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Abstract
Amniotic fluid-derived stem cells (AFSC) have been shown to be broadly multipotent and nontumorogenic. Previous studies of direct mixing of AFSC and neonatal rat ventricle myocytes
indicated evidence of AFSC cardiogenesis. In this study, we examined human AFSC cardiogenic
potential in indirect co-culture with human cardiac cells in conditions that eliminated the
possibility of cell fusion. Human AFSC in contact with human cardiac cells showed expression
of cardiac troponin T (cTnT) in immunohistochemistry, and no evidence of cell fusion were
found through fluorescent in situ hybridization. When indirectly co-cultured with cardiac cells,
human AFSC in contact with cardiac cells across a thin porous membrane showed a statistically
significant increase in cTnT expression compared to non-contact conditions but lacked
upregulation of calcium modulating proteins and did not have functional or morphological
characteristics of mature cardiomyocytes. This suggests that contact is a necessary but not
sufficient condition for AFSC cardiac differentiation in co-culture with cardiac cells.

Key Terms: Cardiomyocytes, cardiac progenitor cells, right ventricular out flow tract, pediatric
tissue engineering, congenital heart defects.

Abbreviations:
AFSC:

amniotic fluid derived stem cells

CHD:

congenital heart defects

RVOT:

right ventricular out flow tract

CM:

cardiomyocytes

NRVM:

neonatal rat ventricular myocytes

2

Indirect coculture induced AFSC cardiac differentiation
Introduction
Congenital heart defects (CHD) are the most common birth defects and are the leading cause of
birth defect-related death in the United States.10,17 Cardiac patches are used in repairs of some
congenital heart defects including Tetralogy of Fallot (ToF). ToF is the most common type of
cyanotic CHD.23 In surgical repair of ToF, the right ventricular out flow tract (RVOT) is often
reshaped with a patch material typically made from polymers (PTFE, Dacron, etc.), fixed
xenograft (e.g. bovine pericardium), or fixed autologous pericardium. The common shortcoming
of these acellular polymers or fixed pericardium tissues is the lack of electrical and mechanical
integration with the native tissue; this leads to potential risk of arrhythmia and loss of
function.7,11,25 A tissue engineered patch encapsulated with cardiomyocytes (CM) and support
cells, such as fibroblasts, smooth muscle cells, and endothelial cells, with properties and
functions similar to native tissues would integrate with the healthy tissues to avoid the risk of
arrhythmia and restore functions.31 The proliferation of CM is limited outside of specific conditions.
A major portion of CM is formed during cardiac development stages from embryonic through neonatal
periods.21,28 Naqvi, et al., have shown significant amount of CM proliferation also occured in stage
specific periods during adolescence.18 Furthermore, CM have been found to proliferate in certain postinfarction repairs, such as the ability of neonatal mice to regrow resected cardiac tissue.12 An autologous

source of CM for heart defect repair in infants requires a tissue engineered solution.

Amniotic fluid derived stem cells (AFSC) have been shown to possess osteogenic, myogenic,
and adipogenic potentials similar to mesenchymal stem cells.6 AFSC, as a potential therapeutic
component, offers many advantages, especially in congenital defect repairs. When defects are
diagnosed during pregnancy, amniotic fluid can be collected and AFSC isolated. These
autologous AFSC pose low risk of immune rejection and could be an ideal implantable cell
3
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source for regenerative therapy in neonates with CHD if differentiate to CM occur in vitro prior
to implantation or in vivo post implantation. To date, AFSC have been shown to possess
multipotency,26 but yet to be shown to differentiate into mature CM.

Co-culturing AFSC with cardiac cells have been used as models to explore direct injection of
AFSC for treating cardiac diseases as well as pre-differentiating AFSC prior to implantation
through cell induced cardiogenesis. Previous studies of AFSC and neonatal rat ventricular
myocytes (NRVM) co-cultured by direct mixing found cells expressing both human and cardiac
markers.4,9 However, the cardiac proteins found in AFSC could be result of cell-cell fusion with
NRVM.19 Using a xenogeneic cell source also makes therapeutic application difficult as the
resulting cells could be vectors of xenotropic transmittable diseases and are at risk for immune
rejections.

