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Abstract 

Human embryonic stem (hES) cells represent a potential source for cell replacement 

therapy of many degenerative diseases. Most frequently, hES cell lines are derived from 

surplus embryos from assisted reproduction cycles, independent of their quality or 

morphology. Here, we show that hES cell lines can be obtained from poor-quality 

blastocysts with the same efficiency than from good- or intermediate-quality blastocysts. 

Furthermore, we show that the self-renewal, pluripotency, and differentiation ability of hES 

cell lines derived from either source are comparable. Finally, we present a simple and 

reproducible embryoid body-based protocol for the differentiation of hES cells into 

functional cardiomyocytes. The five new hES cell lines derived here should widen the 

spectrum of available resources for investigating the biology of hES cells and advancing 

toward efficient strategies of regenerative medicine.  

 

Running title: Derivation of new hES cell lines 

 



 
- 3 - 

Human embryonic stem (hES) cells are permanent cell lines derived from pre-implantation 

human embryos, most frequently from the inner cell mass (ICM) of human blastocysts. 

Since 1998, when the first lines of hES cells were derived (Thomson et al. 1998), numerous 

hES cell lines have been produced by different laboratories (Allegrucci and Young 2007; 

Veiga et al. 2007). The two main defining features of these cells are their self-renewal 

capacity and pluripotency (i.e. their ability to differentiate into cell types of the three 

embryonic germ layers). Because of these properties, hES cells are thought to hold great 

potential as a source of cells for therapeutic use. Parkinson's disease, spinal cord injury, 

diabetes, heart failure, and bone marrow failure are examples of pathological conditions 

amenable to being treated by means of stem cell transplantation (Gerecht-Nir and 

Itskovitz-Eldor 2004; Liew et al. 2005; Menasche 2005; Semb 2005). In addition to their 

potential value as therapeutic agents, hES cells also appear as a powerful experimental 

model for studying early human development, provide a platform to develop and test new 

drugs and treatment protocols (Pera and Trounson 2004), and aid in research on human 

monogenic diseases (Mateizel et al. 2006; Pickering et al. 2003; Verlinsky et al. 2005).  

 

Typically, hES cell lines originate from surplus embryos created during in vitro fertilization 

(IVF) treatments. Couples reaching an end to their IVF treatments with surplus embryos 

have a decision to make. These frozen surplus embryos can remain in cryostorage, they can 

be made available for adoption, they can be thawed and discarded, or they can be donated 

to research (Lyerly and Faden 2007). It is from this latter option that most hES cell lines to 

date have been derived.  IVF programs often employ in vitro culture of pre-implantation 
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embryos to the blastocyst stage of development to achieve better implantation rates in 

specific groups of patients (Menezo et al. 1992; Veiga et al. 1995). Approximately 35% of 

cultured human embryos develop successfully to the blastocyst stage and not all of thesr 

show good quality morphology. The remainder show retarded or arrested development as 

well as abnormal morphology due to unequal cell division or cellular fragmentation 

(Gardner et al. 2000; Menezo et al. 1998).  

 

Today, the methodology of hES cell derivation is still highly empirical, and various 

protocols are used in the different steps of the process, including feeder cell preparation (if 

feeder cells are used), embryo culture, inner cell mass (ICM) isolation, and initial steps of 

derivation. It is worth mentioning that an important goal in derivation attempts is to achieve 

derivation and culture of hES cells under feeder-free (Amit et al. 2004; Klimanskaya et al. 

2005) and animal-free (Ellerstrom et al. 2006; Genbacev et al. 2005; Li et al. 2005; Rajala 

et al. 2007) conditions, and in chemically defined culture conditions (Li et al. 2005; Lu et al. 

2006; Ludwig et al. 2006). Moreover, that the entire protocol is carried out following Good 

Manufacturing Practice (GMP) conditions will be necessary for the safe clinical use of hES 

cells in human therapy. Recent publications have revealed differences between hES cells 

lines related to the environment to which the cells have been exposed since the time of 

embryo culture and derivation (Adewumi et al. 2007; Allegrucci and Young 2007). 

