown encode proteins associated with the 

contractile lattice (MYH6: α-myosin heavy chain, MYH7: β-myosin heavy chain, TNNT2: cardiac 

troponin T; A), development (NPPA: atrial natriuretic peptide, BNNP: brain natriuretic peptide; 

B), calcium handling (PLN: Phospholamban, RYR2: ryanodine receptor 2; C), and voltage-gated 

ion channels (HCN4: Hyperpolarization-activated cyclic nucleotide-gated channel, KCNJ2: 

inward-rectifier potassium ion channel; D). n = 3 per group; data are shown as fold induction of 

gene expression normalized to HPRT1 and expressed as mean ± SEM. *P < 0.05.   
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Figure 5 

Figure 5. IGF1 stimulates cardiomyocyte proliferation in engineered tissues. (A and B) 

Immunohistological staining of cardiac troponin T (pink), nuclei (blue), and bromodeoxyuridine 

(BrdU)-positive nuclei (brown) in control (A) and IGF1-treated (B) ECTs. (C) Percent BrdU 

positive nuclei was calculated for each group by counting the number of BrdU positive cardiac 

nuclei of the total cardiac nuclei (n = 3 biological replicates with ≥ 100 cardiomyocytes counted 

per group). **P < 0.01.   
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Figure 6 

Figure 6. NRG1 treatment increases mitochondrial activity in cardiomyocytes. (A and B) Basal 

metabolic profiling of hESC-cardiomyocytes was normalized to live cells (with LIVE/DEAD® 

staining) to determine oxygen consumption rate (OCR; A), extracellular acidification rate 

(ECAR), and the OCR/ECAR ratio (B; n = 6). Data are expressed as mean ± SD. *P < 0.05, **P 

< 0.01, ***P < 0.001 versus control.   
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Figure 7 

 

Figure 7. NRG-1 treatment stimulates growth in single hESC-cardiomyocytes. 

Immunofluorescence of α-actinin (green) and nuclei (blue) in control (center), IGF1 (bottom left), 

NRG1 (top left), or IGF1+NRG1 (top right) treated hESC-cardiomyocytes. Area was measured 

for each group (bottom center). n ≥ 38 cells analyzed per group; data are expressed as mean ± 

SEM. **P < 0.01. 
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Table 1. Contractile and mechanical characteristics of engineered tissues. 

Group Fold Increase Stiffness (kPa) σa, max (mN/mm2) MCR (Hz) 

Control 3.1 ± 0.3 (9)† 0.685 ± 0.265 (5) 0.59 ± 0.14 (10) 2.2 ± 0.2 (9) 

IGF1 3.7 ± 0.5 (10)† 0.600 ± 0.177 (5) 0.22 ± 0.06 (10)* 1.9 ± 0.4 (8) 

NRG1 2.3 ± 0.2 (10)† 0.964 ± 0.158 (6) 0.21 ± 0.01 (10)* 2.8 ± 0.3 (10)* 

IGF1+NRG1 1.9 ± 0.2 (10)† 0.644 ± 0.163 (5) 0.19 ± 0.04 (10)* 2.4 ± 0.27 (10) 

Peak active stress (σa, max) and maximum capture rate (MCR) were measured at 30% stretch. 

†P < 0.05 versus a value of 1 (no change). *P < 0.05 versus control. Data are displayed as 

mean ± SEM with sample size displayed in parentheses. 
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Table 2. Contraction and relaxation kinetics of engineered tissues. 

Peak upstroke velocity (vup) and time to 50% and 90% relaxation (R50 and R90) of peak active 

stress, σa,max, was measured at the indicated stretch. Sample size is displayed in parentheses. 

*P < 0.05, **P < 0.01 versus control. 

  

Group Stretch (n) vup (mN/mm2/s) R50 (msec)  R90 (msec)  

 Control  30% (13) 9.41 ± 2.14 167 ± 13  326 ± 24 

Control  10% (12) 2.89 ± 0.93** 113 ± 13** 232 ± 15** 

 IGF1  30% (9) 5.01 ± 1.14 144 ± 10 277 ± 24 

 NRG1  30% (11) 2.38 ± 0.26** 120 ± 9**  243 ± 25* 

 IGF1+NRG1  30% (13) 2.19 ± 0.45** 139 ± 9 278 ± 28 
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Chapter 5: Human cardiac fibroblasts uniquely modulate electromechanical 
function of hiPSC-cardiomyocytes in engineered myocardium 
 

Submission Reference: Rupert CE, Kim TY, Choi B-R, Coulombe, KLK. Human cardiac 

fibroblasts uniquely modulate electromechanical function of hiPSC-cardiomyocytes in 

engineered myocardium. Stem Cell Reports. Submitted 2019-06-04 

Supplemental material referenced in this chapter can be found in Appendix 1 

 
Abstract 
Cardiac tissue engineering using hiPSC-derived cardiomyocytes is a promising avenue for 

cardiovascular regeneration, pharmaceutical drug development, cardiotoxicity evaluation, and 

disease modeling, yet there still exist limitations to these applications due to functional 

immaturity of hiPSC-derived cells. It is well accepted that heterotypic cellular interactions alter 

the phenotype of cardiomyocytes. The current study evaluates the functional effects of co-

culturing adult human cardiac fibroblasts (hCFs) in 3D engineered tissues and recapitulates 

healthy and diseased myocardium in vitro. A small population (5% of total cell number) of hCFs 

in tissues improves tissue formation, material properties, and contractile function that was 

unattainable with human dermal fibroblasts. However, two small perturbations to the hCF 

population creates disease-like phenotypes in engineered cardiac tissues.  First, increasing the 

percentage of hCFs to 15% resulted in tissues with increased ectopic activity and spontaneous 

beating frequency. Second, hCFs undergo increased myofibroblast activation in traditional two-

dimensional culture, and after prolonged culture, retain this altered phenotype when 

incorporated into engineered cardiac tissues to ablate functional benefits provided by their early-

passage counterparts. Taken together, results of this study demonstrate that hCFs are a 

valuable cell source to manipulate engineered cardiac tissue physiological and 

pathophysiological function for downstream regenerative medicine applications. 
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Introduction 
Tissue engineering approaches to cardiac modelling, therapeutic development, and 

regeneration are promising but have been hindered in part by the electromechanical immaturity 

of human pluripotent stem cell (hPSC)-derived cardiomyocytes. This immaturity has been 

documented in cardiovascular research from the single-cell level, where electrophysiological 

patch-clamp recordings have revealed a reduced inward rectifier potassium current (IK1),227  

expression of pacemaker channels to cause frequent spontaneous contractions,228 and low 

expression of L-type channels,229 to implantation in animal models, where arrhythmia and 

insufficient coupling are reported with the injection of cells160,230 and engineered tissues,231,232,161 

respectively. The ubiquity of these obstacles necessitates further exploration of how hPSC-

cardiomyocyte electromechanical phenotype develops in response to differentiation 

protocols,7,11 culture conditions, and heterocellular interactions, to name only a few. Non-

cardiomyocytes have been shown to be necessary for achieving optimal mechanical 

performance of engineered cardiac tissues,58 which makes the study of heterocellular 

interactions particularly invaluable to the cardiovascular engineering field.  

As thoroughly summarized by Zhou and Pu,233 the ratio of cardiomyocytes to non-

cardiomyocytes in the heart varies widely depending on methodology of measurement. 

However, studies of the human ventricle come to a general consensus that cardiomyocytes 

contribute to about one third of the tissue by cell number,234,235 with endothelial cells and cardiac 

fibroblasts comprising the majority of non-cardiomyocytes. A variety of human cell types have 

been used to replace this non-cardiomyocyte population in engineered tissues ranging from 

mesenchymal stem cells and umbilical vein endothelial cells59,61,60 to brain pericytes62, neonatal 

dermal fibroblasts63,58, and simply relying on the non-cardiac population resulting from the 

differentiation process.58 These support cell types provide functional benefit to engineered 

tissues including improved extracellular matrix (ECM) production and contractile force. 

However, they do not take into account native myocardial cellular heterogeneity, which provides 
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a physiologically relevant list of potential support cell candidates that may also impact cardiac 

function. 

Among these candidates are cardiac fibroblasts (CFs), which comprise a significant portion of 

the heart by cell number.233 Fibroblasts of the cardiac lineage in particular are critical for 

providing structural organization and support in homeostasis and are prominent modulators of 

acute and chronic cardiac injury.236 In the healthy heart, CFs produce and maintain the ECM, 

specifically fibronectin, laminin, and collagens I, III, and IV.238,237,19 In a disease state, CFs 

undergo activation to a myofibroblast phenotype, characterized by increased proliferation, 

contractility, and extracellular matrix production.239 Myofibroblasts express gap junction proteins 

connexin 43 and 45, and at a low concentration, they speed conduction and upstroke velocity in 

vitro.240,241 Recent studies also suggest myofibroblasts electrically couple to cardiomyocytes at 

the border zone of infarcted murine hearts.243,242 Their active participation in myocardial 

structural maintenance and disease makes hCFs an excellent candidate for developing 

engineered cardiac tissues with more mature functionality while incorporating a physiologically 

relevant toolkit to model cardiac injury, aging, and fibrosis.  

In this study, we demonstrate that adult human cardiac fibroblasts (hCFs) can be used to 

optimize engineered cardiac tissue electromechanical performance and that altering culture 

conditions produces arrhythmogenic phenotypes based on percentage and pre-conditioning of 

the hCF population. We demonstrate that, in our hands, neonatal human dermal fibroblasts 

(NHDFs) cannot be leveraged in the same way. We show that low hCF inclusion increases 

contractile force by three-fold compared to hiPSC-cardiomyocyte only control tissues, while 

higher percentages increase excitability and spontaneous beating rate. Additionally, we show 

that serial passaging and resulting increased myofibroblast activation is at least partially 

retained by hCFs in engineered cardiac tissues, negating the benefit to function that early-

passage hCFs provide. We also report and characterize, for the first time, the appearance of 
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contractile alternans—the periodic alternation between full-force and partial-force contractions—

and their pacing frequency dependence in engineered tissues. These data demonstrate that 

hCFs are a valuable cell type for manipulating the pathophysiological phenotype of engineered 

cardiac tissues and that our tissue engineering platform has the sensitivity to distinguish 

differences in functional performance in response to heterocellular interactions between hiPSC-

cardiomyocytes and hCFs. 

Methods 
Cell Culture and Differentiation 

Gibco® Human Episomal induced pluripotent stem cells (hiPSCs) were purchased from 

ThermoFisher Scientific. HiPSCs were cultured on plates coated with truncated human 

vitronectin in Essential 8 medium (ThermoFisher Scientific). Small molecule Wnt modulation 

was used for directed cardiac differentiation, as previously described.226 In brief, hiPSCs were 

singularized, seeded on Matrigel-coated plates, and grown to approximately 70% coverage at 

which point chemically defined differentiation was started. Cells were sequentially treated with 6 

µM CHIR 99021 follow by 5 µM IWP2 in RPMI 1640 supplemented with L-Ascorbic Acid and 

human serum albumin.7 After one week of differentiation cells were maintained in RPMI 1640 

supplemented with B27 (RPMI/B27). HiPSC-cardiomyocytes were harvested using 0.25% 

trypsin in 0.5 mM EDTA and used for engineered tissue experiments at 14 – 25 days of 

differentiation. 

Healthy adult human ventricular cardiac fibroblasts (hCFs) were purchased from a commercial 

vendor (63-year-old female, lot #416Z048.9, PromoCell) and maintained in DMEM/F12 

supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (pen-strep). 

HCFs were expanded and used for downstream experiments (passages 3-9, reported with each 

data set in Results). For 2D myofibroblast activation experiments, coverslips were coated with 

polyacrylamide gels at 10% acrylamide and 0.1% bis-acrylamide for a stiffness of approximately 
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12 kPa.244 Gels were functionalized with 0.2 mg/mL human Fibronectin and seeded with hCFs 

for 72 hours. 

Flow Cytometry 

Cells for flow cytometry analysis were singularized and fixed in 4% paraformaldehyde (PF) for 

10 minutes at ambient temperature. Cells were stained with antibodies against cardiac troponin 

T (cTnT, 2 μg/mL; Thermo Fisher Scientific) and alpha-smooth muscle actin (αSMA, 0.5 μg/mL; 

Abcam). CTnT+ cells were considered cardiomyocytes, αSMA+ cells fibroblast-like, and double-

positive cTnT+/ αSMA+ immature cardiomyocytes.191 Samples were run on either an Attune 

NxT or BD FACSAria Flow Cytometer and analyzed with either FlowJo or Flowing software. 

Quantitative RT-PCR 

MRNA was extracted from cells and tissues using the RNeasy Mini Kit and mRNA concentration 

was measured with a NanoDrop 1000 Spectrophotometer. CDNA was synthesized from a 

normalized mass of mRNA for cells and tissues separately using the SuperScript III First-Strand 

Synthesis System. CDNA samples were combined with custom primers (Supplemental Table 

S1) and SYBR Master Mix, and quantitative real-time PCR was run on an Applied Biosystems® 

7900 fast real-time system. HPRT was used as an internal control and relative expression was 

calculated using the 2^(-ΔΔCt) method.195  

Mold and Tissue Formation 

Molds and tissues were formed as previously described.192,245 In brief, custom acrylic molds 

were fabricated using a 100W CO2 laser and polydimethylsiloxane (PDMS) was poured into 

acrylic negatives and cured at 60°C. Tissues were form by combing 1x106 hiPSC-

cardiomyocytes and 0-15% hCFs with 2.5 mg/mL rat tail collagen-1 at a 50%/50% vol/vol ratio 

for a final concentration of approximately 16x106 hiPSC-CMs/mL and 1.25 mg collagen/mL. 
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Cell-collagen solution was pipetted into PDMS molds, maintained in RPMI/B27, and stimulated 

with a 4 ms biphasic pulse at 1 Hz and 5 V/cm for the duration of culture.  