Previous studies from our lab have shown that AFSC in transmembrane co-culture with NRVM
form functional gap junctions.5 In this study, we investigated the effects of cell-cell contact in
transmembrane co-culture of human AFSC and human cardiac cells to initiate cardiac
differentiation of AFSC. We hypothesized that co-culture with human cardiac cells will induce
cardiac differentiation in AFSC, and cell-cell contact is a necessary component of such induction.
We tested this by indirectly co-culturing these cells in conditioned media, shared media, and
transmembrane systems.

Materials and Methods
Primary human AFSC isolation
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AFSC were collected as previously described.2 Briefly, amniotic fluid was collected from
amnioreduction procedures for treatment of twin-twin-transfusion syndrome during the second
trimester according to protocols approved by Baylor College of Medicine and Rice University
Institutional Review Boards (IRB). Cells from the fluid sample that adhered to untreated
polystyrene petri dishes after 7 days in culture were sorted for c-kit expression (CD117/c-Kit
antibody, BD Biosciences, Bedford, MA, USA) by fluorescence assisted cell sorting (Dako
MoFlo cell sorter). C-kit positive AFSC were further expanded in maintenance media (63%
aMEM (HyClone, Logan, UT, USA), 18% Chang Basal Medium (Irvine Scientific, Santa Ana,
CA, USA), 2% Chang C supplement (Irvine Scientific), 15% fetal bovine serum (FBS; PAA
Laboratories, Dartmouth, MA, USA), 1% GlutaMAX (Invitrogen, Carlsbad, CA, USA) and
penicillin and streptomycin (Lonza, Houston,TX, USA), and characterized and monitored
through karyotyping and flow cytometry for embryonic stem cell markers SSEA4 and Sox2;
mesenchymal stem cell markers CD29, CD44, CD73, CD90, and CD105; hematopoietic markers
CD31 and CD45; and the immunological markers HLA-ABC and HLA-DR (BD Biosciences).
For this study, AFSC isolated from an amniotic fluid sample of a single patient were used.

Primary human cardiac cells isolation
Cardiac cells were isolated from RVOT tissue samples, collected from pediatric surgeries
according to protocols approved by Baylor College of Medicine and Rice University IRB.
Enzymatic digestion of the samples was adapted from literature.3,14 Briefly, tissue samples were
incubated in supplemented Krebs-Ringer solution (10mM HEPES (Sigma-Aldrich, St. Louis,
MO, USA), 129 mM NaCl (Fisher Scientific, Waltham, MA, USA), 4.7 nM KCl (Fisher
Scientific), 1.2 mM KH2PO4 (Sigma-Aldrich), 1.2 mM MgSO4*7H2O (Sigma-Aldrich), 5 mM
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NaHCO3 (Sigma-Aldrich), 5.5 glucose (Sigma-Aldrich), 2% BSA (EMD Chemicals, Gibbstown,
NJ, USA), 20 mM taurine (Sigma-Aldrich), 2 mM L-carnitine (Sigma-Aldrich), 5mM creatine
(Sigma-Aldrich)) with neutral protease (Worthington, Lakewood, NJ, USA). The protease
solution was then brought to 37oC for 15 minutes in a stir flask. The tissue was resuspended in
supplemented Krebs-Ringer solution with collagenase (Type 2, Worthington) and hyaluronidase
(Worthington) for 20 minutes in a stir flask. Cells were collected from further digestion in
collagenase containing supplemented Krebs-Ringer solution in the stir flask at 15 minutes
intervals. The cells were cultured in cardiac media (M199 (HyClone), 20 mM taurine, 2mM lcarnitine, 5mM creatine, 2% BSA, 1% PenStrep, 2% FBS) for 7 days and characterized by
immunohistochemistry for cardiac specific markers and flow cytometry for cardiac progenitor
markers including SSEA-4 and Isl1 (BD Biosciences).