 

Here, we present our recent experience at the Center for Regenerative Medicine in 

Barcelona (CMRB) and describe the successful derivation of 5 new hES cell lines. 
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Interestingly, 3 out of the 5 new hES cell lines were derived from poor-quality blastocysts, 

underscoring the fact that not only embryos of good quality can be used for hES cell 

derivation. Moreover, one of these lines has been adapted to enzymatic passaging and 

displays extremely high plating efficiency from single cells, and can be routinely 

maintained on matrigel- or gelatin-coated plates for extended periods of time (over 30 

passages) using fibroblast-conditioned media or serum-free chemically-defined media 

without loss of pluripotency or accumulation of karyotypic abnormalities. Finally, we show 

that functional cardiomyocytes can be reproducibly differentiated from hES cell lines using 

a modified embryoid body-based protocol, irrespective of the quality of the blastocyst used 

for their derivation. 
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Derivation of five new hES cell lines 

A total of 61 human pre-embryos, which had been frozen at different stages of development 

(pronuclear-20, cleavage-35 and blastocyst-6) were used in this study (Table 1). The 

survival rate after thawing ranged from 80% for cleavage stage to 50% for pronuclear stage 

and averaged 69% overall. In vitro culture of pronuclear and cleavage stage embryos 

resulted in 13 reaching blastocyst stage from the 38 that survived thawing (34%). Four of 

the 6 embryos from blastocyst stage thaws survived yielding 17 blastocyst stage cultures 

overall. These relatively low rates of survival and blastocyst formation are likely attributed 

to the substandard freezing protocols that were used at the time these pre-embryos were 

placed into cryostorage. In addition, most supernumerary embryos were frozen irrespective 

of their quality. If an adequate selection had been performed prior to freezing, it is probable 

that derivation efficiency would have achieved higher rates of success (Sjogren et al. 2004). 

 

In total, we obtained 17 blastocysts that were classified according to the criteria put forth by 

Stephenson and colleagues (Stephenson et al. 2006) into three groups: good, intermediate, 

or poor quality (Table 2). Four of these were graded as good-quality blastocysts, showing 

expanded morphology, an ICM with compacted cells and a trophectoderm forming a 

continuous or almost continuous layer. Four blastocysts were classified as intermediate 

because they had an ICM with few cells visible and not compacted. Nine embryos did not 

have a distinguishable ICM or it appeared degenerated and were classified as poor-quality 

blastocysts. Five of these poor quality pre-embryos did not show distinct blastocyst 
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morphology, the ICM being indistinguishable from the trophectoderm, and consisting of 

only a few surviving cells.  

 

During the derivation process, the ICM could not be distinguished in some of the 

blastocysts and thus it was not possible to isolate it. As a consequence, in a first series of 

experiments, we performed immunosurgery to isolate the ICM only in good-quality 

blastocysts, while those scored as intermediate- or poor-quality blastocysts were seeded 

whole. In a second series of derivations, we avoided ICM isolation altogether for all 

blastocysts in order to eliminate the use of antibodies and complement from animal origin 

(Heins et al. 2004; Suss-Toby et al. 2004). 

 

After 4-5 days in culture, a small clump of cells with hES cell morphology (a compact 

colony structure, a high nuclear to cytoplasmic ratio, and prominent nucleoli) (Reubinoff et 

al. 2000; Thomson et al. 1998) appeared among other cell types of unspecific morphology 

(Fig. 1A). These compact cell clumps were mechanically dissociated and replated onto 

fresh feeders after 10-12 days. During that time the outgrowth of such structures was 

carefully monitored and the culture media changed on a daily basis. Overall, from the 17 

blastocysts seeded we obtained 5 hES cell lines (ES[2]-ES[6], Fig. 1B-C). One line (ES[5]) 

was derived from 1 of the 4 good-quality blastocysts (25%); one hES cell line (ES[3]) was 

derived out of the 4 intermediate-quality blastocysts (25%), and the remaining 3 lines 

(ES[2], ES[4], and ES[6]) were derived from the 9 poor-quality blastocysts (33%). The 

overall derivation efficiency was 29% and, surprisingly, did not depend on the quality of 
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blastocysts used. This contrasts with the widely held notion that embryo quality is 

correlated with developmental competence and embryo viability (Alikani et al. 1999), and 

with previous evidence suggesting that hES cells are more efficiently derived from 

good-quality embryos (Oh et al. 2005; Simon et al. 2005; Stojkovic et al. 2004; Zhang et al. 

