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Abstract 

A major limitation to culturing tissues and organs is the lack of a functional vascular 

network in vitro. The zebrafish possess many useful properties which makes it a 

promising model for such studies. Unfortunately, methods of culturing endothelial cells 

from this species are not well characterised. Here, we tried two methods ( embryoid body 

culture and organ explants from transgenic zebrafish kdrl:GFP embryos) to develop in 

vitro vascular networks. In the kdrl:GFP line, endothelial cells expresses green fluorescent 

protein, which allows to track the vascular development in live cultures. We found that 

embryoid bodies showed significantly longer and wider branches of connected 

endothelial cells when grown in a microfluidic system than in static culture. Similarly, 

sprouting of kdrl:GFP+ cells from the tissue explants was observed in a 3D hydrogel matrix. 

This study is a step towards the development of zebrafish vascular networks in vitro.  

 

Key words: Angiogenesis; Embryoid bodies; Explant culture; Microfluidics; 

Vasculogenesis; Zebrafish.  
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Introduction 

There are a number of reasons why it could be useful to develop culture systems 

containing functional vascular networks. For example, tissue engineering is a very 

important area of biomedical research that may have applications in regenerative 

medicine and organ transplantation [1]. The in vitro culture of complex tissues might also 

help our understanding of physiological aspects of organ function [2]; disease conditions 

such as cardiac disorders [3]; and drug screening [4]. In vivo the vascular system is 

essential for the growth and development of functional tissues and organs [5]. A major 

obstacle to engineering an organ in vitro with the current tissue culture procedures is the 

lack of a vascular network [6]. Development of three-dimensional (3D) culture systems 

with a functional capillary bed could overcome this problem [7, 8]. 

Development of an in vitro vascular network could also have other applications e.g. 

vascular regenerative therapy [9] and modelling diseases such as retinal microvascular 

abnormalities in diabetes [10] and abnormal angiogenesis in tumor development [11]. 

Vascular culture techniques are important in cancer research for the screening of 

compounds that inhibit angiogenesis [12]. Furthermore, in vitro vascular networks could 

also serve as a screening model for candidate drugs, as some of the drugs approved for 

clinical trials may disturb vascular development. An example of such a drug is 

thalidomide, whose teratogenicity is linked to anti-angiogenic effects [13]. 

Protocols for culturing vascular networks have been successfully developed using 

endothelial cell lines and embryonic tissues [14]. Commonly, human umbilical vein 

endothelial cells (HUVEC) are used in pure culture or in co-culture with other cells (Table 

1). These cultures are established on biological matrices that mimic some of the 

properties of endogenous extracellular matrix [15]. Blood vessel sprouting has been 

shown to take place from beads coated with HUVECs, and cultured on a fibrin gel, in media 

supplemented with vascular endothelial growth factor (VEGF), fibroblast growth factor 

(FGF), angiopoietin-1 (Ang-1) and transforming growth factor beta (TGF-β) [16]. 

Endothelial cells from other species have also been adapted for in vitro vasculogenesis; 

examples include bovine aortic endothelial cells [17] and rat aortic endothelial cells [18]. 

Another method for culturing vascular networks is the embryoid body culture. Embryoid 

bodies (EBs) are three-dimensional (3D) aggregates of embryonic stem cells isolated from 

blastocyst stage embryos [19]. In an embryoid body culture the endothelial cells 

differentiate and form blood vessels in a complex environment, which reflects vascular 

formation in early embryos [20]. Unlike pure endothelial cell cultures, multiple cell types 

are involved in vessel formation in EB culture [21]. Vasculogenesis starts at day 3 of 

hanging drop cultures in mouse EBs [22]. These EBs show sprouting of blood vessel-like 

structures, into the surrounding matrix, when transferred to two-dimensional (2D) or 3D 

collagen gel [22]. 
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Table 1: Culture conditions used to form in vitro vascular networks using endothelial cell lines. 

Culture 

constitu

ents  

Units Endothelial cell type 

HUV

EC 

HEP

C 

HEV

C 

ECFC-

EC 

HUV

EC 

HUV

EC 

HUV

EC 

HUV

EC 

BAE

C 

HUV

EC 

HUV

EC 

Culture 

system 

- Static Static Static Flow  Flow  Flow  Static  Flow  Static  Static  Static  

Substrate - BME Col-I 

Fbg 

Pmtx 

HA-

Hyg 

Fbn Fbn Col-I  Col-I MG Fbn Col-I 

Support

ing cell 

types 

- - HMPC - NHLF NHLF 

HPP 

- HDF HBVP 

HUAS

MC 

- - HBMS

C 

EGM-2 -       - - -   

DMEM - - - - - - -  -  -  

M199 - -  - - - - -  - - - 

L-Gln - - - - - - - -  - - - 

ECGS - - - - - - - -  - - - 

FBS % - 20 - - - - 10 16 1 - 1 

bFGF ng/mL - - - - - - - 50 - 25 - 

VEGF ng/mL - - - - - - - 50 50 25 - 

L-AA ng/mL - - - - - - - 50 - - - 

O2 % - - - 5 - - - - - - - 

CS-ext ratio - - - - - - 1/128 - - - - 

P/S % - - - - - - - 1 - - 1 

PMA ng/mL - - - - - - - 50 - - - 

rGal-8 nM -  - - - - - - - 5-20 - - 

References  [23] [24] [25] [26] [27] [28] [29] [30] [17] [16] [31] 

Abbreviations: BAEC, bovine aortic endothelial cells; bFGF, basic fibroblast growth factor; BME, 

basement membrane extract (Trevigen); Col-I, collagen type-I; CS-ext, calcium silicate extract from 

bioceramics; DMEM, Dulbecco’s modified Eagle’s medium; ECFC-EC, human endothelial colony 

forming cell-derived endothelial cells; ECGS, endothelial cell growth supplement; EGM, endothelial 

growth medium; Fbn, fibrin; FBS, fetal bovine serum; Flow, microfluidic flow-through culture; HA-

Hyg, hyaluronic acid based hydrogel; HBMSC, human bone marrow-derived mesenchymal stem cells; 

HBVP, human brain vascular pericytes; HDF, human dermal fibroblasts; HEPC, Human endothelial 

progenitor cells; HEVC, human early vascular cells; HMPC, human mesenchymal progenitor cells; 

HPP, human placental pericytes; HUASMC, human umbilical cord arterial smooth muscle cells; 

HUVEC, human umbilical vein endothelial cells; L-AA, L-ascorbic acid; L-Gln, L-glutamine; M199, 

medium 199 from Lonza; MG, Matrigel™; NHLF, human normal lungs fibroblasts; P/S, 

penicillin/streptomycin; PMA, phorbol-12-myristate-13-acetate; Pmtx, puramatrix; rGal-8, 

recombinant galectin-8; Static, static replacement culture; VEGF, vascular endothelial growth factor; 

grey boxes indicate the base medium; -, not added.  

