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Chapter 1

General introduction
Culturing zebrafish vascular networks

Muhammad Ibrahim and Michael K. Richardson



Tissue engineering is one of the most important areas of biomedical research [1].
Strategies to develop complex tissues or organs in vitro will help our understanding of
organ physiology and pathology [2-4]. Development of organ cultures could also have
applications in organ transplantation and regenerative medicine [5]. Furthermore, these
organ cultures can be used to test candidate drugs which might ultimately reduce the use
of animals in research [6, 7].

One of the main issues in culturing complex organs is the lack of a vascular system [8]. In
multicellular organisms, the vascular system allows the growth and function of organs by
supplying nutrients and growth factors and by removing waste products [9]. The limited
diffusion of nutrients and oxygen into the un-vascularized tissue mass, developed in vitro,
hinders its growth and function into something resembling an organ [10]. To this end,
several techniques have been developed to culture vascular networks, largely using
mammalian cells and tissues.

The mammalian cells and tissues commonly used for this purpose are: (i) endothelial cell
lines (most commonly human umbilical vein endothelial cells or HUVECs [11-22]); (ii)
stem cells (embryonic stem cells [23], mesenchymal stem cells [24] or induced pluripotent
stem cells [25]); and (iii) tissue explants [26]. However, there are certain limitations to
these techniques. The endothelial cell lines are extensively adapted to growth and
proliferation in vitro, and therefore vascular cultures derived from these cells does not
truly represent the in vivo vasculature [26]. The use of embryonic stem cells from
mammals, especially from humans, raises ethical issues [27]. Furthermore, adult stem
cells (mesenchymal and induced pluripotent stem cells) possess technical challenges in
their isolation and derivation procedures [28, 29]. Similarly, the isolation of tissue
explants from mammals (in most cases, rodents) requires invasive surgical procedures
and therefore raises ethical concerns [27, 30].

For these reasons, it is important to develop alternative models for studying vascular
morphogenesis in vitro. The zebrafish is one such emerging model species in the field of
vascular development and regeneration [31]. In contrast to rodents, zebrafish embryos
are externally fertilized allowing easy access to large number of embryos [32]. The
embryos are fast-developing and transparent in early life stages, allowing easy access to
cells and tissues (for in vitro manipulation) at different developmental stages [33].
Furthermore, genome comparison studies have shown significant similarities in the
functional domains of many protein-coding genes of zebrafish and humans, and have
shown that many human disease genes are also present in the zebrafish genome [34]. For
these and other reasons, there is growing interest in the zebrafish as a model for human
disease [32].

Several factors have been identified which influence the formation of blood vessels. These
factors include: (i) growth factors (such as vascular endothelial growth factors, fibroblast
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growth factors, angiopoietins and transforming growth factors [35]); (ii) extracellular
matrix components (such as collagen type I and IV, fibronectin and laminin [36]); (iii)
supporting cell types (such as pericytes and smooth muscle cells [37, 38]); and (iv)
haemodynamic forces caused by blood flow [39]. In order to develop a physiologically
relevant and functional vascular network in vitro, endothelial or stem cells, or tissue
explants are cultured in the presence of naturally derived vascular growth factors,
supporting cell types and extracellular matrix [12, 40, 41].

Recently-developed microfluidic technology mimics the haemodynamic forces exerted by
the blood flow in vivo, by culturing the cells in a closed system with circulating medium
[42]. Using a combination of these factors, great advances have been made in recent years
in developing a functional in vitro vascular network. In a landmark study, the vascular
network developed inside a 3D scaffold connected to a microfluidic system allowed the
growth and function of cardiac and hepatic tissues cultured on the outside of the scaffold
[22].

Little is known about using zebrafish cells for culturing vascular network. The benefits
associated with zebrafish cell culture makes it a model of choice for in vitro studies. The
availability of large number of externally fertilized embryos allow easy access to primary
embryonic cells and tissues [33]. Zebrafish cell cultures are maintained at relatively low
temperatures (26-28 °C) and do not require extra CO; in the atmosphere for buffering the
medium. In principle, this allows the zebrafish cells to be grown at room temperature,
although the use of a simple incubator is recommended to maintain sterile conditions
[43]. However, this can also be considered a disadvantage as these conditions are not ideal
for human cells.

A further advantage is the availability of transgenic lines such as fli:GFP [44] and kdrl:GFP
[45], expressing green fluorescence protein in endothelial cells. These transgenic lines
allow direct observation of vascular development in living embryos and in cell cultures
[46, 47]. In contrast to endothelial cell lines such as HUVECs, zebrafish primary embryonic
cells are closer to the in vivo state. Furthermore, the development of vascular networks in
zebrafish embryonic cell culture takes place in a complex environment of other cell types,
which is difficult to achieve working with isolated cell lines. On the other hand, culturing a
mixture of cell types allows less control over the cell culture environment compared to
pure endothelial cell lines. In this thesis, I have studied the use of zebrafish embryonic
cells and tissues as a complementary model to the mammalian cells and tissues used for
vascular development in vitro.

In Chapter 2 I have reviewed the current advances in the field of developing in vitro
vasculature. The review includes a brief overview of vascular development and
requirements of the process in vivo. This is followed by an extensive survey of the
developed techniques using endothelial cell lines, stem cells and tissue explants for the
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formation of vascular networks in vitro. Then I have argued the importance of zebrafish as
a complementary model for such studies. Finally I have discussed the advances in the
microfluidic technology making breakthroughs in developing functional vascular cultures.

In order to establish the basal requirements of zebrafish cell culture, in Chapter 3 I have
cultured primary blastocyst cells in media supplemented with different concentrations of
fetal bovine serum and zebrafish embryo extract. The concentrations of these nutrients in
the media showing optimal growth of the blastocyst cells were used in further
experiments. Furthermore, the growth of putative endothelial cells (fli:GFP* or kdrl:GFP*
cells) was analysed in the blastocyst cell culture under basal conditions (without the
additional growth factors).

In Chapter 4 I have used different media compositions, growth factors and extracellular
matrix components to analyse their effect on the generation of fli:GFP* and kdrl:GFP+ cells
in zebrafish blastocyst cell culture. Different media compositions tested were LDF medium
(commonly used medium for zebrafish cell culture) and endothelial growth medium
(commonly used medium for mammalian endothelial cells). The effect of different
substrates i.e. gelatin and collagen type-I was compared to the uncoated polystyrene
substratum. Finally, the effect of different concentrations of recombinant zebrafish
vascular endothelial growth factor in the media on the percentage of fli:GFP* and kdrl:GFP*
cells in cultures was analysed.

In Chapter 5, I have analysed the effect of culturing blastocyst cells in suspension culture
(to form embryoid body aggregates) compared to the adherent cultures on the generation
of fli:GFP* and kdrl:GFP+ cells. The migration of fli:GFP* cells from the EB culture on
collagen type-I, gelatin and fibrin substrates was analysed. The kdrl:GFP embryoid bodies
showed the formation of vascular network-like structures. The dimensions of these
networks varied on different substrates (collagen type-I and Geltrex™).

Finally, in Chapter 6 [ have developed a zebrafish EB model for sprouting vascular
networks in 3D gel matrix. The effect of microfluidic flow on the growth of vascular
sprouts in the 3D embryoid body cultures was examined. The results show an effect of
microfluidic flow on the length and width of vascular sprouts. In addition, I have
developed a technique for the sterile isolation and culture of liver and heart tissues from 5
days post fertilization zebrafish larvae. The isolated tissue explants developed vascular
sprouts when cultured in a 3D gel matrix.
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Beyond organoids: in vitro
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Abstract

The ability to culture complex organs is currently an important goal in biomedical
research. It is possible to grow organoids in vitro and these small tissue masses can
undergo a degree of histogenesis. However, a major limitation of organoids, and other 3D
culture systems, is the lack of an in vitro vascular network. As a result, the growth and
function of the organoid is constrained by the limited diffusion of nutrients, oxygen and
growth factors. Protocols have been developed for establishing vascular networks in vitro,
and they typically use human or rodent cells. The zebrafish is emerging as a
complementary model to mammals in this regard. Its general advantages in
developmental research and embryonic cell culture, and its specific advantages for
studying vascular development (such as transgenic lines expressing green fluorescent in
vascular cells) makes it of potential importance for developing in vitro vascular networks.
The culture of functional (perfused) vascular networks is currently a major technical
challenge. In this rapidly advancing field, some microfluidic devices are now getting close
to the goal of an artificially perfused network in culture. One major hurdle is the need to
sustain a microfluidic connection with a living vascular network that is growing rapidly in
size, and therefore has an increasing demand for fluidic flow over time. In this review, we
discuss the culture of endothelial cells and vascular networks from mammalian cells, and
examine the prospects for using zebrafish cells for this objective. We also look into the
future and consider how vascular networks in vitro might be successfully perfused using
microfluidic technology.

Key words: Angiogenesis; In vitro vascular network; Microfluidics; Organ engineering;
Vasculogenesis; Zebrafish
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Introduction

In multicellular animals, nutrients and oxygen are carried by the cardiovascular system,
and diffuse directly into the tissues [1]. Similarly, waste products are removed from the
tissues by the same system. This allows the tissues to grow and develop into functional
organs [1]. The cells in a living tissue are within 100-200 um range of a blood capillary [2].
This is important for the survival of the cells as the oxygen and nutrients cannot diffuse
through the tissue beyond this range [3]. A blood supply (vasculature connected to a
pump) has therefore evolved to overcome the constraint on growth imposed by limited
diffusion.

One area where blood vessel development is relevant is the tissue engineering for
regenerative medicine and organ transplantation [4]. Currently, the lack of vascularization
of tissues in vitro is a major hurdle in reaching this objective [5, 6]. This is unfortunate
because cultured, vascularized tissues could not only have clinical applications [4], but
could also be used as an alternative to whole animal models in research [7]. There are
currently great efforts directed towards growing cells and tissues from a patient’s own
body (autologous transplantation), in order to overcome the potential danger of allogenic
(from another individual) graft rejection, and graft-versus-host reactions [8, 9].

With current tissue culture techniques, tissues cannot be grown more than 100-200 um in
thickness, primarily because of the limited diffusion of nutrients and oxygen [10]. Tumor
cells grown in non-adherent culture can develop into spherical masses (spheroids) up to
3mm in diameter, typically with a core of cells that are dead or dying due to diffusion
limitation [11]. Similarly, masses of normal (non-malignant) cells grown in vitro are called
organoids, and are currently the focus of great interest in biomedical research because
they show some organization of tissues resembling in vivo organs [12]. We believe that the
development of an in vitro vascular network could improve the culturing of spheroids and
organoids, by allowing the tissues to grow and function in a way that is closer to the in
vivo situation [13].

Other applications of vascular network culture could be fundamental studies of vascular
development [14]; recapitulating disease conditions such as the retinal microvascular
abnormalities seen in diabetes [15] or the abnormal angiogenesis in tumor development
[16]; testing anti-angiogenic compounds in cancer research [17] or candidate drugs for
their safe clinical application [18]; and studies in vascular regenerative medicine [19]
(Figure 1).
It has long been known from the field of human and animal surgery, including transplant
surgery, that tissue can become re-vascularized when grafted to a suitable site [20, 21].
Similarly, developmental studies have shown that embryonic tissues can also readily
become re-vascularized, and continue to grow into functional organs, when transplanted
to various locations in the embryo [22]. Furthermore, embryonic organ primordia can
11



become vascularized if transplanted not only to the embryo itself, but to the vascular
network in the extra-embryonic membranes. A good example of this is the chicken
embryo chorioallantoic membrane (CAM) system [23, 24]. In that model, organ primordia
are placed onto the highly vascular CAM, the blood vessels first having been scratched to
open them up. The organ primordia can then form a vascular connection with the CAM
vessels, and undergo reasonable growth and morphogenesis. The CAM, however, is highly
sensitive to environmental factors [25], therefore the development of the tissue graft is
not perfect, possibly because it is not submerged in a supporting volume of fluid, but
rather is exposed to the air. In a sense, therefore, the CAM and other developmental
systems show that the growth of organs on vascular beds is a possibility. What is needed,
however, is a vascular bed ex vivo that is perfused by some kind of microfluidic system.

tumor biology

drug screening

\ in vitro vascular network ’

/ \

regenerative medicine organ engineering

=

Figure 1: Potential applications of a vascular network culture.
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Most of the current research describing vasculogenesis (de novo formation of blood
vessels from progenitor cells) and angiogenesis (formation of blood vessels from existing
blood vessels) uses mammalian models, mainly mice. However, these models are fairly
expensive, time consuming and require ethical and other permissions [26]. Endothelial
cell lines such as human umbilical vein endothelial cells (HUVECs) are commonly used for
developing in vitro vascular networks [27]. Other sources for developing such cultures
include embryonic or adult stem cells or tissue explants. The uses and limitations of these
techniques are discussed in detail in the following sections.

Zebrafish can be an alternative to mammalian models [28]. The zebrafish produce a large
number of fertilized eggs at low cost; the embryos are externally fertilized and therefore
readily accessible for experiments [29]. In some jurisdictions, zebrafish embryos has
fewer ethical restrictions. For example, in the European Union, the Directive 2010/63/EU
on the protection of experimental animals allows zebrafish embryos to be used until 5
days post fertilization (dpf) without restriction [30]. Finally, the zebrafish genome has
been sequenced and there is a high level of conservation between zebrafish and human
protein coding genes [31]. This similarity supports the use of zebrafish to model various
human diseases [32, 33]. Because of these advantages, the zebrafish is currently emerging
as a model species to study vasculogenesis and angiogenesis in vivo [28]. Transgenic
reporter lines are proving very useful in these studies [28].

In this review we give a general overview of vascular development in vivo and the role of
various factors in the development of vasculature. Then, we review the current
procedures used to culture vascular networks using mammalian endothelial cells and
tissue explants. Then, we review the use of zebrafish to study various aspects of
vasculogenesis and angiogenesis in vivo. Finally we look forward by summarizing the
potential use of zebrafish model for in vitro studies of vascular development.

Development of vasculature in vivo

Formation of a vascular system is an essential process in embryonic development.
Because multicellular tissues cannot survive without a blood supply, the cardiovascular
system is one of the earliest systems formed during embryogenesis [34, 35]. The
endothelial precursor cells (angioblasts) differentiate into endothelial cells and undergo
the process of vasculogenesis in early embryos to form the primitive blood vessels [36].
Studies on zebrafish have shown that the angioblasts appear in the lateral mesoderm,
migrate to the midline of the embryo and form the first blood vessels [37]. In adult mice
and humans, endothelial progenitor cells reside in the bone marrow as multipotent adult
progenitor cells, and contribute to the formation of new blood vessels [38].

Further development of blood vessels takes place by the extension of the pre-existing

vascular network through the process of sprouting and non-sprouting angiogenesis [39].
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During angiogenic sprouting, some endothelial cells within the existing blood vessel are
selected as tip cells, and migrate in the direction of angiogenic stimuli [40]. The
surrounding extracellular matrix is degraded by specific proteases released during the
process [41]. Meanwhile, the stalk cells (endothelial cells following the tip cells)
proliferate to extend the blood vessel [40]. Further in development the vascular network
also extends through intussusceptive or non-sprouting angiogenesis [42]. The mature
blood vessels attain arterial, venous and lymphatic differentiation types having different
structures and functions [43]. Endothelial differentiation and blood vessel formation is a
complex process which requires a number of growth factors, cell types and extracellular
matrix (ECM) components, discussed in the following section.

Factors controlling vasculogenesis and angiogenesis in vivo

Exogenous protein factors influencing vascular development

The differentiation of endothelial cells and the formation of blood vessels is mainly
controlled by several protein factors [44]. Some of these factors are released by the
endothelial cells themselves, other factors are stabilizing signals released by other cell
types [44]. The differentiation of angioblasts is induced mainly by fibroblast growth factor
2 (FGF2) and bone morphogenic protein 4 (BMP4) [43]. FGF2 induces the expression of
vascular endothelial growth factor (VEGF) and other important chemokines required to
control vascular morphogenesis [45]. The importance of FGF2 for vascular formation has
been shown in studies on quail and zebrafish embryos [46, 47]. Similarly, BMP4 deficiency
is associated with severe abnormalities in early mouse embryos, including the lack of a
well-organized vasculature [48].

Among the endothelial growth factors, VEGFs play the predominant role in regulating the
formation of blood vessels [49]. The VEGF family consists of several VEGF genes of which
VEGF-A, which interacts with endothelial cells through VEGF receptor 2 (VEGFR2 also
known as KDR or FLK1), is the main component responsible for the viability and
proliferation of endothelial cells [50]. VEGFs also have important roles in the
differentiation, migration and cell-cell adhesion of endothelial cells, as well as stimulating
sprouting angiogenesis and the activation of tip cells [51]. Placental growth factor (P1GF),
a member of VEGF family expressed in the placenta of early mammalian embryos, has a
role in the activation of VEGFR2 and establishing interaction between VEGF-A and
VEGFR2 [52]. PIGF has been demonstrated to increase the angiogenic potential of VEGF in
ischemic myocardium in mouse [53]. PIGF expression is normally low in adult tissues, but
high in pathological conditions, especially in cancer, where it promotes tumour
angiogenesis [54].
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animal or human embryos or adult tissues

®z)

stem cells* organ explant
cell differentiation vascular sprouting

@ pure endothelial cells ; : /:

co-culture

Figure 2. Schematic overview of three possible approaches to establishing cultures
of vascular networks. *Stem cells, depending on their source, could be embryonic stem
cells, mesenchymal stem cells, or induced pluripotent cells. Endothelial cells are in blue;
diverse supporting cells are represented schematically by red and yellow.
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Other growth factors involved in the spreading and maturation of blood vessels include
angiopoietins (Ang-1 and Ang-2) [55], platelet-derived growth factor-B (PDGF-B) [56] and
transforming growth factor B (TGF-B) [57], reviewed in Refs. [44, 49]. Many other
transcription factors and signalling molecules have been identified to be involved in the
differentiation of endothelial cells and the regulation of vascular development reviewed in
Ref. [58]. In response to low oxygen levels in the tissues, Hypoxia inducible factors (HIFs)
regulates the expression of a number of pro-angiogenic factors including VEGF, PIGF, Ang-
1, Ang-2 and PDGF-B [59]. The HIFs are considered to be the principle mediators of in vivo
vasculogenesis and angiogenesis at all developmental stages [59].

Role of membrane proteins and other cell types on vascular

development

Membrane proteins on the surface of endothelial cells also play an important role in
vascular morphogenesis. Examples of these membrane proteins include vascular
endothelial cadherin (VE-cadherin) which functions to maintain endothelial cell-cell
contact during VEGF-induced migration [60], epidermal growth factor like domain-7,
which facilitates the formation of endothelial tubes [61], and delta like ligand-4 which
specifies the tip cells for sprouting angiogenesis [62].

In addition to the soluble and bound protein factors, cell types other than endothelial cells
also contribute to the formation of blood vessels. Pericytes and smooth muscle cells
promote the proliferation and survival of endothelial cells and provide structural support
to the blood vessels [63, 64]. Macrophages are reported to be involved in connecting two
blood vessel sprouts in the process called anastomosis [65]. Under certain conditions (e.g.
hypoxia), the parenchymal cells (neurons, hepatocytes, myocytes etc.) release angiogenic
growth factors to initiate sprouting angiogenesis [66].

Role of extracellular matrix

Extracellular matrix (ECM) contributes to the formation and diversity of blood vessels in
several ways including: (i) maintaining the histological structure and elasticity of the
vessels, (ii) regulating the proliferation and differentiation of endothelial cells, and (iii)
transporting, modifying or blocking the angiogenic growth factors [67]. The ECM is a
complex network of macromolecules and its composition and properties are highly
variable among different tissues, affecting the tissue specific differentiation of stem cells
[68]. Research on the ECM of blood vessels have shown the presence of different ECM
components at different stages of vascular development [69]. In the beginning of the
process, the endothelial cells adhere to and migrate on a laminin-rich ECM which is later
replaced by a collagen type-I rich ECM to support vascular tube formation [69].
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Haemodynamic factors

Shear stress generated by blood flow on the luminal surface of endothelial cells is a
mechanical factor that induces intracellular biochemical pathways resulting in gene
expression changes and the modulation of the structure and function of blood vessels [70].
Heparin binding EGF-like growth factor is one such factor which is expressed in response
to reduced blood flow and induces vessel narrowing [71]. Other molecular pathways
involved in vascular remodelling are reported to be regulated by changes in shear stress
leading to the expression of PIGF [72], Notchl [73], and Smad6 (involved in TGB-f
signalling) proteins [74].

Microfluidic culture of endothelial cells is currently an emerging technology which mimics
the physiological shear stress on cultured cells to achieve the goal of culturing functional
blood vessels for tissue engineering [13, 75]. A number of techniques for culturing
vascular networks have been described in which endothelial growth factors, ECM
components and microfluidics are combined; however, the development of fully functional
blood vessels still remains a challenge [75].

Culture of vascular networks using endothelial cells

Pure endothelial cell populations can develop into vascular network-like structures in
culture [27]. However, these networks are not sufficiently robust to be used for tissue
engineering; they are mainly used to screen pro- and anti-angiogenic compounds for
activity. Pure endothelial cell populations are derived from various sources including
embryonic stem cells, induced pluripotent stem cells and adult tissues [76] (Figure 2).
Human macro- and micro-vascular endothelial cells are commercially available
(http://www.promocell.com/products-/human-primary-cells/) and have the ability to
form vascular networks in vitro. The most commonly used endothelial cells in this regard
are the HUVECs [27, 77-87], derived from the veins of the umbilical cord (Table 1). Other
endothelial cell types such as bovine aortic endothelial cells [88] and rat aortic endothelial
cells [89] have also been used to culture vascular networks.

By contrast, the culture of well-defined vascular networks with a lumen requires the co-
culture of multiple cell types with endothelial cells [76]. The important supporting cell
types, known to induce network formation by endothelial cells, include pericytes [90],
mesenchymal stem cells [85], fibroblasts [79], hepatocytes [91], smooth muscle cells [92]
and adipose-derived stem cells [78]. The importance of fibroblasts in enhancing
angiogenesis has been shown in co-culture with HUVECs [81, 93]. The ECM components
and angiogenic growth factors secreted by fibroblasts have been found to be critical for
vascular tube formation from HUVECs [94].
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Table 1. Endothelial cell cultures for vascular morphogenesis.

Interacting  Culture ECM Medium Main outcomes Possible Ref.
Cell types strategy Substrate additives applications
HUVECs Static Col-1 + DMEM/F12, hES-MC and HGF Drug screening,  [85]
hES-MCs 3D Fbn VEGF, bFGF, stabilize vascular regenerative
HGF network medicine
HUVECs Flow Fibrin EGM-2 Perfusable 3D vascular  Drug screening;  [79]
NHLF HPP 3D network tissue
engineering
HUVECs Static Fibrin EGM-2 Vasculogenesis is Tissue [78]
ASCs 3D more stable in co- engineering
culture with ASC
HUVECs Static M199, ECGS, HDF and bio-active Tissue [81]
HDF 2D CS silicate stimulate engineering
network formation
HUVECs Flow Col-1 EGM-2 Directional neovessels  Drug screening [80]
3D growth in response to
angiogenic signals
HUVECs Static  Col-1 + EGM, DMEM Laminin and HBMSCs Tissue [84]
HBMSCs 3D Laminin promote vascular engineering
network formation
HUVECs Static  Col-1 + EGM-2, Increasing fibrin Tissue [86]
MSCs 3D fibrin DMEM concentration engineering
increases vascular
morphogenesis
HUVECs Static BME EGM-2 Vascular network Drug screening [27]
2D formation
HUVECs Flow Col-1 M199, ECGS, The vascular cells Modelling [82]
HBVP 3D VEGF, bFGF  show an inflammatory  vascular
response when diseases
stimulated
HUVECs Static  Fibrin EGM-2, vessel sprouting, Developmental [83]
SF 3D VEGF, bFGF, lumen formation and studies
Ang-1, TGF- vessel stability is
B regulated by different
factors
HUVECs Flow Fibrin EGM-2MV,  Tumor cells introduced Drug screening, [95]
HBMSCs 3D VEGF, Angl through the vessels cancer research
OB escaped into the
surrounding matrix
HUVECs Flow POMaC EGM-2 The pre-formed Drug screening,  [87]
3D vascular network organ-on-a-chip
allow the growth of technology
tissues and show
physiologically
relevant responses
HMVECs Flow Col-1 EGM-2MV,  Metalloproteinases Developmental [96]
3D VEGF modulate the length studies, tissue
and diameter of engineering
vessels in 3D ECM
BAECs Static  Matrigel™ DMEM, GAL-8 promotes Cancer research  [88]
2D VEGF, rGAL- endothelial cell
8 migration and
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Interacting  Culture ECM Medium Main outcomes Possible Ref.

