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Abstract 

Embryonic stem cells (ESCs) are important tools to study lineage commitment and cellular 

differentiation in early embryos. The differentiation of ESCs can be directed towards a 

specific cell type by culturing them in appropriate conditions. In this study we analysed 

the effect of different media formulations and culture substrates on the quantification of 

fli:GFP+ and kdrl:GFP+ cells in zebrafish blastocyst cell cultures. These cultures were 

derived from transgenic zebrafish (fli:GFP and kdrl:GFP) lines which express green 

fluorescent protein under the fli1 and VEGFR2 promoters, respectively. The different 

media compositions used to culture the blastocyst cells were (i) LDF medium (a 

combination of Leibowitz’s L-15, Dulbecco’s modified Eagle’s and Ham’s F12 media); (ii) 

combined LDF and endothelial growth medium (LDF:EGM); and (iii) LDF medium 

supplemented with endothelial growth supplement mix (LDF:EGS). The blastocyst cells 

formed embryoid body aggregates within the first 24 h of culture containing fli:GFP+ or 

kdrl:GFP+ cells. The percentage of fli:GFP+ cells was higher in cultures compared to 

kdrl:GFP+ cells. This is presumably because the kdrl:GFP line is specific for endothelial 

cells, while the fli:GFP is expressed in multiple cell types. On day 6 of cultures, higher 

percentages of fli:GFP+ and kdrl:GFP+ cells were observed in LDF:EGS medium (31.8 ± 

1.6% and 3.7 ± 0.4%, respectively) compared to LDF medium (21.6 ± 1.9% and 2.1 ± 0.2%, 

respectively). In LDF:EGM medium the percentage of fli:GFP+ and kdrl:GFP+ cells was 

comparable to that in LDF:EGS medium; however, the total cell yield was significantly less 

in LDF:EGM cultures. The percentage of fli:GFP+ and kdrl:GFP+ cells was higher in cultures 

on collagen type-I substratum compared to gelatin substratum. Recombinant zebrafish 

vascular endothelial growth factor protein was also found to increase the concentration of 

fli:GFP+ and kdrl:GFP+ cells in cultures. Both fli:GFP+ and kdrl:GFP+ cells were no longer 

detectable in cultures after 14 days and eight days, respectively. Possible reasons for this 

may be the down regulation of the transgenes, change in endothelial identity and 

occurrence of cell death.   
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Introduction 

Embryonic stem cells (ESCs) are cells, derived from blastocyst embryos, that have not 

started to differentiate yet [1]. By specific in vitro manipulation these ESCs can maintain 

their growth and pluripotency (the ability of cells to differentiated into multiple cell types) 

almost indefinitely [2]. ESCs are important tools for regenerative medicine [3], genome 

manipulation in animals [4], development of transgenic animals [5] and toxicity testing 

[6]. The ESCs have the ability to differentiated into the cells of three germ layers 

(ectoderm, endoderm and mesoderm), and further into a specific cell type by 

manipulating culture conditions [1]. Examples of differentiated cell types derived from 

ESCs in vitro include human cardiomyocytes [7], human neural progenitor cells [8], mouse 

hematopoietic progenitor cells [9], alveolar epithelial cells [10] and endothelial progenitor 

cells [11]. 

Research into endothelial cells is fundamental for understanding important processes 

regulated by these cells e.g. tissue homeostasis, blood cell activation and coagulation [12]. 

Endothelial cell culture can be used for important applications such as tissue 

regeneration. In one study, endothelial cells derived from ESCs modified into organ 

specific endothelial cells and helped regeneration of liver sinusoidal vessels in mice, after 

transplantation [13]. Similarly vascular networks cultured in 3D hydrogel matrix using 

endothelial cells derived from human pluripotent ESCs, were able to incorporate with the 

microvasculature of mouse and sustain blood flow after implantation [14].  

Culturing endothelial cells alone is difficult to maintain, to overcome this problem co-

culturing techniques have been developed, in which endothelial cells are cultured in the 

presence of supporting cells including fibroblasts, mural cells, pericytes and mesenchymal 

stem cells [15]. These endothelial co-culture techniques may be used to engineer 

vascularized organ culture. In one example, human umbilical vein endothelial cells 

(HUVECs) co-cultured with human mesenchymal stem cells, in a combination of 

endothelial growth medium (EGM) and osteogenic medium, formed an in vitro 

vascularized bone model [16]. It has been suggested that such vascularized organ cultures 

may one day be used for tissue transplantation [17].  

Heamangioblasts, the common progenitors of endothelial and hematopoietic lineages, 

differentiate from the mesoderm during the early development of embryos [18]. The 

differentiation of heamangioblasts is initiated by various factors including vascular 

endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF) and bone 

morphogenic protein 4 (BMP-4) [19]. Haemangioblasts can be generated in vitro by 

treating ESCs with these various differentiation factors just mentioned, as well as others 

used in the differentiating media (Table 1; [20, 21]).  

In vitro differentiation of ESCs into vascular cells have potential applications in studying 

vascular development, proposing vascular regenerative therapy, culturing vascularized 
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organs and developing endothelial cell line [22]. In order to induce differentiation the 

ESCs are usually cultured in differentiation media in a suspension culture to form 

embryoid bodies (EBs); on a feeder cell layer of stromal cell line; or on an artificial matrix 

e.g. collagen type-IV [23, 24]. 

Table 1: Culture substrates and media composition used for in vitro differentiation of ESCs into 

endothelial lineage. 