As an alternative, embryonic tissue explants are also used as precursors for culturing 

blood vessels (Table 2). Similar to the EBs, tissue explants contain multiple cell types 

required for the formation of blood vessels [14]. Furthermore, the cells in the explants are 

thought to be closer to the in vivo state, compared to repeatedly passaged endothelial cell 

lines [14]. A disadvantage of using tissue explants for the culture of vascular networks is 

that the growth rate of the cells in the explant is slower than in the cell lines [32]. One of 

the commonly-used tissue explants capable of developing blood vessel sprouts in vitro is 

the cross section of rat or mouse aorta called the aortic ring [33]. Other potential explants 
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include fragments of embryonic mouse metatarsal bones [34], mouse retina [35] and rat 

kidney [36] tissues.  

Haemodynamic, or the mechanical forces produced by blood flow, influence the 

expression of several biochemical pathways in the endothelial cells; these in turn can 

modulate the structure and function of blood vessels [37]. In addition to the different 

techniques discussed above for culturing vascular networks, the role of haemodynamic 

factors has been studied using microfluidic or lab-on-a-chip technology [38]. By 

combining 3D culture in a hydrogel (which mimics the natural ECM) with microfluidics 

(which mimics the blood flow), an in vitro environment can be created which could be in 

principle, close to the in vivo environment for vascular morphogenesis [8, 39]. Advances in 

microfluidics and 3D culture technologies have greatly increased the possibilities for 

developing functional vascular models and vascularized tissues [39]. However, the 

challenges in selecting an appropriate microfluidic system and 3D matrix for culturing 

blood vessels, that can vascularize complex tissues in vitro, still need to be resolved [39]. 

Most of the current procedures for culturing blood vessels discussed above, involve cells 

or tissues from mouse, humans or other species. These techniques are associated with 

certain limitations. Human endothelial cell lines are not thought to closely represent the in 

vivo state of the endothelial cells [14]. Furthermore, these cell lines change their gene 

expression and physiological properties with repeated passaging in vitro, and may lose 

their ability to form vascular networks [14]. Mouse embryonic tissues are difficult to 

isolate because of the internal fertilisation and in utero development of the embryo. 

Techniques for the isolation of embryonic stem cells and organ explants from mammals 

are more costly, require invasive surgical procedures and can raise ethical concerns [9, 

40]. Furthermore, mouse aortic explant cultures have shown significant variability 

between the experiments [41]. 

For these reasons, it is desirable to explore the possibilities offered by alternative models. 

The zebrafish is one such emerging model species [42]. In contrast to the mouse, the 

external fertilization in zebrafish allows easy access to a large number of embryos, as well 

as cells or tissues isolated from these embryos, for in vitro studies [43, 44]. Zebrafish early 

embryonic cells or adult stem cells have been used for ex vivo experiments; fewer have 

used cells from larvae [44, 45]. Zebrafish whole embryos and isolated cells are currently 

being developed as potential alternative screening models for toxicity analysis [46, 47]. 

Many of the organ primordia of zebrafish are formed during the first 72 h of embryo 

development [48]. There are practical advantages of zebrafish for cell culture e.g. they can 

be maintained in a simple incubator without additional CO2 supply [49]. Zebrafish 

embryos are optically transparent until early larval stages [50]. Furthermore, the 

genetically-modified zebrafish line kdrl:GFP expresses green fluorescent protein (GFP) in 

its endothelial cells [51]. In this line, the development of blood vessels can be tracked 
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using confocal microscopy [52]. Zebrafish kdrl:GFP embryos and embryonic cell culture 

have been used for analysing the toxic effect of different compounds on vascular 

development [53, 54]. 

Table 2: Culture conditions used to form in vitro vascular networks using tissues explants. 

Culture 

constituents  

Units Mouse tissues used for explant preparation 

retina AT MT MT MT AR LV 

Culture system  Static Static Static  Static Static Static  Static  

Substrate   Fbn MG Col-I Col-I - Col-I Fbn 

DMEM   - - - - -  

EBM-2  -  - - - - - 

α-MEM  - -    - - 

MCDB131  - - - - -  - 

FBS % 10 5 10 10 10 - 10 

VEGF ng/mL 100 0.5 50 - - - 5 

hEGF ng/mL - 5 - - - - - 

bFGF ng/mL - 10 - - - - 10 

PDGF-BB ng/mL - - - - - - 10 

R3-IGF ng/mL - 20 - - - - - 

PS % - - 1 1 1 - - 

GA % 1 - - - - - - 

Penicillin U/mL - - - - - 100 - 

Streptomycin µg/mL - - - - - 100 - 

Rapamycin nM - - - - - - 10 

Ascorbic acid µg/mL - 1 - - - - - 

Hydrocortisone  µg/mL - 0.2 - - - - - 

NaHCO3 mM - - - - - 25 - 

Mouse serum % - - - - - 2.5 - 

Glutamine % - - - - - 1 - 

References   [35] [55] [56] [57] [34] [58] [59] 

Abbreviations: α-MEM, minimal essential medium from Invitrogen; AR, aortic ring; AT, 

adipose tissue; bFGF, basic fibroblast growth factor; Col-I, collagen type-I; DMEM, Dulbecco’s 

modified Eagle’s medium; EBM-2, endothelial basal medium from Lonza; Fbn, fibrin; FBS, fetal 

bovine serum; GA, gentamycin amphotericin-B mix; hEGF, human epidermal growth factors; 

LV, left ventricle; MCDB131, basal medium life technologies; MG, Matrigel™; MT, metatarsal; 

PS, penicillin streptomycin mix; PDFG-BB, platelets derived growth factor; R3-IGF, insulin like 

growth factors; VEGF, vascular endothelial growth factor; grey boxes indicate the basal 

medium; -, not added. 

 

Our ultimate goal is to develop an in vitro model of vascular networks using zebrafish 

embryonic cells, as an alternative to currently used mouse and human cell culture models. 

To achieve this aim, we describe here procedures for culturing zebrafish EBs and 

embryonic organ explants for sprouting angiogenesis. We first compare the growth of 

vascular network-like structures in kdrl:GFP EB cultures, maintained with or without 

microfluidic flow. We shall refer to the cultures without microfluidic flow as ‘static’ 

cultures. The EB cultures were derived from blastocyst stage zebrafish embryos at 3.5 h 

post fertilization (hpf). Second, we describe the culture of zebrafish organ explants (liver 

and heart) isolated from aseptically grown 5 days post fertilization (dpf) embryos for 
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sprouting angiogenesis. These explant cultures were developed in order to further 

optimize the culture conditions for these tissues, as cells derived from different tissues 

and at different developmental stage of embryo may have different culture requirements. 

Using the knowledge gained from these studies in zebrafish, we hope one day to extend 

the techniques to cells from other species. 

