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Abstract
Background/Aims: Pluripotent stem cells differentiating into cardiomyocyte-like cells in an 

of pluripotent stem cells are still largely to be explored. Identifying the role of various small 
synthetic peptides involved in cardiomyogenesis may provide new insights into pathways 
promoting cardiomyogenesis. Methods: In the present study, using a transgenic murine 

, hNgf_C2, EnkaminE, 

was determined by RT-PCR whereas the structural and functional properties of derived 

Results:
(BDNF) peptide exerted the most striking pro-cardiomyogenic effect on ES cells. We found 
that BDNF receptor, TrkB expression was up-regulated during differentiation. Treatment of 

cardiomyogenic effects on ES cells via TrkB receptor. Conclusion: Taken together, the results 
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stage and dose-dependent manner providing an effective strategy to increase ES cell-based 
generation of cardiomyocytes and offer a novel therapeutic approach to cardiac pathologies 
where BDNF levels are impaired.

Introduction

Cardiac diseases, causing severe loss of terminally differentiated cardiomyocytes and 
eventually leading to heart failure, are considered to be a major cause of death worldwide 

compensate for lost cardiomyocytes. Cardiac transplantation is the only choice for end-stage 

development of new therapeutic approaches for heart failure and alternative therapies has 
therefore become indispensable although many hurdles remain to be solved before these 
developments can be translated to the clinic [2-4]. Amongst the different regenerative 
approaches analyzed, cardiac cell therapy has gained wide acceptance with pluripotent 
stem cells as a potential cell source. In vitro analysis using both ES cells and induced 

in cardiac cell therapy. Similar to in vivo process during normal mammalian development, 
both mouse and human ES cell lines can differentiate and give rise to derivatives of all three 
primary germ layers, including functional cardiomyocytes [5], depending on the cultivation 

are expressed in a developmental stage-dependent manner, which nearly recapitulates the 
developmental pattern of early cardiomyogenesis [7]. However, directing their differentiation 
towards cardiac lineage is quite challenging. Multiple in vitro differentiation techniques 

cardiomyocytes derived from pluripotent (ES and iPS) cells from different developmental 

viable suitable for transplantation, may therefore lead to widespread future applications in 
biomedical and clinical research. Moreover, the established protocols for pluripotent stem 
cells differentiation require adjustment to match the time line of human heart development 
[9]. Early cardiomyogenesis is regulated by both endogenous and exogenous factors such 
as the transforming growth factor-ß superfamily, bone morphogenetic proteins (BMPs), 

acid [6, 10-13]. A number of studies showed the importance for FGF signaling in regulating 

the observation that mutations in some FGF receptors (FGFR) are associated with human 

molecule (NCAM), L1-CAM, N-cadherin [15] and small synthetic polypeptide ligands [16]. 
Brain-derived neurotrophic factor (BDNF) is critically involved in modeling the developing 
nervous system and is an important regulator of a variety of crucial functions in the mature 
central nervous system [17]. Although found in the adult heart, BDNF has been shown to 

receptor, which is expressed by endothelial cells and smooth muscle cells, initiates receptor 
dimerization, autophosphorylation, and subsequent intracellular signaling [17]. But the role 

studies carried out on different animal embryonic models indicate numerous variants of the 
protein being expressed in diverse loci of the developing heart. Studies also indicate that 
the expression of these NCAM variants also changes with each developmental stage of the 
heart [18-23]. Even though these studies point out the involvement of NCAM and its different 

 Copyright © 2015 S. Karger AG, Basel
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variants in cardiogenesis, none has explored the possible applicability of synthetic NCAM 
peptides in inducing cardiac differentiation in ES cells in vitro.

factors sequences (FGL
L

in process of cardiogenesis. Although there is room for improvement, our differentiation 
method produces safe, functional cardiomyocytes and may provide a practical way to use 
small peptides for cell-based therapy of heart diseases.

Materials and Methods

Peptides

All peptides were purchased from Peptides&Elephants (Potsdam, Germany) and the corresponding 

measuring the absorption at 205 nm.