Mechanics Testing 

Mechanical measurements were performed after one or two weeks of culture as previously 

described.245 Engineered tissues were cut in half and their passive and active mechanical 

properties were measured with an ASI 1600A system (Aurora Scientific). Strips were mounted 

on hooks attached to a 5 mN force transducer and high-speed motor arm, bathed in Tyrode’s 

solution with 5 mM glucose and 1.8 mM CaCl2 at 30-34°C, and electrically field stimulated with 

platinum electrodes. Tissues were stretched from their initial length, Lo (determined as just 

above slack length), by 5% steps to 130% Lo. At the final length, tissues were paced with 

increasing frequency, and the fastest pacing they followed was recorded as the maximum 

capture rate (MCR).  

Calculations were made from the data recorded during mechanical testing to obtain the 

following values: Active stress, σa, was calculated by averaging the active twitch force of 10 

contractions and normalizing by the cross-sectional area (CSA). CSA was calculated under the 

assumptions that tissue height was half the width and cross-sectional shape was an ellipse. 

Fold change was calculated from the ratio of the maximum active stress at 130% L0 to active 

stress at the initial length L0. Passive stress, σp, was calculated by normalizing the passive 

(baseline) force produced at each step by the CSA, and tissue stiffness (Young’s modulus) was 

calculated as the slope of the line of best fit of passive stress versus strain at 5 – 30% strain. 

Optical mapping of action potentials 

ECTs were placed in a temperature regulated chamber (37.0 ± 0.2 oC) and perfused with 130 

NaCl, 24 NaHCO3, 1.0 MgCl2, 4.0 KCl, 1.2 NaH2PO4, 5 Dextrose,  1.25 CaCl2, gassed with 95% 

O2 and 5% CO2. ECTs were stained with voltage-sensitive dye, di-4-ANEPPS (Invitrogen) and 5 
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µmol.L-1 blebbistatin was added to the perfusate to reduce contraction artifact to fluorescence 

recording. Fluorescence images of APs were recorded from the anterior surface of the heart 

using a CMOS camera (100×100 pixels, 1000 frames/sec, 1.0 × 1.0 cm2 field of view, Ultima-L, 

SciMedia, Japan). Activation maps and APD maps were generated using dF/dt for activation 

and dF2/dt2 for repolarization using digital image analysis routines as previously described.246  

The values are represented as mean ± standard deviation.  

Statistical Analysis 

Statistical analyses of the obtained data were performed using two-tailed unequal variance 

Student’s t tests (Figures 2B, 2D, 2F), one-way ANOVA with Tukey’s multiple comparisons tests 

(Figures 1A-C, 3A-D, 4C, 5A-D, 6B, 7B-C, S1A-B, ST2, ST4), two-way ANOVA with Tukey’s 

multiple comparisons tests (Figures 4D, 6C, S5B, ST3, ST5), linear regression (Figures S2A-C, 

S4A-C) and non-linear regression (Figure 7A).  Significance was considered as P < 0.05. Mean 

and standard deviation or standard error of the mean (as noted in each figure legend) were 

plotted using Graphpad Prism. Number of independent experiments (n) is indicated in the text 

and each figure legend. 

 

Results 
Neonatal human dermal fibroblasts are not sufficient to improve engineered myocardial 

function 

Neonatal human dermal fibroblasts (NHDFs) are a widely available fibroblast cell source, so we 

first sought to utilize them in engineered cardiac tissues (ECTs) as a support cell type as 

recently shown by others.58 Passage 4 NHDF’s were doped into ECTs at 0% (control), 10%, or 

20% of hiPSC-cardiomyocyte input and cultured for one week. NHDF’s significantly increased 

tissue compaction as measured by cross-sectional area (CSA, P<0.01, n≥5; Figure 1A). The 
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addition of 10% NHDFs increased tissue stiffness to 38 ± 9 kPa (P<0.01, n≥5; Figure 1B). Most 

importantly, only in cardiomyocyte-only control tissues did the majority of ECTs form a beating 

syncytium, determined by tissue-level contractile response to 1 Hz field stimulation and by 

observation of holes and cell segregation in culture (Figure 1C-D, Movie S1, S2). Taken 

together, these data indicate that NHDFs are not an ideal support cell-type and that fibroblast 

origin may be critical for modulating the function of engineered myocardium.  

 

Human cardiac fibroblasts undergo myofibroblast activation in monolayer culture 

Based on our findings that neonatal human dermal fibroblasts (NHDFs) were insufficient for 

improving the function of engineered cardiac tissues (ECTs), we next identified adult human 

cardiac fibroblasts (hCFs) as a potential physiologically relevant support cell source. HCFs are a 

novel cell type to include in ECTs, so we first sought to validate their phenotype in 2D culture. 

Sensitivity of hCFs to stiffness-induced myofibroblast activation was determined by plating 

passage 3 or 4 (p3 or p4) hCFs on polyacrylamide gels or glass coverslips with stiffnesses of 

approximately 12kPa and 50GPa, respectively. After 72 hours of culture, hCFs were fixed and 

immunofluorescently labeled for vimentin, an intermediate filament protein in fibroblasts, and 

alpha smooth muscle actin (αSMA), an actin isoform whose increased expression is associated 

with myofibroblast activation (Figure 2A).247 Expression of αSMA normalized by vimentin was 

0.5-fold less in hCFs cultured on polyacrylamide gels of a physiological stiffness compared to 

those cultured on glass (P<0.01, n=5; Figure 2B), demonstrating hCF sensitivity to stiffness-

induced activation in 2D culture. 

We next assessed the ability of hCFs to be further activated via biochemical stimulation 

mimicking inflammation by treating passage 4 hCFs with 10 ng/mL TGF-β1 for 48 hours. Cells 

were subsequently fixed and fluorescently labeled for αSMA and vimentin (Figure 2C). TGF-β1-
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treated hCFs had a 1.2-fold increase in normalized αSMA fluorescence compared to control 

(P<0.01, n≥10; Figure 2D). These data show that in addition to stiffness-induced myofibroblast 

activation, biochemical activation of hCFs occurs in 2D culture.  

To further evaluate hCF activation in response to prolonged exposure to a stiff substrate, cells 

were maintained on tissue culture plastic with a stiffness of approximately 100MPa from 

passage 4 (p4) to passage 9 (p9). Passage 9 hCFs showed a 1.3-fold increase in αSMA 

expression over p4 hCFs (P<0.01, n≥17; Figure 2 E&F). MRNA was collected from p4 and p9 

hCFs and p4 neonatal human dermal fibroblasts (NHDFs), and q-RT-PCR was run to assess 

transcript expression levels. Analysis revealed a significant increase in transcript levels of 

ACTA2, encoding αSMA, by 1.5-fold in p9 hCFs over p4 hCFs (P˂0.05, n≥3; Supplement Figure 

S1A). Additionally, GJA1, encoding connexin 43 (Cx43), which has been shown to be present in 

cardiac fibroblasts249,241,248  and upregulated in parallel with αSMA,250 increased by 4.6-fold in p9 

over p4 hCFs (P˂0.01, n≥3; Figure S1A). Notably, expression levels of both ACTA2a and GJA1 

were significantly lower in NHDFs than hCF groups, supporting the hypothesis that fibroblast 

lineage impacts cellular phenotype and heterotypic interactions. 

 

Human cardiac fibroblast percentage modulates engineered tissue mechanics and 

kinetics 

Addition of hCFs to our 3D ECT platform enabled examination of their effect on hiPSC-

cardiomyocytes in a physiologically relevant 3D tissue microenvironment. In the human heart, 

cardiomyocytes compose ~20-30% of cells by number,235 however, hiPSC-cardiomyocyte 

volume is approximately 1/3 of the adult human cardiomyocyte volume.226 In order to 

recapitulate an appropriate volume ratio of cardiomyocytes to non-cardiomyocytes in ECTs, 

hCFs were doped in at a range of 0%-15% of input hiPSC-cardiomyocytes. HiPSC-
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cardiomyocyte:hCF tissues were formed and cultured for one week. Tissues in all groups 

compacted the collagen matrix and formed a beating syncytium. HCFs increased ECT 

compaction as measured by cross-sectional area in a dose-dependent manner, resulting in a 

25% to 63% decrease in cross-sectional area which reached significance with 10% and 15% 

hCFs (P˂0.01, n≥7; Figure 3A, Table S2). 

Mechanical properties of ECTs were tested after 7 days of culture to determine the effect of 

ECT cellular composition on functional performance early after tissue formation before natural 

maturation processes progressed through longer-term culture periods. Tissues were mounted 

on a custom mechanical apparatus with 5 mN load cell (Aurora Scientific) and bathed in 37°C 

Tyrode’s solution with 1.8 mM CaCl2. Tissue stiffness was calculated from the linear portion of 

the stress-strain curve as ECTs were stretched from relaxed length (L0) to 130% of L0. Stiffness 

increased with the addition of hCFs in a dose-dependent manner by 3.7-fold with 5% hCFs, 5.2-

fold with 10% hCFs, and significantly by 9.1-fold with 15% hCFs (P˂0.01, n≥3; Figure 3B, Table 

S2). Active stress, the contractile force produced during twitch contractions normalized by cross 

sectional area, was measured at 1 Hz stimulation and increased significantly with the inclusion 

of 5% hCFs. However, 10% and 15% hCFs did not differ significantly from control (P˂0.05, n≥6; 

Figure 3C, Table S2).  

Because proliferation and migration of fibroblasts exist in the post-MI heart, we examined the 

effect of increasing hCF percentage on the contractile force and kinetics of engineered cardiac 

tissues during a frequency ramp protocol of 0.5 Hz increments from 1 Hz up to 4 Hz field 

stimulation. Because hCFs can electrically couple to cardiomyocytes via gap junctions to 

participate in electrical propagation in the healthy heart, we hypothesized their inclusion would 

not hinder electrical activity in ECTs. Maximum capture rate (MCR) was measured at peak 

tissue length and increased significantly in a dose-dependent manner with hCF percentage to 
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3.9 Hz with 15% hCFs, beyond that of physiological heart rates251 (P<0.05, n≥7; Figure 3D, 

Table S2). 

The force-frequency relationship in engineered cardiac tissues was determined by measuring 

contractile force while pacing tissues from 1 Hz to 4 Hz at 0.5 Hz steps. Control ECTs showed 

reduction in force with increasing pacing frequency, as described in our previous studies with 

this platform.245 Increasing hCF content did not alter the force-frequency performance, and 

tissues experienced a significant decrease in contractile force at 2-3.5 Hz compared to 1 Hz 

with 5%, 10%, 15% hCFs (P<0.05, n≥7, Figure 3E, Table S3). Importantly, force amplitude of 

5% and 10% hCF tissues was significantly greater than control ECTs by more than 6-fold 

between 1 and 2.5 Hz (P<0.05, n≥7; Figure 3D, Table S3). Taken together, these data suggest 

that although control tissues maintain force amplitude to higher pacing frequencies than hCF-

containing tissues, this is a result of their overall lower force production.201,200,198,220  

To determine the frequency dependence of contraction and relaxation kinetics in ECTs, we 

analyzed the upstroke velocity (vup, defined as the steepest slope of contraction rise), time to 

50% relaxation of peak force (T50) and time to 90% relaxation of peak force (T90). Vup did not 

differ significantly between groups, however, relaxation kinetics changed significantly with the 

addition of hCFs. Faster repolarization kinetics are associated with anti-arrhythmia effects, a 

desirable characteristic in engineered tissues intended for translation. At 1 Hz, T50 was 

significantly faster in all hCF tissues, and T90 was significantly faster in 5% and 10% hCF 

tissues (P<0.05, n≥7; Figure 3G-H, Table S3). Notably, T50 increased from 1 to 1.5 Hz in 15% 

hCF tissues and did not become significantly shorter than the 1 Hz value until reaching 3 Hz 

(P<0.05, n=7; Figure 3G, Table S3). This delayed repolarization is clinically considered a risk 

factor for arrhythmia, and indeed we observed evidence of EADs during in vitro testing 

(Supplement Figure S3A-B). In addition, optical mapping of ECTs with higher hCF 

concentrations frequently showed spontaneous beating frequencies greater than 1 Hz (Figure 
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S3C-J, Movie S3, S4), providing further evidence that too many fibroblasts disrupt 

electromechanical performance and that 5% hCFs were an optimal concentration for 

functionally normal ECTs. 

 

Contractile alternans appear in engineered tissues during increased pacing frequency 

In order to further elucidate how increasing human cardiac fibroblast percentage affected ECT 

frequency-dependent behavior, we analyzed the appearance and amplitude of contractile 

alternans, the regular alternation between consecutive contractions (Figure 4A). Alternans are 

highly correlated with cardiac arrythmia252 but have been difficult to study in vivo, thus their 

appearance in our ECTs presented a valuable opportunity for their characterization. We 

hypothesized that because increasing hCF percentage improved maximum capture rate to 

higher frequencies, alternans would be reduced with the addition of hCFs. The fraction of ECTs 

with alternans present was not significantly different between groups (Figure 4B), however, the 

pacing frequency necessary to elicit alternans was significantly higher in 10% and 15% hCF 

tissues compared to control (P<0.01, n≥3; Figure 4C). We then analyzed the frequency-

dependence of the amplitude of alternans. No difference was present in the alternans makeup. 