Materials and methods 

Zebrafish embryos 

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

Animals act [60], based on EU directives [61]. Adult kdrl:GFP zebrafish were maintained in 

circulating water according to previously described protocols [62]. Adult male and female 

fish, at a proportion of 1:1, were transferred to breeding tanks in the evening. The eggs 

were collected, next morning, at the bottom of the tank, separated from adults using a 

mesh to prevent the eggs from being eaten. Fertilized, healthy embryos were distributed 

in 9 cm Petri dishes (100 embryos per dish for EB culture and 50 embryos per dish for 

liver and heart isolation). The embryos used for EB culture were allowed to grow for 3.5 h, 

and the embryos for liver and heart isolation for 24 h in a temperature controlled room at 

28 °C. 

When zebrafish eggs are laid, they are exposed to a wide range of pathogens in the water 

including faecal pathogens from the adults [63]. The chorion represents a barrier to the 

entry of microorganisms into the perivitelline space and embryo [64]. Therefore, before 

isolating cells and tissues we decontaminated the eggs with their intact chorion. 

Embryo sterilization 

The embryos were surface decontaminated, with the chorion intact, using a procedure 

modified from Ref. [65]. Briefly, the embryos were transferred to a small net and 

immersed in 70% ethanol for 10 sec. The embryos were then washed with L15 medium 

(Table 3) to remove the ethanol. The embryos were then immersed twice, for 4 min each, 

in sodium hypochlorite solution (Table 3), with a change of L15 medium in between. After 

the last treatment with sodium hypochlorite the embryos were washed three times with 

L15 medium and finally left in 500 µL of L15 medium for dechorionation.  

Embryo dechorionation 

The embryos decontaminated in the previous step, still with their chorions intact, were 

subjected to manual dechorionation under a dissecting microscope using a pair of sterile 

No.5 watchmaker’s forceps. The dead embryos, or embryos with cloudy perivitelline fluid 

were removed before dechorionation. 
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Embryoid body culture 

The 3.5 hpf blastocyst stage embryos, after sterilization and dechorionation were 

transferred to Eppendorf tubes (100 blastocysts per tube) using a P-1000 Gilson pipette. 

The blastocysts were triturated using a P-200 Gilson pipette and then centrifuged at 300g 

for 1 min to remove most of the yolk. The supernatant was removed and the blastocysts 

were treated for two minutes with 1 mL trypsin solution (Table 3) with gentle trituration 

using a P-1000 pipette. The trypsinization was stopped by adding 100 µL of fetal bovine 

serum (FBS; Invitrogen, Cat. No. 10500), and the cells were pelleted by centrifuging the 

mixture at 300 g for 3 min. The cells were washed three times with 500 µL of LDF medium 

(Table 3) and then re-suspended in 200 µL of the same medium. The cell concentration 

was determined using heamocytometer and the suspension was cultured in hanging drops 

to initiate the formation of EBs. 

Hanging drop culture 

The blastocyst cell suspension was diluted to a final concentration of 50 cells/µL in LDF 

medium supplemented with 10% FBS, 4.1% endothelial growth supplement mix (EGS; 

Promocell; bio-connect B.V.; Cat. No. C-39216), 50 ng/mL recombinant zebrafish vascular 

endothelial growth factor (VEGF165; R&D systems, Cat. No. 1247-ZV) and 10 ng/mL 

recombinant human basic fibroblast growth factor (bFGF; Invitrogen, Cat. No. PHG0024). 

This solution was distributed in 20 µL droplets (1000 cells per drop) onto the inside of the 

lid of 60 mm Petri dishes. Calcium- and magnesium-free phosphate buffered saline (CMF-

PBS) was added to the Petri dishes to humidify the air and thereby reduce evaporation 

from the droplets. The lids with the droplets were carefully inverted on the Petri dishes 

and the cultures were left for four days in a humidified incubator at 28 °C and 0.5% CO2, to 

allow the cells to aggregate and form EBs. 

EB culture in 3D gel matrix 

On day 4 of hanging drop culture, the EBs were collected from the hanging drops by 

inverting the lid and gently tapping it while holding it at 45° angle. The droplets with the 

EBs collected on one side of the lid and were then transferred to a 1.5 mL Eppendorf tube 

(100 EBs per tube) using a P-1000 pipette. The EBs were allowed to settle down to the 

bottom of the tube by gravity and were washed once with 500 µL of LDF medium. Finally, 

the EBs were re-suspended in 100 µL of LDF medium. 

The EBs were then transferred to a 3D gel matrix composed of collagen type-I, Geltrex™ 

and fibrin (2.5 + 6-9 + 2 mg/mL). The 3D EB cultures were maintained under static 

replacement conditions in CS16-chambered coverglass plate (Grace Bio; Cat. No. 112358), 

or under microfluidic conditions in a microchannel slide (Ibidi, sticky-slide VI0.4; Cat. No. 

80608; Figure 1A). The gel was prepared by mixing the calculated volumes of collagen 

type-I (5 mg/mL; Ibidi, Cat. No. 50201), Geltrex™ (12-18 mg/mL; Invitrogen, Cat. No. 
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A1413201) and bovine fibrinogen (10 mg/mL; Sigma, Cat. No. F8630) on ice. The solution 

was diluted, to achieve the desired concentrations, using 10X CMF-PBS and LDF medium 

and was supplemented with VEGF165 (50 ng/mL). Thrombin (final concentration 3 

Units/mL; Sigma, Cat. No. T4648) was added to the gel mixture to polymerize the 

fibrinogen.  

 
Figure 1. Microfluidic flow-through culture setup. (A) Ibidi six-microchannel sticky-

slide. (B) Cover glass slide. (C) Applied gel mixture coating on the cover glass slide at the 

point where the slide will come in contact with the channels. (D) Embryoid bodies and 

another layer of gel mixture added to the coated area. (E) The cover glass with embryoid 

bodies embedded in gel is glued to the bottom of the slide. (F) The channels with 

embryoid bodies in 3D gel are connected to media reservoirs and Harvard syringe pump 

to start the media flow through the channels. 

To initiate the cultures, the wells of the chambered coverglass plate or the bottom cover 

glass slide of the microchannel sticky-slide (Figure 1B and C) was coated with a thin layer 

of the gel mixture. The plate and slide with the gel coating were incubated at 28 °C for 30 

min. The EBs were then plated in the coated well and on the coated area of the slide (20 

EBs per well or per coated area on slide). The plates and slides with the EBs were again 

A 

B 

C 

D 

E 

F 
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incubated for 30 min at 28 °C. The excess medium was then removed and another layer of 

the gel was applied on the top of the EBs (Figure 1D).  

After a third incubation at 28 °C for 30 min, 250 µL of the LDF medium supplemented with 

5% FBS, 4.1% EGS, 50 ng/mL VEGF165 and 10 ng/mL bFGF was added to the wells 

prepared for static cultures. The microchannel slide was sealed (Figure 1E) and connected 

to a medium reservoir with the same medium and a syringe pump (Pump 11 Pico Plus 

Elite; Harvard Apparatus; item No. 70-4506; Figure 1F). The medium was drawn through 

the culture chamber at a flow rate of 20 µL/min. The medium reservoirs were filled with 

10 mL of the medium, which was enough for approximately eight hours of perfusion. 