Co-culture of AFSC and human cardiac cells
AFSC were cultured in control conditions and co-culture conditions with cardiac cells [figure 1].
AFSC cultured in maintenance media served as negative control, and AFSC cultured in cardiac
media served as media control. AFSC in the conditioned media group were fed conditioned
media collected from cardiac cell cultures. The conditioned media was not diluted with fresh
media. Our group found no significant difference between AFSC cultured with 100%
conditioned media and 50% conditioned media in experiments with NRVM.4 For
transmembrane co-culture AFSC and cardiac cells were cultured together in a transmembrane
system (Transwell, Corning, Lowell, MA, USA) with 0.4 μm pores used in previous studies.5,13
In shared media co-cultures, AFSC were cultured in the lower well and cardiac cells were
cultured in the upper well of the Transwell plate. In the transmembrane co-cultures, AFSC were
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cultured on the underside of the Transwell membrane and cardiac cells were cultured on the
upside of the membrane. Cardiac cells were seeded at the same density for shared media and
contact co-culture groups for each run of the experiment. Direct mixing of AFSC and cardiac
cells tracked by membrane bound fluorescent markers (RFP-PKH26 and GFP-PKH26, SigmaAldrich) served as a positive control for co-culture induced AFSC cardiac differentiation. The
conditions were designed to identify whether secreted factors lead to cardiac differentiation in
the conditioned media and shared media groups, and further distinguished whether the signals
could be affected by concentration, degradation, and cross talk in the conditioned media group
compared to shared media. Factors released by cardiac cells would be constantly renewed in the
shared media condition whereas the concentration of these factors in conditioned media will
decrease between media changes due to degradation. The transmembrane co-culture tested
whether contact between AFSC and cardiac cells was needed while eliminating the possibility of
cell fusion.

Fluorescence in situ hybridization
After 7 days of culture, heterosexual, direct mixing cultures were subjected to fluorescence in
situ hybridization analyses using probes specific for the X chromosome centromere and the
Yq12 region of the Y chromosome.

Analysis of AFSC differentiation
Cell cultures were monitored daily using phase contrast microscopy. After 7 days of culture,
RNA samples were collected using an RNA collection kit following manufacturer protocol
(Applied Biosystems, Carlsbad, CA, USA). mRNA samples were then reverse transcribed to
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DNA using a cDNA kit following manufacture protocol (Applied Biosystems). The resulting
DNA samples were analyzed with quantitative real-time polymerase chain reaction (qRt-PCR)
following manufacturer protocol (Applied Biosystems). mRNA sequences of interest included
oct 4, sox2, connexin 43, GATA4, cardiac troponin T (cTnT), ryanodine receptor 2 (RYR2), Ltype calcium channel subunit alpha-1c, and GAPDH (Applied Biosystems).

After 7 to 14 days of culture, cell cultures were also fixed with paraformaldehyde (Alfa Aesar,
Ward Hill, MA, USA) at 4oC for 20 minutes. Fixed cells were incubated with antibodies against
GATA4 (rabbit polyclonal, Sigma-Aldrich) and cardiac troponin T (mouse polyclonal; Abcam,
Cambridge, MA, USA), then in DyLight-conjugated secondary antibodies (Jackson
ImmunoResearch Laboratories, West Grove, PA, USA) and DAPI with VectaShield (Vector,
Burlingame, CA, USA). The cell were imaged using an epifluorescence microscope (DMI
6000B, Lieca Microsystems, Bannockburn, IL, USA).

Statistics
Statistical analyses on quantitative results were done in SigmaPlot using ANOVA analysis with
post-hoc Bonferroni corrections. p<0.05 was considered significant. Results are presented with
± standard deviation and the numbers of samples/trials are indicated in captions.

IRB statement
Patient samples were collected according to protocols approved by Baylor College of Medicine
and Rice University IRB. Informed consent was obtained from all subjects, and the research was
carried out according to the World Medical Association Declaration of Helsinki.
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Results
Characterization of primary human AFSC
c-kit positive AFSC isolated from second trimester amniotic fluid were found to express
mensenchymal stem cell markers CD29, CD44, CD73, CD90, and CD105 at passage 6 by flow
cytometry assay in agreement with literature and previous studies.2,5,29 AFSC did not express
endothelial cell markers CD31 and CD45, and expressed HLA-ABC but not HLA-DR. The
karyotype of AFSC was of a normal diploid human female [figure 2]. We analyzed the
karyotype of higher passage cells to assure the maintenance of normal karyotypes for the lower
passage cells used in the experiments.