Cell types strategy Substrate additives applications
RAECs Static ~ Matrigel™ DMEM, Roxarsone promotes Cancer research  [89]
2D VEGF, vascular formation in

roxarsone vitro

Abbreviations: Ang-1, angiopoietin-1; ASCs, adipose-derived stem cells; BAECs, bovine aortic
endothelial cells; bFGF, basic fibroblast growth factor; BME, basement membrane extract
(Trevigen); Col-1, collagen type-I; CS, calcium silicate; DMEM, Dulbecco’s modified Eagle’s medium;
ECGS, endothelial cell growth supplement (Promocell); ECM, extracellular matrix; EGM, endothelial
growth medium (Lonza or Promocell); EGM-MV, endothelial growth medium microvascular; F12,
Ham'’s F-12 medium; Fbn, fibronectin; Flow, microfluidic flow-through culture; HBMSCs, human
bone marrow-derived mesenchymal stem cells; HBVP, human brain vascular pericytes; HDF, human
dermal fibroblasts; hES-MCs, human embryonic stem cell derived mesenchymal cells; HGF,
hepatocyte growth factor; HMVECs, human dermal microvascular endothelial cells; HPP, human
placental pericytes; HUVECs, human umbilical vein endothelial cells; M199, medium 199 (Lonza);
MSCs, mesenchymal stem cells; NHLF, human normal lung fibroblasts; POMaC, poly(octamethylene
maleate (anhydride) citrate); RAECs, rat aortic endothelial cells; rGALS8, recombinant galectin-8; SF,
skin fibroblasts; Static, static replacement culture; TGF-f3, transforming growth factor beta; VEGF,
vascular endothelial growth factor.

The culture of vascular networks is usually established in synthetic matrices which mimic
natural ECM; these matrices are particularly valuable for promoting successful vascular
morphogenesis in vitro [97]. Examples of these matrices are Matrigel™ [98], Puramatix™
[99], collagen type-I [80], fibrin [78] and poly(ethylene glycol) hydrogel [100].
Combinations of these gel components can be used to mimic the complexity of natural
ECM. The addition of laminin to collagen type-I scaffolds has been shown to increase
network formation and VEGFR2 expression by HUVECs in culture [84]. Similarly,
increased network formation from HUVECs was observed in composite collagen type-

I/fibrin matrix compared to pure collagen [86].

Studies in which vascular networks are cultured from endothelial cells have revealed the
important role of several cellular and molecular factors. In one study, adipose-derived
stem cells (ASCs) were found to enhance vascular network formation from HUVECs in 3D
fibrin gels [78]. That study showed that the expression of angiogenesis related genes (VE-
cadherin, VEGFR2) and proteins (VEGF, FGF, Ang-1) was higher in ASCs/HUVECs co-
culture compared to pure HUVECs culture [78]. The role of VEGF has been shown in
specialization of the tip cells and directional migration of human micro vascular
endothelial cells to form capillary-like structures [101]. Similarly, inducing the Notch
signalling pathway upregulated VEGF-A, VEGF-B and VEGF-R1 expressions, and promoted
vascular network formation in co-cultured mouse brain microvascular endothelial cells
and ASCs in 3D collagen type-I gel [102].

Limitations of endothelial cell culture
Endothelial cell cultures are relatively easy to maintain. However, there are certain
limitations which need to be considered while carrying out endothelial culture. A blood

vascular network constitutes a number of vessel types, from large vessels to micro vessels,
19



and each vessel type has its own unique properties (including endothelial cell subtypes, as
discussed below). Therefore it is challenging to attempt to recapitulate the formation of
different vessel types using a homogeneous endothelial cell population [103]. Primary
endothelial cell cultures are usually derived from terminally differentiated tissues; these
cells have limited proliferative and regenerative capacity, and a short life span in vitro
[104, 105].

Endothelial cells derived from different sites within the same tissue express different
genes and respond differently to the same pro- or anti- angiogenic factors [106]. This
supports the idea of functional subtypes among endothelial cells. Endothelial cells can be
immortalised; however, this may change their behaviour and response to stimuli [107].
Immortalised endothelial cells may alter their gene expression and physiological
properties with repeated passaging in vitro, resulting in loss of vasculogenesis efficiency
[107]. The non-endothelial cell types that support in vitro vascular network formation
from endothelial cells (e.g. fibroblasts), may represent an undesirable cell type if the
resultant tissue is to be used for tissue engineering [76].

Use of stem cells for in vitro vasculogenesis

In recent years, stem cells have increasingly been used to develop vascular cultures; this is
because stem cells have several advantages over terminally differentiated endothelial cells
[19]. Stem cells are multipotent or pluripotent in nature, they show self-renewal, and their
differentiation along various cell lineages can be manipulated by fine-tuning the culture
conditions [19]. A few examples of the stem cells that can be used for endothelial, and
ultimately vascular, differentiation are summarized in Table 2. Three main stem cell types
used are: (i) embryonic stem cells (ESCs) [108], (ii) induced pluripotent stem cells (iPSCs)
[109] and (iii) mesenchymal stem cells (MSCs) [110].

In addition, endothelial progenitor cells (EPCs), which originate in the bone marrow and
contribute to the formation of new blood vessels in adults, are also useful in the study of in
vitro vasculogenesis [105]. The differentiated endothelial cells arising from these stem
cells directly undergo vasculogenesis because of the presence of other cell types that have
also differentiated from the stem cells; alternatively, the endothelial cells can be isolated
from the stem cell culture, without the unwanted additional cell types, and used for
vascular morphogenesis (either in pure culture or co-culture with defined cell types)
[111].

One of the advantages of using ESCs is that they can differentiate into multiple vascular
cell lineages simultaneously in culture. In principle, these different lineages can contribute
to the newly-formed vessels (neovessels) in a way that closely resembles the in vivo
vasculogenesis in early embryos [19, 112]. Endothelial differentiation and vascular

morphogenesis in ESCs is controlled by culture conditions (such as the presence of growth
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factors in the medium and the use of feeder layers of stromal cells, or a substratum
consisting of a synthetic hydrogel [112, 113]).

One approach to inducing the differentiation of ESCs in culture is to allow them to first
aggregate into spherical cell masses, called embryoid bodies (EBs), in suspension culture
[114]. The use of EBs as an intermediate step is common when ESCs are cultured for
vascular differentiation (Table 2) [115]. In the absence of anti-differentiation factors (e.g.
leukaemia inhibitory factor in mouse and feeder cell layer in human), ESCs differentiate
into EBs consisting of mesodermal, ectodermal and endodermal lineages, similar to early
embryogenesis [116]. In 2D (adherent) cultures the EB cells tend to proliferate and give
rise to undesired cell types such as fibroblasts [114]. By contrast, in 3D culture
(suspension or gels), the proliferation of EB cells is limited, allowing greater control of the
differentiation of the desired cell type [114]. Significant effects of different factors, such as
culture substrate (collagen type-IV or fibronectin), cell seeding density, concentration of
VEGF and FGF in medium, and culture duration, have been observed on the endothelial
differentiation in human, mouse and zebrafish ESC culture [117, 118]. Similarly, TGF-$8 has
been identified to induce vascular differentiation in human ESCs [119].

Another important stem cell type, similar to ESCs in pluripotency and differentiation
events, is the iPSCs [120]. An advantage of iPSCs is that they can be generated by genetic
reprogramming of any adult somatic cell population, and therefore raise fewer ethical
concerns compared to ESCs [19]. Endothelial differentiation in iPSCs can be induced by
applying similar methods used for differentiation of ESCs [121]. Furthermore, gene
expression in endothelial cells derived from ESCs and iPSCs is very similar [121]. MSCs are
multipotent stem cells residing in adult tissues; they have limited differentiation potential
compared to ESCs and iPSCs [19]. Endothelial differentiation in human amniotic fluid
derived MSCs has been shown to be inducible by VEGF [110]. MSCs derived from various
tissues (bone marrow, hair follicle, adipose tissue and muscles) have been used for
vascular regeneration studies reviewed in Ref. [19]. In some studies the MSCs have been
reported to promote and stabilize vascular network formation from HUVECs (Table 1).

In addition to the use of pluripotent and multipotent stem cells for endothelial
differentiation and in vitro vasculogenesis, the unipotent EPCs also have the ability to
differentiate into mature endothelial cells and form vascular tubes in culture [105]. The
advantage of EPCs for culturing vascular networks is that these cells can be easily
obtained from adult tissues such as peripheral blood [19]. In vitro studies have shown
that the early EPCs do not directly undergo vascularization, but release factors to
stimulate angiogenesis in distantly-cultured endothelial cells in a transwell [105]. Co-
culture with MSCs has been proven to enhance vascular formation from EPCs both in vitro
and after implantation in vivo [122, 123].
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Table 2. The use of stem cell technology for endothelial differentiation and vascular development.

Stem Culture ECM Medium Main findings Possible Ref.
cell type strategy Substrate additives applications
mESCs EB static Col-1 IMDM, RSK and TTK protein Drug screening, [108]
3D EPO, kinases modulate cancer research
VEGF, vascular formation
bFGF,
mESCs EB static Matrigel™ aMEM, Reporter proteins in Developmental [124]
3D VEGF vascular cells allow studies
track of vascular
development
mESCs Static 3D Col-1 IMDM, EB formation and Drug screening [125]
VEGF, angiogenic sprouting
bFGF
mESCs Static 2D Gelatin DMEM, Endothelial Developmental [126]
VEGF differentiation, vascular  studies, Drug
network formation screening
mESCs EB static Col-1 DMEM, VEGF receptors are Developmental [127]
2D VEGF involved in tip cell studies
selection and sprouting
mESCs EB static Col-1 IMDM, Culture strategy, ECM Drug screening [128]
3D EPO, VEGF, substrate and growth
bFGF factors effect vascular
differentiation
hESCs Static 2D Matrigel™ EGM-2, BMP4 increases Developmental [129]
BMP4 vascular differentiation  studies, angiogenic
therapy
hESCs Static Knockout Spontaneous Tissue engineering, [130]
non- DMEM endothelial regenerative
adherent differentiation and medicine
Vascular sprouting
miPSCs  EB static Col-1 DMEM, TP73 gene regulate Cancer research [131]
3D VEGF endothelial
differentiation and
vascular network
formation
hiPSCs Static 2D Fbn IMDM, Formation of vessel- Regenerative [132]
VEGF, like structures medicine, organ
bFGF culture
hAFSCs  Flow Matrigel™ EGM-2 Shear stress promotes Regenerative [133]
2D endothelial medicine
differentiation and
vascular cord
formation
hAFSCs  Static Matrigel™ EGM-2, EGM and VEGF Tissue engineering, [110]
2D VEGF promotes endothelial angiogenic therapy
differentiation and
vascular formation
hTMSCs  Static 3D Fibrin EGM-2 TMSCs promote and Regenerative [134]
stabilize vessel medicine, tissue
formation from engineering

endothelial cells
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Abbreviations: aMEM, alpha-minimal essential medium (Cellgro); bFGF, basic fibroblast growth
factor; BMP4, bone morphogenetic protein-4; Col-1, collagen type-I; DMEM, Dulbecco’s modified
Eagle’s medium; EB, embryoid body intermediate; ECM, extracellular matrix; EGM, endothelial
growth medium (Cambrex or Clonetics); EPO, erythropoietin; Fbn, fibronectin; Flow, under flow of
medium; hAFSCs, human amniotic fluid-derived stem cells; hESCs, human embryonic stem cells;
IMDM, Iscove’s modified Dulbecco’s medium; mESCs, mouse embryonic stem cells; miPSCs, mouse
induced pluripotent stem cells; RSK, ribosomal S6 kinase; Static, static replacement culture; TP73,
tumor protein-73; TTK, threonine and tyrosine kinase; VEGF, vascular endothelial growth factor.

Issues and drawbacks with stem cell culture

Although stem cell technology has several advantages for vascular engineering and
regenerative therapy, there are some limitations to its use [19]. Thus, while ESCs have
been extensively studied in laboratory animals such as mouse and rats, and stable cell
lines have been developed form these animals, the technique has been proven less
successful for other species such as cattle, goat and dogs [120]. Furthermore, the very
complexity of vascular differentiation from ESCs means that the growth factors necessary
to support the generation and maintenance of multiple cell types need to be laboriously
optimised [135]. Furthermore, the use of human ESCs for research raise ethical concerns
[19].

ESCs and iPSCs are both pluripotent, and therefore it is challenging to direct the
differentiation towards a specific lineage, and to obtain high quality pure cell cultures
[120]. The iPSCs are developed by transfection of somatic cells with pluripotency genes;
however, the efficiency of the process is very low (less than 1%) [136]. The iPSCs (in
contrast to ESCs) are derived from adult differentiated cells by de-differentiation. Then, if
re-differentiated into a specific cell type, they attain some of the characteristics of that cell
type but are not identical to their normal counterparts [136]. Other issues with stem cells
is that the isolation of MSCs from adult tissues requires invasive surgical procedures, and
only yields small numbers of cells; the proliferation of these cells is also limited in vitro
[137]. Furthermore, the MSCs isolated from different tissues or life stages are not the
same, and therefore have different culture requirements and angiogenic potentials [138].

The isolation and culture methods for EPCs are only relatively recently developed
(Asahara et al, 1997 [139]). For this reason, there is no standard protocol among
researchers. It should be noted that there are no specific markers for EPCs because many
of the genes expressed by EPCs are also expressed in hematopoietic progenitors [140].
Similar to the iPSCs and MSCs, the number of EPCs found in isolated adult tissue cells is
very low, and this greatly limits their study [19]. Finally, analysis of EPCs in long-term
culture has shown that the late passage cells (45 days after the initiation of the primary
culture) have changed morphology, reduced their proliferation rate, show high -
galactosidase expression and loss of vascular network formation ability, compared to the
early passaged cells [141].
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Use of tissue explants for in vitro angiogenesis

An important strategy for vascular morphogenesis in vitro is to stimulate the growth of
the blood vessels existing in isolated sections or fragments of specific tissues [107]. The
development of a well-defined blood vascular network requires the incorporation of
multiple cell types both in vivo and in vitro, as discussed in the previous sections. The use
of tissue explants is important in this context, because these explants already contain
multiple cell types, and the angiogenesis stimulated in these cultures closely represents
the corresponding process in vivo [107]. Furthermore, tissue explant experiments are
relatively easy to perform and allow a large number of cultures to be derived from a single
tissue sample [142].

Various tissue explants have been shown to have the ability to develop vascular sprouts in
vitro (Table 3). Examples include cross sections of aorta called aortic rings [143];
metatarsal bones [144]; retina fragments [145]; choroid-sclera fragments [146]; and
adipose tissue [147]. In most cases, the tissues for explant preparation are isolated from
developing rodent embryos or neonates. Tissue explants from other species such as chick
embryo aortic arch [148], rabbit aorta[149] and pig carotid artery [150] have also been
adapted for sprouting angiogenesis. Furthermore, angiogenic sprouting has also been
reported from human tissue explants e.g. adipose tissue [147], aortic explants from
aborted embryos [151], placental explants [152, 153] and umbilical artery rings [154].

Explant cultures are usually established in a 3D gel matrix in the presence of angiogenic
growth factors, and are examined for microvessel outgrowth (vascular sprouting)[107,
155]. The aortic ring model from various species is the most commonly used explant for
studying in vitro angiogenesis (Table 3). The stimulatory effect of various factors, such as
angiogenic growth factors (especially VEGF) and ECM components, on the growth of
vascular sprouts from aortic ring have been extensively studied, reviewed in Ref. [156].
Recently developed explant cultures, using fetal metatarsals from mice, have shown
advantages over the aortic ring model, in that they do not require a 3D matrix and
exogenous growth factors for vascular sprouting [144]. In general, explant cultures can
serve as an intermediate between the endothelial cell culture on the one hand, and in vivo
models on the other. They are also thought to be more reliable for studying the
mechanisms of angiogenesis and testing the role of regulatory factors [157].

Limitations of explant cultures

Besides the advantages of explant cultures, certain limitations need to be addressed
before the technique can be fully accepted for research in tissue engineering and
regenerative medicine. The mouse aortic ring model shows significant variability in
microvessel sprouting from explants isolated from different age and strain of animals
[158]. Variability in outcome has also been reported using explants isolated from different

vessel types (artery or vein) of the same individual animal [159]. The vascular sprouts in
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the aortic ring model regress over time in culture (with peak sprouting between days 6

and 7), and this limits the analysis time and increases variability in results with culture

duration [143]. Furthermore, the aortic rings are derived from large vessels, and therefore

do not truly represent in vivo angiogenesis, which is a microvascular process [107].

Table 3. Tissue explants used for sprouting angiogenesis in vitro.

Tissue Culture = ECM Medium Main findings Possible Ref.
explant strategy Substrate additives applications
mAR Static Col-1 MCDB131, Age of the mouse Drug screening [160]
3D VEGF inversely affects
vascular sprouting
from explant
mAR Static Col-1 ESFM Endostatin inhibits Cancer research [161]
3D vascular sprouting
by modulating
endothelial cell-
ECM interaction
mAR Static Col-1 Opti-MEM,  VEGF and collagen Drug screening [143]
3D VEGF increase vessel
sprouting
rAR Static Matrigel™  EGM-200 Ascorbate inhibits Cancer research [162]
3D sprouting
angiogenesis
hUAR  Static BME EGM-2 Capillary spouting Drug screening, [154]
3D upon VEGF cancer research
stimulation
cAA Static Matrige™ bFGF, VEGF  Chemical compound Cancer research, [163]
2D releasing nitric drug screening
oxide inhibits
angiogenesis
mAT static Col-1 MCDB131, Angiogenic Drug screening [164]
3D VEGF sprouting
hAT Static Matrigel™  EBM-2, Angiogenic capacity = Drug screening, [147]
2D EGM-2 MV reflects donor’s angiogenic
physiology therapy
mRE Static PTFE DMEM, VEGF stimulate Drug screening [165]
2D VEGF vascular sprouting
mRE Static Fibrin DMEM, VEGF stimulate Drug screening [166]
3D VEGF sprouting
angiogenesis
mMT Static Gelatin OR  aMEM Vascular sprouting Developmental [144]
2D Col-1 occurs without studies, Drug
additional growth screening
factors
mMT Static aMEM, VEGF recover the Modelling [167]
2D VEGF impaired vascular vascular diseases,
sprouting in drug screening
endoglin deficient
explants
mPE Static Col-1 M199, Isoforms of VEGF Developmental [168]
2D VEGF, bFGF  differentially studies
stimulate vascular
sprouting
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Abbreviations: aMEM, alpha-minimal essential medium; bFGF, basic fibroblast growth factor; BME,
basement membrane extract (BD Biosciences); cAA, chick aortic arch; Col-1, collagen type-I; DMEM,
Dulbecco’s modified Eagle’s medium; EBM, endothelial basal medium (Lonza); ECM, extracellular
matrix; EGM MV, endothelial growth medium microvascular; EGM-200, endothelial growth medium-
200 (Cascade Biologics); ESFM, endothelial serum-free medium (Life Technologies); hAT, human
adipose tissue explant; hUAR, human umbilical arterial ring; M199, medium 199 (Gibco); mAR,
mouse aortic ring; mAT, mouse adipose tissue explant; MCDB131, basal medium (Invitrogen); mMT,
mouse metatarsal explant; mPE, mouse proepicardium explant; mRE, mouse retinal explant; Opti-
MEM, minimal essential reduced-serum medium (Gibco); PTFE, polytetrafluroethylene membrane;
rAR, rat aortic ring; Static, static replacement culture; VEGF, vascular endothelial growth factor.

Tissues containing microvascular networks (e.g. adipose tissue and retina) can be used for
explant preparation. However, these tissues are more difficult to isolate and, like the
aortic explant, show variability between experiments [145]. The high levels of capillary
sprouting observed in adipose tissue explant cultures are in many senses an advantage;
however they do make it difficult to identify all the sprouts individually and interpret the
results [147]. Similarly, angiogenic sprouts from fetal mouse metatarsal explants present
microvascular features; however, their isolation and culture procedures also require
advanced technical skills, which are key to the reproducibility of the research [144].
Finally, the metatarsal and chick aortic arch explants are isolated from developing
embryos and have high proliferative capacity; therefore, angiogenesis in these models
does not represent the in vivo situation in adults [107].

Zebrafish: a new model species for studying in vivo
vasculogenesis and angiogenesis

The zebrafish is a freshwater teleost fish [169] that is emerging as a model of choice for
studying vasculogenesis and angiogenesis [170]. The embryos and larvae are often used in
these studies because of their external fertilization, optical transparency at early stages,
and the ease of exposure to test substances (by simply adding the compound to the
swimming water) [171]. Furthermore, the genome comparison study has revealed that
there is at least one orthologue in zebrafish genome for more than 70% of human protein
coding genes [31]. Vascular development and function in zebrafish are relatively
conserved, compared to the same processes in other vertebrates [170].

The embryos develop a simple vascular system with circulating blood as early as 24 hours
post fertilization (hpf) [37]. Vascular development can be directly observed non-
invasively in the living, transparent embryo [28]. Enhanced visualization of vascular
development can be achieved by injecting fluorescent micro particles into the blood
stream, or by using transgenic lines such as kdrl:GFP and fli:GFP that express green
fluorescent protein (GFP) in vascular cells [28].

For these and other reasons, vascular development in zebrafish — from early

differentiation of angioblasts to the maturation of blood vessels — has been extensively
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studied [32, 37, 172, 173]. Studies have shown similar angiogenic responses to the test
substance irisin, in zebrafish embryos in vivo, and in HUVECs in vitro [174]. In another
example, the genetic mutation (gridlock), which causes aortic malformations and
congenital heart defects in humans, showed similar phenotypic effects in zebrafish [175].
Zebrafish have been successfully utilized to model several human vascular diseases
reviewed in Ref. [32].

Similarly, a zebrafish in vivo xenograft model has been developed to study human
carcinomas [176]. These studies have shown successful invasion, metastasis and
extravasation of various human tumor cells in zebrafish embryos and adults [176]. It has
been demonstrated that the transplantation of human WM-266-4 melanoma cells and
breast adenocarcinoma cells in zebrafish embryos induced angiogenesis in the host
vasculature; this led to the formation and infiltration of neovessels into the tumor masses
[177, 178]. Other examples of human carcinomas studied in zebrafish include breast
cancer bone metastasis [179], uveal melanoma [180] and retinoblastoma [181].