Every eight hours, the reservoirs were refilled with the withdrawn medium. This was 

repeated until the end of the experiment. The cultures were maintained in the incubator at 

28 °C and 0.5% CO2. For static conditions the medium was refreshed at day 4 of culture. 

Table 3: Preparation of media and solutions for experiments.  

Reagents (supplier; catalogue number) Final Concentration 

L-15 medium   

Leibovitz’s L-15 (Invitrogen; 11415) 99.75% 

HEPES (Invitrogen; 15630) 15 mM 

Antibiotic antimycotic mix (Invitrogen;15240) 1% 

NaHCO3 0.015% 

LDF medium  

Lebovitz’s L-15 : DMEM (Invitrogen; 11966) : Ham’s F-12 

(Invitrogen; 21765) 

55 : 32.5 : 12.5 

HEPES 15mM 

Antibiotic antimycotic mix 1% 

NaHCO3 0.015% 

FBS (Invitrogen; 10500) 10% 

Zebrafish embryo extract 50 µg/mL 

Embryo medium  

L-15 medium 10% 

Antibiotic antimycotic mix 1% 

FBS  1% 

Sterile distilled H2O 88% 

Trypsin solution  

Trypsin 2.5% (Invitrogen; 15090) 0.25% 

CMF-PBS 99.75% 

EDTA 1 mM 

Sodium hypochlorite solution   

Sodium hypochlorite, 10-15% (Sigma; 425044) 0.05% 

Sterile distilled H2O 99.95% 

Abbreviations: CMF-PBS, calcium magnesium free phosphate buffer saline; DMEM, 

Dulbecco’s modified Eagle’s medium; EDTA, ethylenediaminetetraacetic acid; FBS, fetal 

bovine serum; HEPES, 4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic acid. 

Aseptic culture of embryos for liver and heart isolation 

The embryos (24 hpf) decontaminated and dechorionated according to the procedure 

described above (Embryo sterilization and Embryo dechorionation) were raised for 5 

days in Petri dishes in 25 mL of the embryo medium (Table 3). The Petri dishes were 
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sealed using 3M™ Micropore™ surgical tape to allow gas exchange while ensuring asepsis. 

These embryos were raised in a temperature-controlled room at 28 °C in 14 h light: 10 h 

dark cycle. 

Isolation of embryonic liver and heart tissue 

To isolate liver and heart tissues, each of the 5 dpf embryos was transferred to a 16 µL 

drop of L-15 medium containing 10% FBS and 0.16 mg/mL tricaine methane sulfonate 

(TMS) solution to anaesthetise them. The tissues were isolated by dissecting the embryo 

using a pair of sterile No.5 watchmaker’s forceps. After they were dissected out, the liver 

and heart tissues were transferred to Eppendorf tubes (with the liver and heart tissue in 

separate tubes) in 100 µL of L-15 medium containing 10% FBS at room temperature. The 

tissues from 100 embryos were pooled in one Eppendorf tube.  

Explant culture 

The liver or heart explants were embedded in 3D hydrogels for culturing. Different 

substrate compositions were used to prepare the gel matrices. Liver explants were 

cultured in two different gel matrices: (i) Collagen type-I + Geltrex™ + fibrin (2.5 + 6-9 + 2 

mg/mL), (ii) Geltrex™ (12-18 mg/mL). The heart explants were cultured in Collagen type-I 

+ Geltrex™ + fibrin (2.5 + 6-9 + 2 mg/mL) matrix. The 3D cultures were prepared 

according to the procedure described above (EB culture in 3D gel matrix). 

Culture of dissociated liver and heart cells 

The liver and heart tissues isolated from 100 larvae were dissociated to make single-cell 

suspensions. The liver tissues were dissociated using trypsin. Briefly, the isolated livers 

were washed once with 500 µL CMF-PBS and then incubated for two min at room 

temperature with 1 mL of trypsin solution (Table 3) with gentle trituration using a P-1000 

Gilson pipette. FBS (100 µL) was added to inactivate the trypsin. The heart tissues were 

dissociated into a single cell suspension using Liberase TL (Sigma, Cat. No. 05401020001) 

solution. Briefly, the hearts were incubated for 30 minutes at 28 °C, in 1 mL Liberase TL 

solution (0.4 mg/mL) with occasional trituration using a P-1000 pipette. The solutions 

were centrifuged at 300 g for 3 min to form a cell pellet, and the supernatant discarded. 

The cell pellet was washed three times with L-15 medium containing 10% FBS and then 

re-suspended in 100 µL of the same medium.  

A 5 µL of the cell suspension was mixed at a 1:1 ratio with trypan blue dye (0.4% trypan 

blue in CMF-PBS), and loaded on a heamocytometer. The number of kdrl:GFP+ and 

kdrl:GFP- cells inside the grid of the heamocytometer was counted under a confocal 

microscope. From these counts the number of kdrl:GFP+ cells and total number of cells per 

microliter was calculated. The percentage of kdrl:GFP+ cells and the total number of cells 

in the isolates from 100 tissues was calculated from these numbers. Finally, the cell 
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suspension was distributed at 20,000 cells per well in the pre-coated wells of the CS16-

chambered coverglass plate.  

The trypsinized liver cells were cultured on four different 2D substrates: (i) collagen type-

I + Geltrex™ + fibrin (2.5 + 6-9 + 2 mg/mL), (ii) collagen type-I + Geltrex™ (2.5 + 6-9 

mg/mL), (iii) Geltrex™ (12-18 mg/mL), (iv) tissue culture treated glass surface with no 

additional substrate added. The wells of the chambered coverglass plate were coated with 

5 µL of the desired gel mixture per well and the plate was incubated at 28 °C for 30 min. 

The dissociated heart cells were cultured on Fibronectin (Invitrogen; Cat. No. 33010018) 

substratum (1 µg/cm2). The fibronectin stock solution (1 µg/µL) was diluted using CMF-

PBS and 5 µL of the diluted solution (containing 0.3 µg fibronectin) was added per well. 

The plate was incubated at 28 °C for 30 min and then air dried at room temperature. 

Before addition of cells, the wells coated with any of the above substrate were washed 

once with 200 µL of L15 medium. 

The dissociated cells or explants cultures derived from liver and heart tissues were 

cultured in L-15 medium supplemented with 15% FBS, 50 µg/mL zebrafish embryo 

extract (ZEE), 4.1% EGS, 50 ng/ml VEGF165 and 10 ng/ml bFGF. The cultures were 

maintained in incubator at 28 °C in atmospheric air. The medium was refreshed every 

second day. 

Imaging of cultures 

All the cultures were established in CS16-chambered coverglass plates (Grace Bio; Cat. No. 

112358) or on coverglass slides for confocal imaging. The cultures were imaged every 

second day. The EB cultures were maintained until 12 days, while the liver and heart 

explant and dissociated cell cultures were maintained until six days. Excitation light of 488 

nm wavelength was used to visualize the kdrl:GFP+ (putative endothelial) cells in cultures. 