10% hCF tissues, at 3 and 4 Hz, and 15% hCF tissues, at 3.5 and 4 Hz, had a significantly 

smaller alternans amplitude compared to 5% hCF tissues (P<0.05, n=3, Figure 4D), correlating 

with the lower force amplitude exerted by these tissues. All groups studied included tissues 

exhibiting alternans, demonstrating that further conditioning is necessary to eliminate this 

phenomenon. 

 

Cardiac fibroblast activation negates mechanical benefits of 5% hCF addition 
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Because 5% human cardiac fibroblasts (hCFs) resulted in tissues with the highest contractile 

function, we proceeded with studies at this concentration. To determine the sensitivity of our 

tissues to cardiac fibroblast activation state, we compared the effect of 5% early-passage (p4) 

hCFs and 5% serially passaged (p9) hCFs to control, cardiomyocyte-only tissues. Taking into 

account the results of our experiments in traditional 2D culture, we hypothesized that the 

increased myofibroblast-like activation state of p9 hCFs would negatively impact the function of 

ECTs in which they were included, determined by metrics of stiffness, compaction, contractile 

force, and maximum capture rate (MCR). Tissues were formed and cultured in the same 

manner described above and underwent mechanical testing after one week of culture. P4 hCFs 

significantly increased compaction, tissue stiffness, and contractile force, with no significant 

difference on MCR, matching the results seen in the earlier doping experiments (P<0.05, n≥15; 

Figure 5A-D; Table S4). P9 hCFs, however, showed no significant difference from control, 

ablating the positive impact provided by early-passage hCFs. 

 

Activated cardiac fibroblasts modulate contraction and relaxation kinetics 

The frequency dependence of force production, contraction velocity, and relaxation times was 

measured with the addition of 5% p4 or p9 hCFs. As with previous experiments, p4 hCF tissues 

produced significantly more force by 1.6-fold over control tissues from 1 Hz to 2.5 Hz. The 

addition of p9 hCFs, however, resulted in a signification decrease in force compared to control 

(1 Hz and 1.5 Hz) and to p4 hCF tissues (1 Hz to 3 Hz) (P<0.05, n≥16; Figure 5E, Table S5). 

While control and p4 hCF tissues retained a non-negative force-frequency relationship from 1 

Hz to 2 Hz, p9 hCF tissues maintained this relationship to 3 Hz at the cost of force production. 

Upstroke velocity was significantly faster in control tissues at 1 Hz and 1.5 Hz and decreased 

more quickly with decreasing force than p4 hCF and p9 hCF tissues (P<0.05, n≥16; Figure S4; 
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Table S5). Relaxation times were not significantly different between groups, however, p9 hCF 

tissues had a significantly larger slope for the linear regression calculated for T50 and T90 

versus contractile stress (P<0.01, n≥16; Figure S4). In other words, for a given increase in 

contractile stress, p9 tissues displayed a significantly larger increase in relaxation time, 

reminiscent of increased relaxation times in cardiac infarct scar tissue. 

 

Contractile alternans reflect force-frequency response 

In order to determine how cardiac fibroblast activation state affected alternans behavior in 

ECTs, we analyzed the fraction, onset, and amplitude of alternans during pacing from 1 Hz to 4 

Hz. The fraction of tissues exhibiting alternans and the frequency at which they appeared did 

not differ significantly between groups (n≥15; Figure 6A-B). Onset of alternans occurred at 3.4 

Hz pacing in all groups, well above the average adult’s maximum heart rate. Control and p4 

hCF tissues had a significant increase in alternans amplitude at 4 Hz (P<0.01, n≥5, Figure 6C). 

However, the amplitude of alternans increased with overall contractile force and was not 

significantly different among the groups, suggesting that the changes in alternans were a 

reflection of each group’s force-frequency response. To confirm the presence of alternans, we 

performed simultaneous force and Ca2+ measurements using Rhod-2 Ca2+-sensitive dye and 

video recording of the fluorescence signal. Alternans in contraction amplitude were paralleled in 

Ca2+ transience amplitude in all groups and trended toward increasing amplitude with increasing 

stimulation frequency, reaching significance in control tissues (P<0.05, n=3, Figure S5). Taken 

together, this data demonstrates that ECTs of all groups exhibit alternans and that the amplitude 

of alternans is dependent on overall contractile force and thus the force-frequency response of 

tissues. 
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Human cardiac fibroblasts do not alter calcium handling in hiPSC-cardiomyocyte 

engineered tissue  

HCFs did not significantly affect the appearance and onset of alternans or the force-alternans 

relationship in ECTs. Additionally, they did not alter Ca2+ alternans, leading to the hypothesis 

that hCFs do not alter hiPSC-cardiomyocyte calcium handling (Supplemental Figure S5B). To 

test this, we performed a force-Ca2+ protocol by increasing [Ca2+] from 0.1 mM to 4 mM under 1 

Hz stimulation. Force-Ca2+ data were fit with a nonlinear regression with R2 values >0.92 (Figure 

7A). EC50 and Hill’s slope were calculated for each engineered tissue and did not differ 

significantly between groups (n.s., n≥3, Figure 7B-C). Taken together, these data demonstrate 

that addition of 5% hCFs did not affect hiPSC-cardiomyocyte sensitivity to calcium. 

 

Discussion 
Electromechanical immaturity of stem cell-derived cardiomyocytes is a significant limitation in 

the advancement of cardiac tissue engineering toward translation applications, and novel 

support cell types provide an exciting tool to overcome this limitation. This study describes the 

functional effects of human cardiac fibroblasts (hCFs) on hiPSC-cardiomyocyte engineered 

tissue contractility. We demonstrate that doping and serial passaging of hCFs are effective 

approaches to engineer physiological and pathophysiological models of human myocardium in 

vitro. Novel findings of this research include (1) evidence of primary adult human cardiac 

fibroblast activation in 2D culture through mechanical, biochemical, and serial passaging 

methods; (2) identification of 5% hCF content in engineered cardiac tissues for optimal 

functional performance; (3) demonstration that higher hCF content significantly increases 

spontaneous beating frequency and leads to a smaller fraction of engineered tissues capable of 

following physiological pacing; (4) evidence that functional benefits imparted by early-passage 
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hCFs are ablated when late-passage hCFs are used’ and (5) the first report, to these authors’ 

knowledge, of contractile and calcium alternans in human engineered cardiac tissues.  

Because primary human cardiac fibroblasts have only recently been adopted as support cells 

for human cardiac tissues and it is well known that culture conditions can modulate cellular 

phenotype,253,254 it is necessary to evaluate hCF behavior in traditional, two-dimensional culture. 

To do this, we used previously studied techniques to induce myofibroblast-like activation and 

deactivation. Transition from a soft, polyacrylamide gel to stiff, tissue-culture plastic has been 

shown to promote stiffness-induced myofibroblast differentiation in human lung fibroblasts,253 a 

reversible process,254 and one we were able to replicate with hCFs. We next demonstrated the 

biochemical activation of hCFs to a myofibroblast-like state using TGF-ß1.255 This growth factor 

has been demonstrated to differentiate human adipose-derived stem cells to myofibroblasts as 

evidenced by increased αSMA expression after TGF-ß1 stimulation,256 results we were able to 

replicate with hCFs. Finally, we sought to validate increased myofibroblast activation with serial 

passaging, a phenomena which has been reported in rodent cardiac fibroblasts.257 Through 

long-term culture hCFs, we were able to achieve a significant increase in αSMA expression and 

define states of low and high activation for use in engineered tissues. 

Cardiomyocytes make up approximately 70 to 80% of the volumetric fraction of the heart,258,197 

and we have previously shown that the volume of newly differentiated cardiomyocytes is roughly 

one third that of neonatal cardiomyocytes.226 In order to maintain the physiological volume ratio 

in our engineered tissues, we chose to dope in hCFs at a range of 5-15% of hiPSC-

cardiomyocyte number. Tissues with 5% hCFs produced significantly higher contractile forces 

than any other group, and we used this ratio for subsequent cardiac tissue engineering 

experiments. Although 10% and 15% hCFs increased tissue compaction, stiffness, and 

maximum capture rate more significantly than 5% hCFs, the prolongation of their relaxation time 

and increasing frequencies and appearance of EADs, made these higher percentages less 
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desirable for engineering a healthy cardiac tissue. Additionally, the fraction of beats captured at 

1 Hz stimulation was significantly decreased in 10% and 15% tissues compared to control, 

which suggest this higher percentage of fibroblasts disrupts the electromechanical behavior of 

the tissues (Figure S4). Notably, we found that neonatal human dermal fibroblasts (NHDFs) in 

the same concentration range disrupted ECT formation and function, demonstrating that 

fibroblast origin uniquely determines fibroblast behavior. This finding is in agreement with 

previous reports that fibroblasts originating from different organs possess unique transcription 

profiles which can be distinctly grouped to dermal and non-dermal fibroblasts.259 

Engineered cardiac tissues were sensitive to hCF concentration across multiple metrics, 

indicating the importance of heterotypic interactions between hiPSC-cardiomyocytes and hCFs. 

Tissue compaction, stiffness, and maximum capture rate (MCR) responded to increasing hCF 

concentration in a dose-dependent manner. Increased compaction and stiffness were expected, 

as cardiac fibroblasts are a remodeling and ECM-producing cell type; however, the increased 

MCR was surprising, given the previous reports that cardiac fibroblasts are insulating cells 

which decrease beating rate with increasing percentage.260 A possible explanation is that the 

higher fibroblast content disrupts tissue-level electromechanical function, resulting in increased 

spontaneous activity of ECTs with 10% and 15% hCFs. 

In order to determine the sensitivity of our ECTs to the activation state of hCFs, we compared 

their performance with 5% early-passage (p4) hCFs to those with 5% late-passage (p9) hCFs. 

P9 hCFs abrogated the benefits p4 hCFs provided in ECT compaction, stiffness, and force 

production after one week of culture, indicating that serial passaging leading to increased 

myofibroblast activation was at least partially retained during that time in three-dimensional 

culture. Previous work has shown that myofibroblast deactivation, in the form of decreased 

αSMA expression, occurs within 24 to 48 hours when p1,261 p2,262 or p2-p7263 fibroblasts are 

transferred from stiff, two-dimensional substrates to three-dimensional culture platforms. The 
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results presented in this study suggest that activation of p9 hCFs 2D culture affects hiPSC-

cardiomyocyte function in 3D engineered tissues out to at least one week. This provides an 

exciting avenue for engineering human myocardium of different pathophysiologies based solely 

on the pre-conditioning of hCFs. 

Upon careful analysis, we discovered that the majority of our ECTs display contractile alternans 

whose amplitude increased with increasing frequency. Cardiac alternans have been well 

documented clinically, and they are considered an indicator of arrhythmogenic risk.252,264 

Potential involvement of CFs in modulating cardiac alternans, therefore, has been of great 

interest to develop effective anti-arrhythmic therapy.267,265,266 Cardiac fibroblasts can alter 

dynamics of alternans, but the mechanisms are complex. Paracrine effect from CFs can 

influence alternans dynamics through causing electrophysiological remodeling of 

cardiomyocytes.71  Electrical coupling through gap junctions is another important factor that can 

accentuate the effect of CFs on myocyte action potential. Interestingly, p9 hCF shows increased 

GJA1 expression in line with gap junction remodeling in CFs from infarcted hearts.268 Coupling 

between CF and cardiomyocytes can either promote or suppress cardiac alternans, depending 

on two competing effects on repolarization and Ca2+ cycling.269 Further, lack of proper 

electromechanical integration of hiPSC-cardiomyocytes in animal models has been attributed to 

the electrical immaturity of cardiomyocytes,160 and the ubiquity of alternans in engineered 

tissues in this study suggests that this in vitro platform provides a robust pre-transplantation 

venue to study and reduce arrhythmogenicity of cardiomyocytes, and that early-passage cardiac 

fibroblasts may be a prime candidate for that purpose.   

In summary, this study demonstrates the functional impact of human cardiac fibroblasts on 

hiPSC-derived cardiomyocytes in engineered cardiac tissue. The addition of 5% resulted in an 

optimized, highly contractile engineered tissue. Further, we showed that increasing percentages 

of hCFs led to higher spontaneous beating rates and increased maximum capture rate, 
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demonstrating their integral role in hiPSC-cardiomyocyte electrical behavior and whole-

myocardium function. We showed that the functional benefits imparted by 5% hFCs were lost 

when hCFs were activated through serial passaging, which caused a disease-like state. Finally, 

we report for the first time the presence of alternans in hiPSC-cardiomyocyte engineered 

tissues, which is invaluable information as these tissue engineering approaches advance toward 

clinical application. Taken together, these results demonstrate the utility of human cardiac 

fibroblasts for manipulating hiPSC-cardiomyocyte function to produce physiological and 

pathophysiological myocardial phenotypes in vitro. 
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Figures 
Figure 1 

Figure 1. Neonatal Human Dermal Fibroblasts disrupt engineered cardiac tissue function. 