Cell Culture

We used aPIG44 cells, a derivative of the D3 mouse ES cell line that stably express the EGFP under 

gelatin-coated dishes and cultured for further cardiac differentiation. Previous studies revealed that the ES 

be associated with undifferentiated state.

ES Cell Differentiation and peptides screening

and penicillin-streptomycin. Cells (about 700 ES cells) were seeded into round bottom of 96-well culture 

unable to adhere, coalesced to form a large number of uniformly-sized Embryoid Bodies (EBs) (Fig. 1C). 

2

of beating activity from day 8.
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All EBs were characterized morphologically, by 

and examined electro-physiologically at different 

stages of in vitro differentiation (Fig. 1A).

RNA extraction and RT-PCR

Cells were harvested on days 0, 3, 4, 7 and 9 

of EB differentiation and stored at -80°C in cell 

independent samples were collected for each time 

point studied.

cultivated on gelatin-coated chamber slides were 

Table 1. 

PBS) and 5 µg/ml Hoechst 33342 in PBS. Immunostaining images were obtained using an Axiovert 200 

4.3 software (Carl Zeiss, Jena, Germany).

(BD Biosciences) with the Aria Cell Sorter (BD Biosciences) instrument.

Selective inhibition of TrkB

was dissolved in DMSO at a concentration of 1 mg/ml and was stored in small aliquots in a freezer. On the 

After differentiation, the EBs were attached to 3cm dish and incubated on a custom-made heating 

FGF10 were added to the control differentiated EBs.
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All values are expressed as mean ± standard error of the mean (SEM) of at least three independent 

experiments, if not indicated otherwise. Comparison of means was conducted using one-way analysis 

Results 

EB formation from dissociated ES cells was tested using non-adhesive 96-well plates. As 
preliminary, the effect of ES cells seeding density on EB formation was tested over the range 

an EB that is able to maintain structural integrity in suspension culture was approximately 

are able to derive representative developmental germ layers and express pluripotent 
Afp 

(for endoderm), Sox-1 (for ectoderm), and 
Fgfrs and Ncam

Fig. 1. Experimental scheme for inducing the cardiomyogenic lineage in ES cells. (A) In order to identify a 

peptides were tested on three different time frames i) the differentiation period from D0 to D12 (EP1), ii) 

D0 to D2 (EP2), and iii) D3 to D5 (EP3). (B) 96-well round bottom plate used for EBs formation. Medium 

was replaced with fresh medium and test compounds every two days. During differentiation, samples were 

-

dium in the presence of LIF and EBs at D2, D5 and D7 of differentiation, respectively (Scale bars 200 µm). 

(D) Expression of Fgfrs (Fgfr1, Fgfr2, Fgfr3 and Fgfr4) in undifferentiated ES cells (above panel) and Ncam 

receptors in EBs at D3, D5, D7, D9 of differentiation (below panel). EP (Experimental Protocol).
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undifferentiated ES cells expressed four members of Fgfr, i.e., Fgfr1, Fgfr2, Fgfr3 and Fgfr4, 
with high expression levels of Fgfr2 as compared to others (Fig. 1D). However, Ncam was 
absent in undifferentiated ES cells but expressed gradually during ES cell differentiation 
reaching a maximum by 9 days of differentiation (Fig. 1D).

Screening of peptides

Different molecules and growth factors from various origins have been used to discover 
new differentiation approaches for cardiomyocyte differentiation from pluripotent stem 
cells. Since large numbers of conditions can be examined in each screen, it is possible to 

culture protocols. Accumulating data in developmental studies have also suggested that 
growth factors such as FGF families play particularly important roles in the development 

Fgfr1-4 were 
expressed in our cell system during differentiation. Based on the results from initial 
screening experiments conducted for identifying the potential activities of bFGF, FGF8 and 