Live cultures at subsequent time-points were imaged to observe the development of 

vascular network-like structures from kdrl:GFP+ cells in the EB and dissociated liver and 

heart cell cultures. Similarly, the explant cultures were imaged to observe changes in the 

existing vascular networks, and sprouting of the kdrl:GFP+ cells from explants into the 

surrounding matrix overtime. 

Data collection and analysis 

The EB cultures were assessed for percentage change in the total kdrl:GFP+ area per EB, 

total length and number of the kdrl:GFP+ strands per EB, and average length and width of 

the kdrl:GFP+ strands. The connectedness of the kdrl:GFP+ cell network per EB was 

calculated by dividing the number of endpoints by the number of junctions of the network. 

The images of the explant cultures were measured for total kdrl:GFP+ area per explant on 

subsequent time-points of cultures. In addition, the number and average length of 
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kdrl:GFP+ branches was also calculated per explant. All the measurements were made in 

Image-J software version 1.46r [66]. 

The data were analysed for mean and standard error using SPSS software version 21.0. 

Variations in measurements at different time-points of culture and between different 

substrate conditions were assessed by calculating the p-value using a one-way ANOVA 

test with SPSS software.    

Results 

Development of kdrl:GFP+ cell network in EB culture 

The EBs isolated from hanging drop cultures showed a radial network of kdrl:GFP+ cells 

inside the EBs (Figure 2, day 2). When these EBs were cultured in 3D gel matrix, the 

sprouting of kdrl:GFP+ cells was observed in the surrounding matrix, so as to form a 

network-like structure (Figure 2). The sprouting appeared to be random; however, in some 

cases we did observe sprouting in the direction of a nearby EB. Network formation by 

kdrl:GFP+ cells was observed only when a mixture of collagen type-I, Geltrex™ and fibrin 

gel was used as the matrix. The 3D gel matrices composed of a single gel type, or the 

combination of two (i.e. collagen type-I and Geltrex™) did not show any development of 

networks.  
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Figure 2: Time-lapse imaging of kdrl:GFP EB culture in 3D Collagen type-I + Geltrex™ + 

Fibrin matrix. Each horizontal row shows the same field. A radial network can be observed 

inside the EBs on day 2 of culture. A reduction in the kdrl:GFP+ cells network (green) can be 

observed in static culture after day 6. In microfluidic culture the network can be observed until 

day 12. (See also Figure 3 and 4). Scale bar, 100 µm. 

The minimum flow rate required for the formation of kdrl:GFP+ cell networks in our 

microfluidic system was 20 µL/min. At lower flow rates (i.e. 2 and 10 µL/min) the 

kdrl:GFP+ cells failed to form network-like structures in the microfluidic channel (data not 
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shown). Under these lower flow rates the kdrl:GFP+ cells were mostly rounded in shape 

and did not attain the elongated shape as they do when forming a network. The 3D gel 

combination (collagen type-I, 2.5 mg/mL + Geltrex™ 6-9 mg/mL + fibrin 2 mg/mL) was 

found to be physically stable in the microfluidic culture at 20 µL/min flow rate. This gel 

combination was also used for 3D static culture of EBs for comparison (Figure 2). 

Microfluidic cultures with lower concentrations of the gel components could not be 

maintained because of tearing of the gel caused by medium flow (data not shown). 

 

 
Figure 3: Percent changes, compared to day 1, in length (A) and area (B) of 

kdrl:GFP+ cell network in 3D Collagen type-I + Geltrex™ + Fibrin matrix. In 

conventional (static) culture a decline in the kdrl:GFP expression can be 

observed, while in microfluidic culture the expression is more stable. (A) Percent 

change in total length of kdrl:GFP+ cell network per EB. (B) Percent change in 

total area covered by kdrl:GFP+ cells per EB. Number of observations were 12 for 

Static and eight for Microfluidic cultures. Error bars represent standard error. 

(**, p < 0.01, *, p < 0.05). 
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Changes in length and area of the kdrl:GFP+ cell network in EB culture 

Percent changes with time in the dimensions of kdrl:GFP+ cell networks in 3D static and 

microfluidic culture are presented in Figure 3. The results show a gradual decrease in the 

length and area of the network under static culture conditions; both the length and area 

became significantly reduced between days 2 and 12 (p<0.001). In microfluidic culture the 

same measurements did not decline significantly with time. The change in length of 

kdrl:GFP+ cell networks per EB was similar between static and microfluidic cultures at 

different time points (Figure 3A). However, the decrease in the total area of the network 

per EB in static culture over time resulted in significant differences between static and 

microfluidic cultures after day 8 (Figure 3B).  

 

  

  
Figure 4: Parameters of kdrl:GFP+ cell networks in 3D Collagen type-I + Geltrex™ + Fibrin 

matrix with or without microfluidic flow. (A) Number of kdrl:GFP+ branches per EB at different 

time-points. (B) Average branch length per EB. (C) Average width of kdrl:GFP+ branches per EB. (D) 

Total length of kdrl:GFP+ cell network per EB. The graphs show significantly higher kdrl:GFP+ branch 

length (B) and width (C) in microfluidic culture. Number of observations were 12 for static and 

eight for microfluidic culture. Error bars represent standard error. (***, p < 0.001, **, p < 0.01, *, p < 

0.05). 

Morphometry of kdrl:GFP+ networks in EB culture 

The number of branches per EB was higher in static culture (Figure 4A). However, the EBs 

developed significantly longer and wider branches of connected kdrl:GFP+ cells in 

microfluidic than in static culture (Figure 4B and C). A higher number of shorter branches 

in the static culture, and a lower number of longer branches in the microfluidic culture, 

0

2

4

6

8

1 2 4 6 8 10 12

B
ra

n
ch

 n
u

m
b

e
r 

/
 E

B

Days in cultureA

***

***
***

**
* *

0

50

100

150

200

250

1 2 4 6 8 10 12

B
ra

n
ch

 le
n

g
th

 /
 E

B
 (

µ
m

)

Days in culture

Static Microfluidic

B

***

***
***

0

5

10

15

20

1 2 4 6 8 10 12

B
ra

n
ch

 w
id

th
 (

µ
m

)

Days in cultureC

**
*** ***

***
***

***

***

0

100

200

300

400

500

1 2 4 6 8 10 12

N
e

tw
o

rk
 le

n
g

th
 /

 E
B

 (
µ

m
)

Days in cultureD

* **



144 

 

resulted in a similar total network length in both culture conditions (Figure 4D). However, 

on days 2 and 4 the total network length per EB was higher in static culture compared to 

microfluidic culture. 

Under static culture conditions, the number of branches per EB, and the average branch 

length and width, was similar at different time-points. The total network length per EB in 

static culture became significantly reduced from day 4 to day 12 (p<0.001). Under 

microfluidic conditions an increase was observed in branch length (p<0.001) and width 

(p<0.01) between days 1 and 8. The number of branches and total network length per EB 

remained similar in microfluidic culture. 