2006). Nevertheless, our efficiency in the derivation of hES cell lines from poor-quality 

blastocycts is consistent with previous studies reporting the derivation of 4 lines from 19 

discarded embryos (21% derivation efficiency) (Mitalipova et al. 2003) and 2 lines from 19 

blastocysts derived from day-3 embryos with low morphological scores (10% derivation 

efficiency) (Chen et al. 2005). 

 

 

Characterization of the new hES cell lines 

Karyotype analysis, human leukocyte antigen (HLA) typing, expression of 

pluripotency-associated markers, and evaluation of pluripotency in vitro and in vivo were 

used to characterize all 5 hES cell lines. A summary of the results obtained from these 

analyses is presented in Table 3. 

 

The 5 hES cell lines were positive for all pluripotency markers tested, displaying high 

levels of alkaline phosphatase (Fig. 1D) and telomerase activity (data not shown), and high 

levels of Oct4, Nanog, Sox2, SSEA-3, SSEA-4, TRA-1-60, and TRA-1-81 

immunoreactivity (Fig. 2 and data not shown). All 5 lines displayed a normal karyotype (46, 

XY; data not shown). We are currently investigating the possible significance of a male 
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karyotype for all 5 lines derived in this study. Four hES cell lines (ES[2]-[4] and ES[6]) 

have been continuously kept in culture for more than 50 passages (over 150 

population-doublings, Table 3) without evident changes in their growth characteristics, 

expression of pluripotency-associated markers, or karyotype (data not shown). 

 

All 5 hES cell lines formed teratomas in severe combined immunodeficient (SCID) beige 

mice. The tumors contained derivatives from the three embryonic germ layers, such as 

respiratory epithelium (Fig. 3A-B and data not shown), cartilage (Fig. 3 C-D and data not 

shown), or organized structures that stained positive for neural β-tubulin III, α-fetoprotein, 

or α-actinin (Fig. 3E-H and data not shown). 

 

To ascertain the ability of hES cell lines to differentiate in vitro, we initially induced the 

formation of embryoid bodies from colony fragments maintained in suspension for 3-4 

days in hES cell media. Under these conditions, embryoid bodies were formed in a 

reproducible manner and we could overcome the characteristic difficulty of hES cells to 

grow as aggregates (Reubinoff et al. 2000). Withdrawal of bFGF during this phase resulted 

in extensive cell death and failure to maintain initial cell aggregates, as has been previously 

reported (Reubinoff et al. 2000). After 3-4 days of growth in hES cell media, embryoid 

bodies generated in this way were plated onto gelatin-coated plates and allowed to undergo 

further differentiation by removal of bFGF and the addition of serum. Endoderm 

derivatives displaying strong α-fetoprotein immunoreactivity were readily observed after 

2-3 weeks in all 5 hES cell lines (Fig. 4A and data not shown). However, neuroectoderm 
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derivatives were obtained at a very low frequency under these conditions. To promote 

differentiation of hES cells toward neuronal fates, we adapted a protocol of co-culture with 

the stromal cell line PA6 that has been described to enhance neural differentiation of mouse 

ES cells (Kitajima et al. 2005). All 5 hES cell lines co-cultured with PA6 cells gave rise to 

differentiated cells with the morphology of mature neurons that expressed high levels of 

β-tubulin III (Fig. 4B and data not shown).  

 

 

Embryoid body-based cardiac differentiation of hES cells 

In contrast to mouse ES cells, the differentiation of hES cells toward cardiomyocytes is 

notoriously inefficient (Reubinoff et al. 2000), particularly more so when using embryoid 

body-based differentiation protocols (Kehat et al. 2001; Laflamme et al. 2007; Laflamme et 

al. 2005). Alternatively, co-culture of hES cells with mouse visceral endoderm-like END-2 

cells has been shown to result in robust induction of cardiomyocyte differentiation 

(Mummery et al. 2003). To characterize the ability of the new hES cell lines to differentiate 

into cardiomyocytes in vitro, and in an attempt to establish differentiation protocols that do 

not rely on co-culture systems, we initially set out to analyze the presence of heart muscle 

derivatives in embryoid bodies allowed to differentiate in serum-containing media for 2-4 

weeks. In contrast to previous studies (Xu et al. 2002), but in agreement with observations 

from different laboratories using a variety of hES cell lines (Kehat et al. 2001; Laflamme et 

al. 2007; Laflamme et al. 2005), we did not observe rhythmically-beating cells under these 

