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understand themammalian oocyte
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Abstract
Amphibian eggs and oocytes have been widely used
as a model system for understanding animal devel-
opment. They have led to numerous major discover-
ies in cellular and developmental biology. These find-
ings have greatly helped us to understand the physiol-
ogy of mammalian oocytes. Amphibian eggs have also
played an important role not only in revealing genomic
conservation and plasticity historically, but also in
gaining a mechanistic insight into nuclear reprogram-
ming. This chapter summarizes major findings using
amphibian eggs and oocytes, focusing on reprogram-
ming aspects. We also discuss how Xenopus eggs can
be used to study mammalian oocytes.

Introduction
For over 100 years, amphibian embryos have been the
favored choice of material for research into mecha-
nisms of early vertebrate animal development. This is
because amphibian embryos are unusually large, being
about 1 mm in diameter. The whole amphibian egg
divides into an embryo whereas, in birds, for exam-
ple, only a very small amount of material in the huge
egg actually forms an embryo. Allmammalian eggs are
relatively inaccessible and are very small, usually 70–
120 �m in diameter. European amphibia include the
Urodeles (salamanders, newts, Triturus, etc.) as well
as Anura (frogs, toads, Rana, Bufo). Members of these
groups usually lay abundant eggs in natural pondwater
in the northern-hemisphere spring. The eggs are easy
to culture.Their large size and consistency make them
exceptionally favorable for microdissection and other
manipulative experiments. This was the material used
by Spemann, Hamburger, and Holtfreter and others.

The only disadvantage of most anuran species is
that they produce eggs naturally only in the European

spring, amounting to one or two months during the
year. Soon after World War II, Xenopus became the
favored choice for amphibian research. The interest-
ing history of how this happened was largely coinci-
dental [1]. The huge advantage of Xenopus is that it
can be induced to lay eggs at any time of year, follow-
ing an injection ofmammalian pituitary hormone.The
species is permanently aquatic, making its laboratory
maintenance a great deal easier than for land-living
amphibia. Since it naturally lives in highly infected
pond water (in Africa) Xenopus laevis is exception-
ally disease-free and easy to culture. Over the last 50
years, nearly all amphibian research has come to be
conducted on Xenopus species.

The majority of experimental interventions now
carried out on a range of vertebrate species, and
especially in mammals, have their origin in work
that started with amphibia. Moreover, many scien-
tific discoveries and knowledge in amphibia have been
extended tomammals. In this review, we trace back the
origin of many experimental procedures and scientific
findings that are now in widespread use in mammals,
and find that these were first pioneered in amphibia.

Meiotic prophase germ line in Xenopus
laevis and themouse
In Xenopus laevis, the female germ cell, the so-called
oocyte, is arrested in prophase of meiosis I (MI)
in the ovary of the adult frog (Figure 1.1; stage I
to VI). During this period, oocytes accumulate a
stockpile of macromolecules and organelles that are
required to support early embryonic development.
Stage VI oocytes are fully grown and capable of
reacting to progesterone from the surrounding follicle
cells. They complete MI and are subsequently arrested
in metaphase of meiosis II (MII). These matured
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Section 1: Historical perspective

Figure 1.1 Oogenesis and embryogenesis in frog and mouse. Oocytes contain a giant nucleus referred to as the germinal vesicle. Upon
resumption of meiosis, germinal vesicles are broken down and oocytes are matured to the metaphase II stage, followed by fertilization.
Fertilized embryos undergo early cleavages directed by maternally stored factors without conspicuous transcription. Embryonic genome
activation happens at the indicated cell stages, allowing embryos to develop further. LH, luteinizing hormone.

oocytes are then ovulated as unfertilized eggs (MII
eggs). Upon fertilization, the egg is released frommei-
otic arrest and enters interphase. Early embryonic
development is characterized by rapid progression
through the cell cycle, consisting of repeated S- and
M-phases.The stockpile of components present within
the eggs supports this early development until themid-
blastula transition (MBT).Major embryonic gene acti-
vation starts at this MBT (Stage 8–8.5 embryos; 4000–
8000 cells) and embryonic gene products then direct
further embryonic development.

