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Abstract

Complex heterocellular interactions between cardiomyocytes and fibroblasts in the heart involve 

their bidirectional signaling via cell-cell contacts, paracrine factors, and extracellular matrix 

(ECM). These interactions vary with heart development and pathology leading to changes in 

cardiac structure and function. Whether cardiac fibroblasts of different ages interact differentially 

with cardiomyocytes to distinctly impact their function remains unknown. Here, we explored the 

direct structural and functional effects of fetal and adult cardiac fibroblasts on cardiomyocytes 

using a tissue-engineered 3D co-culture system. We show that the age of cardiac fibroblasts is a 

strong determinant of the structure, function, and molecular properties of co-cultured tissues. In 

particular, in vitro expanded adult, but not fetal, cardiac fibroblasts significantly deteriorated 

electrical and mechanical function of the co-cultured cardiomyocytes, as evidenced by slower 

action potential conduction, prolonged action potential duration, weaker contractions, higher tissue 

stiffness, and reduced calcium transient amplitude. This functional deficit was associated with 

structural and molecular signatures of pathological remodeling including fibroblast proliferation, 

interstitial collagen deposition, and upregulation of pro-fibrotic markers. Our studies imply critical 

roles of the age of supporting cells in engineering functional cardiac tissues and provide a new 

physiologically relevant in vitro platform to investigate influence of heterocellular interactions on 

cardiomyocyte function, development, and disease.
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1. Introduction

Cardiac function is orchestrated by complex and dynamic crosstalk among different types of 

cells and their interactions with extracellular matrix (ECM) [1]. These cell-cell and cell-

ECM relationships have been shown to vary with the cardiac development, physiological 

changes, and different types of pathology [1–4]. Although cardiomyocytes are the functional 

cells of the heart that conduct electrical impulses and mechanically contract, cardiac 

fibroblasts (CFs) are traditionally recognized as the most abundant cell population in the 

heart [5–11]. Until recently, cardiac fibroblasts have been considered as a passive cell type 

merely providing a structural support to the contracting cardiomyocytes. However, a 

growing body of evidence suggests that fibroblasts in the heart are active and critical 

modulators of cardiac development, homeostasis, and function, and could therefore 

represent an exciting target for future therapeutic interventions [3, 12].

Cardiomyocytes and CFs in the heart can communicate through direct cell-cell contacts, 

soluble paracrine factors, and ECM-mediated interactions [12, 13]. We, and others, have 

demonstrated that neonatal cardiac fibroblasts can alter electrophysiological properties of 

neonatal cardiomyocytes in standard 2D (monolayer) culture [10, 14–20]. However, 2D 

cultures for the most part fail to faithfully recapitulate structural, biochemical, and 

mechanical milieu of the contracting heart, including the complex cell-cell and cell-matrix 

interactions [21, 22]. Use of 3D co-culture systems, on the other hand, may allow systematic 

studies of the cardiomyocyte-fibroblast interactions within a physiologically relevant 

environment akin to native contracting myocardium [23–26]. Furthermore, such systems can 

provide a versatile in vitro platform for optimizing engineered cardiac tissue function, 

studying cardiac disease, and testing candidate therapeutics.

Specifically, how the age of supporting non-cardiomyocytes within engineered cardiac 

tissues affect cardiomyocyte function and maturation remains to be explored. Previously, 

distinct roles of fetal and adult fibroblasts in hyperplastic and hypertrophic growth of 
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embryonic cardiomyocytes have been suggested from experiments in 2D co-cultures [27]. In 

the current study, we hypothesized that cardiac fibroblasts from fetal and adult heart would 

distinctly influence the structure and function of engineered cardiac tissues. To test this 

hypothesis, we employed a 3D culture system consisting of defined fractions of neonatal rat 

cardiomyocytes and fetal or adult cardiac fibroblasts and applied immunofluorescence, 

electrophysiological, biomechanical, and gene expression analyses to investigate the 

fibroblast-induced changes in structural, functional, and molecular properties of 

cardiomyocytes. We report that unlike fetal cardiac fibroblasts, adult cardiac fibroblasts 

induced adverse changes in engineered cardiac tissues resembling those found in cardiac 

fibrotic disease.