Culture components Units Sources of ESCs 

Mouse Human  Human  Mouse  Mouse Human  Mouse 

Substrate   Col-I MEF Fbn Col-IV Gelatin PEC Gelatin 

IMDM    - - - - - 

Lv-EGM  - -  - - - - 

α-MEM  - - -  - - - 

SP-34 medium  - - - -  - - 

DMEM/F12  - - - - -  - 

DMEM (high glucose)  - - - - - -  

Methyl cellulose  % 1 - - - - - - 

FBS % 15 - - 5 - - 20 

Knockout serum 

replacement 

% - - - - - 20 - 

BIT 9500 % - 20 - - - - - 

Insulin µg/mL 10 - - - - - - 

Penicillin  U/mL 50 50 - - - - - 

Streptomycin  µg/mL 50 50 - - - - - 

PS  % - - - 1 1 1 100X 

Monothioglycerol  µM 450 450 - - - - - 

VEGF ng/mL 50 50 - - 20 10 50 

FGF2 ng/mL 100 50 3 - 10 5 - 

BMP4 ng/mL - 50 - - 5 10 - 

hEGF ng/mL - - 10 - - - - 

ActivinA ng/mL - - - - 5 - - 

Erythropoietin  U/mL 2 - - - - - - 

Interleukin 6 ng/mL 10 - - - - - - 

BHT  µg/mL - - - - 200 - - 

L-glutamin  - 2mM - 1% 1% 1% 2mM 

NE amino acids  - 0.1mM - - - 1% 100X 

Hydrocortisone  µg/mL - - 1 - - - - 

Heparin  µg/mL - - 10 - - - - 

Ascorbic acid mM - - - - 0.5 - - 

β-mercaptoethanol  - - - 50µM 0.1% 1% 50µM 

ESC qualified 

nucleotides 

 - - - - - - 100X 

References    [25, 26] [27] [28] [20] [13] [13] [29] 

Abbreviations: α-MEM, minimum essential medium (sigma); BHT, Bovine holo-transferrin; BMP, 

bone morphogenic protein; Col-I, collagen type-I; Col-IV, collagen type-IV; DMEM, Dulbecco’s 

modified Eagle’s medium; ESC, embryonic stem cell; F12, Ham’s F12 medium; Fbn, fibronectin; FBS, 

fetal bovine serum, BIT, combined bovine serum albumin, insulin and transferrin (Stem Cell 

Technologies); FGF, fibroblast growth factor; hEGF, human epidermal growth factor; IMDM, Iscove’s 

modified Dulbecco’s medium; Lv-EGM, large-vessel endothelial growth medium; MEF, mouse 

embryonic fibroblasts; NE, non-essential amino acids; PEC, primary endothelial cells; PS, penicillin 

streptomycin mix; SP-34, Stem Pro-34 medium (Invitrogen); VEGF, vascular endothelial growth 

factor; grey boxes indicate the base medium; -, not added. 
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Mouse ESCs cultured on collagen type-IV substrate have been shown to differentiate along 

the mesodermal lineage with higher efficiency compared to EB culture [30]. In living 

embryos the mesodermal cells differentiate into endothelial and hematopoietic progenitor 

cells [12]. In in vitro studies, collagen type-IV has been successfully used for differentiation 

of endothelial cells from mouse ESCs [20]. As an alternative to collagen type-IV, gelatin has 

also been used as a substratum for mouse ESCs to induce endothelial differentiation [20]. 

The differentiated endothelial cells are identified using specific antibodies to stain CD31+, 

CD34+, or VE-cadherin+ cells [31]. These cells are then enriched by florescence cells 

sorting or by other means e.g. magnetic beads, which isolates the stained cells from the 

rest of the cells   [32]. Using the same strategy, vascular progenitor cells have been derived 

from mouse ESCs using flk1 marker [33].  

Various ESC cultures have been utilized to develop endothelial cell cultures using 

differentiating media (Table 1). ESCs from the mouse and other mammals are usually used 

for these studies [21]. However, it is desirable to develop alternative models in order to 

reduce the use of mammals in research. Zebrafish can be an excellent model for various 

cell culture applications because there is no need to sacrifice the mother to get embryos, 

as would be the case in mice. Also, the zebrafish embryo model provides easy and large-

scale availability of embryos for cell isolation and comparatively simple conditions 

required for cell culture [34].  

Beside the general advantages of zebrafish for cell culture applications, there are 

transgenic zebrafish lines that express green fluorescence protein (GFP) in a specific cell 

type. Two of the transgenic zebrafish reporter lines: (i) Kdrl:GFP, which expresses GFP 

under the promoter of VEGF receptor (VEGFR2), also known as flk-1 (fetal liver kinase 1) 

or KDR-like (kinase insert domain receptor like) gene i.e. specifically expressed in 

endothelial cells [35]; and (ii) fli:GFP, which expresses GFP under the promoter of friend 

leukemia virus integration site 1, i.e. expressed in endothelial, hematopoietic and neural 

crest cells [36]. Being a relatively new research model, in vitro studies on zebrafish 

hematopoietic and endothelial cells are rare, except for a recently developed zebrafish 

embryonic stromal trunk cell line that was reported to support proliferation and 

differentiation of zebrafish hematopoietic stem cells [37].  

In this chapter, we examine the development of fli:GFP+ and kdrl:GFP+ cells in zebrafish 

blastocyst cell cultures. We analyse the yield of these cells under different culture 

conditions. We used different media compositions to test their potential to generate 

fli:GFP+ and kdrl:GFP+ cells in blastocyst cell culture. The three media compositions used 

were: (i) LDF (combined Lebovitz-15, Dulbecco’s modified Eagle’s medium and Ham’s F-

12 medium) medium; (ii) 1:1 mixture of LDF and EGM (endothelial growth medium) 

medium; and (iii) LDF medium supplemented with endothelial growth supplement. 

Furthermore, we analyse the effect of different substrates (gelatin and collagen type-I), 
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and different concentrations of recombinant zebrafish vascular endothelial growth factor 

(VEGF165), on the percentage of fli:GFP+ and kdrl:GFP+ cells in culture.  

Materials and methods 

Embryo collection 

All the animal experiments were performed according to the Netherland Experiments on 

Animals Act [38], based on the guidelines on the protection of experimental animals, laid 

by the Council of European Union [39]. Adult zebrafish were maintained as previously 

described [40]. Two different transgenic zebrafish lines fli:GFP and kdrl:GFP were used. To 

obtain embryos, adult male and female fish, at a proportion of 1 to 1, were transferred to 

small breeding tanks in the evening. The zebrafish usually laid eggs when the light comes 

on. The eggs were collected at the bottom of the tank, separated from adults using a cotton 

mesh.  