conditions in any of the 5 new hES cell lines (Fig. 5A and data not shown). We next 
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analyzed the effect of ascorbic acid, since it has been shown that this compound enhances 

the cardiac differentiation of mouse ES cells (Takahashi et al. 2003) and potentiates the 

cardiogenic effect of END-2-hES cell co-cultures (Passier et al. 2005). The 

supplementation of the differentiation medium with 100 µM ascorbic acid resulted in 

approximately 20% of the embryoid bodies generated from any of the 5 hES cell lines 

displaying rhythmically-beating areas (Fig. 5B and data not shown) that stained strongly 

positive for cardiac α-actinin (Fig. 5C and data not shown). Our results show that 

reproducible cardiac differentiation of hES cells can be obtained using relatively simple in 

vitro protocols and provide a valuable experimental platform to further optimize such 

protocols for the directed generation of large quantities of human cardiomyocytes, as well 

as for exploring the mechanisms that control cardiomyocyte differentiation. 

 

 

Establishment of enzymatically-dispersable hES cell lines 

Human ES cells typically display very low plating efficiency when passaged as single cells 

(Amit et al. 2000), and therefore require mechanical or mild enzymatic dissociation of cell 

clumps. These procedures are time-consuming, result in variable degrees of cell 

differentiation during hES cell culture maintenance, and make the establishment of 

genetically-modified hES cell clones difficult. The derivation of hES cell lines that can be 

routinely passaged as single cells (Cowan et al. 2004) and the adaptation to single-cell 

dissociation of pre-existing hES cell lines (Ellerstrom et al. 2007) are thus likely to 

facilitate the maintenance of undifferentiated hES cells and their experimental manipulation. 
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For these reasons, we attempted to establish sub-clones of hES cells that displayed high 

plating efficiency after single-cell trypsinization. Sub-clones were particularly easily 

adapted from early-passage (passage 3 or 4) ES[4] cells and have been maintained for over 

40 passages on feeders after single-cell dissociation (scES[4]). Furthermore, scES[4] cells 

can also be propagated for extended periods of time in fibroblast-free cultures using 

feeder-conditioned hES cell media and matrigel- or gelatin-coated plates. It should be noted 

that, even though it has been suggested that such culture adaptations may increase the 

propensity of hES cells to accumulate karyotypic abnormalities (Baker et al. 2007; Enver et 

al. 2005), scES[4] cells continuously maintained in our laboratory for over 30 passages 

under feeder-free conditions using matrigel retain a normal karyotype and pluripotency in 

vivo and in vitro (data not shown). Finally, scES[4] cells have also been easily adapted to 

commercially-available serum-free, chemically-defined media (mTeSR™1 or STEMPRO® 

hESC SFM) and have been maintained undifferentiated for over 10 passages on matrigel- 

or gelatin-coated plates.  

 

 

Conclusions 

The five new hES cell lines derived in this study provide valuable tools for investigating 

the mechanisms of ES cell self-renewal, pluripotency, and differentiation toward specific 

cell-types. ES[2] and ES[3] are currently available to interested researchers through the 

Spanish Stem Cell Bank (http://www.isciii.es/htdocs/terapia/terapia_lineas.jsp). The 
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remaining 3 lines (ES[4], ES[5], and ES[6]) are in the process of being registered and 

deposited and will soon be similarly available. 

 

 

Methods 

 

Source of human pre-embryos. Human pre-implantation embryos were specifically 

donated for this research project by couples undergoing IVF cycles at Institut Universitari 

Dexeus (Barcelona). Embryos were used for the present study after the informed consent of 

the couples, following the protocol previously approved by the Institutional Ethics 

Committee on Clinic Investigation and the Spanish competent authorities (Comisión de 

Seguimiento y Control de la Donación de Células y Tejidos Humanos del Instituto de Salud 

Carlos III). Derivations were performed at the Stem Cell Bank of the Center of 

Regenerative Medicine in Barcelona. 

 

Embryos were thawed using Vitrolife thawing media, Thaw-kit 1 or Thaw-kit Blast 

(Vitrolife, Göteborg, Sweden) depending on the embryo stage and according to the 

manufacturer’s instructions. 

 

Derivation of hES cell lines. Early-cleavage embryos were cultured in G1.2 medium 

(Vitrolife, Göteborg, Sweden) until day 3 and then in G2.2 medium (Vitrolife) to the 

blastocyst stage. Embryos thawed at the blastocyt stage were cultured in G2.2 medium 
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overnight to allow for re-expansion. Blastocysts were classified according to criteria 

reported elsewhere (Stephenson et al. 2006). 

