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Abstract

Mammalian embryos at the blastocyst stage have three major lineages, which in culture can
give rise to embryonic stem (ES) cells from the inner cell mass or epiblast, trophoblast stem
cells from the trophectoderm, and primitive endoderm stem cells. None of these stem cells is
totipotent, because they show gene expression profiles characteristic of their sources and
usually contribute only to the lineages of their origins in chimeric embryos. It is unknown
whether embryos prior to the blastocyst stage can be cultivated towards totipotent stem cell
cultures. Medaka is an excellent model for stem cell research. This laboratory fish has gen-
erated diploid and even haploid ES cells from the midblastula embryo with ~2000 cells. Here
we report in medaka that dispersed cells from earlier embryos can survive, proliferate and
attach in culture. We show that even 32-cells embryos can be dissociated into individual cells
capable of producing continuously growing ES-like cultures. Our data point to the possibility

to derive stable cell culture from cleavage embryos in this organism.
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Introduction

In mammals, fertilization results in a zygote, the
totipotent stem cell that can give rise to all cell types of
a developing embryo and adult. A pre-implantation
mouse embryo at the blastocyst stage consists of three
cell lineages, inner cell mass (ICM), trophectoderm
(TE) and primitive endoderm (PE). TE is the first
morphologically distinct cell type of the trophoblast
lineage, which becomes discernible at the morula
stage and gives rise to the placental trophoblasts. PE is
the first morphologically distinct cell type of the ex-
traembryonic endoderm, which becomes visible at the
late blastocyst stage as a layer on the mural surface of
the ICM and gives rise to the yolk sac endoderm. ICM
forms the epiblast, the first morphologically distinct
cell type of the fetal lineage. The epiblast gives rise to
amnion, extraembryonic mesoderm and embryo

proper [1].

The pre- and peri-implantation embryo in cul-
ture can produce stable cell lines that show charac-
teristics of the three blastocyst lineages. The first pro-
totypes of such cell lines consists of embryonic stem
(ES) cells from the mouse ICM [2; 3], which closely
resemble nascent epiblast [4]. ES cell lines have also
been isolated from the epiblast in rat and mouse,
which closely resemble the post-implantation epiblast
and human ES cells in gene expression profiles and
transcription factor networks [5; 6]. Trophoblast stem
(TS) cell lines have been isolated from blastocysts in
the mouse [7]. Extraembryonic endoderm (XEN) stem
cell lines have been isolated from mouse blastocysts
[8]. Thus, there are cell lines that represent the earliest
stages of the fetal pathway in vitro and appear to be
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remarkably similar across mammalian species.

Although these stem cells are capable of
self-renewal and differentiation, none of them is to-
tipotent, because they originate from the committed
blastocyst lineages and maintain the respective prop-
erties of their origins. For example, these mammalian
stem cells exhibits gene expression profiles character-
istic of their sources [1; 7; 8]. More importantly, upon
blastocyst transplantation and morula aggregation,
mammalian ES cells can contribute to the epiblast but
not extraembryonic lineages [9], whereas TS and PS
cells usually enter the TE and PE of extraembryonic
lineages but not the epiblast and its derivatives in the
embryo proper [7; 8].

The blastocyst so far represents the earliest stage
for cell culture derivation. The attempt towards to-
tipotent stem cell cultures from earlier developing
embryos has not been available. The use of blastocyst
stage embryos has conceptually excluded the possi-
bility for totipotent cell derivation by origin. Recently,
induced pluripotent stem (iPS) cells have been ob-
tained by forced expression of pluripotency tran-
scription factors even in differentiated mammalian
cells [10]. However, it is unclear whether this ap-
proach can lead to totipotent stem cell cultures. Re-
cently, small molecules operating on several signaling
pathways have been used to partially convert mouse
epiblast stem cells to an earlier pluripotency state [11].
In addition, primary cultures from early embryos can
produce a uniform population for transcriptome
and/or proteome approaches to study early events
such as early lineage restriction and cellular differen-
tiation in a controllable conditions. For example, pri-
mary cultures of single zebrafish embryos at early
stages has been used to study myogenesis [12].

We use medaka as a lower vertebrate model for
stem cell biology. This laboratory fish is well-suited
for analyzing vertebrate development [13]. In this
organism, we have previously established a feed-
er-free culture system that allowed for derivation of
diploid ES cells [14-16] from fertilization midblastula
embryos as the equivalent of mammalian blastocysts,
male germ stem cells from the adult testis [17] and
even haploid ES cells from gynogenetic embryos[18;
19]. We are interested in the possibility towards to-
tipotent stem cell derivation. As a first step, this study
was aimed at determining the suitability of earlier
embryos prior to the midblastula stage for cell isola-
tion and culture. We show that single cells from
medaka embryos ranging from the 32-cell early mor-
ula stage to the 1000-cell early blastula stage can sur-
vive and proliferate in culture on gelatin-coated mul-
tiwell plates. More importantly, the cells from these
earlier embryos can form a monolayer during 6 days

of culture and display phenotypes similar to ES cells.
These data suggest the possibility for stem cell deri-
vation from these early embryos in this organism.