Embryos were transferred to a temperature controlled room (28 °C) and were distributed 

in 9cm Petri dishes at a final density of 100 embryos per dish, after removing dead and 

unfertilized eggs. The embryos were washed thoroughly with clean egg water to remove 

any debris. These embryos were allowed to develop to the high blastula stage of Kimmel 

et al. [41] (approximately 3 h after fertilization) at 28 °C. 

Sterilization of embryos 

The embryos were transferred to a flow cabinet at room temperature for sterilization and 

cell isolation. For sterilization, the embryos, with the chorion intact, were immersed in 

70% ethanol for 10 sec and then in two changes of 0.05% sodium hypochlorite (available 

chlorine 10-15%, Sigma, catalog 425044 ) for 4 min each. The sterilization was done 

according to the procedure described in Ref. [42]. After each immersion in ethanol or 

sodium hypochlorite, the embryos were rinsed with LDF medium (see below, Media 

combinations and composition). Finally the embryos were left in 0.5 mL of LDF medium 

for dechorionation. Before dechorionating, the embryos were observed under a dissecting 

microscope and any dead or abnormal embryos (with cloudiness in the perivitelline fluid) 

were removed. 

Blastocyst cells isolation and culture 

The following steps were all conducted at room temperature. The embryos were 

dechorionated in LDF medium using sterile No. 5 watchmaker’s forceps and then 

transferred to Eppendorf tubes. The LDF medium was gently triturated with a P-200 

Gilson micropipette (Gilson, B.V., Europe: Den Haag) to remove the yolk. The solution was 

then centrifuged at 300 g for 1 min and the supernatant was discarded. The blastocysts 

were washed once with CMF-PBS (calcium magnesium free phosphate buffered saline; 
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Invitrogen catalog 14190) and then dissociated with 1 mL of 0.25% trypsin solution 

(Invitrogen catalog 15090) containing 1 mM EDTA (ethylenediaminetetraacetic acid ). The 

trypsin solution was gently triturated with a p-1000 Gilson pipette for 2min. The trypsin 

was inactivated with 0.1 mL FBS (Fetal bovine serum; Invitrogen, 10500) and the cells 

were isolated by centrifugation at 300 g for 3 min. The cells were washed three times with 

LDF medium with 10% FBS and re-suspended in 200 µL LDF medium containing 20% FBS. 

The cells were counted using a heamocytometer and distributed at 17,000 cells per well in 

a 96-well microtiter plates. 

For each of the culture conditions (i.e. media compositions, substrates and vascular 

endothelial growth factor concentrations, described below) the blastocyst cells were 

cultured in 6 wells of the 96-well plate. Separate cultures were established for fli:GFP and 

kdrl:GFP blastocyst cells. For data collection at each time point (i.e. day 2, 4, 6 and 8), 

cultures were established in separate 96-well plates. The medium was refreshed on day 4 

for cultures that were maintained till days 6 and 8. All the cultures were maintained at 28 

°C in a humidified incubator in 0.5% CO2. 

Media combinations and composition 

Different media combinations were used to analyse the effect of media composition on the 

quantification of GFP+ cells in the cultures. All the media combinations contained LDF and 

EGM. LDF is a combination of different nutrient media commonly used for zebrafish cell 

culture [42-46], whereas EGM is usually used to culture human umbilical vein endothelial 

cells [47, 48]. EGM has also been used for human pluripotent stem cells to induce vascular 

endothelial cell differentiation [14]. In our preliminary experiments, zebrafish blastocyst 

cells did not grow well in EGM. Therefore, it was always subsequently used in combination 

with LDF medium. Three different media combinations (Table 2) were prepared to culture 

the zebrafish blastocyst cells. After allowing 1 h to the cells distributed in 96-well plate (as 

described above), each of the medium combination was added to separate wells. The 

cultures were maintained until data collection (see below) 

Culture substrates 

In this experiment different substrates namely gelatin from porcine skin (Sigma, Cat. No. 

G1890); and collagen type-I rat protein (Invitrogen, Cat. No. A1048301) were used to 

culture the fli:GFP or kdrl:GFP blastocyst cells. In addition, cultures were established on 

polystyrene surface of the tissue culture plate, without any extra substrate coating, for 

comparison. The percentage of fli:GFP+ or kdrl:GFP+ cells was evaluated in cell isolates 

from cultures established on these substrates on subsequent days. Gelatin was used at a 

concentration of 0.1 mg/cm2 to coat the culture wells. Each well of the 96-well plate was 

coated with 1.7 µL of 2% gelatin solution and allowed to air dry for 1 h before the cells 

were plated.  
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Table 2. Media compositions used to optimize culture conditions for the growth of fli:GFP+ and 

kdrl:GFP+ cells in zebrafish blastocyst cell culture. 

Media composition (supplier, catalog number) Final concentrations 

LDF medium  

Lebovitz L-15 (Invitrogen, 11415) : DMEM (Invitrogen, 11966) : 

Ham’s F-12 medium (Invitrogen, 21765) 

55 : 32.5 : 12.5 

HEPES 15 mM 

Antibiotic/antimycotic mix (Invitrogen, 15240) 1% 

NaHCO3 0.015% 

Fetal bovine serum (Invitrogen, 10500) 15% 

Zebrafish embryo extract 50 µg/mL 

Basic fibroblast growth factor (Invitrogen, PHG0024) 10 ng/mL 

Recombinant zebrafish VEGF165 (R&D systems, 1247-ZV) 10 ng/mL 

LDF:EGM medium  

LDF medium 50% 

Endothelial growth medium 2 (Promocell, C-22011) 50% 

Recombinant zebrafish VEGF165 5 ng/mL 

FBS 7.5% 

ZEE 25 µg/mL 

LDF:EGS medium  

LDF medium 95.8% 

Endothelial growth supplement mix (Promocell, C-39216) 4.1% 

Recombinant zebrafish VEGF165 10 ng/mL 

Abbreviations: DMEM, Dulbecco’s modified Eagle’s medium; HEPES, (4-(2-hydroxyethyl)-1-

piperazine-ethanesulfonic acid); VEGF, vascular endothelial growth factor. 