 

The zona pellucida was removed with 5mg/ml pronase (Roche) or with Tyrode’s acid 

(Medicult).  Fragments and degenerated cells were gently removed with a pulled Pasteur 

pipette (Humagen Fertility Diagnostics). When performed, immunosurgery for ICM 

isolation was performed according to published protocols (Solter and Knowles 1975). 

Whole blastocysts or isolated ICMs were plated on top of irradiated (55Gy) human foreskin 

fibroblasts (CCD1112Sk ATCC), seeded at a density of 7x104 cells/cm2 on IVF dishes 

(Falcon, Becton Dickinson) coated with 0.1% gelatin (Chemicon), and cultured further at 

37ºC and 5% CO2 in hES cell media consisting on KO-Dulbecco’s modified Eagle’s 

medium supplemented with 20% KO-Serum Replacement (Invitrogen), 2 mM GlutaMAX 

(Invitrogen), 50 µM 2-mercaptoethanol (Invitrogen), non-essential amino acids (Cambrex), 

8 ng/ml basic fibroblast growth factor (bFGF) (Invitrogen), and penicillin-streptomycin 

(Invitrogen). Outgrowths were mechanically dissociated into small clumps after 10-12 days 

using a 150-µm diameter plastic pipette (The Stripper, Midatlantic Diagnostics) and 

replated onto a fresh feeder layer. 

 

Propagation of hES cell lines. Individual undifferentiated colonies were mechanically 

dissociated into small clumps using a 150-µm diameter plastic pipette and replated every 

5-7 days. In some cases, single-cell suspensions were prepared after enzymatic dispersion 

(0.05% Trypsin/EDTA, Invitrogen) and plated at 1:5-1:10 dilutions onto feeder layers, or 
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on plates coated with Matrigel (Becton Dickinson) diluted 1:15 with KO-DMEM, or 0.1% 

gelatin. In feeder-free cultures, we used hES cell media pre-conditioned by feeders. The 

following commercially-available serum-free, chemically-defined media were also assayed 

following the manufacturers’ directions: mTeSR™1 (StemCell Technologies) and 

STEMPRO® hESC SFM (Invitrogen). 

 

Karyotyping was performed after incubating colonies for 30 min in a 1:500 dilution of 

Colcemid (Invitrogen) by the G-banding method and imaged and processed using the 

software CytoVision (Applied Imaging, Olympus). A minimum of 15 metaphases were 

analyzed for each line. 

 

Colonies were also periodically selected and cryopreserved in cryotube vials (Nunc, 

Roskilde) in 90% FBS and 10% DMSO (Sigma) at a cooling rate of 1ºC/min and stored in 

liquid nitrogen. After thawing at 37ºC, some colonies were plated on new feeder layers in 

hES medium to assess freezing/thawing survival. 

 

In vitro differentiation. Embryoid bodies (EBs) were generated from large colony 

fragments obtained by mechanical splitting with a finely drawn Pasteur pipette or by 

treatment of confluent hES cell cultures with 1 mg/ml collagenase IV (Invitrogen) for10 

min at 37ºC. Colony fragments were maintained in non-adherent dishes for 3-4 days in hES 

medium. Embryoid bodies were then plated in 0.1% gelatin-coated glass chamber slides 

and cultured in differentiation medium (DMEM supplemented with 20% fetal bovine serum, 
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2 mM GlutaMAX, 100 µM 2-mercaptoethanol, non-essential amino acids, and 

penicillin-streptomycin) for 2-3 weeks. Neuronal differentiation of hES cells was induced 

by co-culture with the stromal cell line PA6 for 3–5 weeks (Kitajima et al. 2005). 

Differentiation into mesoderm derivatives was enhanced by supplementing the 

differentiation medium with 100 µM ascorbic acid (Sigma). 

 

Teratoma formation. Approximately 106 hES cells were resuspended in 20-40 µl of hES 

cell media and injected intramuscularly into the gastrocnemius of severe combined 

immunodeficient (SCID) beige mice (Charles River Laboratories). Eight weeks after cell 

injection, mice were sacrificed and tumors were processed and analyzed following 

conventional immunohistochemistry protocols. All animal experiments were conducted 

following experimental protocols previously approved by the Institutional Ethics 

Committee on Experimental Animals, in full compliance with Spanish and European laws 

and regulations. 