Connectedness of kdrl:GFP+ cell networks in 3D EB culture 

The connectedness of kdrl:GFP+ cell networks in 3D culture was significantly higher under 

static conditions compared to microfluidic culture (Figure 5). The network connectedness 

remained similar from day 1 until day 8 in static culture; however, after day 8 the network 

started to break down, and connectivity became reduced (p<0.001). In microfluidic 

culture the network was less connected, having more end points compared to junctions. 

As the kdrl:GFP+ average branch length in the microfluidic culture increased with time, the 

network connectivity gradually declined. On day 12 of culture no significant difference 

was observed in network connectedness between the static and microfluidic cultures. 

 

 

Figure 5: Connectedness of kdrl:GFP+ cell network in 3D EB culture. Values 

near to zero on the vertical axis indicate a well-connected network. The graph 

shows that there is formation of a well-connected network in static culture 

compared to microfluidic culture. Number of observations were 12 for static and 

eight for microfluidic culture. Error bars represent standard error. (***, p < 

0.001, **, p < 0.01, *, p < 0.05). 
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General characteristics of liver explant culture 

The liver explants isolated from 5 dpf zebrafish larvae already showed a kdrl:GFP+ 

vascular network (Figure 6; day 0). This network changed over time in culture. The 

kdrl:GFP+ cells covered the surface of the explant by day 2 of culture in collagen type-I + 

Geltrex™ + fibrin matrix (Figure 6). At this time-point short strands of kdrl:GFP+ cells, 

sprouting from the explant were also observed. However, by day 4 these sprouts were 

retracted into the explant. By day 6 of culture the layer of kdrl:GFP+ cells covering the 

explant formed a network-like structure on the surface of the explant (Figure 6). No 

kdrl:GFP+ sprouts were observed from explants cultured in pure Geltrex™ substratum. 
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Figure 6: Culture of liver explants isolated from 5 dpf kdrl:GFP zebrafish larvae. Cells with 

green fluorescence are putative endothelial cells. Sprouting of endothelial cells from explant can be 

seen in collagen type-I + Geltrex™ + fibrin matrix on day 2 of culture. In Geltrex™ matrix the 

kdrl:GFP+ cells remained inside or on the surface of the explant. Scale bar, 100 µm. 

Measurements of kdrl:GFP+ cell network in liver explant culture 

The area covered by kdrl:GFP+ cell networks per liver explant increased within the first 

two days of culture (Figure 7A) and decreased after day 4. No significant differences in the 

kdrl:GFP+ area per explant were observed between the two substrates tested. The 

sprouting of the kdrl:GFP+ cells was observed only in collagen type-I + Geltrex™ + fibrin 

substratum. On average, 1.2 sprouts were counted per explant on day 2, with an average 

length of 18.4 µm (Figure 7B and C). However, these sprouts gradually reduced in length 

and number with time and almost disappeared by day 6 of culture. 

Liver cell culture on 2D substrate 

 On average 120,457 ± 5,571 cells were obtained by trypsinizing 100 livers. To establish 

cellular contact in culture 20,000 cells were plated per well of the CS16-chambered 
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coverglass plate (surface area of each well: 0.34 cm2). Therefore, cells obtained from one 

batch of 100 livers were distributed in six wells, with each substrate composition 

replicated in two wells. The liver cells isolated contained 8.6 ± 0.6% kdrl:GFP+ endothelial 

cells (Figure 8A). The kdrl:GFP+ cells combined to form small colonies surrounded by 

kdrl:GFP- cells on collagen type-I + Geltrex™ + fibrin substratum, on day 2 of culture 

(Figure 8B). 

 

 
Figure 7: Quantification of area covered by kdrl:GFP+ cells in liver explant 

culture overtime. (A) Change in total area covered by kdrl:GFP+ cells per explant 

in the two gel matrices. (B, C) Data from cultures in collagen type-I + Geltrex™ + 

fibrin matrix. (B) The average number of kdrl:GFP+ cell sprouts per explant. (C) 

Average sprout length per explant. Number of observations were six for collagen 

type-I + Geltrex™ + fibrin matrix and four for Geltrex™ matrix. Error bars 

represent standard error. 

By day 3 of culture, the colonies of kdrl:GFP+ endothelial cells appeared to increase in size 

(Figure 8C). These colonies connected to each other to form longer blood vessel-like 

structures on day 4 of culture (Figure 8D). These vessel-like structures could be observed 
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also on day 6 of culture (Figure 8E). However, on day 8 on collagen type-I + Geltrex™ + 

fibrin substratum, the culture formed a large clump of cells with a vascular network 

within (Figure 8F). This clump of cells was observed to form earlier when the cells had 

been plated onto collagen type-I + Geltrex™ (Figure 8G) and pure Geltrex™ (Figure 8H) 

substrates, or when plated on uncoated glass substrates (Figure 8I). 

   

   

   
Figure 8: Development of vascular network-like structure in cultures derived from 

5 dpf zebrafish liver cells. (A-F) Trypsinized liver cells cultured on collagen type-I + 

Geltrex™ + fibrin substratum. (A) Liver cells after plating on day 0 of culture, showing 

rounded kdrl:GFP+ cells. (B) Day 2 of culture: The cells form colonies of kdrl:GFP+ cells, 

surrounded by kdrl:GFP- liver cells. (C) Day 3 of culture: The kdrl:GFP+ cells attain an 

elongated shape and the colonies appear to increase in size. (D) Network formation of 

kdrl:GFP+ cells on day 4 of culture. (E) The kdrl:GFP+ cell network on day 6 of culture. (F) 

The whole culture has started to condense into one large aggregate dragging with it the 

substratum, on day 8 of culture. The vascular network remains inside the aggregate. (G) 

On collagen type-I + Geltrex™ substratum the liver cells form large colonies, by day 4 of 

culture, with networks of kdrl:GFP+ cells formed inside. (H) A similar colony formation of 

liver cells with kdrl:GFP+ cell network on day 4 of culture on Geltrex™ substratum. (I) 

Without extra substrate coating, the liver cells form large 3D aggregates with a kdrl:GFP+ 

cell network within 4 days of culture. Scale bar, 100 µm. A – F show the same field. 
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Figure 9: Sprouting of kdrl:GFP+ cells from heart explant culture in collagen 

type-I + Geltrex™ + fibrin matrix. (A) The heart explant showing kdrl:GFP+ sprouts 

in the surrounding matrix on day 2 of culture. (B) The sprouts retracted by day 4 of 

culture with kdrl:GFP+ cells remaining inside the explants. (C) Total area covered by 

kdrl:GFP+ cells per heart explant overtime. (D) Number of kdrl:GFP+ sprouts per 

explant. (E) Average sprout length per explant. Scale bar for A and B, 100 µm. 

Number of observations were six for C, D and E. Error bars represent standard 

error. (***, p < 0.001, **, p < 0.01 compared to values on day 2). 