2. Materials and Methods

2.1. Cell isolation and culture

All animal procedures were performed in compliance with the Institutional Animal Care and 

Use Committee at Duke University and the NIH Guide for the Care and Use of Laboratory 

Animals. Neonatal rat ventricular cells were dissociated from 2-day-old Sprague Dawley 

rats and preplated in a T175 flask in two 50-minute steps to remove non-myocytes and 

enrich for neonatal rat ventricular myocyte (NRVM) population as previously described [17, 

28, 29]. The cells collected after the second 50-minute preplate were named PP2 (preplate 

2), and reproducibly contained a high number (89.6 ± 1.8%) of cardiac Troponin-T (cTnT)+ 

cardiomyocytes (Suppl. Fig. 1). Fetal cardiac fibroblasts (FCFs) were isolated from 

embryonic day 13.5 CD-1 murine hearts. Briefly, fetal ventricles were removed under a 

dissection microscope and cut into 3–4 pieces. The minced tissues were digested with 2 

mg/ml collagenase type II (Worthington Biochemicals) in HBSS, incubated at 37 °C for 3 

min with gentle vortexing and pipetting. The supernatant was collected and diluted in FBS 

on ice. The 3-min digestion step was repeated a total of 5 times to collect all the cells. Adult 

cardiac fibroblasts (ACFs) were isolated from 3–5-month-old CD-1 murine hearts. The 

ventricles were trimmed and minced into smaller pieces less than 1 mm3. The minced tissues 

were digested with 1 mg/ml collagenase/dispase (Roche Life Science). The tissues were 

incubated at 37 °C for 20 min on a rocking platform followed by pipetting and collecting the 

supernatant into another tube with equal volume of FBS on ice. The procedure was repeated 

for 4 additional times followed by homogenization in gentleMACS Dissociator. For both 

fetal and adult fibroblasts, after collecting supernatants from 5 serial digestions, the cells 

were filtered through 100 μm nylon cell strainerand centrifuged at 500×g for 5 min, and then 

resuspended in fibroblast medium (DMEM with 10% FBS and Penicillin/streptomycin). 

Fibroblasts were then seeded into T75 tissue culture flasks coated with 0.1% gelatin (EMD 

Millipore) and cultured until confluence. The rat neonatal cardiac fibroblasts (rNCFs) were 

collected as the fast-adhering cells during preplating steps in NRVM isolation, and rat adult 

cardiac fibroblasts (rACFs) were isolated from ventricles of 3–5-month-old Sprague Dawley 

rats using the same procedure described for mouse ACFs. All fibroblasts were subcultured at 

1:3 ratio and used at passage 2–4.
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2.2. Fabrication of co-cultured cardiac tissue bundles

NRVMs and cardiac fibroblasts (fetal or adult) were combined at a ratio of 10:3 and 

encapsulated in cylindrical hydrogel constructs (bundles) by modifying our previously 

published methods [28, 30–34]. Briefly, each bundle was made using a solution of 2.25 × 

105 NRVMs with or without 0.675 × 105 cardiac fibroblasts (fetal or adult), 20 μl of culture 

media (DMEM, 10% (v/v) horse serum, 1% (v/v) chick embryo extract, 100 U/ml penicillin 

G, 1 mg/ml Aminocaproic Acid and 50 μg/ml Ascorbic Acid), 8 μl of 10 mg/ml Fibrinogen 

(Akron), 4 μl of Matrigel, 8 μl of 2× media, and 0.4 μl of 50 unit/ml thrombin in 0.1% BSA 

in PBS) [17]. The cell-hydrogel mixture was injected into polydimethylsiloxane (PDMS) 

molds cast from Teflon masters that were placed in 12-well plates. The molds were pre-

treated with 0.2% (w/v) pluronic F-127 (Invitrogen) and fitted with laser-cut Cerex frames 

(9.2 × 9.5 mm outer dimensions, 6.8 × 8.3 mm inner dimensions). The cell-hydrogel mixture 

was polymerized within PDMS molds for 45 min at 37°C followed by addition of 2 ml 

culture media per well. Frames with polymerized cardiac bundles were removed from the 

molds the next day and cultured dynamically at a rocking platform in suspension for 14 

days. Culture media were changed every other day.

2.3. Measurement of electrical propagation

Action potential propagation in cardiac bundles was optically mapped using our previously 

established methods [28, 31, 34]. Briefly, bundles were stained with a voltage-sensitive dye, 

Di-4 ANEPPS (10 μM), for 6 min and then incubated in Tyrode’s solution supplemented 

with 10 μM blebbistatin to prevent motion artifacts. Electrical activity was stimulated with a 

point electrode at a bundle end and was recorded in microscopic mode at 4× magnification 

using a 504-channel photodiode array (RedShirt Imaging). Data analysis for conduction 

velocity (CV) and action potential duration (APD) were performed by customized MATLAB 

software [17, 28, 31, 34–36].

2.4. Measurement of engineered tissue force

Passive tension and contractile force generation in response to electrical stimulation were 

recorded by mounting cardiac bundles onto a custom-made setup with force transducer and a 

computer-controlled linear actuator, as previously described [31, 32, 34, 37]. Briefly, frames 

cut to contain a single cardiac bundle were transferred to a chamber with Tyrode’s solution 

maintained at 37°C. The side of the frame was cut to allow cardiac bundle stretch by linear 

actuator to 24% above the resting culture length in 4% increments. Two Hz electrical 

stimulation was applied by a pair of platinum electrodes and generated isometric contractile 

force was measured after tissue was equilibrated for 5 min at each stretch increment. 