Materials and Methods

Fish. Work with fish followed the guidelines on
the care and use of animals for scientific purposes of
the National Advisory Committee for Laboratory
Animal Research in Singapore (permit number
27/09). Medaka was maintained under an artificial
photoperiod of 14-h light to 10-h darkness at 26°C
[20]. Embryogenesis was staged according to [21].
Medaka strains HB32C, SOK and i! were used for cell
culture in this study. HB32C is a wild-type pigmenta-
tion strain from which diploid ES cell lines were de-
rived[14-16], whereas i! is an albino strain from which
haploid ES cells generated [18; 19]. SOK is one of the
best permissive strains for ES cell culture [22].

Cell culture. Embryo manipulation, cell isolation
and cultures were done essentially as described
[14-16]. Briefly, fertilization embryos were treated
with proteinase K (10 mg/ml) for 60 min at 28°C to
remove the attachment filaments, rinsed twice in
phosphate-buffered saline (PBS) and sterilized in
PBS-0.1% bleach for 2 min, and rinsed 5 times in PBS.
Embryos were incubated in PBS and monitored for
developmental stages under a stereo microscope at
aseptic conditions. The chorion was manually torn
with a pair of fine forceps through the yolk sac at the
vegetal half. Cells were dissociated by gentle pipet-
ting, rinsed 5 times by partial PBS changes and seeded
into gelatin-coated 96-well plates containing 150 pl of
ESM2. Cell growth, attachment, proliferation and
differentiation were monitored at regular intervals of
culture at 28°C in air.

Microscopy and Photography. Observation and
photography on Leica MZFIII stereo microscope,
Zeiss Axiovertinvert 2 invert microscope and Axio-
vert 200 upright microscope with a Zeiss AxioCam
MB5Rc digital camera (Zeiss Corp., Germany) were as
described previously [19].

Results
Embryo stages and lineages in medaka

In medaka, early embryos undergo rapid syn-
chronous cell divisions until the midblastula stage
with ~2000 cells. Medaka ES cells have previously
been derived from the midblastula embryos. In this
study, we chose 6 earlier stages to test their possibility
for cell culture derivation. Four representative stages
are illustrated in Fig. 1. In medaka, the early blastula
stage has 1000 cells of three lineages, pluripotent deep
cells that produce the future embryo proper, and two
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extraembryonic lineages called the envelop layer
(EVL) and yolk syncytial layer (YSL) [21]. The deep
cells, EVL and YSL are equivalent to the inner cell
mass or epiblast, trophectoderm and primitive endo-
derm of the mouse blastocyst embryo [1]. Medaka
morula embryos have 128, 256 and 512 cells, which

form deep cells and EVL. Medaka cleavage embryos
have 32 and 64 cells, which are indeterminate in lin-
eage commitment and thus have a promise to gener-
ate totipotent stem cell cultures. These 6 stages thus
appear to represent a hierarchy of restriction in totip-
otency/ pluripotency.

a 32-cell

Lateral

128-cell

1024-cell

YSL
nuclei

Early Blastula

Fig. 1. Medaka embryos and their cells. (a) Representative stages. EVL, envelope layer; DC, deep cells; YSL, yolk
syncytial layer. (b) Isolated cells for culture. Developmental stages, pseudopodia (asterisks), intercellular bridges (#) and

dividing cells (arrow) are indicated. Scale bars, 50 pm.

Cell isolation and culture

We first tested various stages for the possibility
and efficiency to isolated intact cells. We found that
embryos from 128-cell stage onwards allowed for
robust dissociation of individual cells, whereas cell
isolation from 32- and 64-cell embryos was more de-
manding for skills. Upon isolation and seeding into
culture plates, individual cells remained intact and
viable as evidenced by pseudopodia (Fig. 1b). Isolated

cells even from the same embryos exhibited varying
sizes, and some of them were connected by intercel-
lular bridges. Importantly, they continued active di-
visions and formed clusters of smaller daughter cells
until 4 h of culture (Fig. 2), when cell death were ap-
parent in certain cells without division in cultures
from 64- and 128-cell embryos (Fig. 2a and b) and with
one or two divisions in cultures from 256-cell embryos
(Fig.2c). Dead cells appeared infrequently in cultures
from 1024-cell embryos (Fig. 2d). Until one day of
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culture, cell attachment was seen for all the 6 stages of
embryos (Fig. 3), as has been observed for cell culture
initiation from diploid [14] and haploid midblastula
embryos [19]. With regular medium changes, cell
cultures from all the 6 stages survived and prolifer-

256-cell

ated over the entire period of observation for up to 2
weeks. These data demonstrate the suitability of early
medaka embryos prior to the midblastula stage for
cell isolation and cell culture initiation.

128-cell

1024-cell

Fig. 2. Embryonic cells of different stages during 4 hours of culture. (a) 64-cell embryos. (b) 128-cell embryos. (c)
256-cell embryos. (d) 1024-cell embryos. (¢’ and d’) Larger magnification views of framed areas in (c) and (d). Scale bars, 50

pm.