 

Immunofluorescence. Cells grown on chamber slides (LabTek, Nunc) were washed with 

PBS and fixed for 15 min with 4% paraformaldehyde at 4ºC. We used the following 

primary antibodies for immunofluorescence: mouse anti-Oct4 (1:500, Santa Cruz 

Biotechnology), rabbit anti-Sox2 (1:100, Chemicon), rabbit anti-Nanog (1:500, Abcam), rat 

anti-SSEA-3, mouse anti-SSEA-4, mouse anti-TRA-1-60, mouse anti-TRA-1-81 (1:10, 

Chemicon), mouse anti-α-actinin (1:100, Sigma), mouse anti-β-tubulin III (1:1000, 

Covance), and rabbit anti-α-fetoprotein (1:400, Dako). Incubation with primary antibody 
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was for 24 h at 4ºC. Incubation with FITC-, Cy2-, or Cy3-conjugated secondary antibodies 

(1;200, Jackson ImmunoResearch) was for 2h at RT followed by counterstaining with 

DAPI (10mg/ml, Sigma, St. Louis, MO). 

 

Alkaline phosphatase activity was measured by using the Alkaline Phosphatase Red 

Membrane Substrate (Sigma) after fixation for 2 min with 4% paraformaldehyde.  

Telomerase activity was detected using TRAPeze Telomerase Detection Kit (Chemicon 

International) following the manufacturer’s directions. 

 

Molecular typing. Human leukocyte antigen (HLA) typing of hES cell lines was performed 

by sequence based typification (SBT) with the AlleleSEQR HLA Sequencing Kit (Atria 

Genetics). Microsatellite DNA fingerprinting was performed by multiplex PCR of 9 

microsatellites or short tandem repeats (STRs) plus amelogenine gene using AmplFlSTR 

Profiler Plus Kit (Applied Biosystems). 
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Figure Legends 

 

Fig. 1. Derivation of five new human embryonic stem cell lines. (A) Initial cellular 

outgrowth of the successful hES cell derivations, surrounded by trophectoderm derivatives. 

Notice the atypical initial flat growth of the ES[4] line. (B) Morphology of hES cell 

colonies at early (2-4) passages. (C) Morphology of hES cell colonies after 15-20 passages. 

(D) Analysis of alkaline phosphatase activity on the same colonies shown in (C).  

 

Fig. 2. Expression of pluripotency-associated markers. Morphology (as shown by 

differential interference contrast, DIC) and immunofluorescence localization of SSEA3, 

Oct4, TRA-1-60, Nanog, SSEA4 and SOX2 in colonies of ES[2] and ES[3] lines. Cell 

nuclei are counterstained with DAPI.  

 

Fig. 3. Pluripotency of hES cells in vivo. Hematoxylin-eosin staining (A-D) and 

immunofluorescence localization (E-H) in paraffin sections of teratomas induced by 

injecting ES[2] (A, C, E, G) or ES[3] (B, D, F, H) cells into severe combined 

immunodeficient (SCID) beige mice. Histologically-recognizable structures include 

respiratory epithelia (A, B) and cartilage formations (C, D). (E, F) Neuroectoderm and 

endoderm derivatives are detected by strong immunoreactivity for β-tubulin III (green 

channel) and α-fetoprotein (red channel), respectively. (G-H) Mesoderm derivatives are 

detected by strong immunoreactivity for α-actinin (green channel). Cell nuclei are 

counterstained with DAPI in (E-H). 
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Fig. 4. In vitro differentiation of endoderm and neuroectoderm derivatives. ES[2] (A, 

C) and ES[3] (B, D) cells readily generate endoderm derivatives after embryoid body-based 

differentiation protocols (A, B), as evidenced by glandular structures immunoreactive for 

α-fetoprotein (green channel), and differentiated cells with morphology of mature neurons 

that stain positive for β-tubulin III (red channel) after co-culture with PA6 cells (C, D). Cell 

nuclei are counterstained with DAPI. 

 

Fig. 5. Embryoid body-based in vitro differentiation of hES cells into cardiomyocytes. 