0

0.001

0.002

0.003

0.004

0.005

0.006

0.007

2 4 6 8

k
d

rl
:G

F
P

+
a

re
a

 (
m

m
2
) 

/
 e

x
p

la
n

t

Days in culture

**

***

C

0.0

0.5

1.0

1.5

2.0

2 4

N
u

m
b

e
r 

o
f 

sp
ro

u
ts

 /
 e

x
p

la
n

t

Days in culture
D

**

0

10

20

30

40

50

60

2 4

A
v

e
ra

g
e

 s
p

ro
u

t 
le

n
g

th
 (

µ
m

)

Days in cultureE

A

 

B 



149 

 

Heart explant and dissociated cell culture 

The heart explants cultured in 3D collagen type-I + Geltrex™ + fibrin matrix showed 

sprouting of kdrl:GFP+ putative endothelial cells on day 2 (Figure 9A). However, these 

sprouts almost disappeared on day 4 of culture (Figure 9B). A quantitative analysis of the 

heart explant cultures showed a significant reduction in the total kdrl:GFP+ area per 

explant on day 6 compared to day 2 (Figure 9C). The number of sprouts per explant 

(Figure 9D) and the average sprout length (Figure 9E) also became reduced from day 2 to 

day 4. 

The embryonic hearts were difficult to trypsinize in the preliminary experiments; we 

therefore adopted liberase TL enzyme to dissociate them. On average, 42,353 ± 1,707 cells 

were isolated from 100 hearts, and the cell suspension contained 28.3 ± 1.0% kdrl:GFP+ 

endothelial cells. On fibronectin substratum the kdrl:GFP+ cells showed an elongated 

morphology 24 h after plating (Figure 10A). Other heart cells that were mostly rounded 

were removed from culture at this stage by washing with medium, and the colonies of 

kdrl:GFP+ cells were maintained on fresh medium. However, these colonies could not be 

maintained longer and their size reduced with culture duration (Figure 10B and C). Only a 

few cells were found in culture on day 5 (image not shown). 

  
Figure 10: Colony formation of kdrl:GFP+ cells in dissociated heart cell culture. (A) The 

kdrl:GFP+ cells attached to the fibronectin substratum on day 1 of the culture. The unattached 

heart cells were washed out. (B) The colony of kdrl:GFP+ cells appear to shrink in size by day 2 of 

culture. (C) Further reduction in size of the colony with rounded, detaching cells can be seen on 

day 4 of culture. scale bar, 100 µm. 

Discussion 

Choice of embryonic stage 

For EB culture the cells isolated from blastocyst stage embryos (3.5 hpf) were used. The 

embryos at this stage contain pluripotent cells, and lineage segregation can be modulated 

by varying the culture conditions [67]. Techniques have been developed previously for the 

aseptic isolation and culture of zebrafish blastocyst cells [65]. However, little is known 

A B C 
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about the differentiation events and culture strategies needed for the lineage-specific 

differentiation of these cells. 

For embryonic liver and heart tissue culture, zebrafish embryos at an early larval stage (5 

dpf) were used. At this stage, there is relatively little yolk remaining in the larva. This 

makes it easier to isolate the liver, which is more hidden by the yolk in earlier stages. We 

found that, at 5 dpf, the tissues isolated from 100 larvae contained sufficient numbers of 

cells to allow for replicates. Zebrafish larvae up to 5 dpf do not engage in exogenous 

feeding but rely instead on yolk nutrients; therefore, it is easier to keep them sterile in 

closed Petri dishes. Furthermore, at this stage the tissues presumably contain more 

precursor cells, with the potential to grow and differentiate, compared to the tissues of 

more advance stages. 

EB culture in microfluidic setup 

Mouse EB cultures can undergo the formation of blood islands and vascular 

morphogenesis [20]. In our study, the zebrafish EBs developed in hanging drop culture, 

also show some degree of vascular organization, i.e. a well-connected radial network 

inside the EBs. However, when the EBs were transferred to 3D culture, the radial pattern 

and connectivity of the network was lost due to the extension of the vascular sprouts into 

the surrounding matrix. 

 

Vascular sprouting is a physiological process in which selection of endothelial tip cells, as 

well as migration and vascular extension, occurs in existing blood vessels in response to 

angiogenic stimuli [68]. The phenomenon of vascular sprouting has been previously 

reported in mouse EB cultures [56]. Similarly, we also observed angiogenic sprouting in 

our zebrafish EB cultures; however, the extent of sprouting was less compared to the 

mouse model. This may because we used primary blastocyst cells to establish EB cultures, 

while mouse embryonic stem cell lines, which are adapted to proliferation in vitro, have 

been used in the other studies. Previous studies on zebrafish primary blastocyst cell 

culture have reported high cell death rates and low proliferative capacity in these cells 

[69]; this may explain the low level of sprouting in our cultures. 

Studies on mouse EBs in vitro, and zebrafish embryos in vivo, have shown the directional 

migration of vascular sprouts towards the highest concentration of VEGF [70]. In our EB 

cultures, the selection of tip cells and the direction of sprout extension appeared to be 

random. This may because of the presence of angiogenic stimuli (growth factors) 

dispersed throughout the medium. However, we observed in some cases the extension of 

sprouts from one EB in the direction of a nearby EB. This may correlate with the in vivo 

situation in which the release of angiogenic growth factors from a distant cell population 

directs the migration of vascular sprouting.  
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The EB cultures described here with kdrl:GFP+ sprouts were maintained under 

microfluidic conditions for a maximum of 12 days. In our previous studies, the growth of 

EB cultures could be maintained for longer time in primary culture, as well as in 

subculture [71]. However, the percentage of kdrl:GFP+ cells in those cultures dropped 

significantly because they became overgrown by fibroblast-like cells [71]. Furthermore, 

the regression of kdrl:GFP+ sprouts was observed after day 6 in our static cultures 

described here. These results are in accordance with a study of angiogenic sprouting in 

mouse EB cultures, in which the cells continued to degrade the 3D matrix after 12 days of 

culture, and differentiate into a variety of cells, making it difficult to interpret the vascular 

sprouts [72]. 

The medium was refreshed in our static culture at four day intervals. This interval was 

chosen after our preliminary studies indicated that cell growth was hindered after four 

days in non-replacement cultures. By contrast, the microfluidic cultures continued to grow 

with recycling of the medium. Medium replacement at four day intervals in the static 

culture may not be ideal for screening drugs or molecules that have a short half-life. For 

those experiments, shorter interval between the medium refreshment may be needed.  

It is possible that the microfluidic system described here can be adapted for toxicity 

screening. For this purpose, the molecules to be tested can be easily added to the medium 

reservoir. Depending on the exposure time, the final volume of the medium in the 

reservoir can be adjusted according to the flow rate (20 µL/min in our case). Once the 

medium is withdrawn through the culture chamber, the reservoir can be refilled with 

fresh medium and the exhausted medium discarded or used for further analysis.  