Characterization of primary human cardiac cells
Pediatric RVOT samples from patients between 93 to 242 days in age (average 187±57 days)
were collected. All procedures were the first operation for CHD treatment. Tissue samples were
typically between 20 to 80 mg in size, and approximately 10,000 cells were isolated per mg of
tissue. Cells isolated from these samples initially contained rod shaped cells with sarcomere
bands, but no rod shaped cells remained after 7 days of culture. After 7 days, the cells were
stained for cTnT and GATA4 [figure 3]. A population (36±8%) of potential cardiac progenitor
were found to express cTnT with organizations resembling myofilaments with GATA4 localized
in the nucleus, and exhibiting various morphologies [figure 3]. Flow cytometry analysis of
cultured cardiac cells against stem cell marker SSEA-4 and cardiac progenitor cell marker Isl1
showed a population (0.23%) of the cultured cardiac cells is positive for both cardiac progenitor
markers.8,15`
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Characterization of AFSC gene expression during co-culture
In the direct mixing co-culture controls, AFSC in contact with cardiac cells were found to
express cTnT [figure 4]. In the indirect co-culture groups, GATA4 stained positive in all test
and control groups while cTnT stained positive in the conditioned media, shared media, and
transmembrane co-culture groups [figure 5]. After 7 days, 38±7% cells stained positive for
GATA4 in the negative control, 38±11% in the media control, 48±12% in the conditioned media
co-culture, 82±7% in the shared media co-culture, and 77±6% in the transmembrane co-culture.
Also after 7 days, cTnT stained positive in conditioned media, shared media, and transmembrane
co-culture groups; 20±4% cells stained positive for cTnT in the conditioned media co-culture,
16±9% in the shared media co-culture, and 29±8% in the contact co-culture [figure 6]. After 14
days, 47±11% cells stained positive for GATA4 in the negative control, 53±5% in the media
control, 79±8% in the conditioned media co-culture, 62±9% in the shared media co-culture, and
79±14% in the transmembrane co-culture. Also after 14 days, 20±8% cells stained positive for
cTnT in the conditioned media co-culture, 35±10% in the shared media co-culture, and 35±13%
in the contact co-culture [figure 6]. In both 7 day and 14 day experiments, the populations of
GATA4 positive cells were statistically significantly higher in the conditioned media, shared
media, and transmembrane co-culture groups compared to the negative and media controls. In 7
day experiments, the populations of GATA4 positive cells were statistically significantly higher
in the shared media and transmembrane co-culture groups compared to the conditioned media
groups. In 7 day experiments, the populations of cTnT positive cells were statistically
significantly higher in the transmembrane co-culture groups compared to the conditioned media
and shared media groups. In 14 day experiments the populations of cTnT positive cells were
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statistically significantly higher in the transmembrane co-culture and shared media groups
compared to the conditioned media groups.

After 7 days of co-culture conditions, AFSC were tested for RNA expression of the stem cell
markers oct-4 and sox2; and cardiac genes GATA4, cTnT, L-type calcium channel subunits
alpha-1c (CACNA1c) and beta-2 (CACNB2), and ryanodine receptor 2 (Ryr2). The expression
of the stem cell markers oct-4 and sox2 were not statistically significantly different between all
groups [figure 6]. Cxn43 and GATA4 expression were not significantly different between all
groups (not shown). cTnT expression was significantly higher in the contact co-culture group
than the controls and all other co-culture groups [figure 6]. L-type calcium channel subunits
alpha-1c and beta-2 expression were not significantly different between the groups, and no
expression of ryanodine receptor 2 was detected in any groups [figure 6].

Fluorescence in situ hybridization
Combined results from two direct mixing co-culture trials showed an XX pattern (female) in 94
interphase cells and an XY (male) pattern in 211 cells out of 310 interphase cells analyzed. No
cells with an XXXY pattern were detected, indicating an absence of detected cell fusion.