 

Collagen type-I was used at a concentration of 3 mg/mL. To coat the wells, the collagen 

type-I solution was neutralized using 7.5% sodium bicarbonate, and then added at 5 µL 

per well in a 96-well plate. The plate was incubated at 37 °C for 1 h to promote gel 

formation. The wells were then rinsed with 1X CMF-PBS before adding the cells. The 

blastocyst cells distributed in the pre-coated wells (with gelatin or Collagen type-I) were 

allowed to attach to the substrate for 1 h. The LDF:EGS medium was then added at 250 µL 

per well. The cultures were subjected to cell isolation and data collection at subsequent 

time points (see below). 

Vascular endothelial growth factor 

In this experiment the effect of recombinant zebrafish VEGF165 was evaluated on the 

percentage of fli:GFP+ or kdrl:GFP+ cells in blastocyst cell culture. The LDF:EGS medium 

was used as the basal medium for this experiment. This medium was further 

supplemented with different concentrations (0, 10, 20 and 40 ng/mL) of zebrafish 

VEGF165. Media with different concentrations of VEGF was added to separate wells of the 

96-well plate pre-distributed with blastocyst cells derived from fli:GFP or kdrl:GFP 

embryos. The cultures were isolated from the wells at days 2, 4, 6 and 8 and counted for 

GFP+ and GFP- as described below. 
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Isolation of cultured cells for data collection 

The percentage of fli:GFP+ or kdrl:GFP+ cells, total number of cells harvested per well and 

cell viability was calculated in cell isolates from the cultures at subsequent time-points. To 

isolate the cells, the medium was aspirated from each well. The wells were then rinsed 

with 200 µL of 1X CMF-PBS. Then 250 µL of 0.05% trypsin solution containing 1mM EDTA 

was added to each well. The solution was triturated in the wells several times and then the 

plate was incubated for 2 min at 28 °C. The degree of detachment was monitored under an 

inverted microscope. When most cells were rounded up, the trypsin was inactivated by 

adding 25 µL of FBS, and the cell suspension from each well was transferred to separate 

1.5 mL Eppendorf tubes. The suspension was centrifuged at 300 g for 3 min and the 

supernatant discarded. The cell pellet was washed twice with LDF medium (without 

growth factors) and re-suspended in 15-20 µL of the same medium. These cells were used 

for further analysis. 

Cell counts and data collection 

For the cultures maintained in different media compositions (i.e. LDF, LDF:EGM and 

LDF:EGS media), the total number of cells harvested per well and the cell viability was 

calculated in addition to the percentage of fli:GFP+ or kdrl:GFP+ cells. For other conditions 

(i.e. different substrates and VEGF concentrations) only the percentage of fli:GFP+ or 

kdrl:GFP+ cells was calculated in cell isolates. The total number of cells harvested per well 

was estimated by counting the cells in a heamocytometer. Viability of the cells was 

determined by using trypan blue exclusion dye (0.4% trypan blue in CMF-PBS) to 

differentiate viable and non-viable cells. 

The percentage of fli:GFP+ or kdrl:GFP+ cells in the living cell suspensions was calculated 

using a confocal microscope. A 5 µL drop from each of the cell isolates was transferred to a 

cover glass slide. The slide was placed under the confocal microscope and the cells were 

allowed to settle for 30 s. An image was then captured from the center of each drop. Each 

image was taken in duplex, one fluorescence image showing GFP+ cells and one phase 

contrast image showing all the cells. For both fli:GFP and kdrl:GFP cultures, number of 

GFP+ and GFP- cells per microscopic field (image) were then counted in image J software. 

From these counts the percentage of fli:GFP+ or kdrl:GFP+ cells was calculated for each 

sample. 

Statistical analysis 

Number of EBs formed, total number of cells harvested, percentage of viable cells and the 

percentages of fli:GFP+ and kdrl:GFP+ cells per well, collected from 6 replicate wells for 

each culture condition, were analysed for means and standard errors using SPSS software 

version 21.0. One way ANOVA was performed to calculate the probability values to 

analyse differences between different culture conditions, as well as differences at different 



86 

 

time-points at the same culture condition. Pair-wise comparison was performed using 

Post-Hoc Tukey’s test. 

Results 

Effect of medium composition on zebrafish blastocyst cell culture 

Embryoid body formation 

The zebrafish blastocyst cells formed EB aggregates within the first 24 hours of culture, 

containing differentiated fli:GFP+ or kdrl:GFP+ cells. Later these EB aggregates become 

mature and the percentage of fli:GFP+ or kdrl:GFP+ cells within it varied by maintaining the 

cultures in different media (following sections). The number of EBs formed was higher in 

LDF:EGM and LDF:EGS media compared to LDF medium (Figure 1A). The highest number 

of EBs per well were formed in LDF:EGS medium (12.5 ± 0.9) followed by LDF:EGM (10.1 

± 0.6) and LDF (7.1 ± 0.5) media. The average size per EB was smaller in LDF:EGM and 

LDF:EGS media compared to LDF medium (Figure 1B). 

Figure 1: Formation of embryoid bodies (EBs) from zebrafish blastocyst cells cultured in 

different media. Data obtained at day 4 of culture. (A) Total number of EBs per well. (B) Average 

area (mm2) covered by one EB formed in different media. Error bars represent standard error. (***, 

p < 0.001, *, p < 0.05 compared to LDF medium). 