The zebrafish possesses remarkable regenerative capacity in several organs (including the
caudal fin and heart [182, 183]) which makes it a useful model for studying regeneration
[184]. The regeneration of organs also involves the regeneration of blood vessels, and
therefore the regenerative capacity of zebrafish is also important for vascular
regeneration studies [28].

Zebrafish transgenic reporter lines for vascular studies

Several transgenic lines have been developed for zebrafish which express fluorescent
proteins under vascular cell specific promoters [28]. These transgenic lines allow the
tracking of the differentiation, proliferation and migration of individual cells during
vascular development in vivo and in vitro [28]. Moreover, different transgenes can be
combined in the same embryo, as was done with a line (scl-PAC:GFP) expressing
fluorescent proteins in both endothelial and blood cells; that line permitted the
observation of the development of the vascular system and blood flow simultaneously
[185].

The most important transgenic line that we are utilizing to study vascular development in
zebrafish is the kdrl:GFP line (Figure 3A). This transgenic line is also known as
Tg(kdr:eGFP) or Tg(flk1:eGFP) [186]. In this line, GFP is specifically expressed in
endothelial cells under the control of the VEGFR2 or kdr-like gene [186]. The kdrl:GFP line
allows high resolution analysis of single cell migration and vascular development in living
embryos [186]. The utility of kdrl:GFP zebrafish embryos has been confirmed as a high-
throughput toxicology screening model [187].

Other transgenic zebrafish lines are available for vascular studies, although they have
some limitations. For example, In Tg(Tie2:eGFP) the GFP expression is relatively weak in

the vascular cells [188]. Similarly, in Tg(flil:eGFP) the GFP is expressed in certain non-
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vascular cells which interferes with the results especially in the head region of the embryo
[186]. Furthermore, studies on Tg(fli1:eGFP) have shown changes in the gene expression
of a number of genes, compared to the wild type embryos, which may affect the results
while using transgenic zebrafish for experiments [189].

In summary, zebrafish is a high-throughput, easily quantifiable, fast developing and
relatively inexpensive in vivo model for vascular studies. However, there are some
drawbacks associated with this model. The relevance of zebrafish embryo model to
understand human angiogenesis is questioned, as there is a large evolutionary time
difference between the two species [157]. Therefore, preclinical drug screening in
zebrafish should always be followed by validation in mammalian models before going to
clinical trials [28].

Future prospects for using zebrafish cells for in vitro
vasculogenesis and angiogenesis

In principle, many of the techniques discussed in the previous sections for in vitro
vasculogenesis and angiogenesis (using mammalian endothelial cells, ESCs and tissue
explants), can also be adapted for use in the zebrafish model. With the availability of
primary embryonic cells due to high fecundity of the species, and easy cell isolation
procedures, the drawbacks associated with adapted cell lines can be avoided [190]. In
addition to the above mentioned characteristics, zebrafish also possess specific desirable
features for in vitro applications.

Cell culture techniques in zebrafish

The external fertilization and large number of fast developing embryos, allow easy
harvesting of large numbers of cells and quantities of tissues from different
developmental stages [191]. Zebrafish cells grow at a lower temperature (26-28 °C) than
chick and mouse cells and do not usually require a COz-enriched atmosphere [191]. These
properties allow zebrafish cells to be grown at room temperature, although the use of a
simple incubator is recommended to help maintain sterile conditions [191]. The
protective covering of the chorion, which is present until hatching at around 48 hpf, partly
isolates the embryos from the environment [192]. This is important for in vitro studies
because it maintains the embryos in an aseptic condition [193].

To harvest sterile cells or tissues from zebrafish embryos it is necessary to decontaminate
the surface of the chorion. Using this approach, it is possible to isolate and culture sterile
cells from blastula (3 hpf) or gastrula (24 hpf) stage embryos [191, 194]. In a recent study,
we have shown that embryos with a chorion decontaminated at 24 hpf could be further
cultured to 5 dpf under aseptic conditions [155]. The tissues and cells isolated from these
embryos were successfully maintained free of contamination for eight days in culture.
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Zebrafish embryonic stem cells

As is the case with mouse and human ESCs, it is possible to maintain zebrafish ESCs in a
pluripotent state in long-term culture [195]. In zebrafish and medaka, the ESCs can be
derived from the embryo before the blastocyst stage; these cells may possess a higher
degree of pluripotency (and even totipotency), compared to mammalian ESCs derived
from blastocysts [196]. When differentiation inhibition factors are depleted in the culture
medium, the zebrafish ESCs have the ability to undergo differentiation into a range of
specialized cell types [194]. The spontaneous differentiation of zebrafish ESCs into
neuron-like cells, muscle-like cells, embryonic carcinoma-like cells and fibroblast-like cells
has been demonstrated [191, 194, 197]. However, little is known about the condition
needed to induce specific differentiation in ESCs from zebrafish.

The induction of myogenic differentiation in zebrafish primary ESCs has been shown by
culturing these cells on a laminin substratum, in medium containing insulin [198], FGF
[199] or sonic hedgehog protein [200]. In another study, the seeding density (between 1
and 2 x 10* cells/cm?) of zebrafish primary ESCs, co-culture with a zebrafish fibroblast-
like cell line (ZF4) and medium supplementation with insulin, were found to induce
cardiomyocyte differentiation [201]. Similarly, an increase in the generation of cells
resembling primordial germ cells was found in zebrafish blastocyst cell cultures after the
addition of BMP4, EGF and retinoic acid to the medium [202]. Furthermore, the use of FGF
and VEGF have been shown to increase differentiation towards the endothelial cell lineage
in zebrafish blastocyst cells [203].

Figure 3: Confocal images of transgenic zebrafish kdrl:GFP whole embryo (A) and EB culture
(B-D). (A) A5 dpf kdrl:GFP embryo showing florescent endothelial cells forming blood vessels. Scale
bar, 200 pm. (B, C and D) Developing embryoid body on subsequent days of culture (day 1, day 6
and day 8, respectively) on a mixture of collagen type-I, Geltrex™ and fibrin substratum, showing
the development of vascular network-like structures from kdrl:GFP+ cells. Scale bars, 100 pm.
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Zebrafish blastocyst cells aggregate into EBs in culture. We have shown that the
percentage of endothelial-like cells in EBs is increased by culturing them in suspension
(hanging drop culture) rather than in adherent culture, and by adding endothelial growth
supplements, including VEGF, to the medium [118]. We found that the endothelial cells in
EB cultures form vascular network-like structures on hydrogel substrates (Figure 3B-D).

Cultures of specialised zebrafish cell types

Attempts have been made to develop cultures of specialised cell types using progenitor
cells isolated from embryos. In one study, neural crest cells, isolated from dissociated 14
hpf (10-somite stage) zebrafish embryos, were maintained in culture [204]. These cells
were able to proliferate, migrate and differentiate into neurons, chondrocytes and glial
cells in the presence of specific factors [204]. Strategies have also been described for the
culture of primary neurons from developing brain and spinal cord cells of zebrafish
embryos [205]. We have found that the endothelial cells in dissociated hearts, isolated
from 5 dpf zebrafish embryos, form colonies on a fibronectin substratum; however, these
cultures could only be maintained for short periods, possibly because of low seeding-
density [155].

These studies suggest that zebrafish embryonic cell culture can be an important model for
studying endothelial differentiation and vascular morphogenesis in vitro. In principle, it
could be possible to use zebrafish kdrl:GFP embryos for the isolation of endothelial cells
using fluorescence activated cell sorting (FACS). The development of these cells into
vascular networks in response to various signals could then be readily tracked in live
cultures without the need to fix and stain them. Furthermore, tissues and organ explants
from zebrafish embryos can be a promising model for sprouting angiogenesis, as we have
shown using liver and heart explants from 5 dpf embryos [155].

In summary, the zebrafish allows easy access to large numbers of primary cells, and
vascular development in cultures derived from these cells occurs in a complex
environment of other cell types. In contrast, it is difficult to access primary cells and
tissues in mammalian models, and the vascular culture using endothelial cell lines such as
HUVECs does not reflect the complex process in vivo.

Disadvantages of zebrafish in vitro model

Zebrafish embryonic cell cultures usually combine cells or tissues from a large number of
individuals due to the small size of embryos [198]. As a result, the cell population obtained
is genetically heterogeneous, and may not be ideal for gene expression analysis [198].
Despite the simplicity of the required culture conditions (i.e. low incubation temperature
and no requirement for a COz-enriched atmosphere), studies have shown that zebrafish
primary embryonic cells require a complex medium containing FGF and fish embryo
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extract for their growth [195]. The lower incubation temperature for zebrafish cells may
not be ideal for human cells if a co-culture has to be established.

The zebrafish embryonic cells usually have to be cultured on a feeder layer of growth-
arrested cells to maintain their pluripotency [193]. The development of vascular network
in primary zebrafish embryonic cells and tissues in the presence of other supporting cell
types may be considered as an advantages as it closely mimic the in vivo situation.
However, this provides less control over the in vitro vascular development compared to
endothelial cell lines. Because the zebrafish is a relatively new research model, the
differentiation and culture conditions for its cells still needs to be optimised.

Beyond organoids: microfluidics and the development of a
functional vascular network

In this final section we want to look at some future prospects in the field of in vitro
vascular networks. These networks will always remain of limited value unless they
support a functional blood flow. In a living animal, this flow is powered by the heart. But
how can blood flow be initiated and maintained in a culture system? One obvious answer
is to use microfluidic technologies to pump blood or some nutrient liquid through the

vascular network.

Examples of microfluidic vascular culture systems

In one example of vascular culture in a microfluidic system, HUVECs and human lung
fibroblasts were co-cultured in a perfused 3D fibrin gel [79]. The networks that developed
allowed the transport of nutrients, molecules and cells, and also showed physiological
responses to flow-induced shear stress [79]. In the same microfluidic device the authors
showed that the presence of flow (regardless of flow direction) facilitates vasculogenesis
by HUVECs, and that angiogenic sprouting occurs only in the direction opposite to the flow
direction [206]. Similarly, angiogenic sprouting in 3D collagen type-I gel from HUVEC
cultures in a microfluidic device showed morphological features resembling in vivo
angiogenesis [80].

These studies employed a commonly-used microfluidic design containing a middle
channel filled with ECM, and interconnected with two side channels which conduct the
medium flow (Figure 4A). In this device the vascular network is connected to the media
channels through the lumen openings [207]. This allows the vascular network to be
perfused by chemical compounds or cells. The device allows rapid quantification of
changes in vascular networks in response to test compounds [207]. Using the same
design, Jeon et al. have shown the extravasation of cancer cells, introduced through the
perfused vascular network, into the surrounding bone-mimicking matrix [95]. In a similar

device, human colorectal or breast cancer cells co-cultured with endothelial cells in 3D
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ECM in the middle channel have been shown to develop into vascularized tumor
aggregates [208]. These tumor-like structures showed reduced growth, and sometimes
even regression occurred, in response to standard vascular targeting therapies infused via
the microvessels [208].

Another device (Figure 4B) mimics the tissue capillary interface by allowing the culture of
endothelial cells on one side, and epithelial cells on the other, of a porous membrane
inside a microfluidic channel [209]. An alternative approach is the pre-moulded hollow
network (Figure 4C) in a 3D collagen type-I matrix with embedded supporting cells (in
this case, human brain vascular pericytes [82]). The HUVECs are seeded into the cavities
of cast. In this setup, the HUVECs first form a lining to the cast channels, and then form
vascular sprouts into the surrounding matrix [82].

Figure 4. Microfluidic devices commonly used for culturing vascular-like networks. (A)
Three channel microfluidic device [95, 206]. The middle channel (m) is filled with extracellular
matrix with embedded cells. The two side channels (s) conduct the medium flow (arrows). (B)
Microfluidic device mimicking capillary-tissue interface with endothelial cells on one side and
epithelial cells on other side of a porous membrane [209]. The medium flow (arrows) can be
established on the endothelial side only, or on both sides. (C) In this device, endothelial cells
line the built-in channels cut into a hydrogel, with embedded supporting cells [82, 87]. (D) A
microfluidic channel slide with a 3D matrix plug (P) in the middle of the channel [155]. The
medium flows on either side of the plug (a small amount may penetrate the gel by diffusion).
Note that (C) comes closest to a growing vascular bed connected to the microfluidic system.
Arrows showing the direction of the medium flow. For further discussion of microfluidic
devices in the field of vascular culture, see Refs. [13, 75, 210].

In a similar device, the luminized vasculature have been developed inside moulded
channels in a biocompatible scaffold [87]. The network thus formed was able to
vascularize cardiac and hepatic tissues cultured on the outside of the scaffold. The
material used for the scaffold in that study was poly(octamethylene maleate (anhydride)
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citrate) (POMaC; a biodegrade-able and biocompatible scaffold) [87]. In that setup, the
micro pores incorporated into the scaffold allowed the uptake of nutrients, chemical
compounds and cells from the vessels, and the release of metabolites into the vessels by
the surrounding tissue [87].

In most cases, endothelial cell lines are used to culture vascular networks in a microfluidic
system. The stem cells and explant cultures have been very little used in such studies. We
have shown that zebrafish EBs embedded in 3D gel matrix, cultured in a microfluidic
channel (Figure 4D) formed longer and wider vascular sprouts compared to the EBs
cultured in conventional (static) 96-well plates [155].

Technical challenges for the future

As we have discussed above, scientists are beginning to realize the goal of a functional
vascular network perfused by microfluidics in vitro. However, there are some severe
technical challenges to be overcome. Presumably, some kind of synthetic interface or
connector will be needed to connect the living vessels with microfluidic system. Another
major challenge will be to maintain an increasing blood flow as the tissue explant,
attached to the vascular network, grows in size. Thus, the growing tissue will require
vessels of increasing diameter, and this in turn will require an expanding connection to
the microfluidic system. Solutions to these problems will require intensive research.

Conclusions

In summary, the techniques developed for in vitro vascular network formation in
mammals are producing rapid advances in our understanding. They can also be applied to
zebrafish cells and tissues. For its benefits such as easy access to primary embryonic cells,
availability of transgenic lines to visualize endothelial cells and conserved molecular
pathways, the zebrafish can be a significant first-step model for studying in vitro vascular
development. In recent years, microfluidic technology have shown great advances in
developing in vitro vascular networks. Ultimately, the future of tissue culture and organ
culture will be greatly extended if functional vascular networks with a fluidic flow can be
grown in vitro. The major challenges in establishing such a system would be to
recapitulate the key features of vascular system such as barrier function and vasoactivity,
as wells as to compensate for the increasing demands of the growing tissue.
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Abstract

Different strategies have been developed to induce specific differentiation pathways in
zebrafish embryonic cell culture. Our ultimate goal is to develop in vitro vascular networks
using zebrafish embryonic cells. Therefore, we need to establish the basal, optimal
conditions under which endothelial cells can be maintained in zebrafish embryonic cell
culture. To achieve this aim, we describe here procedures for culture of zebrafish
blastocyst cells and the quantification of putative endothelial cells in these cultures. To
determine the basic nutrient requirements for zebrafish primary cells, we first cultured
the blastocyst fragments (explants) in LDF medium (combination of Leibowitz’s L-15,
Dulbecco’s modified Eagle’s and Ham’s F12 media) supplemented with different
concentrations of heat-inactivated fetal bovine serum (FBS) or zebrafish embryo extract
(ZEE). In the second experiment we analysed the development of putative endothelial
cells (expressing green fluorescence protein), under basal culture conditions, in
trypsinized blastocyst cell cultures derived from the transgenic zebrafish fli:GFP and
kdrl:GFP lines. In the third experiment we analysed the characteristic and growth of
blastocyst secondary cell cultures established by passaging primary cultures. The
blastocyst explant cultures showed significant expansion in the area covered by cells in
media supplemented with 15% FBS and 60 pg/mL ZEE. The trypsinized blastocyst cells
formed embryoid body (EB) aggregates in culture which contained different cell types
including fli:GFP* and kdrl:GFP+ cells. The percentage of these GFP+ cells dropped in
cultures after day 4, which is probably because of the thriving fibroblast-like cells
emigrating from the EBs. These fibroblast-like cells were maintained for 8 passages with
12 population doublings. These cells showed a homogeneous morphology and higher
growth rate compared to the primary blastocyst cells.
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Introduction

In many vertebrates, embryonic stem cells (ESCs) are cells isolated from early embryos
[1]. These ESCs may form, when cultured, embryoid bodies (EBs) containing endoderm
and mesoderm cells which differentiate into different cell types including hematopoietic,
endothelial, muscle and neural cells [2]. This differentiating property of ESCs can be used
to study the differentiation and lineage commitment events in embryos [2]. Mouse ESCs
have been extensively studied and used in various experiments [3]. Because of the their
considerable potential, techniques for the culture of pluripotent ESCs are being developed
in other mammals [4] including humans [5]. However, the use of these species in research
is relatively expensive and raise ethical concerns [6]. As an alternative, the zebrafish can
be used for ESC research because of it has advantages over mammalian cells as a culture
system [7].

The manipulation of zebrafish is relatively simple and cell isolation procedures are well
described [7]. Zebrafish are small, have a short generation time of about 2 to 3 months
and one female produces about 200 eggs per week [8]. Zebrafish eggs are externally
fertilized so there is no need to kill the mother for embryo isolation as in the mouse.
Furthermore, zebrafish cells can be maintained at a lower temperature (26 °C) in
atmospheric CO,, in contrast to mammalian cells [7]. Being a relatively new research
model, few cell cultures have been developed for zebrafish [9-17]. The methods used to
culture zebrafish cells often vary between researchers. One of the important
inconsistencies is the composition of the culture medium (Table 1). It will be important in
this field to define a standard medium for efficient growth of zebrafish embryonic cell
culture.

A commonly-used zebrafish cell culture medium is composed of LDF (combined
Leibowitz’s L-15, Dulbecco’s modified Eagle’s medium (DMEM) and Ham’s F12) with
added HEPES buffer (4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic acid), sodium
bicarbonate, sodium pyruvate and antibiotics [18]. The medium is usually supplemented
with fetal bovine serum (FBS), fish serum, fish embryo extract and basic fibroblast growth
factor (bFGF) [7]. The concentrations of these ingredients, and the type of antibiotic used,
may vary for different zebrafish cell culture experiments (Table 1). Primary cells from
zebrafish embryos tend to require a nutrient-rich medium for their growth [7]. Therefore,
the media are sometimes enriched with additional supplements and growth factors,
including L-glutamine [19], bovine insulin [20], trout plasma, human epidermal growth
factor (hEGF) [21] and murine epidermal growth factor (mEGF) [22].

When studying cellular differentiation in zebrafish ESC culture, transgenic zebrafish lines
expressing green fluorescence protein (GFP) under fli-1 [23] and kdrl [24, 25] promoters,
may be used as a marker to observe real time differentiation of vascular progenitor cells.
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Fli-1 (Friend leukemia virus integration site 1) is a transcription factor gene highly
expressed in endothelial cells, hematopoietic cells and lymphoid tissue in mouse [26].

Table 1: Composition of various media used for zebrafish cell culture.

Culture Units  Zebrafish cell type
Constituents EFB EC EC EC EC SC ESN EMC FB EC EFB EC
Substrate P FC P FC FC P L L P PL C1 G
Leibowitz’s L-15 % - 52 8 50 50 83 859 25 - 50 - -
DMEM % 45 21 - 35 35 - - 25 85 35 84 85
Ham'’s F12 % 45 9 - 15 15 - - - - 15 - -
HBSS % - - - - - - - 50 - - - -
HEPES mM 15 15 - - 15 - 4 15 - 15 - 20
Sodium bicarbonate mg/mL 1.2 0.11 - - 0.15 - - - - 0.15 - -
Sodium pyruvate mM 0.5 - - - - - 125 - - - 1
Sodium selenite nM - 10 - 10 - - - - - 10 - 2
Calcium chloride mM - 08 - - - 0.16 0.8 - - - -
2-mercaptoethanol uM - - - - - - - - - - - 100
Antibiotics
Penicillin pg/mL - 72 50 - 120 - - 60 60 120 - -
Streptomycin pug/mL - 120 50 - 200 - - 100 100 200 - -
Ampicillin pug/mL - 15 - - 25 - - - - 25 25 -
Kanamycin pug/mL - - - - - - - 100 - - - -
Gentamycin mg/mL - - 10 - - - - 0.05 - - - -
Pen-strep % - - - - - 1 04 - - - 1 100#
Antimycotic mix* % - - - - - 1 - - - - - -
Amphotericin pug/mL - - - - - - - 25 - - - -
Serum %
FBS 10 145 15 5 5 15 2 10 15 1 15 15
Carp serum - - - - - 5 - - - -
Trout serum - - - 04 1 - - - - 05 1 1
Trout plasma % - 1 - - - - - - - - - -
Embryo extract pg/mL™
Trout - - - 50 50 - - - - 40 - -
Zebrafish - 50 - - - - - 10 - - 50 1##
Growth factors ng/mL
bFGF - 50 - 50 50 - - - - - 50 10
hEGF - 50 - - 50 - - - - - 25 -
mEGF - - - 50 - - - - - - - -
l-glutamine mM 25 - - - - - - 2 3 - - 2
Bovine insulin pg/mL - 10 - 10 10 - - 5 - 10 10 -
NE amino acids mM - - - - - - - - - - - 1
Reference [19] [21] [17] [22] [11] [14] [10] [12] [13] [16] [20] [27]

Abbreviations: bFGF, basic fibroblast growth factor; C1, collagen type-I; DMEM, Dulbecco’s modified
Eagle’s medium; EC, embryonic cells; EFB, embryonic fibroblasts; EMC, embryonic muscle cells; ESN,
embryonic spinal neurons; FB, fibroblasts; FBS, fetal bovine serum; FC, growth arrested feeder cell
line (RTS34st cells); HBSS, Hank’s balanced salt solution; hEGF, human epidermal growth factor;
HEPES, (4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic acid); L, laminin; mEGF, murine epidermal
growth factor; NE, non-essential; P, polystyrene; PL, poly-D-lysine; SC, spleen cells.

KEY: *, antimycotic mix from Gibco; **, concentration of embryo extracts means the amount of total
proteins in the extract; #, concentration 100 U/mL; ##, concentration 1 embryo/mL; -, not added.

In zebrafish embryos fli-1 is expressed during early vasculogenesis and the expression
persists throughout vascular development [28]. The transgenic zebrafish (fli:GFP) has
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been shown to express GFP in endothelial and hematopoietic cells, as well as in cells on
the yolk sac and neural crest cells i.e. mesenchyme and jaw cartilages [23]. Kdrl, also
known as flk-1 or VEGFR2, is a vascular endothelial growth factor receptor, expressed
particularly in endothelial cells during vascular development [25, 29].

Zebrafish embryos at the blastocyst stage of development (approximately 3.5 hours post
fertilization or hpf) are usually dechorionated and trypsinized to isolate ESCs. Culturing
blastocyst explants is equally important in studying cellular interactions, organization and
lineage commitment in early embryos [30]. Embryo explant culture has also been applied
to invertebrate embryos such as Caenorhabditis elegans [31] and the sea urchin [32].
However, in most of the procedures for ESC research, the embryos are dissociated
(trypsinized) into single cells for culturing. These early embryonic cells are used to
establish pluripotent ESC cultures which may be used for various applications e.g. genetic
manipulation of cells and organisms and production of germ line chimeras [21]. By
culturing these ESCs under differentiation conditions, specific cell lines can also be
developed [12, 17].