Phenotype of cell culture

Like ES cell derivation from midblastula em-
bryos (Hong and Schartl., 1996), cells from all the 6
stages continued active proliferation and at 6 days of
culture, formed monolayers (Fig. 3a-f), which con-
sisted of cells phenotypically resembling medaka ES
cells [15; 19]. In addition, in cultures from 32-cell em-
bryos, we observed YSL cells. These were giant cells

with multiple nuclei at the periphery and typical
syncytial cytoplasm at the center; and the cytoplasm
exhibited motility and changed its shape by pseudo-
podial formation (Fig. 3g). YSL cells appeared also in
cultures from embryos at other stages (Fig. 3h-I).
Therefore, dissociated cells from embryos at 32- to
1024-cell stages can produce ES-like cell cultures and
YSL cells, pointing to the possibility to derive plu-
ripotent and even totipotent stem cell cultures from
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early medaka embryos.

64-cell

128-cell 256-cell

512-cell . S 1024-cell

Fig. 3. Embryonic cells of different stages during 24 hours of culture. Scale bars, 50 pm.
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Fig. 4. Embryonic cells of different stages during 6 days of culture. (a-f) ES-like cells from embryos at indicated
stages. (g) Serial micrographs of YSL cell, showing the motility of the cytoplasm (asterisks) residing in the center and multiple
nuclei (#) at the periphery. (h-I) YSL cells in cultures from embryos at stages indicated. Scale bars pm.

Discussion

In this study we report the ability to isolate and
culture early medaka embryonic cells as a step to-
wards stem cell derivation from embryos before and
after major lineage restriction. We show that medaka
embryos as early as 32-cell stage have the accessibility
for the isolation of viable cells capable of generating
cell cultures. Importantly, embryonic cell cultures
derived from earlier stages consist of cells exhibiting
continuous growth and phenotypes that closely re-
semble well-characterized medaka ES cells derived
from midblastula embryos [14; 15; 19] suggesting that
the competence for ES cell derivation is established at
the 32-cell stage for stem cell derivation. In fish, no

lineage restriction has been reported at this stage,
which represents the earliest stage for cell culture
derivation in vertebrates. In mammals, the blastocyst
embryo after one or two events of lineage restriction
leading to the inner cell mass, trophectoderm and
primitive endoderm has successfully been used for
cell culture, resulting in the derivation of ES cells [2;
23], trophoblasts stem cells [7] and extraembryonic
endoderm stem cells [8]. It is unknown whether
mammalian embryos at the 32-cell stage can produce
cell cultures.

Interestingly, we have demonstrated that dis-
persed cells from embryos at all the 6 stages tested
including the 32-cell stage can generate yolk syncytial
layer cells of the primitive endoderm origin, one of
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the earliest extraembryonic lineages. It remains to be
determined whether the YSL fate is predetermined at
the 32-cell stage or specified under culture conditions.
In medaka, the YSL originates from marginal blasto-
meres and its nuclei undergo endomitosis [21]. In
zebrafish, YSL formation has been studied in more
detail, where some marginal blastomeres are conflu-
ent with the yolk cell cytoplasm resulting from in-
complete division collapse and deposit their nuclei
and cytoplasm into the cytoplasmic cortex of the yolk
cell, thereby forming the YSL, whose nuclei then un-
dergo three to five rounds of endomitosis without
cytokinesis [24]. The YSL is elusive for study due to
difficulties in interfering specifically with YSL for-
mation and morphogenesis [24]. Our finding that YSL
cells can form and survive in cultures even from dis-
sociated blastomeres of 32-cell embryos makes
medaka an excellent model to study YSL formation in
vitro.

Among the 6 tested stages, more advanced em-
bryos are better in terms of ease and efficiency for cell
isolation and culture. A larger cell size of earlier em-
bryos is prone to mechanical damages during embryo
manipulations, cell dissociation and seeding. For the
possible derivation of totipotent stem cell cultures,
however, the embryo even prior to the 32-cell stage is
preferred. At the 32-cell stage, there are already two
layers of cells that display differences in size and po-
sition, which may indicate the presence or onset of
cell-cell interactions and different developmental
pathways in differently positioned cells. Future work
will determine whether 16- and even 8-cell embryos
are amenable for cell isolation and culture.

In this study, our primary attention was on the
possibility to isolate and cultivate early embryonic
cells. We observed similar growth and proliferation
during the entire 14-day period of culture between the
32-cell embryos obtained in this study and the mid-
blastula embryos that eventually led to stable ES cell
lines in our previous studies [14; 15; 19; 25]. Therefore,
our results are not against the possibility that early
embryonic cells can develop into stable cultures and
even cell lines. In this regard, our detailed analyses of
differential RNA expression of seven pluripotency
genes and the telomerase reverse transcriptase in
companion papers [26, 27] provide valuable infor-
mation for characterizing putative stem cells at the
molecular level.
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