Quantification of fli:GFP+ cells per medium 

Different media compositions used to culture zebrafish blastocyst cells showed significant 

differences in the percentages of fli:GFP+ and kdrl:GFP+ in cultures (Figure 2). The 

percentage of fli:GFP+ cells in cultures on LDF:EGM was significantly higher than cultures 

on LDF medium at each of the time-points (Figure 2C). No significant differences in the 

percentage of fli:GFP+ cells were observed between LDF:EGM and LDF:EGS media except 

on day 6, where a higher percentage of fli:GFP+ cells were found in LDF:EGM medium. 
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Compared to LDF medium, cells cultured in LDF:EGS medium showed significantly higher 

percentage of fli:GFP+ cells on days 4 and 6. However, on days 2 and 8 the differences were 

not significant. 

Quantification of fli:GFP+ with duration of culture 

In LDF medium the percentage of fli:GFP+ cells increased gradually from day 2 to day 8 

(p<0.05), with no significant increase until day 6. In LDF:EGM and LDF:EGS media the 

percentage of fli:GFP+ cells increase significantly from day 2 to day 4 (p<0.05 and 0.01, 

respectively), with no significant variations after day 4 till day 8. The highest percentage 

of fli:GFP+ cells (39.2 ± 1.1%) was found in cells cultured in LDF:EGM medium on day 6.  

In a preliminary experiment blastocyst cell cultures maintained for 14 days in LDF:EGS 

medium contained 21.9 ± 2.3% of fli:GFP+ cells. However, when these cells were sub-

cultured, the number of fli:GFP+ cells could be maintained in the secondary cultures. 

Quantification of kdrl:GFP+ cells per medium 

Similar to fli:GFP+ cells, a higher percentage of kdrl:GFP+ cells was found in cultures 

maintained on LDF:EGS and LDF:EGM media, compared to LDF medium (Figure 2D). 

However, the percentage of kdrl:GFP+ cells in culture was much less than fli:GFP+ cells. The 

percentage of kdrl:GFP+ cells was similar in different media composition until day 4 of 

culture. After day 4 the cultures maintained on LDF medium contained significantly lower 

percentage of kdrl:GFP+ cells compared to cultures on LDF:EGS medium. The percentage of 

kdrl:GFP+ cells in cultures maintained with LDF:EGS medium was slightly higher compared 

to LDF:EGM medium; however the differences were not significant. 

Quantification of kdrl:GFP+ cells with duration of culture 

The quantification of kdrl:GFP+ cells at subsequent time points showed a slight increase in 

percent kdrl:GFP+ cells from day 2 to day 4 and then a decrease after day 4. In LDF 

medium the percentage of kdrl:GFP+ cells dropped significantly from day 4 to day 6 

(p<0.01) and then continued to decline until day 8. Similarly, in the LDF:EGM and LDF:EGS 

media, the percentage of kdrl:GFP+ cells decreased significantly from day 4 to day 8 

(p<0.05). The highest percentage of kdrl:GFP+ cells was found in cultures maintained on 

LDF:EGS medium on day 4 of culture (4.2 ± 0.3%). In general, kdrl:GFP+ cells could be 

observed in all different culture conditions for a maximum of 10 days. 

Total number of cells harvested per medium 

The total number of cells harvested from cultures grown in different media compositions 

were the lowest in LDF:EGM cultures (Figure 3A). On day 2 of culture, the total number of 

cells isolated from cultures maintained on LDF:EGS medium was higher than cultures on 

LDF and LDF:EGM medium. After day 2, the total number of cells declined until day 6 in all 

media compositions; it then increased again.  
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Figure 2: Percent quantification of fli:GFP+ and kdrl:GFP+ cells in blastocyst cell 

cultures maintained on different media. (A and B) Overlaid confocal and phase 

contrast images of cells isolated from fli:GFP (A) and kdrl:GFP (B) blastocyst cell culture. 

Cells in green shows fli:GFP+ or kdrl:GFP+ cells. Scale bar, 100 µm. (C) Quantification of 

fli:GFP+ cells in cells isolated from cultures, on subsequent days. (D) Quantification of 

kdrl:GFP+ cells in different media composition. All the media were supplemented with 

15% FBS, 10 ng/mL FGF and 10 ng/mL zebrafish VEGF165. Error bars represent 

standard error. (***, p < 0.001, **, p < 0.01, *, p < 0.05 compared to LDF medium). 
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On day 4 the cell counts in LDF and LDF:EGS media were similar and both higher than 

LDF:EGM medium. No significant differences were found in cell counts isolated from 

cultures on day 6. After day 6 the cell counts in LDF medium increased significantly 

compared to LDF:EGM and LDF:EGS media. No significant differences were observed in 

the cell viability of cultures maintained in different media composition except day 6 

(Figure 3B), where the cell viability was significantly higher in LDF:EGS medium. 

 

 

 
Figure 3: Total number and viability of isolated cells from cultures 

maintained on different media composition. (A) Total number of cells 

harvested per well at subsequent time-points. (B) Viability of isolated cells. Error 

bars represent standard error. (***, p < 0.001, **, p < 0.01 compared to LDF 

medium; ###, p < 0.001, ##, p < 0.01 compared to LDF:EGM medium). 
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Effect of substratum on blastocyst cell culture 

Percentage of fli:GFP+ cells in cultures on different substrate  

The confocal images of cultures showed spreading out of fli:GFP+ cells from EBs on 

collagen type-I and polystyrene substrate (Figure 4). However, on gelatin substratum the 

fli:GFP+ cells remained on the periphery of the EBs. The percentage of fli:GFP+ cells in 

cultures differed significantly between gelatin and collagen type-I substrates, such that 

collagen type-I was more favorable. Compared to the uncoated polystyrene surface, the 

percentage of fli:GFP+ cells was slightly lower on gelatin substratum and slightly higher on 

collagen type-I substratum (Figure 5A). The percentage of fli:GFP+ cells in cells isolated on 

day 8 of the cultures was significantly higher on collagen type-I (30.6 ± 2.0%) compared to 

gelatin (20.9 ± 1.6%) substratum (Figure 5A). 