In order to maintain the ESCs in a pluripotent, undifferentiated state, they may be grown
on a feeder monolayer of growth-arrested cells [33]. Different feeder cell lines used to
culture zebrafish embryonic cells include rainbow trout spleen cells (RTS34st ) [11, 22],
zebrafish spleen stromal cells (ZSS]) [14], buffalo rat liver cells [34] and zebrafish
embryonic fibroblasts [18]. For specific differentiation of ESCs, the feeder layer is replaced
by coating the culture plate with adhesive molecules. Fibronectin, laminin, collagen and
poly-D-lysine are the molecules known to promote attachment and differentiation of
zebrafish cells [10, 12, 20]. Zebrafish embryonic cells have also been successfully cultured
on polystyrene culture dishes without any feeder layer or substrate coating [17].

In this chapter we have optimized the culture conditions for zebrafish blastocyst cells in
the following steps: (1) The optimization of FBS and zebrafish embryo extract (ZEE)
concentrations in the media for the expansion of blastocyst explant cultures. (2) The
quantification of fli:GFP* and kdrl:GFP* cells under basic medium conditions, in the
blastocyst cell culture developed from the transgenic zebrafish embryos. (3) The effect of
different concentrations of FBS, ZEE and gelatin substratum on the growth and viability of
blastocyst secondary cell cultures.

Materials and methods

Zebrafish rearing and mating setup for embryo isolation
All the animal experiments were performed according to the Netherland Experiments on
Animals Act [35], based on guidelines laid by the Council of European Union [36]. Adult
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zebrafish were maintained, as previously described [37], in 5 liter tanks having
continuously circulating egg water (“Instant Ocean” sea salt 60 pg/mL demi water), on 14
h light: 10 h dark cycle. Temperature of the water and air was controlled at 26 and 23 °C,
respectively. Wild type zebrafish embryos were used to characterize general growth of
blastocyst cells. Transgenic fli:GFP and kdrl:GFP embryos were used to analyse
differentiation of blastocyst cells into putative endothelial and hematopoietic cells. To
obtain embryos, adult male and female fish, at a proportion of 1:1, were transferred to
small breeding tanks in the evening. The zebrafish usually laid eggs when light turns on.
The eggs were collected at the bottom of the tank, separated from adults using a cotton
mesh to protect the eggs from being eaten.

Embryos were transferred to a temperature controlled room (28 °C) and were distributed
in 9 cm 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.

Sterilization of embryos

Embryos were allowed to develop to the high blastula stage of Kimmel et al. [38]
(approximately 3 hpf) at 28 °C. These embryos were then sterilized using 70% ethanol for
10 sec and 0.05% bleach solution (Table 2) for 2 x 5 min. Between the sterilization steps
the embryos were washed with LDF medium (Table 2). The sterilization procedure
described in Ref. [21] was followed. The embryos were finally left in 0.5 mL of LDF
medium and any dead embryos or embryos with visible contamination inside the chorion
were removed. These embryos were dechorionated using a pair of No. 5 watchmaker’s
forceps for the isolation of blastocyst cells.

Overview of experiments

The procedure of cell isolation and culture from embryos is shown in Figure 1. Three
different experiments were performed (Figure 1). In the first experiment the wild type
blastocysts were triturated gently with a P-200 Gilson micropipette (Gilson, B.V., Europe:
Den Haag) without enzymatic digestion to form fragments (explants). These explants
were cultured in LDF medium (Table 2) supplemented with different amounts of FBS
(Invitrogen, 10500) and ZEE to optimize the concentration of these nutrients for zebrafish
primary cell culture (see below, Experiment 1: Primary explant cultures). In the second
experiment (see below, Experiment 2: Quantification of fli:GFP* and kdrl:GFP+ cells in
cultures) trypsinized blastocyst cells isolated from fli:GFP and kdrl:GFP embryos were
cultured to analyse the generation of fli:GFP* and kdrl:GFP* cells in these cultures. In the
third experiment (see below, Experiment 3: Secondary blastocyst cell culture) the effect of
FBS and ZEE supplementation and gelatin substratum was analysed on the growth and
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viability of blastocyst secondary cell cultures, established after several passages from the

primary cultures.

zebrafish matting

b= x =4

embryo collection
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trypsinization
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800060000050 Culture

Figure 1: Schematic diagram of isolation and culture procedures of zebrafish
blastocyst cells and the experiments performed.
Abbreviations: FBS, fetal bovine serum; ZEE, zebrafish embryo extract.

Medium preparation

A basic LDF medium was prepared as shown in Table 2. All of the solutions used in LDF

medium were supplied from Invitrogen (Gibco). Media were reconstituted with different
concentrations of FBS (5, 10, 15 and 20%) and ZEE (15, 30, 45 and 60 pg total
protein/mL) in separate tubes, before adding into culture wells. FBS (10%) contained in

all media having different concentrations of ZEE; similarly, ZEE (50 ug/mL) contained in
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all media having different concentrations of FBS. Cells were cultured in each distinct
medium in six wells (replicates) of the 96 well microplate. The FBS used in the
experiments was qualified, heat inactivated, E.U.-approved, South America Origin from
Invitrogen, catalog number 10500. ZEE was prepared using 36 hpf wild type zebrafish
embryos using the following procedure.

Preparation of zebrafish embryo extract

The ZEE was prepared according to the procedure described in Ref. [21]. The 36 hpf wild
type zebrafish embryos were washed thoroughly with egg water. About 500 embryos
suspended in 0.5 mL LDF medium were transferred to a 2 mL Eppendorf tube having a 5
mm glass bead. The embryos were homogenized in a QIAGEN TissueLyser Il at 30
oscillations/min for 1 min. After homogenization, 1 mL LDF was added to the embryo
lysate. The tubes were then centrifuged at 20,000 g for 10 min at 4 °C. The supernatant
was transferred to a new tube, and the total protein content of the extract was quantified
using bovine serum albumin protein assay kit (Thermo scientific, product 23227). Finally,
the extract was diluted to a final concentration of 1 mg total protein/mL, filter sterilized
and stored in aliquots at -20 °C.

Experiment 1: Primary explant culture

The wild type embryos were dechorionated using sterile No. 5 watchmaker forceps and
each set of 50 embryos was then transferred to a separate 1.5 mL sterile Eppendorf tube.
The embryos were triturated using a P-200 Gilson micropipette, in the LDF medium, to
fragmentize the blastocysts. The tubes were then centrifuged at 300 g for 2 min and the
supernatant, including the yolk, was discarded. The blastocyst fragments (explants) were
washed with CMF-PBS (calcium magnesium free - phosphate buffered saline) and then
with LDF to remove any remaining yolk particles. Finally, the explants were re-suspended
in 300 pL of LDF medium containing 10% FBS, and distributed in a 96-well plate such
that, on average, the explants from 2 blastocysts were plated per well. Finally 200 uL. LDF
media, having varying concentrations of FBS and ZEE (as described above in Medium
preparation) were added to the wells. The cultures were maintained in an incubator at 28
°C in atmospheric CO; until data collection.

Trypsinized blastocyst cell culture

The concentrations of FBS and ZEE in the medium optimized for explant culture in
experiment 1 (above) was used to culture the completely dissociated (trypsinized)
blastocyst cells. For this purpose, the embryos were sterilized, dechorionated and de-
yolked as described above. Then, the blastocysts were given a rinse with CMF-PBS and
incubated in 1 mL of 0.25% trypsin solution (Table 2) for 2 min. The trypsin-blastocysts
solution was triturated several times using p-1000 Gilson micropipette, to facilitate
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dissociation of cells. The trypsin was deactivated by adding 0.1 mL of FBS or 1 mL of
trypsin inhibitor (Invitrogen, catalogue number R-007-100). The solution was centrifuged
at 300 g for 3 min and the supernatant was discarded.

Table 2: Solutions and Media.
Reagent (supplier, catalog number) Final Concentration
LDF medium
Leibowitz’s L-15 (Invitrogen, 11415) : DMEM (Invitrogen, 11966) : 55:32.5:125
Ham'’s F12 (Invitrogen, 21765)

HEPES (Invitrogen, 15630) 15 mM

Antibiotic antimycotic mix (Invitrogen, 15240) 1%

NaHCOs3 0.015%
CMF-PBS (Invitrogen, 14190)

KCl 2.7 mM

KH2PO4 1.5 mM

NaCl 138 mM

NazHPO04-7H20 8.06 mM
Trypsin solution for embryos

Trypsin 2.5% (Invitrogen, 15090) 0.25%

CMF-PBS 99.75%

EDTA 1 mM
Trypsin solution for cultured cells

Trypsin 10X (Invitrogen, 15400) 0.05%

CMF-PBS 99.95%

EDTA 1 mM
Bleach solution

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

Sterile distilled H20 99.95%
Gelatin solution

Gelatin (Sigma, G1890) 2%

Sterile distilled H20 98%

Abbreviations: CMF-PBS, calcium magnesium free phosphate buffer saline; DMEM, Dulbecco’s
modified Eagle’s medium; EDTA, ethylenediaminetetraacetic acid; HEPES, 4-(2-hydroxyethyl)-1-
piperazine-ethanesulfonic acid.

The cell pellet was washed three times with LDF medium containing 10% FBS and finally
suspended in 300 pL of the same medium. The concertation of the cells in the isolates was
determined by counting in a heamocytometer. The fIi:GFP or kdrl:GFP blastocyst cells (for
Experiment 2: Quantification of fli:GFP* and kdrl:GFP* cells in cultures, see below) were
plated at a density of 17000 cells per well in a 96 well plate, with or without gelatin
coating. Another batch of wild type blastocyst cells isolated using the same procedure was
cultured in 12.5 cm? flasks (for Experiment 3: Blastocyst secondary cell culture, see
below) at a density of 6 x 105 cells per flask for sub-culturing.

After allowing approximately 1 h for the cells to attach to the surface, 200 pL or 2 mL of
LDF medium containing 15% FBS and 50 pg/mL ZEE was added per well of the 96 well
plate or per 12.5 cm? flask, respectively. These cultures were maintained at 28 °C in 0.5%
CO2 until data collection or sub-culturing.
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Media refreshment

To optimize the time for media refreshment, in a separate experiment, the zebrafish
blastocyst explants were cultured without replacement of media. We changed to a
refreshment interval of 4 days for the primary cultures when we observed a decrease in
the surface area covered by the emigrating cells around the explants after day 4 in the
non-replacement cultures. For the secondary cultures the medium was refreshed weekly.

Experiment 2: Quantification of fli:GFP* and kdrl:GFP* cells in culture
Two different cultures were established to analyse spontaneous differentiation in primary
blastocyst cultures: one from the cells isolated from zebrafish fli:GFP embryos and the
other from kdrl:GFP embryos. The cells cultured in the wells of 96 well plate, with or
without gelatin coating, were isolated for the quantification of fli:GFP* or kdrl:GFP* at
successive time-points (days 2, 4, 6 and 8). The gelatin was used at a concentration of 0.1
mg/cm? (1.7 pL of 2% gelatin solution per well). For each of the above mentioned
condition (i.e. transgene line, gelatin coating and time-points), the blastocyst cells cultured
in six replicate wells were transferred to separate Eppendorf tubes (see below,
Trypsinization of cultured cells). Each cells isolate was subjected to quantification of
fli:GFP* or kdrl:GFP* using the procedure described below (Data collection).

Experiment 3: Secondary blastocyst cell culture

The blastocyst cell culture in 12.5 cm? flasks was maintained for 21 days with media
refreshment every four days. The cells were then isolated from the flask using 2mL of
0.05% trypsin solution (Trypsinization of cultured cells), and sub-cultured in a new flask
in LDF medium containing 10% FBS. These secondary cells were then passaged every
seven days. At least three 12.5 cm? flasks were platted, for the primary culture as wells as
for the secondary cultures, to allow for statistical analysis of growth rates at successive
passages. During transfer a small amount of cell isolate at each passage was used to
determine the total number of cells harvested and the population doubling time (see
below, Statistical analysis).

At passage eight the cells were isolated from the flask and distributed at 17000 cells per
well in a 96-well plate (Figure 1). These cells were maintained in media supplemented
with different concentrations of FBS (5, 10, 15 and 20%) or ZEE (15, 30, 45 and 60
pg/mL), or on different concentrations of gelatin substratum (see below, Gelatin coating of
wells). The effect of FBS, ZEE and gelatin substratum was analysed by calculating the total
number of cells harvested per well and the viability of the isolated cells on day 7 of culture
(see below, Data collection).

56



Vimentin staining of secondary blastocyst cell culture

To identify possible fibroblasts, the blastocyst secondary cells at passage eight were
stained with anti-vimentin antibody [39]. For this purpose, mouse anti-vimentin antibody,
developed by Michael Klymkowsky and maintained by The University of Lowa,
Department of Biology, was obtained from the Developmental Studies Hybridoma Bank.
The culture was established in chambered coverglass plate for imaging. All of the
following steps were performed at room temperature.

On day 7 of culture the medium was removed and the cells were washed twice with CMF-
PBS. Then the cells were fixed for 20 min in 4% paraformaldehyde (PFA) solution. The
fixing solution was removed and the cells were washed twice with washing buffer (0.1%
bovine serum albumin or BSA in CMF-PBS). Then the cells were treated with blocking
buffer (10% normal sheep serum, 1% BSA, 0.3% triton X-100 in CMF-PBS) for 45 min. The
blocking buffer was removed and the cells were incubated for 3 h with primary anti-
vimentin antibody at a concentration of 3 pg/mL in CMF-PBS containing 1% normal sheep
serum, 1% BSA and 0.3% triton X-100. The cells were then washed with washing buffer
and incubated for 1 h in 1 ug/mL of the secondary antibody (goat anti-mouse IgG Alexa
Fluor 568) to visualize the stained cells. Finally, the cells were treated with 1 pg/mL of
DAPI (4',6-diamidino-2-fenylindool) to stain the nuclei.

Gelatin coating of wells

The wells of a 96 well plate were coated with different concentrations (0.03, 0.06, 0.12,
0.24 and 0.48 mg/cm?) of gelatin. Calculated volume of 2% gelatin solution (Table 2), to
get the desired concentration of substratum, was added to the wells of a 96 well plate.
Each concentration was replicated in six wells, in addition six wells were used as a control
without gelatin coating. The plate was allowed to air dry at room temperature for one
hour. The blastocyst secondary cells at passage eight were cultured in these wells in LDF
medium containing 10% FBS and 50 pg/mL ZEE. The cells were isolated and counted on
day 7 of culture (see below, Data collection).

Trypsinization of cultured cells
In order to isolate the cells from 96 well plate for counting or from 12.5 cm? flasks for sub-
culturing, the medium was aspirated and the cells were washed with CMF-PBS. The
cultures were then incubated in 0.05% trypsin solution (Table 2) at 28 °C. the solution
was triturated several times using a p-1000 micropipette to detach remaining cells and to
dissociate the cell clumps. The detachment of cells was observed under an inverted
microscope. When the majority of cells were in the suspension (approximately after 2
min), the trypsin was inactivated by adding FBS to a final concentration of 10%. The
suspensions were then transferred to separate Eppendorf tubes from each well or flask
and centrifuged at 300 g for 3 min. The supernatant was discarded and the cells were
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washed twice with LDF medium containing 10% FBS. Finally, the cells were re-suspended
in the same medium for cell counting or re-plating.

Data collection

The blastocyst explant cultures were imaged using an inverted phase contrast light
microscope, and the following measurements were made at each successive time-point
(day 2, 4 and 6 of culture) with the software Image-], version, 1.46r [40], using a pre-
calibrated scale: (i) Area (mm?) of initial explants (marked as 1 in Figure 2); (ii) area
(mm?) covered by the explant aggregates (marked as 2 in Figure 2); and (iii), the area
(mm?) covered by the flattening, fibroblast-like cells spreading at the periphery of the
explants (marked as 3 in Figure 2). The percentages of growth in covered area was
calculated as described in the section below (Statistical analysis).

The primary fli:GFP and kdrl:GFP blastocyst cell cultures were isolated from the 96 well
plates at days 2, 4, 6 and 8 using 0.05% trypsin solution (see above, Trypsinization of
cultured cells). The cell isolates from each well were transferred in a 5 uL. droplet on a
glass slide to the confocal microscope. Each drop was imaged with two channels; one
showing GFP+ cells and the other showing a phase contrast image of all the cells in the
same field. For cell counting, both of the channels were combined, and the fli:GFP* or
kdrl:GFP+ and non-positive cells were counted in each image. From these counts the
average percentage of fli:GFP* or kdrl:GFP* cells was calculated (Statistical analysis).

The secondary embryonic cells cultured in 96-well plate in different concentrations of
FBS, ZEE or gelatin substratum were isolated and counted on day 7. In total six replicate
wells were cultured for each condition. The cells were isolated from the wells using 0.05%
trypsin solution (see above, Trypsinization of cultured cells). The total number of cells
harvested per well was calculated using a heamocytometer. The viable cells were
distinguished from non-viable cells using trypan blue dye exclusion (1:1 ratio of 0.4%
trypan blue in CMF-PBS).

Statistical analysis

The percentage increase in the relative area of the blastocyst explant, at each successive
time-point, compared to the area on day 0, and the area covered by the emigrating
fibroblast-like cells as a percentage of the total covered area (explant + emigrating cells),
was calculated from the above measurements (Data collection) using the following
formulas (see Figure 2 for the number references with the equations).

Percent increase in area covered by cells in the explant culture:

(1) Area increased = Total area covered by cells (2 + 3) — size of explant at day 0 (1)

. . Area increased
(2) Percent increase in area = — x 100
Size of explant at day 0 (1)
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Area covered by flattened, fibroblast-like cells as a percentage of total covered area:

Area covered by flattened cells (3)

x 100

(3) Percent area covered by the flattened cells =
Total covered area (2+3)

The percentage of fli:GFP* or kdrl:GFP+ cells was calculated from cell counts in the confocal
images of the cell isolates of the primary blastocysts cell cultures (Data collection) using
the following formula.

+ .
(4) Percentage of GFP~ cells = Number of GFP” cells/field . 4

total number of cells/field

The total number of cells harvested per culture, cell viability and population doubling
level of the secondary blastocyst cell cultures was calculated from the cell counts in the
heamocytometer using the following formulas.

(5) Total cells harvested = Number of cells/uL X total volume of cell isolate in uL

Number of viable cells/uL

x 100

(6) Cells viability =

Total number of cells/uL
(7) Population doubling level (PDL) = 3.32 x (logNH — logNI)

Where NH is the total number of cells harvested after a period of time, and NI is number of

cells plated.
1

. N _ PDL
(8) Population doubling time(PDT) = Total growth irs

Arithmetic means of six replicates were calculated for all percentages under each
condition, using the software SPSS 21.0. One-way analysis of variance (ANOVA) was
performed to calculate p values to compare different culture conditions as well as
different time-points of the same condition. Multiple mean values that varied significantly,
were further analysed for pair comparisons using post-hoc Tukey’s test.

Results

Blastocyst explant culture

Images of zebrafish blastocyst explant cultures are shown in Figure 2. By day 4 of cultures
the fibroblast-like (flattened, elongated) cells, emerging from the explants, spread and
covered the surrounding substratum (Figure 2B, dashed area marked with 3). Nearby
blastocyst explants often fused to form larger bodies, and the area covered by fibroblast-
like cells increased with time (Figure 2C).

On average, two blastocyst embryos yielded 8.3 * 0.8 explant fragments (plated per well).
The explants were of different sizes and the surface area covered by individual explant
ranged from 0.01 to 0.29 mm2. Combined all the explants per well covered an area of 0.27
+ 0.01 mm? of the substratum. Cultures observed on subsequent days (day 2, 4 and 6)
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showed a gradual decrease in the total number of explants per well (6.2 + 0.7, 4.4 £ 0.4
and 3.2 + 0.3 respectively), due to fusion between adjacent explants (Figure 2C). The effect
of fetal bovine serum (FBS) and zebrafish embryo extract (ZEE) on the explant cultures
and the area covered by the emigrating fibroblast-like cells is discussed in the following
sections.

A

]

Figure 2: Culture of zebrafish blastocyst explants on day 0 (A), day 4 (B) and day 6 (C). The
dotted lines represent (1) size of explant just after plating, (2) area covered by the rounded explant
cells during culture, (3) area covered by elongated, fibroblast-like cells. In (C) the arrow showing the
combination of two explants to form larger aggregate. Scale bar, 100 um.

Effect of FBS on the blastocyst explant culture

FBS increases the spreading of cells around the explant

By day 6 the cells spreading around the explants covered 350-430% of the initial explant
area on different FBS concentrations (Figure 3A). The increase in area covered by the cells
around the explants was significantly lower in cultures without FBS compared to cultures
with 5% FBS or above on day 4 and 6 of culture. Until day 2 the percent increase in
covered area of explant and emigrating cells was similar in all media compositions
including medium without FBS. After day 2, the covered area increased significantly faster
in media supplemented with different FBS concentrations (Figure 3A). The explants
cultured in medium without FBS did not show further increase in the area covered by cells
after day 2. No significant differences were observed in area covered by cells cultured in
different FBS concentrations.

FBS increases the percent area covered by flattened cells in explant culture

The percent area covered by the flattened, fibroblast-like cells was significantly higher in
cultures supplemented with FBS (5-20%) compared to cultures without FBS (Figure 3B).
The explants cultured in medium without FBS showed less extension of fibroblast-like
cells, and remained similar with time. In the media with 5% or more FBS, the percent area
covered by fibroblast-like cells increased significantly from day 2 till day 6. Cultures with
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20% FBS had significantly higher percentage of area covered by the fibroblast-like cells on

the day 4 and day 6, compared to cultures with 5% FBS. On day 2 the percent area covered

by the fibroblast-like cells was similar in cultures with different FBS concentrations (5-

20%).
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Figure 3: Blastocyst explant culture in media supplemented with different fetal bovine
serum (FBS) concentrations. (A) Percentage increase in relative area of explant + outgrowth
relative to area of initial explant (see equation 2 in Statistical analysis). (B) Percentage of area
covered by flattening cells (area marked with number 3 in Figure 2; see equation 3 in Statistical
analysis). Error bars represent standard error. (***, p < 0.001, **, p < 0.01, *, p < 0.05 compared
to cultures with no FBS; ##, p < 0.01, #, p < 0.05 compared to cultures with 5% FBS).
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Figure 4: Effect of different zebrafish embryo extract (ZEE) concentration in medium on
zebrafish blastocyst explant culture. (A) Percentage increase in relative area covered by
cells around the explant compare to the initial area of explant (see equation 2 in Statistical
analysis). (B) Percentage of area covered by flattening cells (area marked with number 3 in
Figure 2; see also equation 3 in Statistical analysis). Error bars represent standard error. (***, p
< 0.001, **, p < 0.01, compared to cultures with no ZEE; ###, p < 0.001, ##, p < 0.01, #, p < 0.05
compared to cultures with 15 pg/mL ZEE; ++, p < 0.01, +, p < 0.05 compared to cultures with
30 pg/mL ZEE).
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Effect of zebrafish embryo extract on blastocyst explant culture

ZEE increases area covered by cells around blastocyst explant

Similar to FBS, ZEE also showed significant effect on the expansion in area covered by the
emigrating cells from the blastocyst explants (Figure 4A). The increase in the area covered
by cells around the explant was higher on day 2 in cultures with 15 pg/mL ZEE compared
to cultures without ZEE in the medium. More expansion of the fibroblast-like cells around
the explant was observed in cultures supplemented with 60 pg/mL compared to 15
pug/mL ZEE (Figure 4A). No significant differences between 15, 30 and 45 pg/mL ZEE
concentrations was observed on the expansion of the cultures. Without ZEE in the
medium the area of the explant remained similar from day 2 to day 6. In the presence of
ZEE (15-60 pg/mL), significant increase was observed in the explant area from day 2 to
day 6 (p<0.001).