Contractile force traces were analyzed for maximum peak contractile force, twitch rise time 

and decay time, and passive force using a custom MATLAB program [28, 31, 34].

2.5. Imaging of calcium transients

For measurement of calcium transients, cardiac bundles were stained with intracellular 

calcium indicator Rhod-2 AM as previously described[38–41]. Briefly, cardiac bundles were 

washed in Tyrode’s solution, incubated with 6.25μg/ml Rhod-2 AM and 0.02% pluronic 

F-127 in media 199 for 45 minutes at 37°C, and then incubated with 10 μM blebbistatin in 
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Tyrode’s solution to prevent motion artifacts. Cardiac bundles were placed in a heated live 

imaging chamber, stimulated at 2Hz using a point electrode and videos were acquired using 

a fast EMCCD camera (iXonEM., Andor) affixed to a Nikon microscope under 4× objective. 

Videos were analyzed using Andor Solis software and relative changes in fluorescence 

signal were calculated by a formula ΔF/F = (Fmax-Fbase)/(Fbase-Fbackground) [32].

2.6. Immunostaining and image analysis

Cardiac bundles were fixed with 2%v/v paraformaldehyde (Electron Microscopy Sciences) 

on a rocking platform overnight at 4°C. Fixed cardiac bundles were washed in PBS, blocked 

in antibody buffer (5%w/v chick serum, 0.5%v/v Triton X-100, in PBS) for 1 hr at room 

temperature, and then incubated with primary antibodies overnight at 4°C in antibody buffer. 

The following primary antibodies were used at indicated dilutions: α-sarcomeric actinin 

(Sigma A7811, 1:200), Vimentin (Abcam ab92547, 1:400), Collagen I (Abcam ab34710, 

1:200), Connexin 43 (Abcam Ab 11370, 1:200), N-cadherin (Abcam Ab12221, 1:200), 

DsRed (Clontech, 1:200). Alexa-Fluor conjugated secondary antibodies (Invitrogen) and 

DAPI were applied at a 1:400 dilution in antibody buffer for 3hrs at room temperature. 

Cardiac bundles were washed in PBS, mounted on slides, and imaged using a Leica inverted 

SP5 confocal microscope. Image analysis was performed using ImageJ software.

2.7. Lentivirus production and transduction

High-titer lentivirus was produced using a second-generation lentiviral packaging system, as 

previously described [33, 35]. Briefly, 293FT cells (Life Technologies, R700-07) were co-

transfected with lentiviral plasmid pRRL-CAG-mCherry-Puro (constructed from pRRL-

CMV vector, a gift from Dr. Inder Verma, Salk Institute), packaging plasmid psPAX2 

(Addgene, #12260), and envelope plasmid pMD2.G (Addgene, #12259) at 2:1:1 mass ratios 

using Lipofectamine 2000 (Life Technologies). Lentiviral particles containing supernatants 

were collected 3 days after transfection, centrifuged at 500 g for 10 minutes and filtered 

through 0.45 μm cellulose acetate filter (Corning), followed by incubation with Lenti-X 

Concentrator (Clontech) at 3:1 volume ratio overnight at 4°C. Concentrated lentiviral 

particles were harvested after centrifugation at 1500g for 45 minutes at 4°C, resuspended in 

DMEM, and stored in −80°C. Fetal or adult cardiac fibroblasts were transduced with the 

lentivirus at the density of 104 cells/cm2 in culture media (DMEM, 10% FBS, penicillin/

streptomycin) with 8 ug/ml polybrene. Five days after transduction, 5ug/ml puromycin was 

added to select for successfully transduced cells for 5 days.

2.8. Real-time qPCR

Total RNA was extracted using RNeasy Fibrous Tissue Mini Kit according to the 

manufacturer’s instructions (Qiagen). Total RNA was converted to cDNA using iScript 

cDNA synthesis kit (Bio-Rad). Standard qPCR reactions were performed with iTaq 

Universal SYBR Green Supermix (Bio-Rad) in the Applied Biosystems 7900HT Fast Real-

time PCR System at the core facility of Duke Center for Genomic and Computational 

Biology. The primers used are listed in Supplementary Tables 1 and 2.
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2.9. Statistics

Statistical significances were evaluated on the normalized data to the controls from each 

independent experiment by one-way ANOVA with post hoc Tukey’s test or unpaired t-test 

using GraphPad Prism. P<0.05 was considered statistically significant. Results are presented 

as mean ± SEM.

3. Results

3.1. Effect of fetal cardiac fibroblasts (FCFs) and adult cardiac fibroblasts (ACFs) on 
structure of cardiac bundles

In order to engineer a physiologically relevant 3D cardiac culture system, we encapsulated 

NRVMs in fibrin-based 3D tissue bundles (Suppl. Fig. 2A) that contracted vigorously 

(Suppl. Video 1) and exhibited advanced functional properties, as we recently reported [28]. 