HiPSC-derived cardiomyocytes only (Control) or doped with 10% neonatal human dermal 

fibroblasts (NHDFs) or 20% NHDFs were cultured for one week. (A-B) Cross-sectional area 

(CSA, A) and passive stiffness (B) were measured after one week (**P<0.01 by one-way 

ANOVA, n≥5 tissues per group, data are represented as mean ± SEM. (C) Fraction of tissues 

beating (black) or not beating (white) in syncytium with 1 Hz field stimulation. (D) Phase contrast 

micrographs of control (top), 10% NHDF-added (middle), and 20% NHDF-added tissues at 5 

days of culture. White arrows indicate holes in tissues, scale bar is 1 mm. (E) Contractile stress 

normalized to maximum stress of control (hiPSC-cardiomyocyte only) tissues as a function of 

engineered cardiac tissue (ECT) cardiomyocyte purity. Gaussian curves fitted to Control and 

+p4 hCFs with dotted lines indicating 95% confidence interval. +p4 and +p9 hCFs: passage 4 

and passage 9 human cardiac fibroblasts. N ranges from 3 to 6 tissues at each purity and 

experimental group; data are represented as mean ± SEM. See also Figure S1. 
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Figure 2 

Figure 2. Human cardiac fibroblasts display classic signs of activation in monolayer culture. (A-

B) HCFs cultured on soft 12.5 kPa polyacrylamide gels or stiff 50 GPa glass were stained for 

vimentin (Vim) and α-smooth muscle actin (αSMA; A), and fluorescence intensity was quantified 

(B; **P<0.01, n=5). (C-D) HCFs cultured on glass were stimulated with TGF-ß1, stained (C), 

and quantified (D; *P<0.05, n≥10). (E-F) Early passage (p4) and late passage (p9) human 

cardiac fibroblasts (P˂0.01, n≥17). Data are represented as mean ± SD. See also Figure S2. 
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Figure 3 

Figure 3. Mechanical and kinetic properties of engineered tissues are sensitive to hCF doping 

after one week of culture. (A) Cross-sectional area (CSA) of tissues was measured at relaxed 

length (n≥7). (B) Young’s Modulus was measured by stretching tissues from relaxed length to 

130% (n≥3). (C) Active stress was measured as the average peak contractile twitch force of 

tissues paced at 1 Hz field stimulation (n≥6). (D) Maximum capture rate of tissues was 

measured during pacing from 1 Hz to 4 Hz field stimulation (n≥7). *P<0.05, **P<0.01. Data are 

represented as mean ± SEM. (E-H) Tissue force amplitude and kinetics were measured as a 

function of increasing pacing frequency. Active stress (E), upstroke velocity (F), time to 50% 

relaxation from peak stress (T50, G), and time to 90% relaxation from peak stress (T90, H) are 

shown normalized to 5% hCF tissues at 1 Hz (value reported on graphs). Width of bars 

represents relative amplitude and color of bars represents the percentage of tissues following 

the pacing with 1:1 capture rate compared to 1 Hz (n = 3 – 12). C: cardiomyocyte-only control, 

5%, 10%, 15%: addition of 5%, 10%, or 15% human cardiac fibroblasts, respectively, with 

constant number of cardiomyocytes. See also Figure S3, Table S2, Table S3. 
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Figure 4 

Figure 4. Alternans appear in engineered cardiac tissues dependent on pacing frequency and 

hCF percentage. (A) Raw force trace acquired during field stimulation at 2.5 Hz. Dashed lines 

indicate the difference in force amplitude between alternating contractions in systolic alternans 

(top) and diastolic alternans (bottom). (B) Number of tissues with (white) and without (black) 

alternans. (C) The onset of alternans was measured as the pacing frequency at which alternans 

amplitude reached ≥5% of the total force amplitude (n≥3 tissue per group). (D) Amplitude of 

alternans was measured during field stimulation of increasing frequency, and the fraction of full-

force contractions was calculated. N ranged from 1 to 7 depending on group and frequency and 

are indicated on each bar. (E) Amplitude of alternans was plotted as a function of full-force 

contractile amplitude. Only control tissues could be fitted with a linear regression, R2=0.85, 

dotted lines indicate 95% confidence interval. C: Control, 5%: +5% hCFs, 10%: +10% hCFs, 15: 

+15% hCFs. *P<0.05, **P<0.01; data are represented as mean ± SEM. 
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Figure 5 

 

Figure 5. P9 hCFs reduce mechanical performance but maintain kinetic properties imparted by 

p4 hCFs after one week of culture. (A) Cross-sectional area (CSA) of tissues was measured at 

relaxed length (n≥18). (B) Young’s Modulus was measured by stretching tissues from relaxed 

length to 130% (n≥14). (C) Active stress was measured as the average peak contractile force of 

tissues paced at 1 Hz field stimulation (n≥15). (D) Maximum capture rate of tissues was 

measured during pacing from 1 Hz to 4 Hz field stimulation (n≥16). *P<0.05, data are 

represented as mean ± SEM. (E-H) Tissue force amplitude and kinetics were measured as a 

function of increasing pacing frequency. Active stress (E), upstroke velocity (F), time to 50% 

relaxation from peak stress (T50, G), and time to 90% relaxation from peak stress (T90, H) are 

shown normalized to value of a given experimental condition at 1 Hz. Width of bars represents 

relative amplitude and color of bars represents the percentage of tissues following compared to 

1 Hz (n = 13 – 20). See also Figure S4, Table S4, Table S5. 
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Figure 6 

Figure 6. Contractile alternans 

appear independently of early 

or late passage hCFs but have 

a higher force threshold in 

early-passage tissues. (A) 

Number of tissues with (white) 

and without (black) alternans. 

(B) The onset of alternans was 

measured as the pacing 

frequency at which alternans 

amplitude reached ≥5% of the 

total force amplitude (n≥11 

tissue per group). (C) 

Amplitude of alternans was 

measured during field 

stimulation of increasing 

frequency and represented as 

percentage of full-force 

contractile amplitude. N ranged 

from 1 to 12 depending on 

group and frequency, individual n values are indicated on respective bars. (D) Alternans 

amplitude was plotted as a function of full-force contractile amplitude. C: Control cardiomyocyte-

only tissues, p4: 5% p4 hCF-added tissues, p9: 5% p9 hCF-added tissues; **P<0.01; data are 

represented as mean ± SEM. See also Figure S5. 
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Figure 7 

Figure 7. Human cardiac fibroblasts do not disrupt intact engineered tissues’ sensitivity to 

extracellular Ca2+ concentration. (A) Intact engineered tissues were exposed to 0.1 mM to 4mM 

Ca2+ under 1 Hz pacing and contractile stress was measured. (B) EC50 was calculated as the 

extracellular Ca2+ concentration necessary to reach 1.5 times baseline force. (C) Hill coefficient 

was calculated from the linear portion of the force-pCa curve. N≥3; data are represented as 

mean ± SEM. 
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Abstract 
Human induced pluripotent stem cell (hiPSC)-derived cardiomyocytes are a valuable resource 

for cardiac therapeutic development; however, generation of these cells in large numbers and 

high purity has been a point of limitation in widespread adoption. In this study, design of 

experiments (DOE) is used to explore the cardiac differentiation space of three hiPSC lines, and 

image analysis is subsequently used to validate optimal plate coverage predicted by the DOE 

models. Metabolic selection via lactate in culture medium is used to purify hiPSC-cardiomyocyte 

populations, and the bioenergetic phenotype and engineered tissue performance of purified and 

unpurified hiPSC-cardiomyocytes are compared. Findings demonstrate that when using a 

scheme to initiate differentiation one day after hiPSC plating, ~40% plate coverage results in 

peak cardiac purity (which varies by hiPSC line), which is in agreement with DOE predictions. 

Additionally, results show that metabolic selection with lactate increases hiPSC-cardiomyocyte 

oxygen consumption rate and oxidative phosphorylation compared to age- and batch-matched 

control hiPSC-cardiomyocytes (grown in glucose medium), but that this more mature metabolic 

phenotype does not result in a more mature contractile phenotype in engineered cardiac tissues 

at an early time point (one week) of culture in 3D tissues. This study provides widely adaptable 

methods and parameters for performing hiPSC-cardiomyocyte differentiation and describes the 

practical implications of metabolic selection as a purification technique. 
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Introduction 
Human induced pluripotent stem cell (hiPSC)-derived cardiomyocytes are a promising cell 

source for cardiac regeneration, therapeutic development, and disease modeling. These cells, 

however, are difficult and costly to generate, which limits their accessibility. In order for the full 

potential of hiPSC-cardiomyocytes to be realized, careful and widely adaptable characterization 

of differentiation and purification techniques must be undertaken and made available. 

Though cardiomyocyte differentiation from hiPSCs has advanced significantly, there remain 

challenges to its reliability and reproducibility both within and across research groups. 

Differentiation was first described in the spontaneous differentiation of human embryonic stem 

cells (hESCs) in embryoid bodies3 and evolved rapidly to a monolayer culture method, relying 

on the application of recombinant human proteins to module activin/nodal and BMP signaling to 

mimic embryonic heart development.9 Most recently, small molecules have been used to 

modulate the biphasic Wnt signaling pathway that is both necessary and sufficient for cardiac 

specification in a chemically defined differentiation process.2,11 While these advances have 

made cardiomyocyte differentiation increasingly feasible and amenable to clinical translation, 

they have arisen in parallel with the field’s increasing use of human induced pluripotent rather 

than embryonic stem cells.6 HiPSCs have a less stable pluripotent state15 which we 

hypothesize results in increased heterogeneity of cell types from directed cardiac differentiation 

compared to hESCs.   

There are several factors particularly critical for successful generation of hiPSC-cardiomyocytes 

during small-molecule differentiation. Cardiac differentiation is initiated with the application of a 

GSK3 inhibitor to activate Wnt signaling,22 and the concentration required to initiate the 

mesodermal lineage depends most significantly on the proportion of hPSCs in the S/G2/M stage 

of the cell cycle.10 This proportion, in turn, depends on cell density, colony size, and time in 

culture.17 These relationships have been uncovered using endpoint analysis of differentiation 
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runs. For practical application, methods to estimate cell cycle state and choose GSK3 inhibitor 

concentration prior to the initiation of cardiac differentiation must be developed.  

HiPSC-cardiomyocyte generation and purification are nuanced processes that can be 

prohibitively difficult for widespread adoption. In this study, we evaluate heterogeneity of cardiac 

differentiation, provide tools to optimize cardiac purity, and investigate shortcomings of these 

processes. We use a design of experiments (DOE) approach to model optimal cardiac 

differentiation conditions across multiple hiPSC lines; develop an image analysis pipeline to 

identify the range of hiPSC densities in which directed differentiation is successful; and 

demonstrate that, although metabolic selection matures hiPSC-cardiomyocyte bioenergetic 

phenotype in two-dimensional culture, the process alone does not improve engineered cardiac 

tissue function. These findings provide a valuable resource for groups already performing 

cardiac differentiation as well as those new to the field. We provide useful tools to standardize 

differentiation and important insights into how hiPSC-cardiomyocyte purification affects cell 

phenotype. 

Methods 
Stem cell culture 

Three human induced pluripotent stem cell (hiPSC) lines were used: GiPSC, NCRM-5, WTC11 

(Table 1). Cells were culture on 10 cm tissue culture plastic dishes (Fisher) coated with 

truncated human vitronectin (VTN-N, ThermoFisher) in essential 8 media (E8™, ThermoFisher). 

Media was changed daily, and cells were passaged every 4 to 5 days at a 1:10 split ratio using 

in-house versine (DPBS, ThermoFisher, with 0.5mM EDTA and 1.1mM dextrose, Sigma-

Aldrich). 

Cardiomyocyte differentiation and purification 
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HiPSC-cardiomyocytes were differentiated as previously described.18 In brief, hiPSCs were 

broken into small colonies and seeded on Matrigel-coated 6 or 24 well plates in E8™ with 5µM 

Y-27632 (ROCK inhibitor, Fisher). Media was changed daily until initiation of differentiation (day 

0), when cells were switched to CDM31 and treated sequentially with 6 µM (unless otherwise 

indicated) of GSK3 inhibitor CHIR 99021 (Chiron, Fisher), and 5 µM inhibitor of Wnt protein 2 

(IWP2, Fisher).12 Cells were switched to RPMI 1640 + B27 supplement with insulin (RPMI/B27) 

at day 9 of differentiation. Both unpurified control cells and cells undergoing lactate purification 

were replated at 5-6 x106 cells/cm2 on Matrigel-coated 6 well plates after widespread 

appearance of beating in RPMI/B27. Cells for purification were then cultured for four days in 

LPM (lactate purification medium: glucose-free DMEM + 4mM L-glutamine, 1X non-essential 

amino acids, 1X GlutaMAX™, and 4 mM lactate).21 Unpurified control cells were maintained in 

RPMI/B27 during this period. All hiPSC-cardiomyocytes were maintained in RPMI/B27 until use 

between 14 and 24 days of differentiation. 

Adult human cardiac fibroblast culture 

Healthy adult human ventricular cardiac fibroblasts (hCFs; PromoCell) were maintained on 

tissue culture plastic in DMEM/F12 with 10% FBS and 1% penicillin-streptomycin 

(ThermoFisher). Cells were passaged upon reaching confluency in versine with 0.05% trypsin 

(ThermoFisher). HCFs were used in engineered tissues at passage 4 (p4). 