Percent area covered by flattened cells is increased by ZEE

The area covered by the flattened cells, as a percentage of the total area covered by the
explant (including the fibroblastic cells), was higher with 30-60 pg/mL ZEE concentration,
compared to no ZEE in the medium (Figure 4B). Cultures maintained with 60 pg/mL ZEE
showed higher percentage of area covered by fibroblast-like cells compared to cultures
with 15 pg/mL ZEE. No significant differences were observed between cultures with zero
and 15 pg/mL ZEE. The percent area covered by fibroblast-like cells increased
significantly from day 2 to day 4 under all ZEE conditions (p<0.01). However, after day 4
to day 6 a significant increase was observed only with 60 pg/mL ZEE (p<0.05).

Trypsinized blastocyst primary cell culture

The trypsinized blastocyst cells formed aggregates known as EBs within the first 24 h of
culture and then the elongated, fibroblast-like cells started to emigrate on the culture
substratum as a monolayer from these EBs (Figure 5A-E). The primary cultures
predominantly contained two types of cells: (i) flattened, elongated, fibroblast-like cells;
(ii) round, EB cells. At this stage other cell types such as neuron-like (long thread-like)
cells, and melanocytes (pigment cells; Figure 5F) were also visible in the EBs. The
appearance of fli:GFP* or kdrl:GFP* cells in the EBs was also observed in cultures (Figure
5B). By day 4 both the EBs and the proliferating fibroblast like cells contained cells
expressing fli:GFP or kdrl:GFP marker (Figure 5C and G).

Expression of fli:GFP+ cells in blastocyst primary cell culture

The f1i:GFP blastocyst cell culture showed the fli:GFP expression in cells in culture medium
without supplementation of endothelial/hematopoietic growth factors (Figure 5B-E). By
day 2 of culture the fli:GFP* cells were observed on the periphery of the EBs (Figure 5B).
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The percentage of fli:GFP+ cells in cultures without surface coating (on tissue culture
treated polystyrene), increased significantly from day 2 to day 4 (p<0.001) and then
declined at the same rate from day 4 to day 6 (p<0.01; Figure 6B). The percentage of
fli:GFP* cells was smallest in cells isolated from cultures on day 8. In contrast to
polystyrene substratum, in cultures on gelatin-coated substratum the percentage of
fli:GFP* cells remained unchanged overtime. On day 4 the percentage of fli:GFP* cells was

significantly higher on polystyrene compared to gelatin substratum.

Figure 5: Culture of trypsinized blastocyst cells isolated from transgenic zebrafish embryos
(B-E fli:GFP; G,H kdrl:GFP). (A) Image 1 h after cell plating, arrows showing the cells attaching
each other to form aggregates. (B) Within the initial 24 h of culture the cells combine to form large
aggregates called embryoid bodies (EBs). Arrows showing the appearance of fli:GFP+ cells on the
periphery of EBs. (C) More fli:GFP+ cells appear and proliferate around the EBs by day 4 of culture.
(D). By day 6 of culture the cells expressing GFP reduces. (E) Cells expressing fli:GFP* marker
almost diminishes by day 8 of culture, while the non-GFP, fibroblast-like cell continue to grow. (F)
phase contrast image of day 6 EB showing the extensions of fibroblast like cells (white arrow heads
showing melanocytes; arrows showing neuron-like cell). (G) kdrl:GFP blastocyst cell culture at day
4 of culture with numerous kdrl:GFP* cells. (H) kdrl:GFP blastocyst cell culture at day 6 of culture.
The kdrl:GFP+ cells are completely disappeared on day 6 except few (arrows). Scale bar, 100 pm.

Expression of kdrl:GFP* cells in blastocyst primary cell culture

As with the fli:GFP cultures, the kdrl:GFP+ cells were distributed at the periphery of the EB
(Figure 5G). However, the overall percentage of kdrl:GFP * cells in cultures (1.8 £ 0.2%)
was less than fli:GFP* cells (6.1 + 0.4%). The percentage of kdrl:GFP* cells in blastocyst cell
cultures was found to be 2.6 + 0.3% on day 2 of culture (Figure 6C). The cells isolated from
cultures had a rounded morphology and were readily counted without any need for
nuclear staining (Figure 6A). No significant increase in the percentage of kdrl:GFP* cells
was observed between days 2 and 4. Similar to fli:GFP cell cultures the percentage of
kdrl:GFP+ cells in the blastocyst cell cultures decreased significantly from day 4 to day 6
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(p<0.001) and then remained the same until day 8. No significant differences were
observed in the percentage of kdrl:GFP* cells between cultures on polystyrene or gelatin.

Day 2 Day 4 Day 6 Day 8

fli:GFP* cell counts

kdrl:GFP* cell counts
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Figure 6: Percentage of fli:GFP+ and kdrl:GFP+ cells in cells isolated from blastocyst cell culture
in LDF medium with 15% FBS. (A) Overlaid confocal and phase contrast images of cell isolates
from cultures of different ages (days 2-8) for counting of fli:GFP+ or kdrl:GFP* cells (cells illuminating
green fluorescence) as a percentage of total cells (round non-fluorescence) in a microscopic field..
Scale bar, 100 pm. (B) Change in number over time of fli:GFP* cells as a percentage of total cells
sampled by trypsinization of cultures. (C) Change in number over time of kdrl:GFP+ cells as a
percentage of total cells sampled by trypsinization of cultures (see equation 4 for B and C). Error
bars represent standard error. (*, p < 0.05).

Blastocysts secondary cell culture
Subsequent sub-culturing of the primary blastocyst cells eliminated other cell types
including the fli:GFP* and kdrl:GFP* cells, leaving a homogeneous population of fibroblast-

like cells which expressed the fibroblast marker vimentin in some cells (Figure 7 B-D). The
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primary cultures grow slower and took 21 days to reach sub-confluence. After passaging,
the secondary cells showed a faster growth compared to primary cultures and reach to
sub-confluence within seven days.

The population doubling time (PDT) was longer for primary cells then for the passaged
cells (Figure 8A); however, the difference was not significant. Subsequent passaging did
not have much effect on PDT. The time required for the cells to become sub-confluent was
longer in primary cultures (3 weeks). The secondary cultures were sub-confluent within
the first week. The viability of cells, as measured by trypan blue exclusion, was lower in
primary cell culture (75.2 £ 4.2%) than in secondary culture (85 - 96%; Figure 8B). No
significant differences were observed in the viability of primary and secondary cells up to
six passages. However after passage seven the viability of cells was significantly higher
than that of the primary cells (p<0.01). The fibroblast-like cells at passage 8 were used to
determine the FBS, ZEE and gelatin concentrations for optimal growth of zebrafish
embryonic cells in secondary culture.

AR -

Figure 7: Zebrafish blastocyst cell culture at subsequent passages.
(A) primary blastocyst cell culture (day 20), the flattened fibroblast-like
cells grow around the periphery of EB. (B) Passage 1 (day 6), cells with
similar elongated fibroblast-like morphology retain in culture. (C) passage
2 (day 6), Almost all cells have similar fibroblast-like morphology. (D)
Cells at passage eight stained with fibroblast marker anti-vimentin (red),
nuclei stained with DAPI (blue). Scale bar, A-C, 100 pm; D, 50 pm.
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Figure 8: Growth curve of zebrafish blastocyst cells at subsequent passages. (A) Population
doubling time (PDT) in hours based on heamocytometer counts of total number of cells harvested
(see equation 7). (B) Viability of cells (as measured with trypan blue exclusion; see equation 5) at
subsequent passages. Error bars represent standard error. (**, p < 0.01 compared to passage 0).

FBS and ZEE effect on secondary cell culture

With increasing concentrations of FBS, there was a significant increase in the proliferation
of zebrafish embryonic secondary cell cultures. The total number of cells harvested per
well, cultured for seven days in media with different FBS concentrations, was lowest in
cultures with 5% FBS (Figure 9A). The number of cells harvested per well was
significantly higher in 15% FBS compared to 5% FBS (P<0.01). Cell counts from cultures
maintained with 10% FBS were intermediate between cell counts from cultures with 5
and 15% FBS. No significant difference in the number of cells harvested per well, was
observed between cultures with 15 and 20% FBS supplementation.
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Figure 9: Effect of FBS concentration on secondary blastocyst cell culture. (A) Total number of
cells harvested per well, from cultures maintained at different FBS concentrations. (B) Viability of
isolated cells (trypan blue exclusion). Error bars represent standard error. (***, p < 0.001, ** p <
0.01 compared to cultures maintained at 5% FBS).
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The viability of cells, measured after isolation from culture by trypsinization, also varied
with FBS concentration (Figure 9B). Lower cell viability was observed in cultures with 5%
FBS supplementation compared to higher FBS concentrations (P<0.001). No significant
differences were observed in the viability of cells cultured with 10, 15 and 20% FBS.

o 60 7 100
=) 90 - B3 = = = —-—
= 50 - _I_ I ‘}
80 -
; M -
g 40 A 270 1
S 60 -
5 2
a, 4 = |
= 30 S 50
2 S 40 A
3 20 - =
% 8 30 1
j 10 4 20
T 10 ~
© O T T T T 1 0 T T T T 1
0 15 30 45 60 0 15 30 45 60
A ZEE concentration (ug/mL) B ZEE concentration (ug/mL)

Figure 10: Total counts and viability of secondary blastocyst cell culture maintained for 7
days at different concentrations of zebrafish embryo extract. (A) Total number of cells
harvested per well of a 96 well plate. (B) Viability of the isolated cells (trypan blue exclusion). Error
bars represent standard error.

Different concentrations of ZEE showed no significant effect on cell counts or viability of
blastocyst secondary cell culture. The total number of cells harvested per well, after seven
days of culture in different ZEE concentrations, was 48213.7 + 1128.9 on average. Cell
counts were similar in all wells regardless of the ZEE concentration (range: 0-60 pg/mL;
Figure 10A). The viability of the cell isolates were also similar between cultures
maintained with different concentrations of ZEE (Figure 10B).

Effect of gelatin substratum on secondary cell culture

In this experiment, an increase in the concentration of gelatin substratum was correlated
with a decrease in the total number of cells harvested per well (Figure 11A). Significantly
higher numbers of cells were recovered from cells cultured on 0.03 mg/cm? of gelatin
compared to higher gelatin concentrations (0.12, 0.24 and 0.48 mg/cm?). No significant
differences in total cell counts were observed between cells cultured without gelatin and
with different concentrations of gelatin substratum. Higher gelatin concentrations also
reduced the viability of the cells (Figure 11B). Viability of the cells cultured on polystyrene
substrate ranged from 91 to 97%, which was significantly higher than the viability of cells
cultured on 0.24 and 0.48mg/cm? gelatin substrate. The viability of cells cultured on lower
gelatin concentrations (0.03 and 0.06mg/cm?2) was also higher than the viability of cells
cultured on 0.48mg/cm? of gelatin.
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Figure 11: Effect of different concentration of gelatin substratum on growth and viability of
secondary blastocyst cell culture. (A) Total number of cells harvested per well on day 7 of culture.
(B) Viability of isolated cells. Error bars represent standard error. (¥, p < 0.05 compared to cultures
on 0.12 mg/cm? gelatin; #, p < 0.05 compared to 0.24 mg/cm? gelatin; ++, p < 0.01, +, p < 0.05
compared to 0.48 mg/cm? gelatin).

Discussion

Zebrafish blastocyst stage embryonic cells are usually used to develop ESC cultures, that
have the potential to differentiate into a specific cell line [7]. These cells have been used to
establish zebrafish embryonic fibroblast [19], embryonic neurons [10] and embryonic
muscle cell lines [12]. Methods for culturing cells from zebrafish embryos are still
developing. Depending on the research question, different conditions have been used for
the culture of zebrafish embryonic cells (Table 1). Zebrafish embryonic cells are usually
cultured on a feeder monolayer of growth-arrested cells [21, 22] or a gel substratum [10,
12, 20, 27]. In this study, we described a procedure for initiating zebrafish embryonic cell
culture, using blastocyst stage embryos, without any feeder layer or gel substrate, an
approach which is similar to that previously reported (Ref. [17, 19]). The media
composition and culture procedures we used were modified from those used for zebrafish
embryonic cell culture by Fan and Collodi [21].

Zebrafish blastocyst explant culture

Blastocyst explant cultures are usually performed to understand the early developmental
and differentiation processes in zebrafish embryos [30, 41]. Historically, mouse
embryonic blastocyst explants were used to develop pluripotent ESC cultures [42].
Similarly, cell lines can be developed using embryonic explants, such as mouse blastocyst
cultures for the development of skeletal muscle cell line [43].

In this study, we analysed the emergence of fibroblast-like cells from zebrafish blastocyst
explant cultures in media having different concentrations of FBS and ZEE. Higher
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concentrations of FBS (15-20%) and ZEE (45-60ug/mL) were found to be optimum for
zebrafish primary explant culture. Thus, at the concentrations indicated of FBS and ZEE,
the fibroblast-like cells expanded to cover significantly more area at the periphery of the
explant. We also noted that the fibroblast-like cells can be repeatedly sub-cultured. The
number of blastocyst fragments (explants) per well decreased gradually overtime,
because neighboring explants often fuse to form larger aggregates.

Blastocyst cell culture: fli:GFP+ and kdrl:GFP* cell differentiation

At the blastocyst stage, a zebrafish embryo consists of pluripotent cells [44] that can be
induced to differentiate into a specific cell type, e.g. neurons, astrocytes [16] and myocytes
[12], by the relevant in vitro manipulation. When the pluripotent blastocyst cells are
cultured on a growth-arrested feeder cell layer, they retain their pluripotency [7]. When
cultured in the absence of specific differentiation factors or feeder layer, blastocyst-
derived cells differentiate spontaneously into EBs, composed of different cell types found
in the early embryo [2]. The EBs formed in primary embryonic cell culture in our
experiments contained different cell types including melanocytes, neuron-like cells,
fli:GFP* cells, kdrl:GFP+ cells and fibroblast-like cells. Similar populations of cells have been
reported in EBs formed in mouse embryonic cell culture [2].

Studies have shown higher concentration of hematopoietic cells compared to other cell
types in mouse EBs [45, 46]. This would be consistent with our finding of higher
percentages of fli:GFP* cells compared to kdrl:GFP+ cells in the blastocyst cell cultures.
However, it should be remembered that fli:GFP include but is not specific for
hematopoietic cells [23]. Culture substrata coated with different matrix-derived molecules
have also been reported to increase the gene expression of specific cell types in human
ESC cultures [47]. In that study, the EBs derived from human ESCs higher levels of neural
and endodermal genes on different substrates (laminin and fibronectin, respectively) [47].
Zebrafish ESCs have also been reported to differentiate into fibroblast, neuron and
epithelial cells on gelatin substrata [27], and into myocytes on laminin substrata [12].
Similarly, gelatin and collagen substrates have been used for differentiation of mouse ESCs
into endothelial cells [48, 49]. In our experiments, in contrast to polystyrene substratum,
the percentage of fli:GFP* cells was stable in cultures overtime on gelatin substratum.

Blastocyst secondary cell culture

In order to obtain a continuous cell line, zebrafish embryonic cells are cultured on a feeder
layer of growth-arrested cells or on gelatin-coated culture dishes [50]. In this study, we
established zebrafish embryonic cell cultures, with EB formation, on a tissue culture
treated polystyrene surface without any feeder layer or gel coating. A similar strategy has
previously been used for development of a fibroblast-like cell line from zebrafish
embryonic cell culture [17]. The primary embryonic cells in our culture setup were slow
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growing, being characterized by longer population doubling times, and lower cell viability.
This may be because of the considerable amount of unattached cells observed in the
primary cultures, which were washed away while refreshing the media.

Another reason for the slower growth rate of zebrafish primary cell cultures, could be the
occurrence of cellular differentiation, because different cell types have different growth
requirements [17]. In the present study, the most abundant fibroblast-like cells developed
into a monolayer on the surface of the culture dish when passaged. The secondary cells,
we obtained after passaging the primary blastocyst embryonic cells, were fast growing,
mostly homogeneous and were similar in morphology to the fibroblast-like cell line
derived from zebrafish embryos in ref. [17]. The mouse anti-vimentin antibody that we
used to stain fibroblasts in the blastocyst secondary culture, has been previously reported
to detect fibroblasts in zebrafish [39]. Similar cultures derived from zebrafish embryonic
cells after several passages were referred to as a subpopulation of the primary cells that
suited best or they have adapted themselves to the culture conditions [18].

Effect of FBS on blastocyst secondary cell culture

FBS is the most widely used supplement for cell cultures including zebrafish cell culture
[21]. It contains growth factors, hormones, amino acids, vitamins, trace minerals as well as
cell attachment, proliferating and binding factors [51]. In our study, the presence of higher
than 15% FBS significantly increased the area covered by proliferating cells around the
explant overtime. Similar FBS concentration (15%) have been used previously for
zebrafish embryonic cell cultures [20, 21]. Secondary zebrafish embryonic cells we
obtained after passaging the primary cells also showed higher growth rate with increasing
FBS concentration. For these secondary cells, the use of 10% FBS in the medium was
optimum, in our hands, for the growth of cultures. Similar to these findings, total cell
counts of zebrafish embryonic cell lines (Z428 and ZEB2]) increased with increasing FBS
concentrations in the culture media [52, 53]. Contrary to these findings, in early studies
[18, 54], higher FBS concentrations were shown to inhibit the growth of zebrafish ESC
culture. However, similar to our results, omitting FBS from the media significantly
reduced the growth of these cells [18].

Effect of zebrafish embryo extract on blastocyst secondary cell culture

Fish embryo extract has been shown to support the attachment and growth of medaka
[50, 55] and turbot [56] ESCs. Zebrafish embryo extract is particularly important for the
growth of some of the zebrafish cell lines, e.g. in the case of zebrafish caudal fin cells [18].
However, this is not critical for most of the zebrafish cells cultures (Table 1). In our study,
the emigrating cells around the blastocyst explants covered significantly more area in
media supplemented with 60 pg ZEE protein per mL medium compared to lower ZEE

concentrations. Similar ZEE concentrations have been used previously for zebrafish
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embryonic cell cultures [20, 21]. Different concentrations of ZEE did not have significant
effects on the growth rate and viability of the zebrafish secondary embryonic cells in our
experiments. These results recommend the use of ZEE for zebrafish primary embryonic
cell cultures. However, for secondary cell cultures ZEE is not important for population
growth. Previous studies have shown significant mitogenic effect of medaka fish embryo
extract on the zebrafish embryonic cell line ZF428 [52].

Effect of gelatin substratum on blastocyst secondary cell culture

Gelatin coating has been used as an alternative to a feeder cell layer for medaka [50],
turbot [56] and zebrafish [52] embryonic cell cultures. In the current study, we cultured
the zebrafish secondary embryonic cells on different concentrations of gelatin substrate.
At higher gelatin concentrations lower number of cells were harvested, although the
number was not significantly different compared to cells cultured without gelatin
substrate. Cell viability was significantly higher in cultures without gelatin coating
compared to cultures on 0.24 and 0.48 mg/cm? gelatin. Cells cultured on a range of gelatin
substrates up to 0.12 mg/cm?, or cultured without gelatin, had similar growth rates and
viability. These results suggest that gelatin concentrations up to 0.12 mg/cm? may be used
to coat the culture dish for the attachment and proliferation of zebrafish cells. Similar
gelatin concentrations have been previously used for zebrafish cell culture [52]. A reason
for lower cell growth and viability on high gelatin concentrations might because of the
change in substrate after growing the cells for several passages on a polystyrene surface
of the tissue culture flask without gelatin coating.

Conclusions

Zebrafish blastocyst cells differentiate in vitro into cell types including vimentin*
fibroblastic cells, kdrl:GFP+ cells, and fli:GFP* cells. However, in the absence of a selective
medium, the latter two cell types decline in abundance over time in the primary cultures,
and disappear with subsequent passaging. Only the fast growing fibroblast-like cells
remain in the cultures. Zebrafish primary embryonic cells require a high FBS
concentration (15%) in medium, while secondary fibroblast-like cell grow at a lower
(10%) FBS concentrations. ZEE at a total protein concentration of 45-60 ug/mL medium is
important for the maintenance of primary cell cultures. However, ZEE does not affect the
growth of the zebrafish secondary cells. Gelatin can be used at low concentrations (0.03-
0.12 mg/cm?) as a substratum for zebrafish blastocyst cell culture.
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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 flil 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-1V [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-1 MEF Fbn Col-IV  Gelatin PEC Gelatin
IMDM - - - - -
Lv-EGM - - - - - -
a-MEM - - - - - -
SP-34 medium - - - - - -
DMEM/F12 - - - - - -
DMEM (high glucose) - - - - - -
Methyl cellulose % 1 - - - - - -
FBS % 15 - - 5 - - 20
Knockout serum % - - - - - 20 -
replacement
BIT 9500 % - 20 - - - - -
Insulin pg/mL 10 - - - - - -
Penicillin U/mL 50 50 - - - - -
Streptomycin pg/mL 50 50 - - - - -
PS % - - - 1 1 1 100X
Monothioglycerol uM 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 pg/mL - - - - 200 - -
L-glutamin - 2mM - 1% 1% 1% 2mM
NE amino acids - 0.1lmM - - - 1% 100X
Hydrocortisone pg/mL - - 1 - - - -
Heparin pg/mL - - 10 - - - -
Ascorbic acid mM - - - - 0.5 - -
B-mercaptoethanol - - - 50uM  0.1% 1% 50uM
ESC qualified - - - - - - 100X
nucleotides
References [25,26] [27] [28] [20] [13] [13] [29]

Abbreviations: a-MEM, minimum essential medium (sigma); BHT, Bovine holo-transferrin; BMP,
bone morphogenic protein; Col-I, collagen type-I; Col-1V, 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-1V, 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 fTk1 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 pL 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% COs.

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/cm? to coat the culture wells. Each well of the 96-well plate was
coated with 1.7 pL 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) : 55:32.5:12.5
Ham'’s F-12 medium (Invitrogen, 21765)
HEPES 15 mM
Antibiotic/antimycotic mix (Invitrogen, 15240) 1%
NaHCO3 0.015%
Fetal bovine serum (Invitrogen, 10500) 15%
Zebrafish embryo extract 50 pg/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 VEGF16s 5 ng/mL
FBS 7.5%
ZEE 25 pg/mL
LDF:EGS medium
LDF medium 95.8%
Endothelial growth supplement mix (Promocell, C-39216) 4.1%
Recombinant zebrafish VEGF1¢s5 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-1 solution was neutralized using 7.5% sodium bicarbonate, and then added at 5 pL
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 pL
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 fIi: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 pL of 1X CMF-PBS. Then 250 pL 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 pL 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 pL 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 pL 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 ] 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
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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).
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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 (mm?2) 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 pm. (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 VEGFies. Error bars represent
standard error. (***, p < 0.001, **, p < 0.01, *, p < 0.05 compared to LDF medium).



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.
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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 LDF:EGS + 40
type-1 ng/mL VEGF165

fli:GFP

kdrl:GFP

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 VEGF1es the kdrl:GFP* cells form
elongated cord-like structures. images taken on day 6 of cultures. Scale bar 100 um.

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-1 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-1 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).
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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 VEGF1¢5. On
day 2 no significant differences were observed in the percentage of fli:GFP* cells in
cultures grown in media with different VEGF1¢5 concentrations (10, 20 and 40 ng/mL). On
days 4, 6 and 8 the cultures maintained on 40 ng/mL VEGFi¢5 contained significantly
higher percentage of fli:GFP* cells compared to cultures with 10 ng/mL VEGF6s. The only
significant difference in the percentage of fli:GFP* cells between 10 and 20 ng/mL VEGF 15
was observed on day 8. No significant differences were observed between cultures
maintained with 20 and 40 ng/mL VEGF1¢s5 (Figure 6A).