Mouse oocytes, as well as Xenopus oocytes, are
arrested at prophase of MI in the ovary. During
oogenesis, mouse oocytes increase their size from
�10�m to 80�m while actively transcribing the
maternal genome for subsequent embryonic devel-
opment (Figure 1.1). When the luteinizing hormone
(LH) surge stimulates the resumption of meiosis,
oocytes surrounded by cumulus cells are released from
fully grown follicles. Oocytes are re-arrested at theMII
stage until fertilization takes place. Major embryonic
genome activation is first observed at the 2-cell stage.

As summarized above, maternal factors required
for early embryonic development are accumulated
in both Xenopus and mouse oocytes. During this
oogenesis period, oocytes at the first meiotic prophase
contain a giant nucleus referred to as the germinal
vesicle (GV). The Xenopus GV reaches a diameter of
400 �m, which is more than 100 times larger than that
of a mature mouse oocyte itself. It also stores huge
amounts of macromolecules and nuclear organelles
for intensive transcription; these include extrachro-
mosomal nucleoli (�1500), Cajal bodies (50–100),
and RNA polymerase II whose activity is sufficient

for 100 000 somatic nuclei [2]. Notably, Xenopus
GV oocyte genomes form so-called lampbrush
chromosomes with actively transcribing chromatin
loops and are found throughout chromosomes.
Chromatin loops are maximally extended during
early oogenesis and retracted towards the fully grown
stage (stage VI). In the mouse, although lampbrush-
like chromosomes have not been identified, oocyte
genomes are also actively transcribed and produce
a large stockpile of maternal RNA and protein. The
chromatin structure of a mouse oocyte has been
extensively studied. Follicular activation, at the begin-
ning of oogenesis, is characterized by the loading of an
oocyte-specific linker histone H1foo (closely related
to the Xenopus histone B4) into the oocyte nucleus.
Chromatin in growing mouse oocytes is initially
decondensed and supports active transcription. As
oogenesis proceeds, chromatin becomes progressively
condensed and transcriptionally silenced, forming a
heterochromatin rim around the oocyte nucleolus.
Recent research suggests that histone-modifying
enzymes play roles in the mouse oocyte chromatin
remodeling associated with changes in transcriptional
abilities [3]. Revealing mechanisms of oocyte tran-
scription and its associated chromatin structure helps
our understanding not only of germ cell develop-
ment but also of the maternal contribution to early
embryonic development.

Signaling in early embryogenesis
The first pivotal experiment which demonstrated sig-
naling in development was that of Spemann and
Mangold [4]. By transplanting tissue from one embryo
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Chapter 1: Amphibia eggs to mammal oocytes

into another (distinguished by pigment markers), it
was proved that one set of cells can alter the fate of
other cells placed near them. The Spemann signaling
center exists in early amphibian embryos at the early
gastrula stage. Subsequently, Nieuwkoop [5] demon-
strated that signaling also occursmuch earlier in devel-
opment from the vegetal cells to the overlying animal
cells. This Nieuwkoop center is the first known source
of signaling in animal development and is responsible
for the formation of the mesoderm layer.

In more recent years the mechanism of the Spe-
mann signaling process has become greatly clarified.
This is particularly due to the work of De Robertis [6]
who has identified a number of signaling and other
molecules that regulate the signaling process and in
particular the distance in an embryo over which a sig-
nal factor acts. A network of such signaling centers
and of the counteracting molecules that restrict the
strength or distance of signaling has been identified
[7].