The NRVMs in the interior of the bundles were uniformly aligned, cross-striated, and 

electrically and mechanically coupled via Connexin 43 and N-cadherin junctions (Suppl. 

Fig. 2B, C). Both control NRVM bundles and those with supplemented FCFs or ACFs 

exhibited a layer of vimentin+ cardiac fibroblasts at the outer bundle surface (Suppl. Fig. 

3A–C), however, the number of fibroblasts residing interstitially between cardiomyocytes in 

the bundle interior was increased in the FCF and ACF compared to NRVM group. (Suppl. 

Fig. 3A′–C′). To investigate whether the exogenously added CFs were those that preferably 

located in the bundle interior, we lentivirally labeled FCFs and ACFs with a fluorescent 

protein mCherry and puromycin resistance gene. After puromycin selection, more than 90% 

of FCFs and ACFs were mCherry+ (Suppl. Fig. 4). When used to construct co-cultured 

bundles, almost all mCherry+ fibroblasts were found to reside throughout the bundle interior 

(Suppl. Fig. 5A–C), which was further confirmed in cross-sectional immunostainings 

(Suppl. Fig. 5D–F). Thus, upon initial bundle assembly with a uniform cell mixture, the 

exogenous FCFs and ACFs remained in interstitial spaces in the bundle interior, whereas the 

endogenous fibroblasts from NRVM isolation mainly occupied the outer surface of the 

bundle.

From quantitative analysis of bundle transverse sections (Fig. 1A–C), we found that the 

diameters of the +FCF and +ACF bundles were significantly larger compared to that of 

NRVM control bundles, with the +ACF bundles being the largest in size (Fig. 1D). 

Simultaneously, the +FCF bundles exhibited 37.3% more nuclei, whereas the +ACF bundles 

had 91.9% more nuclei than NRVM control bundles (Fig. 1E–H). Analysis of F-actin+ 

staining in the interior of the bundles demonstrated similar cardiac muscle areas in all bundle 

groups (Fig. 1I–L), with +ACF bundles exhibited significantly higher Vimentin+ area than 

+FCF or NRVM control bundles (Fig. 1M–P). To further assess FCF and ACF induced 

changes in cellular composition, we counted nuclei in: 1) the F-actin+ area (corresponding to 

cardiomyocytes [28]), 2) the vimentin+ area at the periphery (dominated by endogenous 

CFs) and 3) the mCherry+ area (corresponding to exogenous CFs, Suppl. Fig. 5D–F) of 

bundle cross-sections. We found that adding FCFs or ACFs did not alter CM nuclei counts in 

bundles (Suppl. Fig. 5G). While adding FCFs slightly but insignificantly increased numbers 

of endogenous CFs, this increase was significant in the presence of ACFs (Suppl. Fig. 5H). 

Furthermore, the number of ACFs in bundles was significantly higher than the number of 
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FCFs (Supl. Fig. 5I). From the results in Suppl. Figs. 1 and 5G–I, we could also estimate 

relative changes in cell numbers during the 2-week bundle culture. Specifically, endogenous 

CF:CM ratio was only marginally increased in control bundles (from ~1:9 to ~1:8) and 

significantly increased in +ACF bundles (from ~1:9 to ~2:7). While the FCF:CM ratio 

remained unchanged (~1:3) during bundle culture, the ACF:CM ratio doubled (from ~1:3 to 

~2:3). Overall, these analyses suggested that the presence of FCFs in cardiac bundles had 

minor to no effects on the number of CMs or endogenous CFs, while relative fractions of 

both ACFs and endogenous CFs were increased in the +ACF bundles.

3.2. Effect of FCFs and ACFs on electrical and mechanical function of cardiac bundles

We optically mapped action potential propagation in cardiac bundles using a voltage-

sensitive membrane dye (di-4 ANEPPS) and applying point stimulus at one end of the 

bundle (Fig. 2A–B). The +ACF bundles exhibited significantly slower conduction velocity 

(CV) and longer action potential duration (APD) than both +FCF and NRVM bundles (32.95 

± 2.33 cm/s vs. 40.34 ± 2.70 cm/s and 39.43 ± 1.20 cm/s and 228.90 ± 19.81 ms vs. 164.90 

± 12.58 ms and 176.00 ± 7.42 ms, respectively, Fig. 2C–D). On the other hand, all 3 groups 

had similar maximum capture rates of ~6 Hz (Fig. 2E). To assess the mechanical function of 

the engineered bundles, we measured their contractile forces (Fig. 3A) and the force-length 

relationships (Fig. 3B). The +ACF bundles generated significantly lower contractile forces 

than +FCF and NRVM bundles (0.82 ± 0.20 mN vs. 1.54 ± 0.18 mN and 1.31 ± 0.13 mN, 

respectively, Fig. 3C) and significantly higher passive forces at 20% stretch (6.05 ± 1.63 mN 

vs. 2.29 ± 0.64 mN and 3.21 ± 0.86 mN, respectively, Fig. 3D). Consistent with increased 

stiffness, +ACF bundles exhibited significantly higher collagen I deposition (Fig. 3E–H). 