In the absence of VEGFi¢5 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 VEGFies 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
VEGF 165 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 VEGF1¢s5 in the
culture medium (Figure 4). On day 2 the percentage of kdrl:GFP* cells was similar in
cultures maintained with or without VEGF16s5 in the medium (Figure 6B). An increase was
observed in the percentage of kdrl:GFP* cells from day 2 to day 4 at all VEGFs
concentrations. On day 4, cultures at 40 ng/mL VEGF165 contained a significantly higher
percentage of kdrl:GFP+ cells compared to cultures without VEGF1¢s5. No differences were
observed in cultures with 10 and 20 and 40 ng/mL VEGF1¢s5 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 VEGF6s from day 4 to day 6 (p<0.01). Similarly, the
cultures with 10 ng/mL VEGFi6s 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 VEGF1¢5 showed a similar percentage of kdrl:GFP+ cells after day 4 till day 8.
On days 6 and 8 cultures with different concentrations of VEGF1¢5 showed significantly
higher percentage of kdrl:GFP* cells compared to cultures without VEGF1¢5. 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.
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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 fIi: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 f1i: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 VEGF1¢s 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-1 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 VEGFi65s compared to cultures without VEGFi65 in medium. These results are
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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 VEGFi¢5 also increases the percentages of fli:GFP* and kdrl:GFP*
cells in culture.
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Abstract

Embryoid body (EB) culture is a commonly used procedure to differentiate embryonic
stem cells into the endothelial lineage. Under appropriate conditions the differentiating
endothelial cells form a vascular network inside the EBs, that resembles vasculogenesis in
early embryos. Here, we developed a method for culturing zebrafish EBs, as a low cost and
promising model for vasculogenesis and angiogenesis research. Embryonic cells isolated
from the high blastula stage of transgenic fli:GFP or kdrl:GFP zebrafish embryos, were
cultured in hanging drops, in endothelial differentiating medium. Under these conditions
the embryonic cells aggregated into EBs. These EBs contained fli:GFP* (putative
hematopoietic, lymphatic, neural crest and endothelial) or kdrl:GFP* (endothelial
precursor) cells, dependent on which transgenic zebrafish was used. When transferred to
various substrates, the EBs showed spreading of fli:GFP* or kdrl:GFP* cells. Different
substrate molecules used in this study were gelatin, collagen type-I and Geltrex™.
Significant decrease in the percentage of fli:GFP* and kdrl:GFP* cells was observed, after
the EBs were transferred from hanging drops to an adherent culture. The development
and morphology of fli:GFP+ and kdrl:GFP* cell colonies in EB cultures, varied on different
culture substrates, as observed at subsequent time-points. The fli:GFP* cells formed a
monolayer around the EBs in culture. In contrast, the kdrl:GFP* cells formed network-like
structures in culture. The network formation of the kdrl:GFP* cells was enhanced on a
mixture of collagen type-I and Geltrex™ compared to pure substrates. These results
suggest the importance of EB aggregates for differentiation of endothelial cells in
zebrafish blastocyst cells. Furthermore, the choice of a complex substratum is critical for
this particular differentiation event.
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Introduction

Embryonic stem cells (ESCs) are pluripotent cells derived from blastocyst stage embryos
[1]. The ability of ESCs to differentiate into vascular progenitor cells makes them of
potential importance in regenerative medicine for treating cardiovascular disorders [2, 3].
Different techniques have been developed for the in vitro differentiation of ESCs into
various cell types. These techniques include embryoid body culture (ESC aggregates
formed in suspension culture); culture on a feeder cell layer; or culture on an extracellular
matrix (ECM) substrate [4]. Embryoid bodies (EBs) are three-dimensional (3D) aggregates
of ESCs [5]. These EBs are cultured using various non-adherent culturing strategies,
reviewed in Ref. [6]. Inside the EBs the ESCs differentiate in the three germ layers i.e.
ectoderm, mesoderm and endoderm, and then further in hematopoietic, endothelial,
neuronal and muscle cells, mimicking cellular organization during early embryogenesis [7,
8].

Cellular differentiation within EBs can be controlled by regulating their size; by adding
soluble growth factors or ECM components to the medium; and by enhancing or inhibiting
cellular interactions within the EB [5]. The EB is an important model for studying the basis
of endothelium differentiation and blood vessel formation [9], for screening angiogenic
and antiangiogenic compounds [10-12], and for the development of an organ culture
system [13]. The EB system as a model for vascular differentiation has advantages over
other systems such as the possibility to control the microenvironment, easy access to the
differentiated cells and the possibility to study vascular morphogenesis [14]. Using EBs as
the intermediate, vascular endothelial differentiation systems have been developed for
human [15, 16] and mouse [9, 17, 18] ESCs.

Formation of vascular networks starts at early stages of embryo development from the
endothelial precursor cells called angioblasts through the process of vasculogenesis [19].
Mature blood vessels (lined with endothelial cells) are then formed from the existing
vasculature by the process of angiogenesis via sprouting and non-sprouting mechanism
[20]. Various growth factors are known to be involved in the differentiation of endothelial
cells from angioblasts and the formation of blood vessels [21]. The most recognizable of
which are vascular endothelial growth factors (VEGF) [22]. Isoforms of VEGF attaches to
the extracellular matrix at different locations generating a VEGF gradient, producing
chemical signals for the directional migration of newly forming capillaries [23].
Recombinant VEGF is an important medium constituent for differentiation of ESCs into
endothelial lineage [17, 24-26].

Another important component required for the formation of vascular networks in vivo is
the extracellular matrix [27]. ECM plays important roles in the binding and diffusion of
growth factors, in the differentiation and proliferation of endothelial cells and in the

maintenance of blood vessel shape [27]. For culturing complex tissues in vitro, several
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naturally derived and synthetic biomaterials that mimic the natural ECM, have been
developed [28]. Various ECM components used for the vascular differentiation of ESCs
include collagen type-I [17], collagen type-1V [29] and gelatin [24, 25] for mouse ESCs; and
fibronectin [30] for human ESCs. These materials promote the attachment, proliferation,
migration and differentiation of ESCs in a physiologically relevant way [31].

In previous studies, the in vitro formation of vascular networks has been achieved by
using various cells and tissues in the presence of growth factors and ECM, reviewed in Ref.
[32, 33]. In most of the current techniques human umbilical endothelial cells, either alone
or in co-culture with other cell types are used [34-40]. Other endothelial cell lines used to
culture blood vessels in vitro include rat mesenteric microvascular endothelial cells [41],
rat retinal capillary endothelial cells [42] and bovine aortic endothelial cells [43].
Although assays using endothelial cell lines are easy to perform, reproducible and easily
quantifiable, these assays does not represent the complex biology of vascular formation in
vivo [33]. Furthermore, these cell lines are relatively expensive and are subject to changes
in their gene expression and behaviour with time in culture, which makes it difficult to
control certain assays [33].

Alternatively, in an EB culture the endothelial cells differentiate and form blood vessels in
a complex environment, which reflects the vascular formation in early embryos [32].
Unlike endothelial cell culture, multiple cell types are involved in vessel formation in EB
culture [10]. The most commonly used culture method which allows control over the
microenvironment and size of the EBs is the hanging drop (HD) method [6].
Vasculogenesis starts at day 3 of HD cultures in mouse EBs [44]. These EBs show
sprouting of blood vessel-like structures, into the surrounding matrix, when transferred to
two-dimensional (2D) or 3D collagen gel [44].

Mouse and human ESCs are commonly used to culture EBs for vasculogenesis and
angiogenesis research. However, these models are relatively expensive, raise ethical
concerns and may require special licenses [45]. For these reasons, the development of
alternatives models is a matter of current interest. The zebrafish has a number of practical
advantages as a model species [46]. For example, its eggs are externally fertilized so the
embryonic cells can be easily isolated without harming the mother [46]. In contrast to
mammalian cells, the zebrafish cells can be cultured at 26-28 °C in atmospheric air [47].
Furthermore, a genome comparison study has revealed a high level of sequence similarity
in the majority protein coding genes of zebrafish and humans [48].

In addition to the above mentioned advantages as a model laboratory animal, there are
several transgenic lines of zebrafish available such as fli:GFP and kdrl:GFP for
vasculogenesis and angiogenesis research. The zebrafish fli:GFP and kdri:GFP lines express
green fluorescence protein (GFP) in putative endothelial cells, which allows real-time
observation of the development of vascular system [49]. The fli:GFP zebrafish express GFP
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under the flil (Friend leukemia integration site 1) promoter which is expressed in
endothelial, hematopoietic and neural crest cells [50]. The kdrl:GFP zebrafish express GFP
under the VEGFRZ2 (vascular endothelial growth factor receptor 2) promoter which is
expressed in endothelial cells [51].

In summary, zebrafish embryonic cells can be a potential low-cost, high-throughput model
to study in vitro vasculogenesis and angiogenesis. In this chapter, we describe a method
for promoting the growth of fli:GFP* and kdrl:GFP+ cells in zebrafish EB cultures. The effect
of different substrate molecules on the development of fli:GFP+ and kdrl:GFP* cells in the
EB cultures is evaluated. We demonstrate that the morphological characteristics and
growth rate of fli:GFP* cells are different than the kdrl:GFP* cells in vitro.

Materials and methods

Embryo collection

All the animal experiments were performed according to the Netherland Experiments on
Animals Act [52], based on the guidelines on the protection of experimental animals [53].
Adult zebrafish were maintained in continuously circulating egg water (“Instant Ocean”
sea salt 60 pg/mL demi water), according to previously described [54]. Temperature of
the water and air was controlled at 26 °C and 23 °C, respectively. Two different transgenic
zebrafish lines fli:GFP and kdrl:GFP were used. To obtain embryos, adult male and female
fish, at a proportion of 1:1, were transferred to small breeding tanks in the evening. The
zebrafish usually laid eggs when the light came on. The eggs were collected at the bottom
of the tank, separated from adults using a cotton mesh to protect the eggs from being
eaten.

Embryos were transferred to a temperature controlled room (28 °C) and were distributed
in 9 cm Petri dishes (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. [55] (3.5 h
after fertilization) at 28 °C.

Decontamination 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, Cat. No. 425044 ) for 4 min each. The sterilization was done
according to the procedure described in Ref. [47]. After each immersion in ethanol or
sodium hypochlorite, the embryos were rinsed with LDF medium (see below, Media
composition). Finally the embryos were left in 0.5 mL LDF medium for dechorionation.
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Before dechorionating, the embryos were observed under a dissecting microscope and
any dead or abnormal embryos (with cloudiness in the perivitelline fluid) were removed.

Cell isolation

The sterilized embryos were dechorionated using a pair of sterile No.5 watchmaker’s
forceps. The dechorionated blastocysts were then transferred to an 1.5 mL Eppendorf
tube. The blastocysts were triturated using a P-200 Gilson Pipette (Gilson, B.V., Europe:
Den Haag) to remove the yolk. The blastocysts were then isolated by centrifugation (300 g
for 1 min). The supernatant was discarded and the blastocysts were washed with CMF-
PBS (calcium magnesium free phosphate buffered saline; Invitrogen Cat. No. 14190). After
centrifugation the CMF-PBS was discarded and the blastocysts were dissociated into
single cells by triturating in 1 mL of 0.25% trypsin solution (Invitrogen Cat. No. 15090)
containing 1 mM EDTA (ethylene diamine tetra acetic acid ). The trypsin was inactivated
using 0.1 mL FBS (Fetal bovine serum). The cells were pelleted by centrifugation at 300 g
for 3 min. The cell pellet was washed 3 times with the washing medium (see below, Media
composition). Finally the cells were re-suspended in 200 pL of washing medium. The cell
concentration in the suspension was calculated using a heamocytometer.

Media composition

For all the experiments described here we used LDF medium. The basic LDF medium is
composed of Lebovitz L-15, Dulbecco’s modified Eagle’s and Ham’s F-12 media (in a ratio
of 55:32.5:12.5, respectively), supplemented with 15 mM of HEPES (4-(2-hydroxyethyl)-
1-piperazine-ethanesulfonic acid), 1% antibiotic/antimycotic mix (Invitrogen, 15240) and
0.015% NaHCO3. The basic LDF medium without extra supplementation was used for
rinsing and dechorionating the embryos. For further experiments with the blastocyst cells
the LDF medium was enriched with three levels of supplementation as following.

1. Washing medium: for rinsing and re-suspension of blastocyst cells after
trypsinization the LDF medium was supplemented with 15% FBS.

2. EB differentiation medium: for HD cultures (see below) the LDF medium was
supplemented with 4.1% endothelial growth supplement mix (EGS; Promocell, Cat. No.
C-39216), 20% FBS (Invitrogen, Cat. No. 10500), 50 pg/mL zebrafish embryo extract
(ZEE), 50 ng/mL recombinant zebrafish vascular endothelial growth factor (VEGF1ss;
R&D systems, Cat. No. 1247-ZV) and 10 ng/mL recombinant human basic fibroblast
growth factor (bFGF; Invitrogen, Cat. No. PHG0024).

3. EB maturation medium: for EBs culture on different substrates the LDF medium was
supplemented with 15% FBS, 4.1% EGS, 50 pg/mL ZEE, 50 ng/mL VEGFi65 and 10
ng/mL bFGF.
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Cell culture conditions

All cultures described here were carried out in a forced draft, humidified incubator at 28
°C in 0.5% CO.. The media was refreshed on day 4, for the cultures that were maintained
longer than four days.

Hanging drop culture

The blastocyst cells were re-suspended (at a final concentration of 50 cells/uL) in EB
differentiation medium. All the cultures were established twice (one for fli:GFP and one
for kdrl:GFP line) unless otherwise specified. The cell suspension was distributed in 20 pL
droplets (containing 1000 blastocyst cells) onto the inside of the lids of 60 mm Petri
dishes. The lids with the droplets were places inverted on the Petri dishes to initiate the
HD cultures. To diminish evaporation from the droplets, CMF-PBS was added to each Petri
dish. The cultures were maintained in the incubator for four days to allow the aggregation
of cells in the drops to form EBs. These EBs were then further cultured on different
substrates as described below.

Isolation of EBs

To isolate the EBs the Petri dish lid was carefully inverted and held at a 45° angle, the
droplets containing the EBs were dropped to one side of the lid by gently tapping the lid.
The EBs were transferred to a 1.5 mL Eppendorf tube using a p-1000 micropipette, and
were allowed to settle to the bottom of the tube by gravity. The medium was removed and
the EBs were washed with CMF-PBS and then with washing medium. Finally, the EBs were
re-suspended at 1 EB per pL of EB maturation medium.

EB culture for quantification of fli:GFP* or kdrl:GFP* cells

In order to quantify fli:GFP* or kdrl:GFP* cells, the EBs were sub-cultured in 96 well plates,
without extra substrate coating. The EB suspension was diluted with EB maturation
medium such that 250 pL of medium contain 20 EBs. This EB suspension was distributed
at 250 pL per well in 96-well plates. For each transgenic line a total of four 96-well plates
were seeded with the EBs, to analyse cell counts on four consecutive time-points (day 2, 4,
6 and 8; one plate for one time-point). For each time-point six wells of the 96-well plate
were cultured with EBs. The cultures were maintained in EB maturation medium for a
maximum of 8 days, with media refreshment on day 4. In addition to these time-points,
the percentage of fli:GFP* or kdrl:GFP+ cells was also calculated in the EBs on day 0 (the
time of harvesting of the EBs from the HD culture, that is day 4 of HD culture).

Cell isolation from EB culture

For day 0 counts, the EBs were distributed at 20 EBs per tube in six Eppendorf tubes. The

EBs isolated on day 0 and the EB cultures at each time-point were washed with 250 pL of

CMF-PBS, and trypsinized using 250 pL of 0.25% trypsin solution containing 1 mM EDTA,
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for 2 min. Cell dissociation was observed in cultures using an inverted microscope. The
trypsin was deactivated using FBS to a final concentration of 10%. The dissociated
cells/trypsin suspension from the cultures were transferred from each well to an
Eppendorf tube. The cells were isolated by centrifugation at 300 g for 3 min. The cells
were washed twice with 200 pL, and finally re-suspended with 20 pL of washing medium.
These cells were subjected to counting for the percentage of fli:GFP* or kdrl:GFP* cells as
following.

Quantification of fli:GFP* or kdrl:GFP+ cells in EB culture

To count the fli:GFP* or kdrl:GFP* cells, a 5 puL drop from each cell suspension (isolated
cells per replicate) was transferred onto a cover glass under a confocal microscope. The
cell population in each drop was imaged with 488 nm wavelength excitation light to
visualize the fli:GFP* or kdrl:GFP* cells, and with phase contrast. For each image, the
percentage of fli:GFP+ or kdrl:GFP* cells was calculated by counting the number of GFP+
and GFP- cells. These values from six culture replicates were then used to calculate the
mean percentages of fli:GFP* or kdrl:GFP* cells on each time-point.

Quantification of fli:GFP* cells in EB secondary culture

For this experiment, the fli:GFP EBs cultures were sub-cultured for two passages and
quantified at each passage for percentage of fli:GFP* cells. These cultures were established
in three replicate wells of a 96-well plate. At each passage cells isolated from one well
were sub-cultured in a single well of a new plate. On day 8 of primary cultures, the cells
were isolated from each well by trypsinization as above (Cell isolation from EB cultures).
The isolated cells were re-suspended in EB maturation medium for sub-culture (passage
1). These secondary cultures were maintained in EB maturation medium for 4 days. On
day 4 the cells were isolated and sub-cultured in a fresh plate (passage 2). During transfer,
a small volume of cell suspension from each replicate was withdrawn and used to count
fli:GFP+ cells in cultures (as described above; Quantification of fli:GFP* or kdrl:GFP* cells in
EB cultures). The passage 2 cells were cultured again for 4 days, then the cells were
isolated and counted for the percentage of fli:GFP* cells.

Culture of fli:GFP EBs on different substrate

In order to observe the development and morphological appearance of fli:GFP+ cells, the
fli:GFP EBs were cultured on three different substrates: (i) gelatin (Sigma, Cat. No. G1890);
(i) collagen type-lI (Invitrogen, Cat. No. A1048301); (iii) fibrin, made with bovine
fibrinogen (Sigma, Cat. No. F8630). A 96-well format plate with a glass bottom (CS16-
chambered coverglass plate; Grace Bio; Cat. No. 112358) was used to culture the EBs for
imaging. To coat with 0.1 mg/cm? gelatin, 1.7 pL of 2% gelatin solution was added to a
well and then allowed to air dry. The collagen type-I solution was prepared at 3 mg/mL

and neutralized with 0.0125 mL/mL of 7.5% sodium bicarbonate. For coating, 5 pL of the
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collagen type-I gel solution was added to a well and allowed to polymerize at 37 °C for 30
min.

The fibrin gel was prepared by mixing fibrinogen solution (at a final concentration of 2.5
mg/mL) with thrombin solution (Sigma, Cat. No. T4648; final concentration 3 Units/mL).
A well of the chambered coverglass plate was coated with 5 pL of the mixture. The plate
was incubated at 37 °C for 30 min. The coated wells were rinsed with washing medium
before adding the fli:GFP EBs. The EBs isolated from HD cultures were distribute at 20 EBs
per well with different substrate coating and maintained on EB maturation medium.

Culture of kdrl:GFP EBs on different substrate

The kdrl:GFP EBs were transferred from HD cultures to three different substrate coated
wells: (i) collagen type-I; (ii) Geltrex™ (Invitrogen, Cat. No. A1413201); and (iii) collage
type-1 + Geltrex™. A well of chambered coverglass plate was coated with collagen type-I as
above. Similarly, 5 pL Geltrex™ was used to coat another well. Geltrex™ has, according to
the manufacturer’s documentation, as its major components, laminin, collagen type-1V,
entactin and heparin sulphate proteoglycans and has a total protein concentration 12-18
mg/mL. Collage type-1 + Geltrex™ mixture was prepared by combining equal volumes of
the pure gel solutions to make final concentrations of 1.5 mg/mL and 6-9 mg/mL,
respectively. Sodium bicarbonate (7.5%) was added to the mixture at a final concentration
of 0.0125 mL/mL of collagen type-I used. Five microliter of the gel mixture was used to
coat one well of the plate. The plate was incubated at 37 °C for 30 min to allow the gels to
polymerize. The wells were then rinsed with washing medium. Finally, 20 kdrl:GFP EBs in
250 pL of EB maturation medium were added to each well prepared with different
substrate coating.

Image analysis

Selected EBs showing colonies of fli:GFP* or kdrl:GFP+ cells were imaged on consecutive
days using a confocal microscope (Axio observer inverted microscope A1). The fli:GFP* or
kdrl:GFP+ cells were visualized with 488 nm wavelength excitation light for imaging.
Image-] software, version 1.46r [56] was used to reconstruct the images for further
analysis. The EBs were tracked from day one till the end of the experiment (day 12) to
observe changes in the growth and morphology of fli:GFP* or kdrl:GFP* cells in culture. For
all the measurements the pre-calibrated scale was used. The images were analysed for the
following parameters:

Total area covered by fli:GFP* or kdrl:GFP* cells per EB
The area covered by fli:GFP* or kdrl:GFP+ cells, for each EB, at each time-point, on different
culture substrates, was measured from confocal images using image-] software. From
these measurements, the percentage change in area covered by fli:GFP* or kdrl:GFP* cells
at each time-point, compared to day one, was calculated for each individual EB.
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Measurement of kdrl:GFP+ cell networks in EBs

The kdrl:GFP* cell network formed in the EBs was measured from the confocal images at
consecutive days using image-] software. The parameters for these measurements were:
lengths of individual branches of the cell network in each EB, average width of the
branches per EB, number of network branches per EB and total length of the network per
EB.

Calculation of connectedness of the kdrl:GFP* cell network

The connectedness of the endothelial cell networks formed in kdrl:GFP EB cultures was
calculated using the following formula:

Number of endpoints

Network connectedness = - -
Number of junctions

Theoretically, for a well-connected network, the value obtained should be close to zero
[57].

Statistical analysis

The percentages of fli:GFP* or kdrl:GFP+ cell in EB cultures, increase in area covered by
fli:GFP* or kdrl:GFP* cells per EB on different substrates and the measurements of
kdrl:GFP+ cell network per EB, were used to calculate means and standard errors per
culture condition, using SPSS software version 21.0. One-way ANOVA was performed to
calculate the p-values to analyse differences between different culture conditions and
subsequent time-points. Pairs of different conditions were compared using the Post-Hoc
Tukey’s test.

Results

Development of fli:GFP* cells in EB culture

The percentage of fli:GFP* cells in EB cultures declined significantly over time (Figure 1).
In total the percentage of fli:GFP* cells in the EBs dropped from 45% to 20% during eight
days of culture. Results from the quantification of fli:GFP* cells in EB primary and
secondary cultures, and migration of the fli:GFP* cells from EBs on different culture

substrates, were as follows.

Percentage of fli:GFP+ cells in EB primary culture

The fli:GFP EBs contained a high percentage of fli:GFP+ cells on day 0 (45.0 + 3.1%),
directly after isolation from HD cultures. When transferred to a conventional 96-well
plate, the percentage of fli:GFP* cells dropped gradually with time (Figure 1). In the first
four days of the adherent culture no significant decrease in the percentage of fli:GFP* cells
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was observed. However, on days 6 and 8, a significant decrease in the percentage of
fli:GFP* cells was observed compared to day 2. The percentage of fli:GFP* cells in cultures
on day 6 and 8 (22.3 and 20.1%, respectively) was less than half of the percentage
(45.0%) found in EBs on day 0.
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Figure 1: Change in the percentage of fli:GFP+ cells over time in EB cultures. Day
zero for EBs is the day four of hanging drop cultures. The EB Cells were isolated from
cultures at each time-point (day 2, 4, 6, 8) to quantify the percentage of fli:GFP* cells. A
decrease in the percentage of fli:GFP* cells can be observed at each time-point. The
number of observations was six per time-point. Error bars represent standard error.
(***, p < 0.001 compared to day 0; ###, p < 0.001, ##, p < 0.01 compared to day 2; +, p
< 0.05 compared to day 4).