Many such signaling processes work asmorphogen
gradients. This means that the concentration of sig-
naling factor decreases with distance from its source.
Most importantly, cells are able to sense the strength of
the signal, at the position in which they lie, and differ-
entiate in directions related to the strength of the signal
that they receive. The mechanisms of morphogen gra-
dient interpretation continue to attract wide interest
[8]. The phenomenon is of great importance because
the single source of signal can generate several differ-
ent cell types according to the strength and duration of
signal that a cell receives.The regulation ofmorphogen
gradient interpretation is complex because it depends
on the rate of movement of the morphogen, its stabil-
ity, and particularly on the abundance of counteracting
factors which can inactivate the morphogen [9].

Signaling in embryos is now well established in
mammalian development. Gene ablation technologies
and the availability of cultured pluripotent stem cells,
such as embryonic and epiblast stem cells, in mice
accelerated our understanding of how signaling path-
ways function in mammals [10, 11]. Signaling path-
ways that play a key role in early post-implantation
development, such as Wnt and transforming growth
factor beta (TGF�), have been extensively studied [12].

Cell-free system
Components of amphibian eggs can be efficiently
extracted by crushing them in an appropriate buffer.
These cell-free extracts retain many egg proteins

intact and as a result numerous cellular events, such
as transcription, translation, cell-cycle progression,
chromatin remodeling, and even reprogramming, are
reproduced in the extracts to some extent. Xeno-
pus laevis eggs have been widely used as a source
of extracts due to their large size and abundance.
Egg extracts are valuable for identifying molecules
and molecular mechanisms involved in cellular events
since many biochemical approaches can be applied to
extracts. For example, specific proteins can be depleted
from extracts by immunodepletion using antibodies
in order to assess the roles of these proteins. To carry
out such knockout experiments is very challenging in
living embryos. In addition, the complexity of a live
cell or egg can be somewhat simplified in extracts. We
summarize below major discoveries and recent appli-
cations of egg extracts to understand reprogramming.

DNA replication
Xenopus egg extracts that are widely used at present
were first reported by Lohka and Masui [13]. Unfertil-
ized frog eggs are collected in a test tube and crushed
by centrifugation. After centrifugation, the cytoplas-
mic fraction is used as an extract (Figure 1.2A). When
demembranated sperm nuclei are incubated in this
extract, these nuclei are immediately decondensed
(Figure 1.2B) and start to form nuclear envelopes and
pronuclei, accompanied by DNA replication. This is
followed by breakdown of nuclear envelopes and chro-
mosome condensation. This egg extract was further
developed and could also replicate purified DNA [14].
Egg factors required for the DNA replication, such as
Orc (origin recognition complex, subunit 2) [15], cdc6
(cell division cycle 6) [16], and MCMs (minichromo-
somemaintenance proteins) [17], have been found and
characterized in this system.

Cell-cycle analysis
Many important findings using Xenopus egg extracts
have been achieved in the field of cell-cycle analysis.
After the first egg extract, in which a single cell cycle is
reproduced [13], Hutchison et al. [18] andMurray and
Kirschner [19] developed and established the cycling
extracts in which multiple cell cycles are reproduced.
This led to the identification of cyclin-dependent pro-
tein kinase, CDK1, and cyclin B as necessary regulators
formitotic entry. CDK1 and cyclin B are also known as
maturation-promoting factor (MPF). Molecules that
modulate MPF activity have been extensively studied.
Extracts have been also prepared from eggs arrested in
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Section 1: Historical perspective

Figure 1.2 Xenopus egg extracts and their utility. (A) Xenopus eggs collected in a test tube are crushed by centrifugation and separated
into three fractions. The middle fraction containing cytoplasm and membranes is used as an egg extract. (B) Various kinds of cellular and
molecular events are reproduced in Xenopus egg extracts. When sperm nuclei are incubated in egg extracts, rapid decondensation of sperm
nuclei is observed as shown. Egg extracts also induce several changes in somatic nuclei. Notably, a part of reprogramming, which includes
oocyte linker histone B4 incorporation onto chromatin as revealed by the western blotting, is induced in somatic nuclei.

metaphase of the second meiotic division by an activ-
ity called cytostatic factor (CSF) [20]. CSF in connec-
tion with MPF activity plays an essential role in MII
arrest to prevent parthenogenesis. Although some dif-
ferences in molecular behavior between Xenopus and
the mouse have been reported [21], the Xenopus egg
cell-free system is a powerful tool to analyze biochem-
ical interactions and signaling pathways involved in
thismeiotic arrest, egg activation, and early embryonic
cell cycles.