Engineered cardiac tissue formation 

Engineered cardiac tissues (ECTs) were formed as previously described.19 Briefly, hiPSC-

cardiomyocytes were harvested at day 24 of differentiation and combined with 1.25 mg/mL rat-

tail collagen-1 at 1x106 cells per tissue + 5% hCFs. ECTs were cultured under static stress14 in 

RPMI/B27 with 1% penicillin-streptomycin and field-stimulated at a 1 Hz (IonOptix). ECTs were 

cultured for one week before further experiments.  
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Metabolic characterization 

Unpurified and lactate purified hiPSC-cardiomyocytes were harvested at day 24 of 

differentiation and seeded at 40 x 103 cells/well of a Matrigel-coated XFe96 cell culture 

microplate (Agilent). On day 27, cells were switched to 175 µL/well assay media: XF Base 

Medium (Agilent), 4 mM GlutaMAX™, 1 mM Sodium Pyruvate (ThermoFisher), and 25 mM 

glucose (Sigma-Aldrich) and incubated for 90 minutes at 0% CO2 and 37°C. Basal oxygen 

consumption rate (OCR) and extracellular acidification rate (ECAR) measurements were made 

with a Seahorse XFe96 Extracellular Flux Analyzer (Agilent). 

Image analysis 

Analysis of phase contrast images taken on day 0 of differentiation with a Canon EOS 6D was 

performed using MATLAB (R2019a, MathWorks). Each image was divided into 16 subimages, 

individually thresholded using Otsu’s method, and binarized to calculate a fraction of well 

coverage. Code is available through the Brown University Dataverse in the Harvard Dataverse, 

DOI: https://doi.org/10.7910/DVN/KWI737.  

Flow cytometry 

Cardiac purity was determined for each hiPSC-cardiomyocyte differentiation run. Cells were 

fixed in 4% paraformaldehyde and stained for the cardiac marker cardiac troponin T (cTnT, 2 

µg/mL; ThermoFisher) Samples were analyzed with a FACSAriaIIIu cell sorter (BD Biosciences) 

and 10,000 events were recorded per sample. Flow cytometry data was analyzed used 

opensource Flowing Software (Turku Centre for Biotechnology), and gates were set based on 

isotype antibody controls. 

Mechanics testing 
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Engineered cardiac tissues (ECTs) underwent mechanics testing after one week of culture as 

previously described.19 Tissues were mounted on one side to a 5 mN load cell and on the other 

to a high-speed length controller (Aurora Scientific). ECTs were bathed in continuously perfused 

Tyrode’s solution with 1.8 mM Ca2+ between 32 and 35°C. Cross-sectional area (CSA) was 

measured at relaxed length (L0), and CSA shape was assumed to be elliptical. Tissues were 

field stimulated at 1 Hz and stretched from L0 to 130% of L0 in 5% length steps, with twitch 

contractile force measured at each step. At 130% L0, ECTs were paced from 1 Hz to 4 Hz at 

0.5 Hz steps. 

Statistics 

Quadratic models for differentiation optimization experiments were calculated using DOE, and 

goodness of fit was analyzed with ANOVA (Figure 1). Statistical analyses of the obtained data in 

lactate purification studies were performed using two-tailed unequal variance Student’s t-tests. 

Significance was considered as P < 0.05. Mean and standard error of the mean were plotted 

using Graphpad Prism. Sample size (n) is indicated in the text and each figure. 

Results 
Seeding density and Chiron concentration determine cardiac differentiation outcome 

In order to establish the relationship between Chiron concentration, seeding density, and 

cardiomyocyte purity, we used a DOE approach to explore the experimental space for three 

hiPSC lines: GiPSC, NCRM-5, and WTC11. HiPSCs were seeded at 60, 66, or 72 x103 

cells/cm2, and differentiation was started the following day with the application of 3, 6, or 9 µM 

Chiron. Cells were dissociated into single cells and fixed at day 14 of differentiation, and 

cardiomyocyte purity was measured with flow cytometry, using the cardiac marker cardiac 

troponin T (cTnT).  DOE software was used to correlate differentiation outcomes with the nine 

different starting conditions with R2 values of 0.86 for GIPSC, 0.93 for NCRM-5, and 0.87 for 

WTC11 (N=9, P<0.01, Figure 1). Lower Chiron concentration and higher seeding density 
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increased cardiomyocyte purity across all lines. Importantly, the highest purity was attained with 

low Chiron in all lines and dropped off steeply with increased Chiron concentration. These 

findings demonstrate common trends across hiPSC lines but also reveal important differences 

in sensitivity to differentiation conditions. 

Thresholding of day 0 phase contrast images reveals optimal range of plate coverage 

Because seeding density proved a critical factor in hiPSC-cardiomyocyte differentiation, we next 

sought to develop a robust and widely adaptable method to measure hiPSC density at the 

initiation of differentiation. Person-to-person variability in cell singularization and counting can 

greatly affect seeding density, so image analysis of day 0 hiPSCs was identified as a more 

uniform method to assess plate coverage. Phase contrast images of hiPSCs at day 0 were 

thresholded using a custom MATLAB code to determine a relative fraction of plate coverage 

(Figure 2A-D). Brightfield images were used because of their ease of acquisition, yet unbiased, 

automated image analysis is challenging; namely, dark cell bodies are not included in masked 

area, thus underestimating true cell confluency.  Thus, we define a “relative fraction plate 

coverage” as a metric for confluency. These results were compared to flow cytometry data of 

cardiomyocyte purity after 14 days of differentiation with 6 µM Chiron to determine the optimal 

density range for this standard concentration (N=11, Figure 2E). This analysis shows that a 

relative fraction plate coverage of 0.31 to 0.44 consistently produces successful differentiation 

runs, and that, in the case of 6 µM Chiron differentiation initiation, cell densities above or below 

this range yield little to no hiPSC-cardiomyocytes.  

Lactate purification enriches for hiPSC-cardiomyocyte and affects metabolic phenotype 

The relative fraction of plate coverage determined with image analysis revealed a range for 

successful differentiation, but hiPSC-cardiomyocyte purity within this range varied from 15% to 

60% purity. Previous work demonstrates that for optimal engineered cardiac tissue function, 



114 
 

input hPSC-cardiomyocyte purity should roughly be between 40% and 75%.20 In order to attain 

this level of purity, we investigated how the enrichment method of metabolic selection, or 

“lactate purification,” performed in our hands. We adapted the previously published protocol 

(Figure 2A)21 to fit our differentiation pipeline, to attain hiPSC-cardiomyocyte populations of 

>80% purity (Figure 2B). 

During the lactate purification process, we observed increased spontaneous beating of lactate-

treated hiPSC-cardiomyocytes. Because lactate purification relies on the unique metabolic 

versatility of cardiomyocytes, we hypothesized that the enrichment process changed the 

population-level metabolic phenotype of hiPSC-cardiomyocytes. To test this, we cultured 

unpurified cardiomyocytes and lactate-purified cardiomyocytes in parallel and measured their 

rates of oxygen consumption (OCR) and extracellular acidification (ECAR) with a Seahorse 

Xfe96 Analyzer. OCR increased by 1.5-fold in lactate-purified hiPSC-cardiomyocytes compared 

to unpurified control, indicating an overall increase in metabolic rate (n=10, P<0.01, Figure 2C). 

The ratio of OCR over ECAR increased by 1.8-fold in lactate-purified hiPSC-cardiomyocytes 

compared to unpurified control (n=10, P<0.05, Figure 2D). The shift of this ratio toward OCR 

indicates an increased metabolic reliance on oxidative phosphorylation versus glycolysis, a 

trademark of more metabolically mature cardiomyocytes. Taken together, these findings 

indicate that although lactate purification is an efficient means to enrich for hiPSC-

cardiomyocytes, it significantly changes the metabolic phenotype of the output population. 

Engineered tissues form and function independently of cardiomyocyte purification status 

To determine if the metabolic shift in lactate-purified hiPSC-cardiomyocytes affected functional 

output, we formed engineered cardiac tissues (ECTs) from purified (82% cTnT+, n=4) or non-

purified (38% cTnT+, n=8) hiPSC-cardiomyocytes. In addition, 5% adult human cardiac 

fibroblasts (hCFs; passage 4) were included to aid tissue formation and function. ECTs were 

cultured for one week during which time all tissues formed and began to beat in syncytia (Figure 
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4A). At one week, tissues underwent mechanical testing to analyze functional performance. 

Cross-sectional area (CSA), a surrogate measure of tissues compaction, was not different 

between groups, which all compacted to approximately one third of initial tissue CSA (P=0.73, 

Figure 4B). Maximum twitch contraction stress (contractile force normalized by CSA) was 

measured under 1 Hz stimulation and did not differ significantly between groups (P=0.70, Figure 

4C). Lastly, the maximum capture rate, determined as the pacing frequency at which ECTs 

could capture at least 5 consecutive stimuli, was measured by pacing ECTs from 1 Hz to 4 Hz. 

Once again, ECTs showed no difference between groups (P=0.24, Figure 4D). These results 

suggest that the metabolic shift resulting from lactate purification is not reflected in engineered 

cardiac tissue performance.  

Discussion 
Nuances and variability in cardiomyocyte differentiation and purification from human pluripotent 

stem cells has challenged widespread adoption. In this study, we optimize differentiation 

conditions and investigate the functional implications of hiPSC-cardiomyocyte enrichment 

through metabolic selection. Our results show that (1) cell seeding density and Chiron 

concentration impact cardiomyocyte differentiation in a similar way across hiPSC lines, but that 

the resulting range of hiPSC-cardiomyocyte purity is unique to each line; (2) analysis of phase-

contrast images taken at day 0 of differentiation gives a range of plate coverage values to 

successfully differentiate hiPSC-cardiomyocytes; (3) modified lactate purification enriches for 

hiPSC-cardiomyocytes while shifting the population metabolic phenotype; and (4) the metabolic 

shift in lactate-purified cardiomyocytes does not significantly improve engineered cardiac tissue 

force production. 

For cardiomyocyte differentiation to be successful, the mesodermal lineage must first be 

induced in hiPSCs, a process achieved through the application of Chiron in the protocol used for 

these experiments.12 Laco et al. recently demonstrated that the efficacy and optimal 
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concentration of Chiron in hPSC-cardiomyocyte differentiation depends on the proportion of the 

hPSC population in the S/G2/M phase of the cell cycle.10 Additionally, the group showed that 

the confluency of hPSCs in culture correlates with the distribution of cell cycle stages in the 

population. Our results suggest that, across three hiPSC lines, low (3 µM) Chiron concentrations 

with higher seeding density groups performed better than lower seeding density at any higher 

Chiron concentration. This is in agreement with Laco’s finding that 3 µM Chiron in low S/G2/M 

populations (high density) produced roughly 40% pure hESC-cardiomyocyte populations while 

in high S/G2/M populations (low density), produced <5% pure hESC-cardiomyocyte 

populations. Interestingly, the study reports the biggest difference in differentiation outcomes 

based on both Chiron concentration and S/G2/M levels between 5 µM and 6 µM Chiron.  

Though important to determine if and how Chiron concentration and seeding density affected 

cardiomyocyte differentiation outcomes across multiple hiPSC lines in our hands, it was equally 

important to develop methods to use this information in order to reliably and repeatably perform 

successful differentiation runs. Because Chiron concentration is far more easily controlled than 

seeding density, we developed an easily adoptable image analysis protocol to determine 

relative plate coverage from brightfield phase-contrast images. In this study, we tested one 

hiPSC line (GiPSCs) at one Chiron concentration (6 µM) to find the range of cell densities for 

successful differentiation. By determining the fraction coverage necessary for a range Chiron 

concentrations to produce hiPSC-cardiomyocytes, the method can then be reversed, and, given 

a cell density, the proper Chiron concentration can be applied to ensure successful hiPSC-

cardiomyocyte  differentiation or culture time extended to reach an optimal plate coverage. This 

methodology could thus potentially eliminate one of the greatest sources of variability in the 

differentiation process. 

High purity hiPSC-cardiomyocyte populations of greater than 80% are currently considered the 

standard for clinical translation,5 which necessitates the use of enrichment protocols for most 
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differentiation runs. These methods take the form of genetic selection,23 antibody-based 

selection,4 and most commonly, metabolic selection.21 However, little is known about if and 

how these enrichment processes select for specific hiPSC-cardiomyocyte phenotypes or sub-

populations. We show that, in the case of lactate purification, the enriched cell population shifts 

towards a higher dependence on oxidative phosphorylation. Within one post-natal week, human 

fetal cardiomyocytes shift from mostly glycolysis to oxidative phosphorylation due to increased 

metabolic demand,24 and hPSC-cardiomyocytes have been shown, similar to fetal 

cardiomyocytes, to utilize mostly glycolysis for energy production.7,16 The high expression level 

of HIF1α in hPSC-cardiomyocytes has been implicated in their immature metabolic phenotype, 

and culture in glucose-deprived media reduces HIF1α expression.7 This suggests that the 

metabolic stress induced during metabolic selection is responsible for the shift toward oxidative 

phosphorylation in our lactate-purified hiPSC-cardiomyocytes. 