Notably, the collagen deposition in +ACF bundles was present in between aligned NRVMs, 

closely resembling the histology of interstitial fibrosis. Furthermore, the +ACF bundles 

exhibited significantly prolonged twitch kinetics than +ACF and NRVM bundles (rise time: 

62.19 ± 0.85 ms vs. 44.13 ± 0.73 ms and 46.53 ± 0.40 ms, respectively, Fig. 3I and decay 

time: 147.56 ± 2.44 ms vs. 120.47 ± 2.77 ms and 117.12 ± 1.71 ms, respectively, Fig. 3J). 

We further examined whether altered calcium handling could be one of underlying causes of 

the lower force generation capacity of +ACF bundles, and found that they exhibited a 

significantly reduced Ca2+ transient amplitude (Fig. 3K, L). Overall, ACFs, unlike FCFs, 

exerted detrimental effects on the electrical and mechanical function of 3D engineered 

cardiac tissue bundles.

3.3. Gene expression changes in cardiomyocytes co-cultured with FCFs and ACFs

We assessed expression of cardiomyocyte genes associated with sarcomeric structure, 

electromechanical function, and calcium handling (Fig. 4A). Consistent with decreased force 

generating capacity and Ca2+ transient amplitude in +ACF bundles, the expression levels of 

genes associated with mechanical function, calcium handing, and E–C coupling, including 

SERCA2 (Atp2a2; Fig. 4B), Ryanodine receptor 2 (Ryr2; Fig. 4C), Phospholamban (Pln; 

Fig. 4D), NCX (Slc8a1; Fig. 4E), Cav1.2 (Cacna1c; Fig. 4F) and Cav3.2 (Cacna1h; Fig. 4G), 

were all significantly decreased in +ACF compared to +FCF and NRVM bundles. In 

addition, the sarcomeric gene alpha myosin heavy chain (Myh6; Fig. 4H) was significantly 

downregulated in +ACF compared to +FCF bundles. Furthermore, consistent with 

significantly slower CV in +ACF bundles, the gap junctional Connexin 43 (Gja1; Fig. 4K) 
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and cardiac sodium channel Nav1.5 (Scn5a; Fig. 4I) were significantly downregulated in 

+ACF vs. +FCF bundles. No statistical difference was found for potassium channel Kv4.3 

(Kcnd3; Fig. 4J) expression. Notably, compared to NRVM control bundles, most genes 

associated with cardiomyocyte mechanical function and structure were significantly 

upregulated in +FCF bundles (Fig. 4), indicating a likely beneficial effect of FCFs on 

cardiomyocyte maturation.

3.4. Molecular differences between cultured FCFs and ACFs

To reveal potential molecular differences between ACFs and FCFs that may have contributed 

to their distinct effects on cardiomyocytes, we examined expression of key genes coding 

ECM proteins and select secreted factors after fibroblasts were expanded in monolayers for 

2–4 passages and prior to bundle culture (Fig. 5A). We found that ECM genes associated 

with fibrosis including Collagen I (Col1a1; Fig. 5B) and Collagen III (Col3a1; Fig. 5C), but 

not Fibronectin (Fn1; Fig. 5D) were strongly upregulated in ACFs vs. FCFs, which was 

consistent with the elevated collagen I deposition observed in the +ACF bundles (Fig. 3E–

H). Notably, Periostin (Postn; Fig. 5E) and Smooth muscle actin (Acta2; Fig. 5F), key 

markers of activated fibroblasts [14, 42–45], were dramatically upregulated in ACFs. 

Connective tissue growth factor (Ctgf; Fig. 5G), a secreted factor associated with fibrosis, 

also showed strong upregulation in ACFs, whereas heparin-binding EGF like growth factor 

(Hbegf; Fig. 5H) and insulin-like growth factor 1 (Igf1; Fig. 5I) showed decreased trends 

without reaching significant difference. We further examined if the expanded FCFs and 

ACFs differed in their expression of senescence-related genes including Glb1 encoding beta-

galactosidase [46, 47], Cdkn1a encoding p21 [48], proliferation marker Mki67, and several 

senescence associated secretory phenotype (SASP) genes [49] (Suppl. Fig. 6). The Glb1 
expression was very low (Suppl. Fig. 6A) and comparable between FCFs and ACFs, which 

together with their similar expressions of Mki67 (Suppl. Fig. 6C), suggested that both cell 

types remained non-senescent. Furthermore, expressions of p21 and SASP related genes 

(Suppl. Figs. 6B and D–L) did not show a consistent trend in FCFs vs. ACFs, suggesting no 

major differences in their senescent state. Of note is also that some of the observed gene 

expression differences could stem from the inherently distinct expression profiles of FCFs 

and ACFs [50]. Overall, while monolayer expansion for 2–4 passages did not appear to 

induce cell senescence, ACFs, relative to FCFs, exhibited molecular signatures of an 

activated fibroblast phenotype found in cardiac fibrotic diseases [4].