Percentage of fli:GFP+ cells in EB secondary culture

In this experiment, the sub-cultures of fli:GFP EBs were used to estimate the percentage of
fli:GFP* cells in secondary cultures. The passage 1 EB cultures contained 15.1 + 1.9%
fli:GFP+ cells. In the next passage (passage 2) the percentage of fli:GFP* cells in cultures
was 13.1 £ 0.8%. Although the percentage of fli:GFP* cells was more or less stable in sub-
cultures, the intensity of the GFP signal from the cells greatly reduced in the second
passage (Figure 2).

Migration of fli:GFP+ cells from EBs on different substrate

The area covered by the fli:GFP* cells migrating from the EBs on different substrates
(collagen type-I, gelatin and fibrin; Figure 3) was measured on each consecutive day (day
2, 4, 6, 8, 10 and 12). The percent increase in surface area covered by fli:GFP* cells,
compared to the same value on day 1, was calculated at each time-point for individual EBs.
On collagen type-I substratum a significant increase in area covered by fli:GFP* cells was
observed between day 6 and day 8 (p<0.05). On gelatin substratum the area covered by
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fli:GFP* cells slowly increased from day 2 to day 6 (p<0.01). On fibrin substratum the area
covered by fli:GFP* cells increased significantly from day 2 to day 4 (p<0.001). After day 8
no further increase in the area covered by fli:GFP* cells was observed on any of the three

substrates.

Figure 2: Confocal images showing fli:GFP+ cells in EB secondary cultures.
The EB cells not expressing GFP are shown in phase contrast. (A) Image from day
4 of Passage 1 EB cell culture showing fli:GFP expression in multiple cells. (B) In
passage 2 the intensity of signal is visibly lower. Scale bar, 100 pm.
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Figure 3: Time-lapse imaging of fli:GFP EB cultures on different substrate. The increase in
area covered by fli:GFP* cells (green) around the EBs can be observed at subsequent time-points.
In each horizontal row, the same field has been shown. Scale bar, 100 um.
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From day 2 to day 6 the differences in the percent increase in area covered by fli:GFP* cells
were observed between different substrates (Figure 4). On days 2 and 4, the fli:GFP* cells
covered significantly more area per EB on fibrin substratum compared to gelatin and
collagen type-l. On gelatin substratum the percent increase in area covered by fli:GFP*
cells on days 2 and 4 was higher than collagen type-I. On day 6 the increase in fli:GFP* area
was higher on fibrin substratum compared to collagen type-I. No significant differences
were observed between the three substrates on days 8, 10 and 12.
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Figure 4: Percentage increase, compared to day 1, in surface area covered by
[li:GFP+ cells per EB on different culture substrate. Number of observations: 13 for
collagen type-I, 12 for gelatin and nine for fibrin per time-point. Error bars represent
standard error. (***, p < 0.001, **, p < 0.01, *, p < 0.05 compared to collagen type-I;
###,p <0.001, ##, p < 0.01 compared to gelatin).

Development of kdrl:GFP+ cells in EB culture

The development of kdrl:GFP* cells was observed in the kdrl:GFP EB cultures at
subsequent time-points. The quantification of kdrl:GFP* cells in cultures, changes in
measurements of the kdrl:GFP* cell networks with time, and connectedness of the network
on different substrates are presented below.

Percentage of kdrl:GFP+ cells in EB culture

A comparatively high percentage of kdrl:GFP* cells was found in EBs on day 0 (8.7 + 0.7%);
Figure 5) i.e. directly after isolation from the HD cultures. These EBs were cultured in a
96-well plate on conventional substratum. Cell counts on subsequent days showed a
significant decrease in the percentage of kdrl:GFP* cells on day 2 (down to 3.4 + 0.5%) of
the culture. From day 2 to day 8 a gradual decrease in the percentage of kdrl:GFP* cells in
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EB cultures was observed (Figure 5). The percentage of kdrl:GFP* cells in cells isolated
from the EB cultures on day 8 was significantly less than day 2.

10 -

kdrl:GFP* cells (%)

4
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Figure 5: Percent quantification of kdrl:GFP* cells in EB cultures on
subsequent days. Day zero for EBs is the day four of hanging drop cultures. An
abrupt decrease from day 0 to day 2 and then a gradual decrease after day 2 can
be seen. Number of observations: six per time-point. Error bars represent
standard error. (***, p < 0.001 compared to day 0; #, p < 0.05 compared to day 2).

Development of kdrl:GFP+ cells in EB culture on different substrate

The kdrl:GFP EBs, cultured on different substrates, were imaged at subsequent time-
points to observe the development of kdrl:GFP* cells (Figure 6). Changes in total area and
length of the kdrl:GFP+ cell networks (Figure 7), and the dimensions of the branch-like
structures of the network (Figure 8) per EB, are described in the following sections.

Percent changes in length and area of kdrl:GFP+* cell network

Percent changes in dimensions of kdrl:GFP* cell network per EB at consecutive time-points
was calculated compared to day 1 (24 h after re-plating the EBs). A gradual decrease in
the length and area of kdrl:GFP* cell network was observed on all three substrates (Figure
7). However, the rate of decline was different on different substrates. On Geltrex™ and on
collagen type-I + Geltrex™ substrates the network length remained similar at subsequent
time-points. On collagen type-I substratum a significant reduction in the network length
was observed from day 2 to day 8 (p<0.001). The area covered by kdrl:GFP* cell network
per EB also reduced with time on all the three substrates; however, the differences were
not significant (Figure 7B).

On day 2 of cultures the length of kdrl:GFP+ cell network per EB decreased by 10% on
Geltrex™, which was significantly lower compared to an increase of 19% on collagen type-
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I and 17% on collagen type-I + Geltrex™ substratum (Figure 7A). On day 8 of the cultures
the decrease in the total length of kdrl:GFP+ cell network on collagen type-I substratum
was significantly less than the other two substrates. These differences between the
substrates were observed after day 8 until the end of the experiment (day 12).

Day 2 Day 4 Day 6 Day 8 Day 12

Collagen (I)

Geltrex™

Collagen (I) +
Geltrex™

Figure 6: Time-lapse imaging of kdrl:GFP EBs cultures on different substrates. Each row
shows the same field. Changes in the morphology of kdrl:GFP+ cell (green) networks can be
observed on different time-points. As can be seen, Collagen (I) + Geltrex™ provides the most
favourable substrate for kdrl:GFP+ cells, an observation that is supported by the quantitative data
shown in (Figure 8 and 9). Scale bar, 100 pm

Morphometry of kdrl:GFP+ cell network

The number of branches, average branch length, branch width and total length and of the
kdrl:GFP+ cell network per EB on different 2D substrates are presented in Figure 8. The
results showed differences between collagen type-I and collagen type-I + Geltrex™
substrates in all parameters except branch width. Values obtained for Geltrex™
substratum were in between the collagen type-I and collagen type-I + Geltrex™ substrates,
with no significant differences from either of the two, except at a few time-points.

The EBs cultured on collagen type-I substratum developed a low number of comparatively
longer kdrl:GFP* branches in the first two days of culture (Figure 8A and B). The branch
length decreased significantly from day 2 to day 10 (p<0.001), while the number of
branches remained similar on collagen type-1 substratum. On Geltrex™ and on collagen
type-1 + Geltrex™ substrates both the branch length and number of branches remained
similar at subsequent time-points. A higher number of kdrl:GFP+ branches per EB was
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found on collagen type-1 + Geltrex™ substratum compared to collagen type-I substratum
(Figure 8A). On days 8, 10 and 12 the average branch length on collagen type-I substratum
was significantly less than on collagen type-I + Geltrex™ substratum (Figure 8B).
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Figure 7: Percent changes compared to day one in kdrl:GFP* cell networks
formed in EBs. (A) Percent change in total length of kdrl:GFP* cell network per EB.
(B) Percent change in area covered by kdrl:GFP* cells per EB. Number of observations:
eight for collagen type-I, 12 for Geltrex™ and 11 for collagen type-1 + Geltrex™. Error
bars represent standard error. (**, p < 0.01, *, p < 0.05 compared to collagen type-I
substratum; #, p < 0.05 compared to Geltrex™ substratum).
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Figure 8: Changes with time in the parameters of kdrl:GFP+ cell networks on different substrates. (A) Number of kdrl:GFP* cell network
branches per EB on different time-points. (B) Average branch length of kdrl:GFP* cell network per EB. (C) Total length of kdrl:GFP* cell network
per EB. (D) Average width of kdrl:GFP+ cell network branches per EB. The graphs show a higher network formation on collagen type-I +
Geltrex™ substratum compared to single substrates used. Error bars represent standard error. (***, p < 0.001, **, p < 0.01, *, p < 0.05 compared
to collagen type-I substratum; ##, p < 0.01, #, p < 0.05 compared to Geltrex™ substratum).



In the first two days of culture, total length of the kdrl:GFP+ cell network per EB was
similar on collagen type-I and collagen type-I + Geltrex™ substrates. After day 2 the
reduction in the individual branch length (Figure 8B) on collagen type-I substratum
resulted in a significant reduction (from day 2 to day 8; p<0.001) in the total length of the
network per EB on this substratum (Figure 8C). While on collagen type-I + Geltrex™ and
on Geltrex™ substrates the length of the network remained similar over time. On Geltrex™
substratum the network length was less than collagen type-I + Geltrex™ substratum until
day 4; however the difference was not significant after day 6 of culture. On days 10 and 12,
the kdrl:GFP* network length per EB was significantly lower on collagen type-I compared
to collagen type-I + Geltrex™ substratum (Figure 8C). The average width of the kdrl:GFP*
branches was between 6 and 8 um and remained similar on all the three substrates
(Figure 8D).
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Figure 9: Connectedness of kdrl:GFP* cell network on different substrates. Values
nearest to zero on the vertical axis shows a well-connected network. On collagen type-
[ substratum the network connectedness deteriorate with time, while on Geltrex™ and
collagen type-l + Geltrex™ substrates a comparatively well-connected network is
maintained until the end of culture. Error bars represent standard error. (***, p <
0.001, **, p < 0.01, * p < 0.05 compared to collagen type-I substratum; #, p < 0.05
compared to Geltrex™ substratum).

Connectedness of the kdrl:GFP* network

The connectedness values of kdri:GFP* cell networks on different substrates are given in
Figure 9. On collagen type-I + Geltrex™ and on Geltrex™ substrates the kdrl:GFP* cells were
more connected compared to collagen type-I substratum. The values obtained from
dividing the network endpoints by junctions ranged from 1.4 + 0.1 to 2.2 + 0.3 and 1.7 +
0.1 to 2.5 * 0.3, respectively, for collagen type-I1 + Geltrex™ and Geltrex™ substrates. On
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these substrates the connectedness values remained constant over the 12 days of culture.
On collagen type-I substratum the kdrl:GFP+ cell network per EB was well connected on
day 1 of culture with lower endpoints divided by junctions value. However, the
connectedness of the network on this substratum was lost with the duration of culture.

Discussion

EB culture in hanging drops

In this section the results from EBs cultures, in the current study, will be discussed in
comparison with the blastocyst cell cultures in our previous experiments (Chapter 4). In
studies on mouse ESCs, EBs grown in suspension culture have shown a higher percentage
of hematopoietic and endothelial cells compared to EBs grown in adherent culture [58].
Our results from zebrafish cells are consistent with these findings. In our previous
experiments (Chapter 4) zebrafish blastocyst cells in adherent culture showed fewer
fli:GFP* and kdrl:GFP+ cells compared to the EBs developed in HD suspension culture in
this chapter.

In HD culture the dispersed cells collect by gravity in the bottom center of the drop,
forming EB aggregates, where there is presumably more cell-to-cell contact than in the
adherent culture, which is a monolayer. We suggest that the increased cellular contact in
HD cultures may be favorable for the growth and differentiation of fli:GFP+ and kdrl:GFP*
cells. previous studies have shown that in suspension cultures the proliferation of EB cells
is limited compared to the adherent cultures, allowing greater control of the
differentiation of specific cell types [6]. This would explain why the percentage of
transgenic cells dropped significantly in our EB cultures after transferring to adherent
culture. The medium composition used here for the EB culture was selected based on the
optimization experiments described in chapter 4. In those experiments, this medium gave
rise to a higher percentage of fli:GFP* and kdrl:GFP+ cells in zebrafish blastocyst cell
culture.

Development of fli:GFP* and kdrl:GFP+ cells in EB culture

The percentage of fli:GFP* cells in EB culture was always higher than kdrl:GFP+ cells. This
is presumably because the kdrl:GFP transgene is expressed only in endothelial cells [51],
whereas the fli:GFP is expressed in endothelial, lymphatic, hematopoietic and neural crest
cells [50]. In contrast to the fibroblast-like morphology of fli:GFP* cells, the endothelial-
like properties of kdrl:GFP* cells is supported by the fact that they form network-like
structures in the EB culture developed here. This difference in morphology of fli:GFP* and
kdrl:GFP+* cells also suggests that the kdrl:GFP is specific for endothelial cells.
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In our previous experiments (Chapter 4) the kdrl:GFP* cells were no longer found after
eight days of primary blastocyst cell culture. The numbers of fli:GFP* cells, on the other
hand, were comparatively stable in the primary culture. However, these cells could also
not be maintained in secondary culture (Chapter 4). The possible explanation for these
findings could include apoptosis in kdrl:GFP+ cells [59], or down regulation of kdrl:GFP
[60] and f1i:GFP [50] transgenes as previously suggested. In contrast to primary blastocyst
cultures (Chapter 4), in the EB cultures described here, the kdrl:GFP+ cell networks could
be observed up to 12 days in culture. Similarly, the fli:GFP* cells could be maintained in
secondary culture for up to three passages. Thus, under appropriate conditions the
fli:GFP* and kdrl:GFP* cells can be maintained for a longer time in vitro.

Effect of substratum on f1i:GFP+* and kdrl:GFP* cells in EB culture

In our previous experiments, the blastocyst cells cultured on collagen type-I substratum
contained a higher percentage of fli:GFP* and kdrl:GFP+ cells compared to those cultured
on gelatin substratum (Chapter 4). In contrast, the increase in area covered by the
outgrowing fli:GFP+ cells from EBs in the current study was lower on collagen type-],
compared to gelatin and fibrin substrates. A reason for this may be the softness of collagen
type-I gel, where the cells are in a more elongated shape and cover less area, compared to
the more flattened cells on a gelatin and fibrin substrates. The area covered by fli:GFP*
cells per EB was significantly higher on a fibrin substratum compared to gelatin and
collagen type-I, in our study. These results are in comparison with the previous studies
where fibrin substrata have been shown to enhance the formation of blood vessel-like
structures from human dermal microvascular endothelial cells [61].

Similarly in our other experiments, the kdrl:GFP* cells formed network-like structures in
3D gel matrix containing fibrin (chapter 6), compared to the 2D substrates tested here. In
those experiments (Chapter 6), the network length of kdrl:GFP* cells was higher compared
to the network length on Geltrex™ and collagen type-I substrata described here. These
results are in agreement with a previous study where a 3D fibrin scaffold enhanced
network formation from human umbilical vein endothelial cells (HUVECs) compared to
collagen type-I scaffolds [62]. Fibrin 3D matrices have also been demonstrated to increase
angiogenesis during wound healing in pigs [63]. This suggest that fibrin could be an
important part of the culture substrate for angiogenesis assays.

The selection of an appropriate substratum is critical for a particular assay, as different
cell types may have different requirements for extra cellular matrix [64]. Of different
substrate compositions used for the EB culture in the experiments in this chapter, longer
and more number of kdrl:GFP* strands were observed on collagen type-1 + Geltrex™
substratum, compared to pure substrates. The formation of kdrl:GFP+ cell network was
principally observed in the matrix composed of a combination of collagen type-I, Geltrex™
and fibrin, described in chapter 6. This may suggest the requirement of a complex
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extracellular matrix substrate for the development of vascular networks in zebrafish EB
culture. Similar to our findings, previous studies on HUVECs also recommend the use of
composite 3D matrix containing collagen and fibrin, because it offers advantages over a
pure matrix in the culture of vascular networks [65].

Fibronectin is a major constituent of zebrafish extracellular matrix (ECM) in early
embryonic stages [66]. Furthermore, the cells in early zebrafish embryo start expressing
membrane proteins of the integrin family, which bind fibronectin [67]. Studies in other
animals and humans have shown that fibronectin cross-link to fibrinogen and form a clot
which serve as a substrate for wound healing [68]. This may explain why an increased
migration of fli:GFP* cells was observed on fibrin substratum in this study. Furthermore,
the addition of fibrinogen to the 3D matrix favoured the development of kdrl:GFP* cell
networks in our other experiments (chapter 6). Another possible cause of enhanced
network formation or cell migration in fibrin containing matrices may be the vulnerability
of fibrin to the proteases released from the EB cells. In previous studies, testing of pro-
angiogenic compounds on zebrafish embryos has shown increased expression of matrix
metalloproteinases MMP-2 and MMP-9 [69]. These metalloproteinases are suggested to be
involved in the degradation of fibrin matrix [70].

Conclusions

Suspension culture of zebrafish blastocyst cells allows better control of cellular
differentiation, compared to the adherent cultures. Using the EB intermediate (developed
in suspension culture), the development of fli:GFP* and kdrl:GFP* cells could be increased
and maintained for longer duration in culture. Different substrate composition effect the
spreading and development of fli:GFP* and kdrl:GFP* cells in cultures. We recommend the
use of a complex substratum for the growth of these cells in culture. Fibrin substratum has
an effect on growth of fli:GFP* cells in cultures, as well as on the development of network-
like structures from kdrl:GFP* cells. The fli:GFP* and kdrl:GFP* cells showed differences in
their number and morphology, suggesting that these are diverse cell types.
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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-B) [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  Units Endothelial cell type

constitu HUV HEP HEV ECFC- HUV HUV HUV HUV BAE HUV HUV
ents EC C C EC EC EC EC EC C EC EC
Culture - Static Static Static Flow Flow Flow Static Flow Static Static Static
system
Substrate - BME Col-I HA- Fbn Fbn  Col-I Col-I MG Fbn  Col-I
Fbg  Hyg
Pmtx
Support - - HMPC - NHLF NHLF - HDF HBVP - - HBMS
ing cell HPP HUAS C
types MC
EGM-2 - - - -
DMEM - - - - - - - - -
M199 - - - - - - - - - -
L-GIn - - - - - - - - - - -
ECGS - - - - - - - - - - -
FBS % - 20 - - - - 10 16 1 - 1
bFGF ng/mL - - - - - - - 50 - 25
VEGF ng/mL - - - - - - - 50 50 25 -
L-AA ng/mL - - - - - - - 50 - - -
02 % - - - 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-1, 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-GIn, 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 CO. 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 Units Mouse tissues used for explant preparation

constituents retina AT MT MT MT AR LV
Culture system Static  Static  Static Static  Static Static  Static
Substrate Fbn MG Col-1 Col-1 - Col-1 Fbn
DMEM - - - - -

EBM-2 - - - - - -
a-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 pg/mL - - - - - 100 -
Rapamycin nM - - - - - - 10
Ascorbic acid pg/mL - 1 - - - - -
Hydrocortisone pg/mL - 0.2 - - - - -
NaHCO3 mM - - - - - 25 -
Mouse serum % - - - - - 2.5 -
Glutamine % - - - - - 1 -
References [35] [55] [56] [57] [34] [58] [59]

Abbreviations: o-MEM, minimal essential medium from Invitrogen; AR, aortic ring; AT,
adipose tissue; bFGF, basic fibroblast growth factor; Col-1, 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 pL 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 pL 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 pL of LDF medium
(Table 3) and then re-suspended in 200 pL 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/uL 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 (VEGFi65; 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 pL 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 pL of LDF medium. Finally,
the EBs were re-suspended in 100 pL 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 VI%4; Cat. No.
80608; Figure 1A). The gel was prepared by mixing the calculated volumes of collagen
type-1 (5 mg/mlL; 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 VEGFi6 (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
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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 pL of the LDF medium supplemented with
5% FBS, 4.1% EGS, 50 ng/mL VEGFi6s 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 pL/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% CO;. 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)
L-15 medium

Final Concentration

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 55:32.5:125

(Invitrogen; 21765)

HEPES 15mM

Antibiotic antimycotic mix 1%

NaHCOs3 0.015%

FBS (Invitrogen; 10500) 10%

Zebrafish embryo extract 50 pg/mL
Embryo medium

L-15 medium 10%

Antibiotic antimycotic mix 1%

FBS 1%

Sterile distilled H20 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 H20 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 pL
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 pL 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 pL. 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 pL) 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 pL of the same medium.

A 5 pL 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-I1 + 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 uL 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 pg/cm?2). The fibronectin stock solution (1 pg/pL) was diluted using CMF-
PBS and 5 pL of the diluted solution (containing 0.3 pg 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 pL 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 pg/mL zebrafish embryo
extract (ZEE), 4.1% EGS, 50 ng/ml VEGFi6s 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 kdri: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-] 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.

Day 2 Day 4 Day 6 Day 8 Day 12

Static

Microfluidic

Figure 2: Time-lapse imaging of kdrl:GFP EB culture in 3D Collagen type-1 + 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 um.

The minimum flow rate required for the formation of kdrl:GFP* cell networks in our
microfluidic system was 20 pL/min. At lower flow rates (i.e. 2 and 10 pL/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-], 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 pL/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).
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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).
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Figure 4: Parameters of kdrl:GFP+ cell networks in 3D Collagen type-1 + 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,

143



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 kdri: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.
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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.

Day 0 Day 2 Day 4 Day 6

Collagen (I) +
Geltrex™ + fibrin

Geltrex™

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-1 + 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 pm.

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 um (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 cm?). 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-1 + Geltrex™ + fibrin substratum, on day 2 of culture
(Figure 8B).
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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-1 + 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-1 + 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 um. A - F show the same field.
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Figure 9: Sprouting of kdrl:GFP* cells from heart explant culture in collagen
type-1 + 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 pum.
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).



Heart explant and dissociated cell culture

The heart explants cultured in 3D collagen type-1 + 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).

v = .
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 um.

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
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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.

150



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 pL/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 uL/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 pL/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 uL/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/mlL, 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-1 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-1V, 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 um). 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

153



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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Summary

Development of an in vitro vascular network is currently one of the major challenges in
tissue engineering and regenerative medicine [1]. Several techniques have been
developed to culture vascular networks using mammalian cells and tissues [2-12].
However, it is desirable to develop alternative models which are cost effective, easily
accessible and available in large numbers. The zebrafish possess these benefits and is
emerging as a model laboratory animal in various fields of research. For in vitro studies
the externally fertilized, abundant zebrafish embryos are an excellent source of primary
embryonic cells, which are not always easy to access in other species [13]. The availability
of a number of vascular transgenic lines and the regenerative capacity of zebrafish makes
it of even greater importance in this field [14].

Development of blood vessels is a complex process which involves the differentiation,
migration and arrangement of endothelial cells into a tubular form [15]. The process is
complemented by supporting cell types [16, 17], protein factors [18], extracellular matrix
molecules [19] and blood flow [20]. By combining these components in vitro, some of the
researchers have recently developed cultures of perfusable vascular network [3, 10];
however, the formation of a functional vasculature which is close in resemblance to the
physiological blood vessels remains a challenge [21].