Though metabolic phenotype is one indication of maturation, for therapeutic purposes, 

cardiomyocyte electromechanical maturity is a critically important metric.8 To determine if 

increased metabolic maturation resulted in tissues with increased functional output, we 

compared contractile force of engineered cardiac tissues composed of unpurified or purified 

cardiomyocytes. Because ECTs reach peak performance with 40%-70% cardiomyocyte purity, 

we included 5% adult human cardiac fibroblasts. We observed no significant differences in 

tissue compaction, maximum contractile twitch stress, or maximum capture rate, which may be 

explained by multiple factors. Firstly, metabolic function is not a surrogate measure for 

electromechanical function. The conditions, namely glucose-deprived culture medium used for 

metabolic maturation in lactate-purified hiPSC-cardiomyocytes did not include stimulants for 

electromechanical maturation.  Secondly, both unpurified and purified cardiomyocyte-containing 

ECTs were subjected to the same static uniaxial stress and 1 Hz electrical pacing during the 

one week of culture time. Thirdly, because ECT electromechanical function is closely linked to 
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cardiomyocyte purity,20,13 the purity of control and lactate purified ECTs, which fall on either 

side of the ideal cardiomyocyte purity of roughly 50-60%,20 may mask changes resulting from 

cardiomyocyte bioenergetic phenotype. Our findings suggest that though lactate purification 

changes hiPSC-cardiomyocyte metabolic phenotype, a corresponding matured 

electromechanical phenotype is not present after short culture periods (1 week), a phenomena 

similar to our previous work.19 

In summary, this study provides insights for the widespread adoption of hPSC-cardiomyocyte 

differentiation and purification for translational applications. By harnessing the power of DOE 

and automated image analysis, we develop optimized differentiation models for multiple hiPSC 

lines, suggest low Chiron (3 M) and high cell density provide highest cardiac purity when 

directed differentiation is initiated 24 hours after cell seeding, and provide a practical means to 

implement these models at the bench.  As hPSC-cardiomyocyte therapies reach clinical 

translation, it is critical for the cardiovascular engineering field to pursue reproducible, 

transparent means of generating high purity cell populations with well-defined phenotypes. The 

findings presented here provide important tools and advances to achieve that goal. 
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Figures and Tables  
Figure 1 

 

Figure 1. Chiron concentration and seeding density uniquely affect cardiac differentiation 

outcome. DOE (design of experiments) surface plots of directed differentiation outcomes in 

human induced pluripotent stem cell lines obtained from commercial (GiPSC; A), national bank 

(NCRM-5; B), and research institution (WTC11 ; C) sources. Red and pink circles indicate 

design points above and below predicted values, respectively. N=9 per group per condition from 

3 biological replicates (i.e., batches of hiPSC-cardiomyocytes). 
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Figure 2 

Figure 2. Segmented thresholding shows range of plate coverage for cardiomyocyte 

differentiation using 6 μM Chiron. (A) Brightfield image of Gibco hiPSCs (GiPSCs) at day 0 of 

differentiation. (B) Threshold of image without prior segmentation. (C) Segmented image, 

indicated by dashed black lines, and (D) reconstructed image after thresholding of segments. 

(E) GiPSC-cardiomyocyte purity plotted as a function of relative coverage at day 0, dashed box 

indicated range of plate coverage in which differentiation runs produced cardiomyocytes. N = 11 

independent differentiation runs; data points represent single differentiation run outcomes.   
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Figure 3 

Figure 3. HiPSC-cardiomyocytes increase oxidative phosphorylation with lactate purification. 

(A) Cardiomyocytes were differentiated from Gibco hiPSCs (GiPSCs). (B) Control cells (blue, 

51% cTnT+) were cultured for the same duration (with no starvation) and fed glucose medium, 

and lactate purified cells (black, 82% cTnT+) underwent glucose starvation and lactate 

purification from day 13 to 21 of culture. (C and D) Oxygen consumption rate (OCR; C), 

extracellular acidification rate (ECAR), and the ratio (OCR/ECAR; D) were measured at basal 

metabolic levels using a Seahorse XFe96 Analyzer, and values were normalized to live cell 

number using a LIVE/DEAD stain. *P<0.05, **P<0.01, n=10 per group, data are represented as 

mean ± SEM. (RI: rock inhibitor, CH: Chiron, IWP2: inhibitor of Wnt protein 2, CDM3: cardiac 

differentiation media 3, RPMI/B27 +I: RPMI/B27 with insulin, LPM: lactate purification media, 

cTnT: cardiac troponin T.) 
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Figure 4 

Figure 4. Lactate purified cardiomyocytes do not inhibit tissue formation via compaction and 

electromechanical function at one week. (A) Engineered cardiac tissues made with 5% human 

cardiac fibroblasts (hCFs) and unpurified hiPSC-cardiomyocytes (38% cTnT+; top) or lactate 

purified hiPSC-cardiomyocytes (82% cTnT+; bottom) were cultured for one week. Scale bar: 1 

mm; images stitched together. (B-D) Control tissues (Ctrl, n=8) and tissues with lactate purified 

cells (LP, n=4) underwent mechanical evaluation after 1 week of culture. Cross-sectional area 

(B), maximum twitch contraction stress (C), and maximum capture rate (D) are not different 

between control (Ctrl) and lactate purified (LP) groups. Data are represented as mean ± SEM. 
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Table 1 

Table 1. Human induced pluripotent stem cell lines 

In-House 
name 

Line name Source Donor 
Source 

Reprogramming 
method 

GiPSC Gibco® 
Episomal 
hiPSC Line 

ThermoFisher Scientific 
(Catalog #A18944) 

Female, 
CD34+ cord 
blood 

Episomal 

NCRM-5 NCRM-5 NIH Center for Regenerative 
Medicine 

Male, CD34+ 
cord blood 

Episomal 

WTC11 WTC11, 
GM25256 

Gladstone Institute of 
Cardiovascular Disease, 
UCSF 

Male, dermal 
fibroblasts 

Episomal 
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Chapter 7: Discussion 
The field of cardiac tissue engineering is faced with numerous challenges in producing robust, 

physiological tissues from human pluripotent stem cell (hPSC)-derived cardiomyocytes. The 

research described in this dissertation provides advances to the field both by questioning long-

standing assumptions and by demonstrating novel, bioinspired methods for engineering cardiac 

tissue. Important findings include (1) the finding that hPSC-cardiomyocyte cytosolic and 

myofibril volume are not surrogate measures for each other; (2) evidence that developmental 

growth factors insulin-like growth factor 1 (IGF1) and neuregulin 1ß (NRG1) affect hPSC-

cardiomyocyte proliferation and electromechanical maturity, respectively, in two and three 

dimensions; (3) the novel use of adult human ventricular cardiac fibroblasts (hCFs) to produce 

physiological and pathophysiological phenotypes in engineered cardiac tissues; and (4) the 

description of widely-adaptable differentiation optimization through image analysis. These 

findings impact research both in the Coulombe lab and the field as a whole; and they provide 

insights into and benefit from progress in areas of cell heterogeneity, hPSC-cardiomyocyte 

maturation and in vitro model development. 

Stem cell heterogeneity 
The complexity of human pluripotent stem cell (hPSC) biology and heterogeneity has been 

progressively uncovered, and the impact on hPSC-based research and therapies is only 

beginning to be realized. Many areas are being reexamined in light of these discoveries. Issues 

of particular relevance to the research described in this dissertation are (1) hPSC heterogeneity 

arising from cell source and culture conditions, (2) the line-dependent proclivity for differentiation 

down particular cell lineages, and (3) the functional differences in cells derived from different 

hPSC lines, research groups, and individual differentiation runs.  

Heterogeneity in hPSCs arising from cell source and culture conditions were long noted in an 

observational manner but have recently been described more rigorously with advances in the 

“omics” and microfluidics fields. This heterogeneity is present at the mRNA transcript level, 
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where analysis of pluripotent marker expression in single human embryonic and induced 

pluripotent stem cells differed significantly among cells.270 The heterogeneity within a population 

was more pronounced in hiPSCs, indicating a less stable pluripotent state. These findings 

support observations in our lab where cells of progressive passages lead to decreased 

differentiation potential in hiPSCs but not hESCs. In short, it is likely that the decreased 

pluripotent stability of hiPSCs is responsible for increased spontaneous differentiation during 

extended culture and decreased potential for directed differentiation into the cardiac fate.  

The description of heterogeneity in hPSC pluripotency provides an explanation for heterogeneity 

in differentiation efficiency. However, the ultimate way stem cell-based research benefits is from 

the ability to identify, prior to differentiation, the pluripotency of an hPSC population. A broader 

study of hiPSC transcript profiles using single-cell RNA sequencing demonstrated 

transcriptional heterogeneity exists among hiPSCs across the entire transcriptome, not just 

across pluripotent markers.271 Using unbiased clustering, the authors identify four hiPSC 

subpopulations of relative pluripotency, and they develop a multigenic prediction model to 

classify single cells into each of these populations. These findings, though critical to the field, 

must be condensed and streamlined in a manner that will allow bench scientists to adapt 

genetic profiling as a feasible, high-throughput predictor of pluripotency in their own hPSC 

cultures as they grow and deviate (potentially) on a weekly basis.  

It is critical to consider not only cellular heterogeneity, but culture heterogeneity, when putting 

the results described in this dissertation into context. Though more difficult to quantify, there is a 

level of heterogeneity that arises from the culture conditions employed by different research 

groups. Shinya Yamanaka, Nobel laureate for his discovery of the transcription factors to induce 

pluripotency in differentiated cells, described at the International Society for Stem Cell Research 

Annual Meeting of 2016,3 his efforts to evaluate cell culture geographical location on hiPSC 

heterogeneity.272 The Center for iPS Cell Research and Application, Kyoto University (CiRA), 
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founded by Yamanaka, has undertaken the process of distributing iPSC stocks to both 

institutional and commercial labs and obtaining samples of these same cells after second-party 

culture. Though final results are not available, initial findings demonstrated mutations arising in 

iPSC samples from different groups.272 These findings highlight the importance of careful and 

consistent analysis when comparing results of stem cell research across groups. As such, 

though the hPSC lines used in this dissertation research are used by other groups for similar 

studies,273,231,274,41 it is important to note that the starting cell populations are not truly identical. 

Another notable manifestation of hPSC heterogeneity represented in this work is the broad 

range of outcomes in cardiac directed differentiation. Because cardiac purity has the most 

significant impact on engineered tissue formation and function,275 it is critical for the field to 

understand the source of this heterogeneity and to account for it when analyzing results. Recent 

work reported that cardiomyocytes differentiated from 181 hiPSC lines have unique expression 

patterns and differentiation outcomes, and upon single-cell RNA sequencing of 8 lines, showed 

that within differentiated cell populations, cells from the same line remained clustered.276 This 

study demonstrates that some hiPSC lines have a more “primed” cardiogenic phenotype and 

that even after differentiation, hiPSC lines retain unique expression profiles. Individual studies in 

this dissertation each employ a single hPSC line.  

In light of the findings referenced above, it is necessary to consider these studies, as well as the 

multitude of others in the field performed with a single hPSC line, as only partially representative 

of cardiomyocyte biology. In the early years (2008-2010) of hiPSC research, the field imposed 

higher standards for repeatability across hPSC types with roughly 80% of hiPSC papers 

including an hESC line.277 This percentage has dropped precipitously in the past ten years to 

less than 30%, indicating an increased trust in hiPSCs as bona fide pluripotent stem cells, 

However, this trend may limit how robust, repeatable, and representative hiPSC research 

articles. The extent to which unique hiPSC-cardiomyocyte expression profiles impacts cell 
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function is not yet, and may never be, fully known. For the time being, it is another factor to 

consider when comparing and interpreting results across hPSC lines and research groups. 

A downstream result of variability in differentiation efficiency across hPSC lines and research 

groups is the variability in cardiomyocyte purity in engineered tissues made in these different 

conditions. Setting aside the matter of heterogeneity among hPSC-cardiomyocytes, questions 

that still plague the field are (1) what are the non-cardiomyocytes and (2) what is their functional 

impact? My research presented in Chapter 4, and that of others,58,211 shows a bimodal response 

of engineered tissue contractile force to hPSC-cardiomyocyte purity, demonstrating that the 

non-cardiomyocytes are important players in tissue function. Single-cell RNA sequencing and 

mRNA expression analysis suggest these non-cardiomyocytes exhibit a fibroblast-like 

expression profile,276,8 but there is still little known about the mechanistic role of these cells in 

engineered cardiac tissue formation and function. The field as a whole, in cooperation with 

regulatory agencies, will have to determine the acceptable levels of contaminant cell types and 

the degree to which they must be characterized for predictive and therapeutic application of 

hPSC-cardiomyocytes.  

Approaches to engineering maturity in cardiac tissues 
The research described in this dissertation was performed in the rapidly evolving field of tissue 

engineering, and through its progression (2013-2019), reflects some of the trends developing in 

this area. In particular these studies were performed in consideration of (1) development of 

optimized native polymeric scaffolds; (2) advances in the chemical engineering of tailored 

scaffolds; and (3) new approaches to stimulate maturation of engineered cardiac tissues during 

culture. Both the composition and culture conditions of engineered cardiac tissues can 

drastically change their formation and function. Though there is unlikely to be one combination 

that produces engineered muscle far superior to the rest, certain trends have begun to arise that 

consistently produce higher-performing tissues. 