Discussion

CM are characterized by their distinct morphology and electromechano-properties. Mature CM
possessing rod-like shapes with segmented sarcomere structure were observed in the initial
isolates from RVOT tissues. However, most of these mature CM did not attach in 2D culture
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substrates and were not found in culture after 2 to 3 days. After 7 days of culturing, a population
of cells positive for progenitor markers were identified through flow cytometry.8,15 Furthermore,
another population of the cardiac cells stained positive for cTnT in clear tubule-like structures in
astral projections similar to those found in early stage CM similar to progenitor cell populations
identified in other literature.16,20 These potential progenitor cells did not spontaneously beat
during the culturing process and did not respond to electrical stimulation. Implantation of
cardiac progenitor cells has been shown to help recover cardiac functions in infarct models.15
Cardiac progenitor cells have been identified through various means, including c-kit expression,
cardiosphere culture, and substrate attachment.8,15 Cardiac progenitor cells possess the ability to
proliferate while maintaining an immature phenotype and to differentiate into mature cardiac
lineages with the appropriate culturing conditions and stimuli.8,15 Additionally, cardiac
progenitor cells have been shown to be more abundant in pediatric sources, especially from
patients less than one year old, compared to adult sources.15 As shown in previous studies,
extended culture of cardiomyocytes is difficult. 3 The presence of supporting cells, such as
cardiac fibroblasts, smooth muscle cells, and endothelial cells, could be beneficial to the survival
of the culture and would represent a more physiologically-relevant environment compared to
native heart tissue. Cardiac fibroblast, smooth muscle cells, and endothelial cells within the culture
could have directed AFSC differentiation through secreted factors and mechanotransduction separately
from the progenitor populations. The differentiation could be both cardiomyogenic and noncardiomyogenic.24 Pedrotty, et al., has shown paracrine factors released by cardiac fibroblasts
significantly reduced electrophysiological properties of neonatal rat cardiomyocytes .22 Similarly, the
presence of cardiac fibroblasts could have hindered AFSC CM differentiation in this study. The role of
cardiac fibroblasts on directing AFSC differentiation should be examined in future studies.
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Previous studies of direct mixing of AFSC and NRVM suggested potential differentiation into a
cardiac lineage.4,9 Similar studies of bone marrow derived stem cells heterosexually co-cultured
with CM have shown actively dividing cells containing both XX and XY chromosomal pairs,
suggesting cell fusion.19 However, no such evidence was observed in direct mixing co-culture
between AFSC and human cardiac cells in our positive control. This study was designed to test
human-human co-culture in a controlled non-fusion environment to determine the configurations
of co-culturing to replicate such differentiation with the goal of viable production for therapeutic
needs. Immunohistochemistry results showed that GATA4 expression in the test groups were
upregulated compared to the controls, and cTnT expression were also upregulated in the test
groups, especially in the transmembrane test groups in both 7 day and 14 day experiments and in
the shared media test groups in 14 day experiments. However, RT-qPCR results indicated no
statistically significant differences were found in cTnT mRNA expression between conditioned
media or shared media groups and the controls. This indicated that the media effect and cytokine
signaling were not able to induce significant cardiomyocyte gene expression in AFSC. Contact
co-culture resulted in significantly higher expression of cTnT mRNA compared to the controls
and other co-culture conditions. This suggests cell-cell contact improved the upregulation of
cardiac genes in AFSC population exhibiting cardiac differentiation, but does not affect the
induction of differentiation. As a comparison, AFSC in close proximity to cardiac cells in direct
mixing co-culture exhibited similar population of cTnT positive AFSC.

Neither highly organized sarcomere structure nor rod shape cells were observed in AFSC in any
of the experimental groups. AFSC did not spontaneously beat after 7 days of co-culture in any
group, similar to direct mixing studies.4,9 These observations agree with the lack of changes in
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the L-type calcium channel subunit expression and the lack of ryanodine receptor channel
expression in the transmembrane co-culture groups in qRT-PCR. L-type calcium channel is
needed to generate membrane action potential characteristic of CM and ryanodine receptors
participate in controlling the release of calcium stored in the sarcomere. The upregulation of
cardiac sarcomere components, however, was not followed by the formation of sarcomere organization
typical of functional CM. Furthermore, the cells lacked key calcium handling components and electrical
signaling proteins. Both the contractile apparatus and the calcium signaling system are necessary
components of a functional CM.

Cell-cell contact increases electrochemical signaling and mechanotransduction, both of which
have important roles in differentiation and maintenance of cell phenotype. Electrical stimulation
and changes in local membrane resting potential could help induce myocyte differentiation.30
Contractile forces generated by neighboring cells also have been shown to aid in cardiogensis of
developing cardiomyocytes.27 Furthermore, mitochondrial transfer could also allow contacting
cells to influence each other’s differentiation, as shown in mesenchymal stem cells reprograming
CM to progenitor cells.1 It would be beneficial to consider cell contacts in future designs of coculture based cardiac differentiation systems. Such strategies include incorporating indirect
contact through porous membranes similar to this study, embedding surface factors in culturing
substrates, customizing mechanical properties of the substrate to mimic cell contacts, and 3
dimensional culturing systems.