FGF10 to enhance in vitro cardiomyogenic differentiation of ES cells based , we decided to 

investigate this process closer by measuring the GFP signal intensity as well as the amount 

of  Gata, mRNA.
In order to determine the optimal time point for addition of growth factors and peptides, 

three different experimental protocols (EP) as illustrated in Figure 1A were carried out. In the 

compared to control condition (absence of growth factors), whereas using EP2, no difference 
was observed (Fig. 2A), suggesting that the presence of important factors in a certain period 
during differentiation is crucial. A gene expression analysis under the treatment of all three 
FGFs revealed that 

Gata4 and Nkx2.5 were also analyzed. While Gata4 showed an increased expression under 
the treatment of all three FGFs compared with control, Nkx2.5 was detected only under the 
treatment of FGF10 (Fig. 2B). An estimation of the beating clusters on day 12 after FGF8 

Fig. 2. Fibroblast growth factors- bFGF, FGF8 and FGF10 effect on cardiomyogenesis. (A) Percentage of 

EGFP positive cells derived from ES cells under FGFs-treatment following EP1, EP2, EP3 protocol. EBs were 

 Results are reported as the mean±SD (n=3). 

Gata4 and Nkx2.5 expression on EBs at D4 of differentiation in the presence of bFGF (1 ng/ml) or FGF8 (50 

Gapdh was used as 



Cell Physiol Biochem 2015;35:2437-2450
DOI: 10.1159/000374044
Published online: April 24, 2015

© 2015 S. Karger AG, Basel
www.karger.com/cpb 2443

Xu et al.: Synthetic Peptides Action During Cardiomyogenesis

Cellular Physiology 

and Biochemistry

Cellular Physiology 

and Biochemistry

L
 

were added to the culture during differentiation using all three protocol described above. 

L

induce cardiomyogenesis in the ES cells at any tested concentrations when using EP1 (Fig. 

the differentiation process when cells are at the stages of mesodermal and cardiovascular 
progenitor formation- i.e. from day 2 to day 5.

expression of Mlc-2v
 

as compared to FGF8-treated EBs, FGF10-treated EBs as well as to control EBs of the same 

observed in the expression level of Mlc-2v in all peptide-treated conditions as compared 

beating EBs over time in control and peptide-treated cultures, each well containing EBs was 

Fig. 3. Effect of small peptides derived from NCAM on cardiomyogenic differentiation of mouse ES cells. 

Percentage of EGFP positive cells (cardiomyocytes) derived from ES cells exposed to different concentra-

L
. Peptides 

-

to vehicle controls, represent an effect on generation of cardiac cells.
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examined daily from day 7 to day 15 of differentiation for the appearance of spontaneously 

control and peptide-treated condition (data not shown).

mentioned FC results.

functional properties, we performed sharp electrode measurements to record spontaneous 

the functional level. All EBs generated with all three protocols (EP1, EP2 and EP3) described 
above displayed spontaneous AP synchronous to their contractions (Fig. 5A, above panel). 

Fig. 4. vs FGF8 and FGF10 on cardiomyogenic differentiation of mouse ES 

cells. Mlc-2v

 without any effect on late expressed Mlc-2v -

-
th days of differentiation following tre-

atment as indicated in EP1. Cardiomyocytes in EBs were examined for a-
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and presence of the peptides at day 14 of differentiation using EP1, EP2 and EP3 protocols, 
respectively, are indicated in Figure 5A. It shows that, when using EP1 both peptides- 

control EBs (8.22±1.5 vs 3.7±1.0 Hz and 6.6±1.1 vs

beating activity as compared to control condition EBs (7.6±1.0 vs

Moreover, as a critical determinant of normal cardiomyocyte function is the intact 
and normal response to hormones and transmitters of the central nervous system, we also 
assessed the pharmacological response of EBs generated with EP1 and examined their acute 

effect on AP parameters. In all spontaneously beating EBs generated under control and 

Isoprenaline (Iso) (1 µM) and acetylcholine analog Carbachol (CCh) (1 µM), induced 

tested partially returned to control values after washout of Iso and CCh. In addition, acute 

Fig. 5. . (A) Represen-

tative AP recordings from spontaneously contracting EBs on the 14th of differentiation after 12 days Betro-

and carbachol (CCh, 5 mM) followed by a wash out.  Statistical analysis (below panel) of the effect of Betro-

lines indicate the zero current level.
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vs 

panel) without affecting the beating frequency. Inhibition of the Iso effect by CCh during 

signaling cascades in cardiomyocytes.