128 
 

Native polymeric scaffolds collagen and fibrin have come to stand out as top candidates in 

cardiac tissue engineering. In the adult ventricle, collagen-1 is the most abundant of the 

extracellular matrix (ECM) proteins, representing over one third of the total ECM protein 

content.278 As such, it is commonly used as the scaffold protein in engineered tissues,279 as it is 

in all the work presented in this thesis. A shortcoming of collagen-1 hydrogels, however, is its 

limited mechanical tunability, which forces biomedical engineers to rely on cells within the tissue 

to provide structural support. In cardiomyocyte-only engineered tissues, this can lead to tissues 

with a stiffness 10 to 100-fold lower than that of the adult ventricle, making the tissues 

challenging to handle and reducing the load they experience during culture. Fibrin, which 

undergoes a stochastic polymerization process, has been widely used as an ECM component to 

tune engineered tissue stiffness in a more controlled manner. Though fibrin can provide some 

additional structural support in engineered tissues, it is rapidly degraded by proteolysis and cell 

remodeling makes this process somewhat unpredictable, with different cell compositions 

remodeling surrounding ECM at variable rates.275 This complication is exacerbated by the 

heterogeneity of hPSC-cardiomyocyte input populations. Due to this lack of control, despite the 

use of proteolysis inhibitors, some groups have turned toward more highly controlled scaffolds. 

Synthetic polymeric scaffolds have provided a means to directly manipulate the extracellular 

environment of engineered cardiac tissues. In particular, functionalization of synthetic scaffolds 

to elicit specific responses is a promising approach for some areas of cardiovascular 

engineering. Conductive polymer scaffolds have gained popularity as a means to engineer 

scaffolds with electrotonic properties that more closely mimic the native myocardium. These 

polymers have been used in multiple forms, including electrospun fibers280,281 and injectable 

hydrogels,283,282 to improve electrical performance of cardiomyocytes. Some of the most 

innovative and involved advances in this realm have been pioneered by Tal Dvir (Tel Aviv 

University), including the recent report of engineered cardiac tissues with integrated 
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electronics.284 Though synthetic polymers have proven to be a useful tool for the controlled 

formation and manipulation of engineered tissues, a corresponding increase in control of 

cardiomyocyte and cardiac tissue electromechanical function is not evident. This may be 

attributable to the very nature of the polymers as a non-native scaffold, a frustrating conclusion 

to be sure.  

Because synthetic components may hinder the improved functional performance of engineered 

cardiac tissues due to high stiffness, lack of biocompatibility, non-physiologic degradation 

products, etc., the field has turned its attention toward bioinspired techniques for “pre-

conditioning” or maturing tissues. The idea of improving tissue force production by “exercising” 

them during culture has been implemented through several techniques and is prevalent in this 

dissertation research. The load and the frequency of the load to which a tissue is subjected in 

culture can be used to exercise a tissue in culture. The load can be adjusted by changing the 

geometry and stiffness of an engineered tissue, and the frequency adjusted by simply changing 

the pacing frequency during culture.286,45,25,21,285 The research described in this dissertation 

employs uniaxial stress through posts to establish load in culture and support cells to increase 

tissue stiffness and subsequent load. Though these methods go a ways toward exercising 

tissues during culture, others in the lab and field more broadly have employed different 

geometries, stretching protocols, and ECM stiffness (to name a few) to increase the minimum 

load experienced in culture.192,25 An alternative approach to mechanical conditioning is electrical 

conditioning to increase the frequency of cardiac contractions, such as a frequency ramp pacing 

protocol (from standard, human-like 1 Hz pacing up to supra-human 6 Hz pacing over about 10 

days), though these results for “exercising” tissues have yet to be replicated by other groups.48  

One final but inconvenient bioinspired approach to improving tissue function is allowing tissues 

to mature in culture over longer periods of time. Engineered tissues in my research were 

cultured for one (Chapter 4) to two (Chapter 3) weeks, however, tissues producing higher force 
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levels have been reported at 4, 6, 8, and out to 10 weeks.48,23,58 For many in vitro applications, it 

is only necessary to use tissues of sufficient maturity to detect functional differences in response 

to the chosen stimuli, though it is important to keep in mind that hPSC-cardiomyocyte response 

may change with overall maturation state. For engineered cardiac tissues to be repeatably and 

reliably effective tools for in vitro modeling and in vivo therapies, a functional benchmark will 

have to be determined, and combinations of composition and culture techniques will continue to 

evolve to reach that benchmark. The research presented in this dissertation is a significant 

contribution to the body of work that will ultimately lead to the field’s definition of “mature” tissue 

for various translational applications and realization of these translational goals. 

In vitro engineered cardiac tissue models 
The development of in vitro models for evaluating cardiotoxicity and therapeutic efficacy (e.g., 

novel pharmaceuticals) is described as the “low hanging fruit” of cardiovascular engineering. As 

my work demonstrates, the complexity of these in vitro systems requires careful consideration of 

how they should be used and how to interpret their outputs. In particular, it is necessary to 

consider the throughput against the sensitivity of in vitro models, how truly predictive and 

representative results obtained from them are, and the most realistic and appropriate 

applications for these models. 

One presumed requirement of in vitro models for therapeutic testing and development is high 

throughput, however, this often comes at the cost of sensitivity. HPSC-cardiomyocyte spheroids 

are gaining popularity for their simple assembly in a 96-well plate format and compatibility with 

already developed tools of analysis such as high-content imaging287 and metabolic assays.288 

This model, however, is limited in two significant ways. Firstly, the spheroids cannot be 

subjected to load during culture, and as previously discussed, this is a critical culture condition 

for the development of hPSC-cardiomyocyte contractility. Secondly, the types of measurements 

that can be made on spheroids are limited primarily to visual outputs. At this time, contractile 
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force cannot be directly measured, leaving out a critical metric of cardiac function from any 

spheroid assay. Slightly lower throughput assays using PDMS posts or wires to provide load 

during engineered tissue culture can measure force indirectly using video analysis of post 

deflection, however, this method assumes PDMS posts are manufactured with reliable and 

repeatable stiffness, and the calculated force data is limited by the camera spatial resolution 

and capture speed.289,25  

As my research demonstrates, significant changes in contraction and relaxation kinetics and 

appearance of contractile alternans can occur in very small ranges of force, necessitating a 

sensitive means of measuring force. This increase in sensitivity comes at the cost of throughput, 

with the platform used in this dissertation research producing between 10 and 20 tissues per 

experimental group compared with the 100s of tissues of spheroid platforms. Given this tradeoff, 

it is likely that a multilevel approach will be necessary to engineer experimentally feasible (high 

throughput, tier 1) and sufficiently sensitive (low throughput, tier 2) modeling systems.  

Another important consideration of in vitro models is the interpretation of output data. In vitro 

platforms of engineered cardiac tissue are an inevitable simplification of human myocardium 

and are thus limited, to some extent, in their physiological relevance. hPSC-cardiomyocytes 

posses a high level of phenotypic plasticity, and it is critical to understand unintended or unseen 

shifts in cardiac phenotype resulting from culture conditions. My work demonstrates that hPSC-

cardiomyocytes respond to growth factors and cardiac fibroblasts to produce both physiological 

and pathophysiological phenotypes (Chapters 4 and 5), a critical distinction for modeling and 

regeneration. Because the fetal gene program is reactivated during heart failure,290 it is of 

particular importance to validate models that rely heavily on metrics of gene expression. 

Finally, as the field of in vitro modeling develops new, more sophisticated assays, their realistic 

uses and applications must be kept in mind. These models will be only one step in the process 

of cytotoxicity testing and therapeutic development, and as the field moves toward 
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implementation of these models, it is important they are developed with consideration of context 

within the overall healthcare pipeline. The US Food and Drug Administration (FDA) has 

highlighted cell purity, biomarker expression, and metabolic activity as key metrics for predicting 

the quality of tissue engineered products.291 As previously discussed, hPSC-cardiomyocyte 

purity is varied between batches and groups, significantly affects tissue function, and is most 

widely manipulated through metabolic selection. In vitro models must be sufficiently validated or 

“qualified” to withstand variability in hPSC-cardiomyocytes or developed in a way to control for 

this variability.  

New tools in biomedical engineering 
There are a multitude of technologies from which cardiac tissue engineering can benefit, and 

the impact and scope of the research described in this dissertation is no exception. In particular, 

single-cell RNA sequencing and liquid chromatography-mass spectrometry (LC-MS) could 

provide valuable additional information in the areas discussed above, including hPSC-

cardiomyocyte heterogeneity and engineered tissue composition and maturation state.  

Single-cell RNA sequencing (SC-RNAseq) is a powerful tool to examine transcript profiles of 

multiple cell populations in an unbiased manner. Though the findings in this dissertation are 

supported with analysis of transcript levels of specific mRNA targets when appropriate, the old 

adage “you don’t know what you don’t know” comes to mind. In particular, population averages 

of gene expression will dilute out the nuances of single cell behavior and variability. SC-RNAseq 

could be used to characterize hPSC-cardiomyocytes and non-cardiomyocytes as well as adult 

cardiac fibroblasts prior to and after inclusion in engineered tissues. This would allow us to ask 

and more fully answer the questions: what cells are we putting into our tissues, and what are 

they doing once they are there? As in any area with an ultimate goal of engineering functional 

tissues, it is critical that the results of SC-RNAseq experiments be interpreted in the context of 

the functional output of engineered cardiac tissues. An exhaustive transcript profile of cells from 
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engineered cardiac tissues will be of little use without an understanding of their functional 

phenotype.  

Another tool that would allow us to more fully analyze what happens to cells in engineered 

cardiac tissues is liquid chromatography-mass spectrometry (LC-MS). LC-MS can be used as a 

bottom-up approach to proteomics, particularly helpful in analyzing complex mixtures of 

proteins. The ECM components used in tissue engineering are varied, as described above, and 

though the work in this dissertation uses only collagen-1, it also employs fibroblasts, a cell type 

that produces and remodels ECM. By correlating LC-MS data of ECM composition with cell 

composition and resulting engineered mechanical phenotype, we could gain insight into ECM, 

support-cell, and culture combinations that produce the most robust engineered tissues.  

In conclusion, the research described in this thesis provides important insights to the field of 

cardiac tissue engineering as it marches closer to practical applications. Findings stress the 

importance of accounting for cellular heterogeneity (Chapters 2, 3, and 6) and explores 

strategies for manipulating engineered tissue composition and culture to produce healthy and 

disease phenotypes (Chapters 4 and 5). As the field advances toward translation to impact 

human health and wellness, these results highlight the need for careful consideration of 

engineered cardiac tissue composition and function in light of hPSC-cardiomyocytes’ tendency 

to defy expectations.  
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Figure S1. Myofibroblast markers upregulated in serially passaged human cardiac fibroblasts 

(hCFs). Related to Figure 1. (A) MRNA collected from monolayer hCFs at passage 4 (p4), 

passage 9 (p9), or from passage 4 neonatal human dermal fibroblasts (NHDFs) was analyzed 

with q-RT-PCR for expression levels of ACTA2a (left, encoding α-smooth muscle actin) and 

GJA1 (right, encoding connexin 43). Data are presented as a fold-change of p4 hCF expression 

levels and are represented as mean ± SD, *P<0.05, **P<0.01, n≥3. (B) Passage 9 human 

cardiac fibroblasts (hCFs) have localized gap junctions. HCFs are labeled for vimentin (green) 

to identify fibroblasts, connexin 43 (Cx43, red) to identify gap junctions, and DAPI (blue) to label 

nuclei. Cells express both diffuse Cx43 in a peri-nuclear region (e.g., Golgi) and punctate Cx43 

gap junctions at cell edges (white arrows). 
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Figure S2. Contraction and relaxation kinetics of engineered cardiac tissues change with 

human cardiac fibroblast (hCF) addition. Related to Figure 2. (A) Upstroke velocity in 

cardiomyocyte-only ECTs (Control), 5% hCF added ECTs (5% hCF), 10% hCF added ECTs, or 

15% hCF added ECTs plotted as a function of contractile stress amplitude. (B-C) Time to 50% 

relaxation from peak contractile amplitude (T50; B) and time to 90% relaxation (T90; C) plotted 

as a function of contractile stress. The slope of the linear regression was significantly greater in 

control tissues compared to p4 and p9 hCF tissues. P<0.05, n≥7, data shown as mean ± SEM 

(A) or SD (B-C) for ease of viewing. 
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Figure S3. Higher percentages of human cardiac fibroblasts increase spontaneous beating 

activity. Related to Figure 3. (A) Fraction of beats captured by cardiomyocyte-only control (C), 

5%, 10%, or 15% added cardiac fibroblast (+hCFs) tissues at 1 Hz pacing at 130% L0 

(**P<0.01, n≥4, data represent mean ± SEM). (B) Example raw trace of 15% hCF tissue during 

1 Hz pacing. Arrows indicate early afterdepolarizations (EADs). (C-J) Representative maps of 

action potential propagation of paced or spontaneous beats. (C) Fluorescence image of paced 

beat from 5% hCF ECT, stimulated from the left upper corner. (D) Sample action potential 

traces from the locations marked with ‘a’, ‘b’, ‘c’ in panel C. (E) Action potential propagation 

map. (F) Space-time plot of action potential propagation (Conduction Velocity(CV) = 6.42 cm/s). 