 LDF:EGS LDF:EGS + gelatin LDF:EGS + Collagen 

type-I 

LDF:EGS + 40 

ng/mL VEGF165 
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Figure 4: Induction of fli:GFP+ cells and kdrl:GFP+ cells in zebrafish blastocyst cells 

cultured in different conditions. The morphological differences between fli:GFP and 

kdrl:GFP cells can be observed. The fli:GFP+ cells develop in the form of a layer around the 

EBs in cultures. The kdrl:GFP+ cells are more longitudinal and develop in the form of 

elongated structures around the EBs. In the presence of VEGF165 the kdrl:GFP+ cells form 

elongated cord-like structures. images taken on day 6 of cultures. Scale bar 100 µm.  

Percentage of kdrl:GFP+ cells in cultures on different substrate 

Similar to fli:GFP, the kdrl:GFP blastocyst cells cultured on different substrate also showed 

differences in the percentage of kdrl:GFP+ cells between gelatin and collagen type-I (Figure 

5B). Migration of kdrl:GFP+ cells from the EBs was observed on collagen type-I and 

polystyrene substrate, while on gelatin they remained mainly inside the EBs (Figure 4). 

The results showed significantly higher percentage of kdrl:GFP+ cells in cultures 

maintained on collagen type-I substratum compared to gelatin substratum at different 
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time-point (day 2, day 4 and day 6; Figure 5B). No significant differences in the percentage 

of kdrl:GFP+ cells was observed between cultures maintained on collagen type-I and 

polystyrene substratum. Compared to gelatin the percentage of kdrl:GFP+ cells was higher 

in cultures on polystyrene substratum; however, the differences were not significant 

except on day 6 (Figure 5B). 

 

 

 
Figure 5: Percentage of fli:GFP+ and kdrl:GFP+ cells in cultures maintained on 

different substrates. (A) Percentage of fli:GFP+ cells in cells isolated from 

cultures on different substrates on subsequent days. (B) Percentage of kdrl:GFP+ 

cells found in cultures on different substrates. Error bars represent standard 

error. (*, p < 0.05 compared to polystyrene surface; ##, p < 0.01, #, p < 0.05 

compared to gelatin substratum). 
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Effect of zebrafish vascular endothelial growth factor  

VEGF increases the percentage of fli:GFP+ in culture 

Zebrafish VEGF165 protein showed significant effect on the percentage of fli:GFP+ cells in 

the blastocyst cell cultures (Figure 6A). Cultures without VEGF165 contained significantly 

less percentage of fli:GFP+ cells on all time-points compared to cultures with VEGF165. On 

day 2 no significant differences were observed in the percentage of fli:GFP+ cells in 

cultures grown in media with different VEGF165 concentrations (10, 20 and 40 ng/mL). On 

days 4, 6 and 8 the cultures maintained on 40 ng/mL VEGF165 contained significantly 

higher percentage of fli:GFP+ cells compared to cultures with 10 ng/mL VEGF165. The only 

significant difference in the percentage of fli:GFP+ cells between 10 and 20 ng/mL VEGF165 

was observed on day 8. No significant differences were observed between cultures 

maintained with 20 and 40 ng/mL VEGF165 (Figure 6A). 

In the absence of VEGF165 the percentage of fli:GFP+ cells increased from day 2 to 4 

(p<0.05) and then decreased until day 8 (p<0.01). At 10 and 20 ng/mL VEGF165 the 

percent fli:GFP+ cells increased significantly from day 2 to 4 (p<0.001) and then remained 

similar until day 8 of culture. The percentage of fli:GFP+ cells in cultures with 40 ng/mL 

VEGF165 continued to increase until day 6 (p<0.001 for day 2 to 4; P<0.05 for day 4 to 6). 

VEGF increases the percentage of kdrl:GFP+ cells in culture 

The kdrl:GFP+ cells formed vascular cord-like structures in the presence of VEGF165 in the 

culture medium (Figure 4). On day 2 the percentage of kdrl:GFP+ cells was similar in 

cultures maintained with or without VEGF165 in the medium (Figure 6B). An increase was 

observed in the percentage of kdrl:GFP+ cells from day 2 to day 4 at all VEGF165 

concentrations. On day 4, cultures at 40 ng/mL VEGF165 contained a significantly higher 

percentage of kdrl:GFP+ cells compared to cultures without VEGF165. No differences were 

observed in cultures with 10 and 20 and 40 ng/mL VEGF165 in the medium on day 4 of 

culture. 

After day 4 the percentage of kdrl:GFP+ cells started to decrease in cultures. This decrease 

was significant in cultures without VEGF165 from day 4 to day 6 (p<0.01). Similarly, the 

cultures with 10 ng/mL VEGF165 in the medium showed a gradual decrease in the 

percentage of kdrl:GFP+ cells from day 4 to day 8 (p<0.05). Cultures maintained with 20 

and 40 ng/mL VEGF165 showed a similar percentage of kdrl:GFP+ cells after day 4 till day 8. 

On days 6 and 8 cultures with different concentrations of VEGF165 showed significantly 

higher percentage of kdrl:GFP+ cells compared to cultures without VEGF165. Furthermore, 

the percentage of kdrl:GFP+ cells was higher in cultures with 40 ng/mL VEGF165 compared 

to cultures with 10 ng/mL VEGF165 on days 6 and 8. 



93 

 

 

 
Figure 6: Effect of different concentrations of zebrafish VEGF165 on the 

percentage of fli:GFP+ and kdrl:GFP+ cells in blastocyst cell culture. (A) Percentage 

of fli:GFP+ cells in cultures with different VEGF165 concentrations at subsequent time 

points. (B) Percentage of kdrl:GFP+ cells in cultures with different VEGF165 

concentrations. Error bars represent standard error. (***, p < 0.001, **, p < 0.01, *, p < 

0.05 compared to culture without VEGF165; ###, p < 0.001, ##, p < 0.01, #, p < 0.05 

compared to culture with 10 ng/mL VEGF165). 
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Discussion 

Relationship of culture conditions, EB formation and fli:GFP+ and 

kdrl:GFP+ cell quantification in culture 

We have investigated different culture conditions for zebrafish blastocyst cells, with the 

objective to generate differentiated fli:GFP+ or kdrl:GFP+ cells in relatively high numbers. 