When cultured with cardiac cells for 7 days, human AFSC in contact with human cardiac
progenitor cells showed a statistically significant increase in cTnT compared to non-contact
conditions but lack some components of the excitation-contraction coupling system and did not
14
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have functional or morphological characteristics of CM. This suggests that contact is a
necessary but not sufficient condition for AFSC cardiac differentiation in co-culture with cardiac
cells.
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Figure 1:
Experimental setup. AFSC were cultured in AFSC maintenance media (shaded) as negative
control (group 1) and in cardiac cell media (solid) as media control (group 2). AFSC were
cultured with cardiac cells in conditioned media culture (group 3), shared co-culture (group 4),
transmembrane co-culture (group 5), and direct co-culture (group 6). AFSC in the conditioned
media group were fed conditioned media collected from cardiac cell cultures. For
transmembrane co-culture AFSC and cardiac cells were cultured together in a transmembrane
system (Transwell, Corning, Lowell, MA, USA) with 0.4 μm pores used in previous studies.4,10
In the shared media co-culture AFSC were cultured in the lower well and cardiac cells were
cultured in the upper well of the Transwell plate. In the contact co-culture AFSC were cultured
on the underside of the Transwell membrane and cardiac cells were cultured on the upside of the
membrane.
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Figure 2:
A. Flow cytometry analysis of Passage 6 AFSC. Populations of cells expressed mesynchymal
stem cell markers CD29, CD44, CD73, CD90, and CD105; and pluripotency markers CD117 (ckit), SSEA-4, and Sox-2. The cells expressed human leukocyte antigen HLA-ABC (HMC class I)
but showed limited expression of HLA-DR (MHC class II). The cells did not express
hematopoietic markers CD31 and CD45.
B. Passage 6 AFSC showed normal karyotype in metaphase spreads.
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Figure 3:
A. Representative immunohistochemistry images of cultured cardiac cells. Stained for DNA
(blue), cTnT (green), and GATA4 (orange). cTnT, was found throughout a population (36±8%)
of the cells. GATA4, a transcription factor, was localized near the nuclei. Scale bar = 50 μm.
B. Flow cytometry results of cultured cardiac cells against stem cell marker SSEA4 and cardiac
progenitor cell marker Isl1. A population (0.23%) of the cultured cardiac cells is positive for
both markers.
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Figure 4:
Representative immunohistochemistry images of direct mixing co-culture of AFSC and cardiac
cells. AFSC were labeled with PKH26 (red). Cells are stained for cTnT (green) and DAPI
(blue.) AFSC (indicated by arrows) in direct contact with cardiac cells stained positive for cTnT.
Scale bar = 50 μm.
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Figure 5:
Representative immunohistochemistry images of day 7 negative control, media control,
conditioned media, shared media, and transmembrane co-culture groups; and day 14 negative
control, media control, conditioned media, shared media, and transmembrane co-culture groups.
Day 0 AFSC image included for comparison. Cells were stained for cTnT (green,) GATA4
(orange,) and DAPI (blue.) GATA4 stained positive in all groups. cTnT stained positive in
conditioned media, shared media and contact co-culture groups at day 7 and day 14. Scale bar =
50 μm
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Figure 6:
Quantitative comparison of gene expression between experiment groups at day 7:
First row: Oct-4 expression and Sox2 were not significantly different between all groups,
indicating similar level of self-renewal abilities. n=5 for each co-culture condition.
cTnT expression was significantly increased (*, p<0.05) in contact co-culture groups, but L-type
calcium channel subunit expression were not significantly different between groups. No
ryanodine receptor 2 expression (not shown) was detected n=5 for each co-culture condition.
Second row: Cells were counted in immunohistochemistry for GATA4 and cTnT, horizontal
lines denote groups with significant statistical differences from other groups (p<0.05, cells were
counted from images, more than 100 cells were counted per group). Bars represent means with
standard deviation.

32