The cultures that we have established in this study are a step towards helping our
understanding of zebrafish in vitro vascular network development. The zebrafish
embryoid body and tissue explant models we have developed are promising
complementary models to mammalian embryonic stem cell and tissue explant models, for
studying in vitro vascular development. The embryoid body cultures can easily be
established in large numbers; however, the isolation of tissue explants from small
embryos require technical expertise which can be acquired with practice.

Based on our results, zebrafish embryonic cells can be used to culture vascular networks.
In its current state however, the zebrafish cannot completely replace the mammalian cell
culture models, but can be used as a complementary model. The size of the vascular
network formed in our cultures was smaller than previously reported for mouse and
human embryonic cell and tissue culture. This may because of the limited availability of
techniques for zebrafish in this regard. Further research in zebrafish model for this
purpose should provide information that will improve the formation of in vitro vascular
network in this species.

In Chapter 2 we reviewed the available techniques for culturing vascular networks and
considered their potential applications. There are very few studies using zebrafish cells
for this purpose [22, 23]. However, in the light of general cell culture techniques
developed in zebrafish, we believe that most of the techniques developed for culturing
vascular networks using mammalian cells and tissues can be adapted for zebrafish. And,
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because of its general benefits (such as low cost, external fertilization) the zebrafish can
be a significant first step model for studying vascular development in vitro. Nevertheless,
there are a few disadvantages with the zebrafish model such as combining cells from
genetically diverse embryos in culture (the zebrafish is genetically polymorphic) [24], the
requirement of a nutrient rich medium [25] and the need, reported in some studies [26],
of a feeder layer of stromal cells to maintain an undifferentiated state of the primary
embryonic cell cultures.

In Chapter 3 we optimized the basic nutrient requirements for zebrafish blastocyst cell
culture. We found that, for their optimal growth, the primary blastocyst cells require 15%
fetal bovine serum (FBS) and 60 pg/mL zebrafish embryo extract (ZEE) in the medium.
We found that endothelial cells differentiated spontaneously in zebrafish blastocyst cell
cultures. Using transgenic lines (fli:GFP* and kdrl:GFP* cells) we could track the further
development of these cells until day 4 of culture under basal culture conditions (when
they start to reduce in number).

During the course of culture, most of the differentiated cell types (we also observed
neuron-like cells and pigment cells along with the fli:GFP* and kdrl:GFP+ cells) diminished
and a single subpopulation of cells appear to increase in number. By continuous passaging
of the blastocyst cell cultures, the secondary cells attain a homogenous fibroblast-like
morphology. These cells shows an optimal growth at a lower FBS concentration (10%)
and without ZEE in the medium.

In Chapter 4 we attempted to increase the fli:GFP* and kdrl:GFP* cell populations in the
blastocyst cell cultures by manipulating the culture conditions. We used different media
compositions, substrate molecules and vascular endothelial growth factor concentrations
to find optimum conditions for the growth of fli:GFP* and kdrl:GFP* cells in cultures. We
found that the LDF medium previously optimized for the zebrafish blastocyst cell culture
[26-30], with added endothelial growth supplement mix (used in supplementation with
endothelial growth medium for human endothelial cell culture) increases the percentages
of fli:GFP* and kdrl:GFP* cells in cultures.

Collagen type-I substratum also increased the percentages of putative endothelial cells in
culture; however, the effect was not significant compared to the uncoated polystyrene
substratum. Furthermore, the recombinant zebrafish vascular endothelial growth factor
also increased the percentages of fli:GFP+ and kdrl:GFP* cells when added to the culture
medium. With all these optimization steps we were able to maintain the fli:GFP* and
kdrl:GFP+* cells for longer duration (until eight days) in cultures.

In Chapter 5 we utilised the possibilities of suspension culture of zebrafish blastocyst
cells to see its effect on the development of fli:GFP* and kdrl:GFP* cells in cultures. The
blastocyst cells were cultured in hanging drops on the inside of the lid of a Petri dish in the
zebrafish endothelial differentiation medium (optimized in the experiments described in
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the previous chapters). The results were promising: we found significantly higher
percentages of fli:GFP* and kdrl:GFP* cells in the embryoid body (EB) aggregates of the
blastocyst cells developed in hanging drop cultures compared to the adherent cultures.
When transferred from hanging drops to a 2D substratum the percentages of fli:GFP* and
kdrl:GFP+ cells in the EB cultures declined with time.

Under optimal conditions the fli:GFP* cells could be observed in the primary EB cultures as
well as in secondary cultures until two passages. In contrast, the kdrl:GFP* cells could only
be observed until 12 days of primary cultures. Different substrates tested for the EB
cultures showed variations in the development of fli:GFP* of kdrl:GFP* cells. In the first six
days of the EB adherent cultures, the fli:GFP* cells, migrating in a monolayer around the
EBs, covered significantly more area on fibrin substratum compared to collagen type-I and
gelatin substratum.

Similarly, the kdrl:GFP+ cells developed significantly longer strands of connected kdrl:GFP*
cells forming network-like structures on mixed collagen type-I and Geltrex™ substratum
compared to pure substrates. These results suggest the requirement of a complex
substratum including fibrin as a critical component for the development of endothelial-
like cells in zebrafish blastocyst cell culture.

In Chapter 6 we demonstrated the development of vascular network-like structures in
zebrafish EB cultures in a 3D gel matrix composed of a mixture of collagen type-I, Geltrex™
and fibrin. We found that in the microfluidic culture the kdrl:GFP* cells in the EBs formed
longer branches, and these branches were maintained for a longer period, compared to
the static cultures. In addition, the sprouting of kdrl:GFP* cells was observed from
zebrafish embryonic liver and heart explant cultures in 3D matrices. We found that the
kdrl:GFP+ cells in the dissociated liver cell cultures also form vascular network-like
structures on 2D collagen type-1 + Geltrex™ + fibrin substratum. These models are of
potential importance to test the candidate drugs for their effect on vascular development.

Conclusions

e Zebrafish are a promising complementary model for studying vascular
development in vivo as wells as in vitro (Chapter 2).

*  The blastocyst cell cultures can be maintained without a feeder cell layer in basic
LDF medium supplemented with 15% FBS and 60 pg/mL ZEE (Chapter 3).

*  Under basic culture conditions the fli:GFP* and kdrl:GFP* cells can be observed in
culture from day 1 until day 4 (Chapter 3).

* The growth of fli:GFP* and kdrl:GFP+ cells in zebrafish blastocyst cell culture can
be enhanced by manipulating culture conditions (Chapter 4).
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e The development of EB intermediate in suspension culture allows better control
on the generation and development of fli:GFP* and kdrl:GFP* cells in blastocyst cell
culture (Chapter 5).

*  The kdrl:GFP+ cells shows properties of endothelial cells by making network-like
structures. In contrast, the fli:GFP* cells shows properties of fibroblast-like cells by
growing in a monolayer around the EBs (Chapter 5).

e Culture in a 3D matrix allows the extension of kdrl:GFP* vascular sprouts
emerging from the EBs (Chapter 6).

e The EBs cultured in 3D matrix developed longer and wider sprouts of kdrl:GFP*
cells in microfluidic culture compared to static culture, suggesting the effect of
microfluidic flow on vascular development (Chapter 6).

* The EB and organ explant models developed in this study showing vascular
sprouting could be developed as screening platform for various chemical
compounds and candidate drugs (Chapter 6).

Future prospects

The zebrafish embryo is currently emerging as a promising model for studies of vascular
development. Much research has been done to develop transgenic lines for this species,
and to study the in vivo development of its vascular system.

The small size of the zebrafish, and the relatively simple rearing conditions it requires,
make this model of great interest for developmental studies using a whole animal model,
although the species is still a relatively new model. However, for its general benefits (such
as high fecundity, external fertilization) and specific benefits for cell culture applications
(such as the requirement of simple culture conditions, easy access to a large number of
primary embryonic cells for culture), the zebrafish can be developed as a promising in
vitro model in several fields.

The availability of transgenic lines allows for the fluorescence activated cell sorting
(FACS) of live endothelial cells; in principle, these could be developed as endothelial cell
lines for in vitro studies of vascular development. However, the culture conditions for the
differentiation or maintenance of zebrafish endothelial cells needs further optimization. In
principle, the zebrafish cell culture systems developed in this study could also be
subjected to FACS, in order to isolate and analyse pure endothelial cell population.

One of the experiments that can readily be performed with the zebrafish EB cultures
developed here, is to study the effect of various chemical compounds that are known to
inhibit or enhance vascular development in vitro in mammalian cell culture models. This
would increase the validity of this model for future research on the screening of
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compounds. Another advantage of the zebrafish is the ability to use mutant fish lines or
genetically modified fish embryos to develop in vitro vascular networks. This could help
uncovering the molecular processes involved in vascular development.

Microfluidic cultures mimicking the physiological dynamic environment of tissues are
facilitating considerable contributions to the field of vascular engineering. The
development of a microfluidic system connected to a perfused vascularized tissue
construct would be an area of great interest in the future. The major challenge in
establishing such a system would be to develop the ability to remodel the vascular-to-
hardware connections in the microfluidic system, in order to accomplish the increasing
demands of the growing tissue overtime.
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Nederlandse samenvatting

De ontwikkeling van een in vitro vasculair netwerk is momenteel een van de grootste
uitdagingen in weefselkweek en regeneratieve geneeskunde. Er zijn meerdere technieken
ontwikkeld om vasculaire netwerken te kweken waarbij cellen en weefsel van zoogdieren
worden gebruikt, maar het is wenselijk om alternatieve modellen te ontwikkelen die
doeltreffend, toegankelijk en grootschalig beschikbaar zijn. De zebravis bezit deze
voordelen en ontwikkelt zich tot een model proefdier in verschillende
onderzoeksgebieden. Voor in vitro studies zijn de extern bevruchte grote hoeveelheden
aan zebravisembryo's een uitstekende bron van primaire embryonale cellen, die in andere
soorten minder makkelijk te verkrijgen zijn. Beschikbaarheid van een aantal vasculaire
transgene lijnen en de regeneratieve capaciteit van de zebravis maakt dit model nog
belangrijker in dit onderzoeksgebied.

De ontwikkeling van bloedvaten is een complex proces, wat onder andere bestaat uit
differentiatie en migratie van endotheelcellen, die vervolgens een buis vormen. Het proces
wordt verder gestuurd door ondersteunende celtypen, eiwitfactoren, extracellulaire
matrix moleculen en de bloedstroom. Door deze componenten in vitro te combineren
hebben onderzoekers recent een op celkweek gebaseerd vasculair netwerk ontwikkeld,
inclusief doorbloeding. De vorming van een functioneel vasculair netwerk dat grote
gelijkenis vertoont met fysiologische bloedvaten blijft echter een uitdaging.

De celculturen die we in deze studie hebben ontwikkeld zijn een stap in de richting van
het beter begrijpen van de in vitro ontwikkeling van het vasculaire netwerk van de
zebravis. De zebravis embryoid body (EB) en weefsel explantatie modellen die wij hebben
ontwikkeld, zijn veelbelovende, aanvullende modellen naast de huidige zoogdieren
embryonale stamcel en weefsel explantatie modellen, voor het bestuderen van in vitro
vasculaire ontwikkeling. De EB celkweken kunnen gemakkelijk in grote aantallen worden
opgezet. De isolatie van weefsel explantaten van kleine embryo's vereist echter technische
expertise die door oefening moet worden verkregen.

Op basis van onze resultaten kunnen embryonale cellen van de zebravis worden gebruikt
om vasculaire netwerken te groeien. In de huidige situatie kan de zebravis echter niet het
zoogdier celcultuur model vervangen, maar wel als een complementair model worden
gebruikt. De grootte van het vasculaire netwerk dat in onze culturen werd gevormd, was
kleiner dan eerder beschreven voor muis en menselijke embryonale cel- en weefselkweek.
Dit kan komen door de beperkte beschikbaarheid van technieken voor zebravissen in dit
onderzoeksveld. Verder onderzoek naar het zebravismodel met betrekking tot dit
onderwerp moet meer informatie verstrekken over de vorming van in vitro vasculaire
netwerken.

In Hoofdstuk 2 hebben we een overzicht gegeven van de beschikbare technieken voor het
kweken van vasculaire netwerken en hun mogelijke toepassingen onderzocht. Er zijn
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maar weinig studies met dit doel waarin gebruik wordt gemaakt van zebravis cellen.
Gebaseerd op de algemene celkweek technieken die ontwikkeld zijn voor de zebravis,
geloven wij dat het merendeel van de technieken voor het kweken van vasculaire
netwerken met behulp van zoogdiercellen en -weefsels kan worden aangepast voor de
zebravis. Vanwege diens algemene voordelen (zoals lage kosten, externe bevruchting) kan
de zebravis een belangrijke eerste stap zijn voor het bestuderen van in vitro vasculaire
ontwikkeling. Er zijn echter enkele nadelen van het zebravismodel, zoals het combineren
van cellen van genetisch diverse embryo's in de celcultuur (de zebravis is genetisch
polymorf), een vereist voedselrijk medium en de vereiste van, zoals in sommige studies
aangegeven, een voedingslaag van stromale cellen om de ongedifferentieerde toestand
van de primaire embryonale celkweken te behouden.

In Hoofdstuk 3 hebben we de minimale vereisten van de voedingsstoffen voor de
zebravis blastocyst celkweek geoptimaliseerd. Wij vonden voor optimale groei, dat de
primaire blastocyst cellen 15% foetaal runder serum (FBS) en 60 ug/mL zebravisembryo
extract (ZEE) in het medium nodig habben. We vonden dat endotheelcellen spontaan
differentieerden in de zebravis blastocyst celculturen. Met behulp van transgene lijnen
(fli:GFP* en kdrl:GFP+ cellen) konden we de verdere ontwikkeling van deze cellen volgen
tot dag 4 van de kweek onder basale kweekcondities (wanneer ze in hoeveelheid
afnemen).

Gedurende de kweek verminderden de meeste van de gedifferentieerde cel types (we
namen ook neuron-achtige cellen en pigment cellen samen met de fli:GFP* en kdrl:GFP*
cellen waar) en een subpopulatie van cellen bleek in aantal toe te nemen. Door continue
de blastocyst celculturen door te kweken, krijgen de secundaire cellen een fibroblast-
achtige morfologie. Deze cellen vertonen een optimale groei bij een lagere concentratie
FBS (10%) en zonder ZEE in het medium.

In Hoofdstuk 4 hebben we geprobeerd om de hoeveelheid fli:GFP* en kdrl:GFP*
celpopulaties in de blastocyst celculturen te verhogen door de kweekomstandigheden te
manipuleren. We gebruikten verschillende media samenstellingen, substraten en
vasculair endotheel groeifactor (VEGF) concentraties om optimale omstandigheden voor
de groei van fli:GFP* en kdrl:GFP* cellen te vinden. We vonden dat het LDF medium dat
eerder is geoptimaliseerd voor de zebravis blastocyst celkweek aangevuld met een mix
van endothele groeifactoren (in aanvulling met endotheel groeimedium voor humane
endotheel celculturen) de percentages van fli:GFP* en kdrl:GFP+ cellen in de celkweek
verhoogt.

Collageen type-I als substraat verhoogde ook de percentages van de mogelijke
endotheelcellen in de celkweek; dit effect was echter niet significant in vergelijking met
het ongecoatte polystyreen substraat. Ook de recombinante zebravis VEGF verhoogde de
percentages van fli:GFP* en kdrl:GFP* cellen indien toegevoegd aan het kweekmedium. Met
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al deze optimalisatie stappen konden we de fli:GFP* en kdrl:GFP* cellen voor een langere
duur (tot acht dagen) kweken.

In Hoofdstuk 5 hebben we gebruik gemaakt van de mogelijkheden van een suspensie
cultuur van zebravis blastocyst cellen om het effect daarvan op de ontwikkeling van
fli:GFP* en kdrl:GFP* cellen in cultuur te onderzoeken. De blastocyst cellen werden
gekweekt in hangende druppels op de binnenkant van de deksel van een petrischaal in het
zebravis endotheel differentiatiemedium (geoptimaliseerd in de experimenten zoals die
zijn beschreven in voorgaande hoofdstukken). De resultaten waren veelbelovend: we
vonden significant hogere percentages fli:GFP* en kdrl:GFP+ cellen in de EB aggregaten van
de in een hangende druppel opgegroeide blastocyst cellen vergeleken met de gehechte
culturen. Wanneer de celculturen uit de hangende druppel worden overgebracht op een
2D-ondergrond dalen de percentages van fli:GFP* en kdrl:GFP* cellen in de EB culturen
met de tijd.

Onder optimale omstandigheden kunnen de fli:GFP+ cellen worden waargenomen in de
primaire EB celculturen en in secundaire kweken tot en met de tweede doorkweek. De
kdrl:GFP+ cellen konden daarentegen slechts worden waargenomen tot 12 dagen in de
primaire celculturen. De verschillende onderzochte substraten resulteerden in variaties in
de ontwikkeling van fli:GFP* en kdrl:GFP* cellen. Gedurende de eerste zes dagen van de EB
gehechte culturen, bedekten de fli:GFP* cellen, die migreren in een enkele laag rond de
EBS, beduidend meer oppervlakte op fibrine substraat ten opzichte van het type-I
collageen- en gelatine substraat.

Op een vergelijkbare manier ontwikkelden de kdrl:GFP* cellen significant langere strengen
van aan elkaar verbonden kdrl:GFP+ cellen, die zo een netwerk-achtige structuur vormden,
op mixed collageen type-I en Geltrex ™ substraat in vergelijking met pure substraten. Deze
resultaten suggereren dat een complex substraat, waarvan fibrine een essentieel
onderdeel is, een vereiste is voor de ontwikkeling van endotheel-achtige cellen in de
zebravis blastocyst celkweek.

In Hoofdstuk 6 toonden we de ontwikkeling van vasculaire netwerkachtige structuren in
zebravis EB celculturen in een 3D gelmatrix, bestaande uit een mengsel van collageen type
I, Geltrex ™ en fibrine. We vonden dat in de microfluidische cultuur kdrl:GFP+ cellen in de
EBs langere vertakkingen vormden en deze takken werden gedurende een langere
periode onderhouden in vergelijking met de statische celkweken. Daarnaast hebben we
het ontstaan van kdrl:GFP+ cellen uit embryonale lever en hart explantatie culturen van
zebravissen waargenomen in 3D matrices. We vonden dat de kdrl:GFP* cellen in de
gedissocieerde levercelkweken ook vasculaire netwerkachtige structuren vormen op 2D

™

collageen type-I + Geltrex ™ + fibrine substraat. Deze modellen zijn van mogelijk belang

voor het testen van potentiele geneesmiddelen op hun effect op vasculaire ontwikkeling.

168



Conclusies

Zebravissen zijn een veelbelovend aanvullend model voor het bestuderen van de
ontwikkeling van bloedvaten in vivo en in vitro (Hoofdstuk 2).

De blastocyst celkweek kan in stand gehouden worden zonder een voedende
cellaag, in LDF medium gecomplementeerd met 15% FBS en 60 pg/mL ZEE
(Hoofdstuk 3).

Onder standaard groeicondities kunnen fli:GFP* en kdrl:GFP+ cellen in vitro
waargenomen worden vanaf dag 1 tot dag 4 (Hoofdstuk 3)

De groei van fli:GFP* en kdrl:GFP* cellen in een zebravis blastocyst celkweek
kunnen gestimuleerd worden door het manipuleren van de kweekcondities
(Hoofdstuk 4).

De ontwikkeling van EBs in een hangende kweek zorgt voor betere controle over
de aanmaak en ontwikkeling van fli:GFP* en kdrl:GFP* cellen in een blastocyst
celkweek(Hoofdstuk 5)

Kdrl:GFP+ cellen vertonen eigenschappen van endotheel cellen door het maken
van netwerk-achtige structuren. Fli:GFP+ cellen daarentegen vertonen fibroblast-
achtige eigenschappen door in een cellaag rondom de EBs te groeien (Hoofdstuk
5).

Het kweken in een 3D matrix faciliteert de uitgroei van kdrl:GFP* vasculaire
strengen die ontstaan vanuit de EBs (Hoofdstuk 6).

De EBs die gegroeid worden in een 3D matrix in een microfluidisch kweek
systeem, ontwikkelen langere en bredere vasculaire strengen van kdrl:GFP* cellen
in vergelijking met statische kweek, wat duidt op een effect van de
microfluidische stroom op vatontwikkeling (Hoofdstuk 6)

De EBs en orgaan explantatie modellen zoals ontwikkeld in deze studie laten zien
dat het uitgroeien van vaatstructuren ontwikkeld zou kunnen worden als
screening platform voor verschillende chemische stoffen en potentiéle medicijnen
(Hoofdstuk 6).

Toekomstperspectief

Het zebravis embryo is momenteel in opkomst als een veelbelovend model voor het

bestuderen van (bloed)vat ontwikkeling. Veel onderzoek is gedaan om transgene lijnen te

ontwikkelen voor deze soort, en de ontwikkeling van zijn bloedvaten in vivo te

bestuderen.
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De grootte van de zebravis en de relatief simpele behuizingscondities maken dit model
zeer interessant voor studies in ontwikkelingsbiologie ondanks dat het nog een relatief
nieuw model is. Door zijn vele voordelen (zoals hoge vruchtbaarheid en externe
bevruchting) en specifieke voordelen voor celkweek toepassingen (zoals simpele kweek
condities en grote aantallen primaire cellen om te kweken), kan de zebravis ontwikkeld
worden als een veelbelovend in vitro model voor verschillende onderzoeksgebieden.

De beschikbaarheid van transgene lijnen maakt het mogelijk om fluorescent geactiveerde
cel sortering (FACS) uit te voeren op levende endotheelcellen. Deze gesorteerde cellen
kunnen vervolgens verder ontwikkeld worden tot cellijnen voor in vitro studies van
bloedvatontwikkeling. Echter, de kweek condities voor de differentiatie en groei van
zebravis endotheelcellen moet nog verder geoptimaliseerd worden. In principe zouden de
zebravis celkweek systemen beschreven in deze studie met FACS gesorteerd kunnen
worden om alleen de endotheel cellen te isoleren en analyseren.

Een experiment dat op dit moment uitgevoerd zou kunnen worden, met de in deze studie
beschreven zebravis EB culturen, is het bestuderen van effecten van verschillende
chemische stoffen waarvan bekend is dat ze een remmend of stimulerend effect hebben
op bloedvatontwikkeling in in vitro zoogdier celcultuur modellen. Dit zou de potentie van
dit model bevestigen voor het gebruik als screening platform in de toekomst. Een ander
voordeel van de zebravis is de mogelijkheid van het gebruik van mutanten voor het
ontwikkelen van een in vitro vasculair netwerk. Dit zou kunnen bijdragen aan het
ontrafelen van de moleculaire processen die een rol spelen in de vasculaire ontwikkeling.

Microfluidische culturen die de fysiologisch dynamische omgeving van weefsel nabootsen
dragen bij aan het veld van bloedvatvorming. De ontwikkeling van een microfluidisch
systeem verbonden aan een weefsel met vaatstructuren zou een interessant
onderzoeksgebied zijn voor de toekomst. De voornaamste uitdaging bij het ontwikkelen
van een dergelijk system zouden liggen in de mogelijkheid om ‘vaatstructuur’ aan
‘hardware’ te verbinden en dit aan te passen aan de toenemende benodigdheden van het
groeiende weefsel over de tijd.
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