(A) Embryoid bodies of ES[3] cells after 3 weeks of differentiation in serum-containing 

media fail to differentiate into cardiomyocytes, as evidenced by the absence of α-actinin 

immunoreactivity (red channel). Cell nuclei are counterstained with DAPI in the lower 

panel. (B-C) Addition of ascorbic acid to the differentiation medium results in 

cardiomyocyte differentiation of ES[3]-derived embryoid bodies, as shown by the 

appearance of rhythmically-beating areas, encircled in (B), and strong immunoreactivity for 

α-actinin (red channel in C). A higher magnification of the area marked in (C) is shown in 

the right panels to better appreciate the sarcomeric striations of the α-actinin staining. Cell 

nuclei are counterstained with DAPI in (C). 
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Table 1. Summary of results of embryo thawing and derivation 

 Pronuclear Cleavage Blastocyst Total 

Thawed 20 35 6 61 

Embryo survival 10 (50%) 28 (80%) 4 (67%) 42 (69%) 

Blastocyst rate  3 (30%) 10 (36%)     

Blastocyst/ICM seeded 3 10 4 17 

Outgrowths - 3 2 5 

hES cell lines - 3 2 5 
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Table 2. Scoring of blastocyst quality 

Embryo # Expansion ICM Trophectoderm Quality score Lines 
1 1 D C poor   
2 2 D C poor ES[2] 
3 2 D C poor   
4 3 C C intermediate ES[3] 
5 2 D C poor   
6 3 B B intermediate   
7 2 B A good   
8 3 B A good   
9 3 C A intermediate   
10 1 D C poor   
11 2 D C  poor   
12 2 A B good   
13 2 C B intermediate   
14 2 B A good ES[5] 
15 2 D B poor ES[6] 
16 1 D C poor ES[4] 
17 1 D C  poor   

 

Blastocyst quality was scored following the criteria of Stephenson and colleagues 

(Stephenson et al. 2006), with respect to blastocyst expansion (1, no expansion in overall 

size, zona pellucida still thick; 2, some expansion in overall size, zona pellucida beginning 

to thin; 3, full expansion, zona pellucida very thin), ICM appearance (A, cells compacted, 

tightly adherent together and indistinguishable as individual cells; B, cells less compacted 

so larger in size, loosely adhered together, some visible as individual cells; C, very few 

cells visible, either compacted or loose, may be difficult to completely distinguish from 

trophectoderm; D, cells of ICM appear degenerate), and trophectoderm appeareance (A, 

many small identical cells forming a continuous trophectoderm layer; B, fewer, larger cells, 

may not form continuous trophectoderm layer; C, sparse cells, may be very large, very flat 

or appear degenerate). 
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Table 3. Summary of characterization analyses of the 5 new hES cell lines 
 

 ES[2] ES[3] ES[4] ES[5] ES[6] 
Karyotype 
Alkaline phosphatase 
Telomerase 
HLA typing 
MDF 
Number of passages 
 
Pluripotency markers: 

   SSEA-3 
   SSEA-4 
   TRA-1-60 
   TRA-1-81 
   Oct-4 
   NANOG 
   Sox-2 
   SSEA-1 

 
Freezing/thawing 
 
Pluripotency  
           
     In vitro 
          endoderm 
          ectoderm 
          mesoderm 
 
     In vivo 
          endoderm 
          ectoderm 
          mesoderm 
 

46, XY 
+ 
+ 

done * 
done * 

50 
 
 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
- 
 

+ 
 
 
 
 

+ 
+ 
+ 
 
 

+ 
+ 
+ 

46, XY 
+ 
+ 

done * 
done * 

65 
 
 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
- 
 

+ 
 
 
 
 

+ 
+ 
+ 
 
 

+ 
+ 
+ 

46, XY 
+ 
+ 

done * 
done * 

51 
 
 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
- 
 

+ 
 
 
 
 

+ 
+ 
+ 
 
 

+ 
+ 
+ 

46, XY 
+ 
+ 

done * 
done * 

50 
 
 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
- 
 

+ 
 
 
 
 

+ 
+ 
+ 
 
 

+ 
+ 
+ 

46, XY 
+ 
+ 

done * 
done * 

78 
 
 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
- 
 

+ 
 
 
 
 

+ 
+ 
+ 
 
 

+ 
+ 
+ 

 
HLA, human leukocyte antigen; MDF, microsatellite DNA fingerprinting; +, 
positive/present; -, negative 
 
* Full details are available upon request 
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