expression of Bdnf and its receptor family and p75 during differentiation 
using EP1 protocol. Results indicate that TrkA is not expressed at any examined stage of 

TrkB was found to increase steadily during differentiation 
whereas Bdnf 
expression was down-regulated during differentiation (Fig. 6A).

decreased the intensity of EGFP positive cells (Fig. 6B). In addition, the number of 

negatively regulate the differentiation process 
Bdnf  starts to be expressed 

Fig. 6. Expression of Bdnf, TrkA, TrkB, TrkC and p75 in ES cells during differentiation towards cardiomyocy-

 and Bdnf gene expression level in undifferentiated (ES) and 

differentiated cells at day 3, 5, 7 and 9 of differentiation as well as in adult mouse cardiomyocytes (used as 

positive control, PC). Gapdh

 

-

vs. control.
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TrkB
and adult heart [27, 33, 34]. Moreover, it was shown that Bdnf
postnatal stage, which may suggest at least in part that BDNF has important functions in 
cardiac development and activity in addition to its neurotrophic effects [33].

in differentiation medium may at least in part regulate the differentiation process of ES cells 

Discussion

differentiation of mouse ES cells with small peptides derived from NCAM or related peptides. 

family of growth factors such as nerve growth factor (NGF), brain-derived neurotrophic 

nervous system. Most of theirs receptors have been shown to be expressed in heart during 

cell committed differentiation [27, 37-40]. In this study, we have investigated the effect of 

differentiation toward cardiomyocytes, which may boost the perspectives of using peptides 
as probes to dissect pathways involved in cardiac differentiation with regenerative potential 
for heart injury.

as differentiation and cardiomyogenesis [41]. Moreover disruption of FGF signalling leads 

receptors (Fgfr1-4) and Ncam are expressed in our ES cells system. Growth factors- bFGF, 

in culture medium during the differentiation process enhances the proportion of ES cell-

cardiomyocytes development in EBs, at least in part by activating NKx2.5 expression. In fact, 
differentiating EBs from murine Fgfr-/- ES cells had failed to form beating cardiomyocyte foci 

FGL
L

in a concentration-and time- 
dependent manner as described in our results. Among those that enhance EGFP intensity, 

suggesting its 
which was derived from the BDNF sequence. BDNF is a neurotrophin, which modulates the 

to mediate angiogenesis [45]. It plays an important role in the formation, development 
and maintenance of the vascular system. A previous study conducted on intramyocardial 
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receptor expressing endothelial cells [46]. Albeit the angiogenic function of BDNF has been 
well documented in normal and disease patients [47], its role in cardiomyogenesis has rarely 
been demonstrated. It has been shown to be expressed in embryonic heart [48]. Donovan et 
al [27] demonstrated that BDNF is a cardiac endothelial cell survival factor operating through 

to activation of various intracellular signalling cascades including phosphatidylinositol 

of TrkB and p75NTR

suggested for cardiac microvascular endothelial cells [46].

spontaneous beating cells such as cardiac and neurons is altered. It happens for many classes 
of ion channels, including Na+, Ca2+ + channels which are largely involved in generating 
and shaping APs. BDNF has been shown to cause direct opening of Na+ channel (via an as-yet 

+ ions and activation 
of Ca2+

future studies are needed to elucidate the cellular mechanism and signalling pathways by 
which BDNF may induce modulation of ion channels in cardiac cells. 
these important questions will add exciting new insights to our understanding of the role 
of small peptides derived from NCAM and related proteins to possess a cardiogenic potency 
which needs to be further evaluated with high-throughput validation techniques as well as 
supportive in vivo studies.

peptides during cell differentiation and may eventually lead to an understanding of the role 
of NCAM and related proteins in clinical syndromes and heart diseases.
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Brain derived neurotrophic factor is an endothelial cell survival factor required for intramyocardial vessel 
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