Chromatin remodeling (sperm
decondensation, mitotic remodeling and
chromatin assembly)
As previously mentioned, sperm decondensation and
male pronucleus formation were induced in frog egg
extracts. By utilizing this property, nucleoplasmin in
egg extracts was identified as a factor to decondense

sperm nuclei and remove protamines from sperm
nuclei [22, 23]. Oocyte linker histone B4 is also
involved in sperm chromatin remodeling [24].

In addition to the above-mentioned replicat-
ing cell-cycle extracts, CSF extracts maintain the
metaphase state so that they can induce nuclear
envelope breakdown, chromosome condensation, and
spindle assembly [20]. The roles of chromosomal pro-
teins, such as topoisomerase II� and histone H1, in
mitotic chromosome assembly have been examined
[25, 26]. Condensin necessary formitotic chromosome
condensation was identified using mitotic extracts
[27].

Chromatin is formed when double-stranded or
single-stranded plasmid DNA molecules are incu-
bated in egg extracts [28, 29], providing unique
opportunities to study chromatin assembly. Histones
stored in eggs carry distinct patterns of histone mod-
ification [30]. Changes in histone modification are
related to those of transcriptional activities in oocytes.
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Chapter 1: Amphibia eggs to mammal oocytes

Therefore, it would be interesting to study chromatin
structures in eggs/oocytes using this system.

Recapitulation of reprogramming in
egg/oocyte extracts
Since Xenopus egg extracts mimic sperm nuclear
remodeling after fertilization, it is reasonable to spec-
ulate that egg extracts, at least to some extent, can
recapitulate somatic nuclear reprogramming that is
induced after nuclear transplantation to eggs. Kikyo
et al. [31] first reported that somatic nuclei incubated
in Xenopus egg extracts are remodeled towards an
embryonic state in which somatic proteins are lost,
while egg proteins are incorporated into somatic chro-
matin.They have shown that theATP-dependent chro-
matin remodeling factor ISWI plays a key role in this
process.This systemhas also led to the identification of
FRGY2a/b as a critical factor for nucleolar disassem-
bly [32]. These are the first reports to identify actual
egg factors involved in somatic cell reprogramming in
vitro, proving that the egg cell-free system is a good
route to manifest reprogramming mechanisms.

Subsequently, several reports have shown that
reprogramming activities of egg extracts are conserved
in mammalian somatic nuclei. The incorporation of
Xenopus egg factors into mammalian chromatin was
observed, including oocyte type lamin LIII [33] and
histone B4 (Figure 1.2B) [34]. Moreover, the ability
of egg extracts to trigger induction of mammalian
embryonic gene expression has been shown [34, 35].
Egg and oocyte extracts from another amphibian
species, the axolotl, also exhibit strong epigenetic
reprogramming activities in mammalian nuclei [36].
These findings emphasize the utility of amphibian egg
extracts as a tool to study reprogramming of mam-
malian nuclei, especially for the purpose of identifying
egg factors with reprogramming activities.

Application of cell-free systems for
understanding mammalian oocytes
The Xenopus egg cell-free system has greatly advanced
molecular understanding of many cellular events, as
mentioned above. Factors and mechanisms originally
found in this system have been extensively tested and
validated in mammalian in vivo systems. Therefore,
the Xenopus cell-free system has served as a founda-
tion for revealing molecular mechanisms. If a similar
kind of cell-free system can be developed inmammals,

our molecular understanding of mammalian oocytes
may advance rapidly. This idea has been hampered by
the fact that we cannot collect enough mammalian
oocytes for making functional extracts. Nevertheless,
some attempts to produce these have been made [37,
38], although further sophistication is needed. Itmight
be a good idea to start first with one specialized oocyte
extract that can reproduce only one aspect of cellular
events.