(G) Fluorescence image of spontaneous beat from the 15% hCF ECT. (H) Sample action 

potential traces from the locations marked with ‘d’, ‘e’, ‘f’ in panel G. (I) Action potential 

propagation map. (J) Space-time plot of action potential propagation (CV = 2.59 cm/s). Note 

that the spontaneous beats originated from the center of the ECT marked with white stars (*) 

and propagated in both directions.  
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Figure S4. Contraction and relaxation kinetics of engineered cardiac tissues sensitive human 

cardiac fibroblast (hCF) level of activation. Related to Figure 5. (A) Upstroke velocity in 

cardiomyocyte-only ECTs (Control), 5% p4 hCF ECTs (p4 hCF), 5% p9 hCF added ECTs (p9 

hCF) plotted as a function of contractile stress amplitude. The slope of the linear regression was 

significantly different between all groups. (B-C) Time to 50% relaxation from peak contractile 

amplitude (T50; B) and time to 90% relaxation (T90; C) plotted as a function of contractile 

stress.  The slope of the linear regression of p9 hCF tissues was significantly greater than 

control and p4 hCF tissues for both T50 and T90. P<0.05, n≥16, data shown as mean ± SEM 

(A) or SD (B-C) for ease of viewing. 
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Figure S5. Calcium alternans increase with pacing frequency in engineered cardiac tissues. 

Related to Figure 6. Control, cardiomyocyte-only tissues, 5% p4 hCF-doped tissues, and 5% p9 

hCF-doped tissues were treated with Ca2+-sensitive, Rhod-2 dye and paced at increasing 

frequencies while fluorescence signal was obtained. Alternans were determined as alternating 

transients with a difference ≥5% of maximum Ca2+ amplitude. (A) Example raw trace of Ca2+ 

signal recorded at 4 Hz stimulation in a p4 hCF tissues. Red and blue asterisks mark local 

maxima and minima, respectively. (B) Alternans amplitude was calculated for Control, p4 hCF, 

and p9 hCF tissues up to 4 Hz pacing (P<0.05, n=3, data are represented as mean ± SEM). 
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Table S1. Custom primers used for real-time quantitative PCR. Related to experimental 

procedures. 

Target Sequence 

ACTA2a (α-smooth muscle 
actin) 

Forward: 
CCGACCGAATGCAGAAGGA 

Reverse: 
ACAGAGTATTTGCGCTCCGAA 

GJA1 (connexin 43) Forward: 
CTTTTGGAGTGACCAGCAAC 

Reverse: 
TGAAGCTGAACATGACCGTA 
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Table S2. hCF Doping Experiments 1 Hz Mechanics Summary. Related to Figure 3. 

Measure Group Mean (n) SEM 

Cross-sectional 
area (mm2) 

Control 0.335 (7) 0.030 

5% 

+ hCFs 

0.243 (12) 0.036 

10% 0.170 (7) 0.032 

15% 0.126 (8) 0.021 

Young’s 
Modulus 

(kPa) 

Control 0.67 (6) 0.11 

5% 

+ hCFs 

3.12 (6) 0.92 

10% 4.16 (4) 1.45 

15% 6.75 (3) 0.62 

Maximum active 
stress (mN/mm2) 

Control 0.046 (7) 0.008 

5% 

+ hCFs 

0.123 (10) 0.032 

10% 0.097 (7) 0.021 

15% 0.080 (6) 0.024 

Maximum 
capture rate (Hz) 

Control 2.93 (7) 0.28 

5% 

+ hCFs 

3.17 (12) 0.17 

10% 3.71 (7) 0.15 

15% 3.86 (7) 0.14 

 

Significant vs. Control Significant vs. Ctrl and 5% 
hCF 
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Table S3. hCF Doping Experiments Force-Frequency Summary. Related to Figure 3. 

 Frequency 1Hz 1.5 Hz 2 Hz 2.5 Hz 

Measure Group Mean (n) SEM Mean (n) SEM Mean (n) SEM Mean (n) SEM 

Stress 
(µN/ 
mm2) 

Control 27.1 (7) 5.0 21.5 (7) 4.2 16.9 (5) 3.7 7.4 (6) 1.7 

5% 

+hCF 

104.0 
(12) 

11.8 95.9 (12) 11.1 71.4 
(12)* 

9.4 52.5 
(11)** 

7.5 

10% 90.1 (7) 18.1 86.1 (7) 17.9 70.2 (7) 15.0 51.5 (7) 10.9 

15% 75.2 (7) 15.5 77.6 (5) 21.6 52.1 (7) 12.6 38.3 (7) 9.3 

Vup 
(µN/s) 

Control 63.4 (7) 21.3 53.5 (7) 20.0 45.7 (5) 15.3 19.2 (6) 8.9 

5% 

+hCF 

118.2 
(12) 

25.9 113.7 
(12) 

25.6 91.6 (12) 21.0 74.3 (11) 16.2 

10% 97.2 (7) 28.3 96.1 (7) 27.5 85.9 (7) 24.7 68.6 (7) 19.9 

15% 76.9 (7) 23.0 94.5 (5) 27.1 62.9 (7) 21.3 50.8 (7) 17.0 

T50 
(ms) 

Control 261.8 (7) 12.7 210.5 
(7)** 

4.9 173.0 
(5)** 

5.8 136.6 
(6)** 

2.3 

5% 

+hCF 

222.3 
(12) 

18.2 182.2 
(12)** 

6.9 159.1 
(12)** 

5.4 137.5 
(11)** 

3.2 

10% 187.4 (7) 22.5 169.8 (7) 6.4 151.9 (7) 5.6 131.4 
(7)** 

2.8 

15% 162.5 (7) 20.6 174.3 (5) 11.3 165.4 (7) 18.1 131.3 (7) 9.8 

T90 
(ms) 

Control 519.7 (7) 17.7 383.6 
(7)** 

14.4 311.5 
(5)** 

6.2 237.6 
(6)** 

7.7 

5% 

+hCF 

440.7 
(12) 

22.6 383.9 
(12)* 

5.8 306.0 
(12)** 

8.0 253.9 
(11)** 

3.3 

10% 409.6 (7) 34.6 364.6 (7) 11.0 314.2 
(7)** 

8.5 254.4 
(7)** 

3.7 

15% 455.1 (7) 65.3 378.5 (5)* 30.0 306.6 
(7)** 

6.7 254.8 
(7)** 

7.3 
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 Frequency 3 Hz 3.5 Hz 4 Hz 

Measure Group Mean (n) SEM Mean (n) SEM Mean (n) SEM 

Force 

(µN/ 
mm2) 

Control 3.2 (2) 0.9 1.7 (3) 0.9 1.0 (1) N/A 

5% 

+hCF 

27.6 (8)** 5.3 23.7 (3)** 1.0 1.1 (3)** 0.9 

10
% 

33.5 (7)** 6.9 24.6 (5)** 6.8 13.1 (4)** 5.6 

15
% 

33.6 (6) 7.9 23.5 (6) 5.9* 16.2 (6)** 4.4 

Vup 
(µN/s) 

Control 8.6 (2) 1.5 5.1 (3) 1.7 3.4 (1) N/A 

5% 

+hCF 

42.0 (8)* 15.0 39.4 (3) 22.4 8.1 (3)* 3.3 

10
% 

49.8 (7) 13.8 40.4 (5) 13.8 24.4 (4) 9.8 

15
% 

47.3 (6) 13.5 36.7 (6) 11.0 27.1 (6) 8.9 

T50 (ms) Control 119.4 (2)** 3.0 96.5 (3)** 1.0 81.9 (1) N/A 

5% 

+hCF 

110.5 (8)** 6.9 96.4 (3)** 3.0 85.1 (3)** 3.1 

10
% 

108.8 (7)** 2.4 91.9 (5)** 1.6 78.5 (4)** 1.7 

15
% 

118.6 (6)* 9.2 103.0 (6)** 6.1 88.7 (6)** 5.7 

T90 (ms) Control 209.2 (2)** 4.4 171.3 (3)** 9.2 157.8 (1) N/A 

5% 

+hCF 

200.0 (8)** 10.1 179.8 (3)** 2.9 145.9 (3)** 3.9 

10
% 

209.9 (7)** 4.3 175.7 (5)** 2.0 149.0 (4)** 3.6 

15
% 

208.2 (6)** 3.3 184.4 (6)** 4.9 159.3 (6)** 2.7 

 

Significant vs. Control Significant vs. Ctrl and 5% 
hCF 
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Table S4. p4 v p9 hCF Experiments 1 Hz Mechanics Summary. Related to Figure 5. 

Measure Group Mean (n) SEM 

Cross-sectional area 
(mm2) 

Control 0.213 (18) 0.028 

P4 + 
hCFs 

0.081 (18) 0.010 

P9 0.203 (20) 0.012 

Young’s Modulus 

(kPa) 

Control 1.59 (14) 0.36 

P4 + 
hCFs 

7.89 (16) 1.74 

P9 2.47 (16) 0.58 

Maximum active 
stress (mN/mm2) 

Control 0.141 (15) 0.031 

P4 + 
hCFs 

0.227 (18) 0.033 

P9 0.087 (20) 0.015 

Maximum capture 
rate (Hz) 

Control 4.13 (16) 0.11 

P4 + 
hCFs 

4.00 (18) 0.07 

P9 3.87 (19) 0.10 

 

Significant vs. 
Control 

Significant vs. 
Ctrl and p9 hCF 

Significant vs. 
Ctrl and p4 hCF 

Significant vs. 
p9 hCF 

Significant vs. 
p4 hCF 
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Table S5. p4 v p9 hCF Experiments Force-Frequency Summary. Related to Figure 5. 

 Frequency 1 Hz 1.5 Hz 2 Hz 2.5 Hz 

Measure Group Mean (n) SEM Mean 
(n) 

SEM Mean (n) SEM Mean (n) SEM 

Stress 

(µN/mm2) 

Control 123.4 
(16) 

19.1 120.4 
(16) 

18.7 102.2 
(16) 

15.2 75.1 (16)* 10.5 

P4 
+hCFs 

193.0 
(18) 

25.5 176.4 
(18) 

21.7 154.4 
(18) 

18.3 120.2 
(18)** 

13.9 

P9 76.3 (20) 7.7  74.1 (20) 7.4 65.6 (20) 6.7 50.9 (20) 5.7 

Vup 
(µN/s) 

Control 156.5 
(16) 

35.2 152.9 
(16) 

34.2 138.0 
(16) 

30.5 110.1 (16) 22.9 

P4 
+hCFs 

99.1 (18) 12.5 91.5 (18) 10.3 86.1 (18) 9.6 74.8 (18) 8.5 

P9 96.7 (20) 12.4 95.7 (20) 12.1 90.8 (20) 11.1 77.3 (20) 9.4 

T50 (ms) Control 154.4 
(16) 

11.3 148.3 
(16) 

7.0 148.0 
(16) 

5.5 133.4 
(16)* 

5.5 

P4 

+hCFs 

138.8 
(18) 

5.5 137.1 
(18) 

4.5 137.6 
(18) 

3.8 125.7 (18) 2.9 

P9 136.5 
(20) 

8.0 137.9 
(20) 

7.7 136.9 
(20) 

6.8 123.1 (20) 4.8 

T90 (ms) Control 303.1 
(16) 

26.0 316.5 
(16) 

12.5 296.6 
(16) 

5.4 251.2 
(16)** 

1.9 

P4 

+hCFs 

291.6 
(18) 

16.2 311.2 
(18) 

10.4 292.0 
(18) 

3.8 244.6 
(18)** 

3.0 

P9 278.2 
(20) 

14.5 293.3 
(20) 

14.8 276.9 
(20) 

9.1 242.6 
(20)* 

4.2 
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 Frequency 3 Hz 3.5 Hz 4 Hz 

Measure Group Mean (n) SEM Mean (n) SEM Mean (n) SEM 

Stress 

(µN/mm2) 

Control 52.5 
(16)** 

7.1 37.0 
(16)** 

4.8 16.3 
(13)** 

1.9 

P4 

+hCFs 

87.6 
(18)** 

10.1 63.2 
(18)** 

7.2 42.6 
(16)** 

5.5 

P9 36.2 (20) 4.6 28.3 
(17)* 

4.0 19.3 
(15)** 

2.3 

Vup 
(µN/s) 

Control 85.1 
(16)* 

16.9 65.5 
(16)** 

13.1 32.2 
(13)** 

5.6 

P4 
+hCFs 

61.1 (18) 7.1 48.0 (18) 6.0 33.9 
(16)* 

4.4 

P9 58.3 (20) 7.7 51.2 (17) 6.7 42.4 (15) 5.4 

T50 (ms) Control 113.6 
(16)** 

2.2 95.6 
(16)** 

1.6 76.3 
(13)** 

5.8 

P4 

+hCFs 

109.9 
(18)** 

1.9 94.4 
(18)** 

1.1 80.5 
(16)** 

1.2 

P9 110.1 
(20)** 

3.3 94.8 
(17)** 

2.2 82.2 
(15)** 

1.9 

T90 (ms) Control 206.7 
(16)** 

2.7 177.5 
(16)** 

2.3 142.8 
(13)** 

10.7 

P4 

+hCFs 

206.9 
(18)** 

1.7 177.5 
(18)** 

1.0 156.5 
(16)** 

1.7 

P9 211.5 
(20)** 

3.6 177.3 
(17)** 

1.8 155.8 
(15)** 

15 

 

Significant vs. 
Control 

Significant vs. 
Ctrl and p9 hCF 

Significant vs. 
Ctrl and p4 hCF 

Significant vs. 
p9 hCF 

Significant vs. 
p4 hCF 
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