4. Discussion

We engineered cardiac tissue bundles to investigate whether the age of cardiac fibroblasts is 

a factor that can significantly influence the functional and molecular properties of co-

cultured cardiomyocytes. The 3D bundles represent the native myocardium more faithfully 

than traditional 2D culture platforms [21, 22], while allowing the quantification of both 

electrophysiological and mechanical function at the tissue level. Using this system, we 

showed for the first time that adult cardiac fibroblasts deteriorate electrophysiological and 

mechanical function of NRVM tissues via downregulated expression of important ion 

channels, electrical coupling, calcium handling, and contraction related genes. In contrast, 

fetal cardiac fibroblasts either improved or did not change various functional and molecular 

Li et al. Page 8

Acta Biomater. Author manuscript; available in PMC 2018 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



parameters in co-cultured cardiomyocytes. Functional deterioration in cardiac bundles 

containing adult fibroblasts was associated with pronounced interstitial fibrosis and could be 

at least in part attributed to a pathological activation of fibroblasts that showed increased 

expression of extracellular pro-fibrotic factors.

Others and we have previously shown the beneficial effects of fetal or neonatal fibroblasts 

on the formation and function of 3D engineered tissues made of cardiomyocytes derived 

from mouse or human pluripotent stem cells [31, 34, 51–56]. Specifically, within a hydrogel 

environment, highly purified stem cell-derived cardiomyocytes are generally unable to 

spread and form functional 3D syncytium without addition of stromal cells, such as cardiac 

fibroblasts. In contrast, primary neonatal rat ventricular tissue isolates used in this study 

already contain a low percentage of endogenous fibroblasts sufficient to support 3D cardiac 

tissue formation and advanced electrical and mechanical function akin to those of native 

adult myocardium [28]. Thus, the observed functional effects from adding exogenous fetal 

or adult cardiac fibroblasts to cardiac bundles were primarily a consequence of their distinct 

action on cardiomyocytes rather than on bundle formation.

It is well documented that the heart undergoes complex structural remodeling to develop 

from an immature fetal to a mature adult myocardium [57] and cardiac fibroblasts are known 

to play an important role in that process [4, 58]. It was tempting to speculate that adult 

cardiac fibroblasts would promote cardiomyocyte function and maturation by providing an 

adult-like microenvironment, a notion also of direct relevance for implantation of immature 

stem cell-derived cardiomyocytes into adult myocardium. However, our results demonstrated 

that while fetal cardiac fibroblasts subcultured in vitro enhanced expression of functional 

cardiomyocyte genes, similarly cultured adult cardiac fibroblasts exerted a pro-fibrotic 

action on cardiac bundles as evidenced by the slower conduction velocity, prolonged action 

potential duration, attenuated contractile force generation, higher stiffness, and decreased 

calcium transient amplitude. The deteriorated cardiac function was associated with structural 

and molecular remodeling, including significant interstitial presence of adult cardiac 

fibroblasts and deposited collagen, as well as downregulated expression of cardiac functional 

and structural genes. Overall, our findings suggest that fetal, rather than adult, cardiac 

fibroblasts are superior supporting cell source for cardiac tissue engineering, based on their 

favorable expression of growth factors and ECM proteins and the lack of pathological 

activation during 2D expansion or 3D culture. Of note, the miniaturized cardiac tissue 

bundles used in this study require relatively low cell numbers (e.g. 2.25 × 105 NRVMs and 

0.675 × 105 fibroblasts) and can be readily applied to investigate how other non-myocyte 

sources (e.g. vascular cells, other stromal cells, mesenchymal stem cells) directly interact 

with cardiomyocytes in a 3D biomimetic environment to impact cardiac structure, function, 

or maturation.