The results showed important information for a controlled differentiation process in 

zebrafish blastocyst cell cultures. Studies have shown that without any anti-differentiation 

factors or feeder cells mouse and human ESCs undergo cellular differentiation (similar in 

some respects to embryogenesis) and form EBs [49]. In this study, we found that medium 

composition affects the development of EBs and the percentages of fli:GFP+ and kdrl:GFP+ 

cells in zebrafish blastocyst cell cultures. 

Study on mouse ESC culture have shown that EBs developed in adherent cultures 

contained a higher number of total cells and a lower percentage of hematopoietic and 

endothelial cells, compared to the EBs grown in suspension cultures [50]. In our study, 

zebrafish blastocyst cells cultured in LDF medium developed a few, large-sized EBs, while 

cells cultured in LDF:EGM and LDF:EGS media developed more numerous, but smaller EBs 

with a higher percentage of fli:GFP+ or kdrl:GFP+ cells. These results suggest a direct 

relation between the number of EBs and the percentage of fli:GFP+ or kdrl:GFP+ cells.  

Previous studies have shown that the relative less cell-to-cell interaction, in the adherent 

cultures compared to 3D or suspension cultures, may favor the growth or differentiation 

of cell types other than hematopoietic and endothelial cells [50]. This conclusion is 

supported by our hanging-drop experiments in which there is by definition no outgrowth, 

but there is a high percentage of fli:GFP+ or kdrl:GFP+ cells (see Chapter 5). In our 

experiments described in this chapter, the supplementation of the LDF medium with 

endothelial growth supplement resulted in higher percentages of fli:GFP+ and kdrl:GFP+ 

cells in cultures. This could be because the supplementation leads to increased cell-cell-

interactions in the plated blastocyst cells as they are aggregating into EBs. 

Differences between fli:GFP+ and kdrl:GFP+ cells in culture 

The blastocyst cell cultures initiated from fli:GFP embryos in our experiments expressed 

GFP in a higher percentage of cells compare to kdrl:GFP. This might be explained by the 

lineage-specificity of GFP expression in kdrl:GFP transgenic lines (endothelial cells only 

[51]), compared to the fli:GFP line (endothelial, lymphatic, hematopoietic and neural crest 

cells [36]). The kdrl:GFP+ cells almost vanished by 8 days of culture, a similar phenomenon 

was recorded in a recent study using kdrl:GFP blastocyst cell culture for screening 

angiogenic compounds [52]. 
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The fli:GFP signals by contrast, could be observed for up to 14 days. However, they also 

could not be maintained after that. This can be considered in the light of previous studies, 

describing fli:GFP expression persists in zebrafish embryos during early developmental 

stages [36]. Similarly, studies on mouse embryos and ESCs have shown significant 

reduction in the expression levels of flk1/kdr gene at later life stages [53]. These reports 

suggest as the cells matures in our zebrafish blastocyst cell cultures, they down regulate 

the transgenes, as these genes are expressed mainly in early stages of differentiation. 

However, other studies have reported that the expression of fli1 and kdrl genes persists 

throughout vascular development in zebrafish [51, 54]. One possible explanation can be 

changes in gene expression and properties of endothelial cells, in our study, particularly in 

vitro, as previously described for other endothelial cells [55]. 

Studies have shown that primary endothelial cells have a short life span, which is usually 

overcome by immortalizing these cells using genetic manipulation [56]. Thus, an 

alternative explanation for the loss of fli:GFP and kdrl:GFP signals may be the occurrence 

of cell death in our primary blastocyst cell culture. This phenomena was observed as high 

number of floating cells in culture and long population doubling time of the primary 

blastocyst cell culture, discussed in chapter 3. A previous study also reported the loss of 

kdrl:GFP signal in zebrafish blastocyst cell culture due to apoptosis [57]. Another reason 

for this may be the development of fast growing fibroblast-like cells in our cultures, which 

depleted other cell types in subsequent passages (Chapter 3). 

Media composition and endothelial growth supplementation  

LDF is a commonly-used medium for zebrafish ESC culture [42-46]. It is also sometimes 

referred to as limiting dilution factor (LDF) medium, used to retain the homogeneity of a 

cell culture [43, 58]. The zebrafish primary blastocyst cells may have more complex 

nutrient requirements for their growth and attachment therefore supplements including 

FBS, fish embryo extract, fish serum and bFGF are usually added to the medium [59]. A 

nutrient rich medium is required to culture the primary blastocyst cells as the initial cell 

death is high in these cells because of bleaching the embryos [60]. The blastocyst cells are 

pluripotent in nature, therefore specific differentiation can be promoted by changing the 

culture conditions [34]. In some experiments additional supplementation or a substrate 

coating may be required to induce specific differentiation in these pluripotent ESCs. 

Examples include sonic hedgehog protein for myocyte differentiation [61], and poly-D-

lysine coating for neurons and astrocytes differentiation [45].  

Endothelial growth medium (EGM) is usually used to culture human umbilical vein 

endothelial cells (HUVECs; [47, 48]), as well as for the differentiation of human 

pluripotent stem cells into vascular endothelial cells [14]. The complete EGM is a 

combination of endothelial basal medium and endothelial growth supplement (EGS) mix. 

The EGS is composed of growth factors including human epidermal growth factor, bFGF, 
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insulin-like growth factor (IGF-1) and human VEGF. These components are usually used in 

differentiation media to induce endothelial differentiation in mouse [13, 25] and human 

[13, 27, 28] ESCs. Other components of EGS are heparin and hydrocortisone, which have 

been used for endothelial differentiation in human ESCs [28]. Similarly, ascorbic acid (also 

a component of EGS) have also been used in endothelial differentiation medium for mouse 

ESC culture [13]. 