In the experiments described here, we formed a 3D gel matrix containing zebrafish EBs in 

a microfluidic channel slide. The open design of the microfluidic channel allows direct 

contact at the interface between the matrix and the medium. This is different to the 

microfluidic systems currently used for 3D cell culture, in which the medium can only 

diffuse into the matrix [73-76]. One of the drawbacks with the latter systems is that they 

do not mimic the dynamic environment of the tissue, but represent a rather static 

condition [38]. The flow of medium around the 3D matrix in our system presumably 

exerted a shear stress on the EB cells inside the matrix and allowed the extension of 

kdrl:GFP+ sprouts.  

Under physiological conditions, endothelial cells produce secreted factors in response to 

the shear stress induced by the blood flow [37]. These factors are essential for the 

development, regulation and maintenance of the blood vessels [37]. In a microfluidic 

culture, the flow rate of the medium is critical for cell proliferation, viability and function 

[77]. This was observed in our microfluidic cultures, where the kdrl:GFP+ cells failed to 

form networks at low flow rates (2 and 10 µL/min). One possible explanation for this 

could be poor viability of cells at such low flow rates. Thus, under these low flow rates the 
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kdrl:GFP+ cells were mostly rounded in shape compared to 20 µL/min flow rate, where the 

cells acquired an elongated shape and formed connected networks. 

One of the challenges with our microfluidic culture was to find a balance between the flow 

rate of the medium and the mechanical stability of the 3D matrix. The gel matrices 

comprising lower concentrations of collagen type-I (1.5 mg/mL) and fibrin (1 mg/mL) 

were not mechanically stable at the 20 µL/min flow rate required for network formation. 

When the concentrations of the above mentioned substrates were increased to 2.5 mg/mL 

and 2 mg/mL, respectively, the matrix formed was stable at the desired flow rate. Beside 

the stability of the matrix of higher concentration, the stiffness of the 3D matrix itself is 

presumably important in the culturing of vascular networks; thus, previous studies have 

shown that stiffness of the matrix promotes the organization of endothelial cells into 

capillary networks in vitro [78].  

In our experiments, the differences between the microfluidic and static cultures was seen 

mainly in the length and width of kdrl:GFP+ strands. In general, network formation by 

kdrl:GFP+ cells in static cultures was limited to the periphery of the EBs. In microfluidic 

culture by contrast, the kdrl:GFP+ cells extended more into the matrix and formed longer 

branches. A possible explanation for this may be that the shear stress causes the cells to 

secrete factors (as discussed above) which modulate the surrounding matrix and allow 

the cells to grow further into the matrix. The wider diameter of kdrl:GFP+ strands in 

microfluidic cultures may indicate the formation of blood vessel-like structures with a 

lumen. By contrast, in the static cultures, the thinner branches formed are more consistent 

with a solid chain of cells connected end-to-end than with a continuous vessel.  

A network having fewer end points and more junctions is considered to be a well-

connected network [26]. The connectedness of a network can be determined by dividing 

the number of endpoints by the number of junctions [26]. We find that the connectedness 

of the networks depends on whether the network is more confined (as in the static 

culture) or spread (as in the microfluidic culture). In principle, the more confined network 

will be well-connected compared to a network with longer branches. In the microfluidic 

cultures in our experiments, as the branch length increased, the network connectivity was 

lost. 

Culture of embryonic liver and heart tissues 

The zebrafish liver and heart explant cultures described here might be suitable for 

development as alternative to mouse aortic ring culture for sprouting angiogenesis. One 

possible application of these explants could be to test the stimulatory or inhibitory effect 

of various substances on angiogenesis. Mouse aortic ring cultures are currently being used 

for such studies [79, 80]. Variability between cultures remains an issue with the mouse 

aortic ring model [14]. Although we found variability in the explants isolated from 

zebrafish embryos, the zebrafish model can easily yield a large more number of explants 
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which may help minimise this issue The small size of zebrafish embryos makes it 

technically difficult to dissect the embryos for tissue isolation. However, with practice, we 

were able to isolate tissues from 100 embryos in approximately three hours.  

Under standard conditions, zebrafish embryos hatch at 48 hpf [48]. We found it important 

to decontaminate the embryos before hatching (at 24 hpf), because preliminary 

experiments showed that explants, isolated from the embryos decontaminated after 

hatching at 5 dpf, could not be maintained free from contamination in culture. We also 

found that embryos treated with sodium hypochlorite at 24 hpf have greatly impaired 

hatching; it is therefore necessary to manually dechorionate these embryos before sealing 

them into the Petri dish. Using this procedure the tissues isolated from these embryos at 5 

dpf were successfully maintained sterile in culture. 

The sprouting of kdrl:GFP+ cells from liver explants could only be observed in matrices 

composed of collagen type-I, Geltrex™ and fibrin. Explants cultured in pure Geltrex™ 

matrix did not show any sprouting. These results are in accordance with mouse aortic ring 

cultures which have been shown to produce higher microvessel sprouting in collagen 

type-I and fibrin matrices compared to Matrigel™ [81]. The Geltrex™ we used in our 

experiments is similar to Matrigel™, and is a mixture of laminin, collagen type-IV, entactin 

and heparin sulphate proteoglycans (manufacturer’s documentation).  

Similar to microvessel formation in mouse aortic ring culture [81], the dimensions of the 

network-like structure formed by kdrl:GFP+ cells in trypsinized liver cells cultured on pure 

Geltrex™ substratum were thinner and different from the much broader networks formed 

on collagen type-I + Geltrex™ + fibrin substratum. The sprouting of kdrl:GFP+ cells in our 

explant cultures was observed on day 2 which is earlier than in the mouse aortic ring 

culture, where the peak sprouting of microvessels is reported to take place on day 6 of 

culture [81]. Regression of the sprouts from the explants occurred on day 4 in our 

experiments, whereas in mouse aortic ring culture this phenomena occurs on day 9 of 

culture [81]. 

The average length of the kdrl:GFP+ cell sprouts emerging from the heart explants was 

higher compared to the liver explants (41.1 ± 8.4 vs 18.4 ± 5.8 µm). This may be because 

of a higher percentage of kdrl:GFP+ cells in the isolated hearts compared to the livers, as 

indicated by our quantification of the cell isolates of these tissues. The colonies of 

kdrl:GFP+ cells in the dissociated heart cell culture could not be maintained longer, 

probably due to low seeding density.  

Conclusions  

Zebrafish embryoid body culture is a promising model for in vitro vasculogenesis and 

angiogenesis. Microfluidic flow seems to have an effect on the growth of blood vessels in 
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EB culture. The use of a complex extracellular matrix with fibrin as a crucial part was, in 

our hands, optimal for culturing vascular networks. The zebrafish liver and heart explant 

cultures are promising models for sprouting angiogenesis. More experiments are needed 

to optimize the substrate and medium composition for these cultures so that the cultures 

can be expanded and be maintained for longer periods. This goal may also require co-

culture with other cell- or tissue-types. In principle, pure populations of viable kdrl:GFP+ 

cells could also be isolated from these cultures using fluorescence activated cell sorting 

assay. These cells could then be used for further analysis (e.g. gene expression profiling), 

as wells as for co-culturing with the EBs to improve the formation of vascular networks.  
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