Different behaviors of fetal and adult fibroblasts within cardiac bundles may be attributed to 

their distinct phenotypes attained during 2D expansion (Fig. 5) and/or specific reactions to 

the 3D microenvironment (ECM composition, oxygen tension). Furthermore, their resulting 

effects on cardiomyocytes are likely multifarious, potentially involving paracrine, cell 

contact, and ECM mediated mechanisms [59–61]. To date, only 2 studies suggested the age-

dependent effects of cardiac fibroblast secreted factors or ECM proteins on cardiomyocytes.
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Using a 2D co-culture system, Ieda et al. reported that fetal cardiac fibroblasts induced 

embryonic cardiomyocyte proliferation through secretion of fibronectin, collagen III, and 

HBEGF, whereas adult cardiac fibroblasts stimulated embryonic cardiomyocyte hypertrophy 

[27]. Williams et al. showed that compared to adult cardiac ECM coated substrates, fetal 

cardiac ECM coated substrates enhanced adhesion and proliferation of NRVMs in vitro, and 

that fetal cardiac ECM is dominated by fibronectin, whereas adult cardiac ECM is 

dominated by collagen I [62]. Similar to these studies, our gene expression analysis showed 

increased expression of collagen I and decreased expression of HBEGF in adult compared to 

fetal cardiac fibroblasts; however, we observed increased expression of collagen III and no 

significant differences in their fibronectin expression or effect on cardiomyocyte 

proliferation. Furthermore, adult (but not fetal) cardiac fibroblasts significantly proliferated 

in bundles and appeared to stimulate the proliferation of endogenous fibroblasts.

Fibroblast number and percentage in the heart increase with development [50, 63, 64]. While 

in the fetal and neonatal hearts fibroblasts are proliferative, in the healthy adult heart, they 

are mostly quiescent [63, 65]; however, in response to pathological stimuli, adult fibroblasts 

activate and differentiate into proliferative, α-smooth muscle actin (αSMA) expressing 

myofibroblasts, leading to dysregulated ECM deposition and fibrosis, and eventually, 

deterioration of cardiac function[1, 45, 66, 67]. Previous studies have shown that even 

during in vitro monolayer culture, adult cardiac fibroblasts from normal hearts can attain 

activated phenotype [14, 68, 69]. Cartledge et al. specifically reported that in monolayer 

cultures, adult fibroblasts isolated from normal rat hearts affected the morphology and 

calcium transient of cardiomyocytes in a similar manner as the freshly isolated 

myofibroblasts from pressure-overload induced hypertrophic hearts [14]. Most recently, 

periostin has emerged to be an important marker for activated cardiac fibroblasts 

(myofibroblasts) in different cardiac pathologies [42, 70]. In our study, the most dramatically 

elevated gene in adult vs. fetal cardiac fibroblast monolayers was periostin (more than 30-

fold), which along with upregulated expression of Acta2 (αSMA), CTGF, Collagen I and 

Collagen III, suggested that the cultured adult cardiac fibroblasts attained an activated, 

pathological-like phenotype [42, 70–73]. This activated phenotype was further evidenced by 

increased fibroblast proliferation, interstitial collagen deposition, and functional deficit in 

3D bundles. Detailed mechanistic studies to uncover key factors for increased propensity of 

adult vs. fetal cardiac fibroblasts to attain a pathological phenotype in vitro and negatively 

affect cardiomyocyte function warrant further investigations and may lead to fibroblast-

specific interventions to reduce or halt progression of cardiac fibrosis.

The neonatal rat ventricular myocytes have been widely used for in vitro studies of cardiac 

development, signaling, and pathophysiology in both 2D and 3D culture settings [28, 74–

76]. While our 3D co-cultures of neonatal rat ventricular myocytes and mouse cardiac 

fibroblasts represent a cross-species platform, they are expected to enable future studies of 

how cardiac non-myocytes from various mouse models of congenital or acquired heart 

diseases affect cardiomyocyte function in vitro. Cross-species 2D co-cultures of cardiac 

myocytes and fibroblasts have been utilized previously in numerous studies [77–81]. 

Although there may exist some incompatibilities between mouse and rat cells, our same-

species bundle co-cultures of NRVMs with rat neonatal or adult cardiac fibroblasts 

replicated the key functional findings we observed in the mouse-rat co-culture setting 
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(Suppl. Fig. 7). Furthermore, comparing the results for adult, neonatal, and fetal fibroblasts 

in Suppl. Figs. 7A–C, and Figs. 3C and 2C&D suggests a general negative trend in the effect 

of fibroblast age on in vitro NRVM function.

In summary, we engineered a physiologically relevant, 3D co-culture system, which allowed 

us to investigate direct cardiomyocyte-fibroblast functional crosstalk in a cardiomimetic 

tissue-like microenvironment [23–26]. Through these studies, we provided the first evidence 

that the age of cardiac fibroblasts is a strong determinant of the structure, function, and 

molecular properties of engineered cardiac tissues and that key features of fibrotic 

myocardium can be replicated in vitro by supplementing NRVMs with cultured adult rather 

than fetal cardiac fibroblasts. These results open doors to future mechanistic studies of how 

age and source of non-myocytes impact cardiac maturation, function, and pathology.
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Refer to Web version on PubMed Central for supplementary material.
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Statement of Significance