In our experiments, the LDF medium increased the total cell counts after day 6 of the 

cultures. However, the percentages of fli:GFP+ and kdrl:GFP+ cells was significantly lower 

in this medium compared to LDF:EGM and LDF:EGS media. Previous studies on zebrafish 

blastocyst cell culture have shown the necessity of a feeder layer of growth arrested 

stromal cells in combination with LDF medium, to obtain a pluripotent zebrafish ESC 

culture [42, 44, 62]. Without the support of a feeder layer the blastocyst cells differentiate 

into EBs (that contain various cell types), and adherent fibroblast-like cells [59]. In further 

passages only the adherent cell type that suit best or adapt itself to the medium remains in 

culture [43, 58]. These studies suggest the suitability of LDF medium for growth and 

differentiation of cells other than fli:GFP+ and kdrl:GFP+ cells. However, we found that the 

addition of EGS and VEGF165 to the LDF medium, increased the percentages of fli:GFP+ and 

kdrl:GFP+ cells compared to cultures in basic LDF medium. 

When combined with the EGM, the LDF:EGM (1:1) medium increased the percentage of 

fli:GFP+ and kdrl:GFP+ cells in cultures. However, the total cells counts were significantly 

less in LDF:EGM medium compared to LDF medium. One of the reasons for this can be that 

EGM is an optimized medium for human endothelial cell lines [47, 48], and not for primary 

zebrafish cells. Therefore under an optimum medium condition (which is LDF for 

zebrafish cells) the cells grow at a normal rate. However, when combined with a non-

specific medium (EGM in this case), the nutrient balance in the media changes and this 

then causes the slower growth rate of cultures in our study. On the other hand, EGM 

contains constituents to support endothelial cells, that may stimulate zebrafish blastocyst 

cells to differentiate into hematopoietic and endothelial lineages. This is why we obtained 

higher percentages of fli:GFP+ and kdrl:GFP+ cells in cultures with LDF:EGM compared to 

LDF medium. 

LDF medium supplemented with endothelial growth supplement (EGS) significantly 

increased the percentages of fli:GFP+ and kdrl:GFP+ cells in our experiments as expected. 

As noted above, LDF is defined as a standard medium in many zebrafish cell culture 

procedures [42-46]. By using the LDF:EGS medium for our experiments, the full strength 

of LDF medium was ensured for the optimum growth of the cell cultures, which we 

quantified by total cell counts. The EGS contains the necessary factors required for the 

growth of endothelial and hematopoietic cells as discussed above. Therefore, the 

combination of LDF medium and EGS, represents a medium that can support cell growth 
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and viability, while at the same time induces maximum differentiation of fli:GFP+ and 

kdrl:GFP+ cells in cultures. 

Culture substrate for endothelial differentiation 

Extracellular matrix (ECM) is an important component of tissues in vivo, which directly 

interact with cells by cell receptors and support their growth and differentiation [63]. 

Different tissues possess ECM of differing composition and physical properties (stiffness, 

elasticity etc.), that influences the behavior and differentiation of cells in that tissue [63]. 

The same principle applies to cells in vitro. Different ECM substrates have been identified 

to direct differentiation of ESCs towards different cell lineages, as is reviewed in Ref. [64]. 

Some ECM substrates including collagen type-I [25, 26], collagen type-IV [20], and gelatin 

[13, 29], have been used to stimulate endothelial differentiation in mouse ESCs. 

Fibronectin has been used to promote the differentiation of human ESCs along endothelial 

lineage [28]. 

In our experiments the blastocyst cells cultured on collagen type-I substratum contained 

higher percentage of fli:GFP+ or kdrl:GFP+ cells, compared to gelatin substratum. The 

percentages of these cells were slightly higher on collagen type-I compared to polystyrene 

substratum. The only significant difference in percentage of fli:GFP+ cells between collagen 

type-I and polystyrene substrate was observed on day 2 of culture. A similar phenomena 

was observed in kdrl:GFP cultures. Where the percentage of kdrl:GFP+ cells was higher on 

collagen type-I substratum compared to gelatin; however, the differences were not 

significant compared to polystyrene.  

This may suggests that collagen type-I is not necessary for the differentiation of fli:GFP+ 

and kdrl:GFP+ cells in zebrafish. However, based on our results collagen type-I is favorable 

compared to gelatin substratum for the differentiation of these cells. Previous research on 

zebrafish ECM have shown the production of fibronectin and laminin in early developing 

embryos, and the synthesis of collagen at later stages [65]. Similarly, other studies 

describe the role of collagen type-I in formation of tubular blood vessels from endothelial 

cells at advance developmental stages [66]. This may explain why collagen type-I did not 

show significant effect on the percentage of fli:GFP+ and kdrl:GFP+ cells in zebrafish 

blastocyst cell culture in our study.  

Zebrafish vascular endothelial growth factor 

VEGF is a known factor for the differentiation and growth of endothelial cells in early 

embryogenesis, as well as for the development of vascular networks in embryos and adult 

tissues [67]. VEGF has also been identified to increase endothelial differentiation in 

human ESC culture [68]. In our experiments, on day 6 of cultures the percentages of 

fli:GFP+ cells was 5.0 fold higher, and kdrl:GFP+ cells 2.9 fold higher, in cultures with 40 

ng/mL VEGF165 compared to cultures without VEGF165 in medium. These results are 



98 

 

comparable with a previous study on human ESCs where VEGF at 50 ng/mL has been 

reported to increase endothelial differentiation by 4.7 folds [68]. 

Conclusions 

The growth of fli:GFP+ and kdrl:GFP+ cells in zebrafish blastocyst cell culture can be 

increased by manipulating culture conditions. Supplementation of cell culture medium 

with EGS (used as medium supplementation for human endothelial cell cultures) 

increases the percentages of fli:GFP+ and kdrl:GFP+ cells in zebrafish blastocyst cell culture. 

Collagen type-I substratum should be preferred over gelatin for the differentiation of 

fli:GFP+ and kdrl:GFP+ cells in zebrafish blastocyst cell culture. However, compared to 

polystyrene substratum the effect of collagen is not significant for this purpose. 

Recombinant zebrafish VEGF165 also increases the percentages of fli:GFP+ and kdrl:GFP+ 

cells in culture. 
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