Previous studies have shown that cardiomyocytes and fibroblasts in the heart interact 

through direct contacts, paracrine factors, and matrix-mediated crosstalk. However, 

whether cardiac fibroblasts of different ages distinctly impact cardiomyocyte function 

remains elusive. We employed a tissue-engineered hydrogel-based co-culture system to 

study interactions of cardiomyocytes with fetal or adult cardiac fibroblasts. We show that 

the age of cardiac fibroblasts is a strong determinant of the structure, function, and 

molecular properties of engineered cardiac tissues and that key features of fibrotic 

myocardium are replicated by supplementing cardiomyocytes with adult but not fetal 

fibroblasts. These findings relate to implantation of stem cell-derived cardiomyocytes in 

adult myocardium and warrant further studies of how age and source of non-myocytes 

impact cardiac function and maturation.
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Figure 1. Effect of FCFs and ACFs on cellular composition of cardiac bundles
(A–C) Representative cross sections of NRVM, +FCF and +ACF bundles, stained for 

filamentous actin (Factin, red), Vimentin (green) and DNA (DAPI, blue). (D) Total cross 

sectional areas of cardiac bundles. (E–H) DAPI stainings from A–C, shown as example 

images used for quantification of nuclei counts per bundle cross-section (H). (I–L) Factin 

stainings from A–C, shown as example images used for quantification of cardiac muscle 

area (excluding the positive staining within outer vimentin+ area) per bundle cross-section 

(L). (M–P) Vimentin stainings from A–C, shown as example images used for quantification 
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of Vimentin+ area per bundle cross-section (n=9 bundles per group). *P < 0.05, ****P < 

0.0001.
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Figure 2. Effect of FCFs and ACFs on electrical function of cardiac bundles
(A) Representative isochrone maps of action potential propagation in response to 2 Hz point 

stimulation (pulse sign, left) in NRVM, +FCF, and +ACF bundles. (B) Representative 

optical action potential traces from cardiac bundles stained with di-4 ANEPPS and 

electrically stimulated at 2 Hz. (C–E) Conduction velocity (CV, C), action potential duration 

(APD, D), and maximum capture rate (MCR, E) in bundles (N=4 independent experiments, 

n=10–12 bundles per group). *P < 0.05, **P < 0.01.
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Figure 3. Effects of FCFs and ACFs on mechanical function of cardiac bundles
(A) Representative traces of contractile forces recorded from NRVM (blue trace), +FCF 

(green trace) and +ACF (red trace) bundles paced at 1 Hz by field electrodes. (B) Active 

force curves as a function of tissue elongation. (C) Maximum contractile forces recorded 

during 1 Hz pacing at optimal tissue length. (D) Passive force curves as a function of tissue 

elongation (N=4 independent experiments, n=15–18 bundles per group for B–D). (E–G) 
Representative cross sections of NRVM, +FCF and +ACF bundles stained for filamentous 

actin (Factin, red), Collagen I (green), and DNA (DAPI, blue). (H) Quantified Collagen I+ 

area per bundle cross-section (n=4–6 bundles per group). (I) Twitch rise time measured 

between 10% and 90% of peak amplitude. (J) Twitch decay time measured between 90% 

and 10% of peak amplitude (N=4 independent experiments, n=15–18 bundles per group for 
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I–J). (K) Representative traces of calcium transients measured by ΔF/F of Rhod2-AM 

florescent signals recorded from NRVM, +FCF, and +ACF bundles at 2 Hz by field 

electrodes. (L) Calcium transient amplitude (N=3 independent experiments, n=10–12 

bundles per group). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 4. Effect of FCFs and ACFs on gene expression profile of NRVMs in cardiac bundles
(A) Heat map of cardiac structural and functional gene expression in NRVM, +FCF, and 

+ACF bundles, with bar graphs showing summarized data for Atp2a2 (B), Ryr2 (C), Pln 
(D), Slc8a1 (E), Cacna1c (F), Cacna1h (G), Myh6 (H), Scn5a (I), Kcnd3 (J) and Gja1 (K). 
The relative mRNA expression was normalized to house keeping gene B2M and shown 

relative to NRVM controls as fold change (N=5 independent experiments). *P < 0.05, **P < 

0.01, ***P < 0.001, ****P < 0.0001.
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Figure 5. Differential gene expression in cultured FCFs and ACFs
(A) Heat map of gene expression for a panel of ECM and growth factor genes in FCF and 

ACF monolayers expanded for 2–4 passages, with bar graphs showing summarized data for 

Col1a1 (B), Col3a1 (C), Fn1 (D), Postn (E), Acta2 (F), Ctgf (G), Hbegf (H), and Igf1 (I). 
The relative mRNA expression was normalized to house keeping gene B2M and shown 

relative to FCFs as fold change (N=4 independent experiments). *P < 0.05, **P < 0.01.
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