Special manipulations

Nuclear transfer in eggs and oocytes
Spemann did an ingenious delayed nucleation exper-
iment in which the nucleus of one of the first eight
cells of an amphibian embryo was shown to lead to
the formation of a normal embryo [39]. This demon-
strated the totipotency of one of the first eight cells
of an embryo, but did not test later stages. The first
major success in nuclear transplantation was that of
Briggs and King [40] when they were able to trans-
plant the nuclei of Rana pipiens blastula cells into
enucleated eggs of that species and obtain normal
embryos. When they tried the same experiment using
nuclei from slightly later stages, they were no longer
able to obtain normal development [41]. They reached
the entirely reasonable conclusion that, as develop-
ment proceeds, the nuclei of somatic cells lose their
totipotency. In 1958 nuclear transplantation had suc-
ceeded inXenopus. A series of experiments culminated
in the finding that totally normal, sexually mature
adult animals could be obtained by transplanting the
nuclei of embryo endoderm cells into enucleated eggs
(Figure 1.3A) [42]. Subsequently it was found that
the nuclei of differentiated intestinal epithelium cells
could also yield normal, sexually mature animals.This
was the proof that cell differentiation does not neces-
sarily involve any loss of genetic totipotency. It is now
generally accepted that, with very special exceptions
like antibody-producing cells, all cells of the body have
the same complete genome. In recent time, notably fol-
lowing the work of Takahashi and Yamanaka [43], the
principle of totipotency of somatic cell nuclei has led to
extensive work aiming to derive embryonic stem cells
from adult tissue cells, with a view to drug testing and
possibly cell replacement therapy.

For technical reasons, it was nearly 40 years after
the first successful nuclear transplantation in amphibia
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Figure 1.3 Special manipulations using Xenopus eggs and oocytes. (A) Two types of nuclear transfer (NT) are available in Xenopus. NT to MII
eggs generates NT embryos, which finally give rise to cloned animals. Hundreds of nuclei can be injected into a nucleus of the Xenopus
oocyte. Injected nuclei do not change to another cell type, but, instead, previously silenced genes are reactivated. Direct transcriptional
reprogramming of somatic nuclei without the need for cell division is induced in this oocyte NT unlike NT to an egg, in which cell divisions are
required before initiation of embryonic gene transcription. (B) In vitro synthesized mRNAs are injected into the cytoplasm of eggs/oocytes
and are readily translated. (C) Embryo cells are separated from each other. A single cell is injected into the cavity of a blastula embryo and the
fate of the injected cell can be traced. (D) Cell transplantation experiments led to the finding of the community effect, the phenomenon in
which cells in close proximity to each other contribute some signal factor and receive more signals from their neighbors, thereby allowing
efficient differentiation.
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Chapter 1: Amphibia eggs to mammal oocytes

that Dolly the sheep was produced [44]. This demon-
strated that a differentiated adult tissue, in this case
mammary gland, could yield normal, fertile animals
by nuclear transfer. Since then, nuclear transfer in a
wide range of mammals has been successful. Byrne
et al. has reported the successful derivation of embry-
onic stem cells frommonkey nuclear transfer embryos
[45]. Recently, Tachibana et al. have succeeded in
establishing human embryonic stem cells fromnuclear
transfer embryos with high efficiency [46].

Nuclear reprogramming by the induced pluripo-
tent stem (iPS) cell technology currently works at a
low efficiency. There is a strong desire to understand
the mechanism of this route towards deriving pluripo-
tent stem cells from adult cells, in the hope that the
efficiency of the procedure might be improved. By
comparison, the transplantation of somatic nuclei to
enucleated eggs, whether amphibian or mammalian,
works at a much higher efficiency and therefore gives
a special opportunity to understand the mechanism of
this route towards nuclear reprogramming. Amphib-
ian eggs and oocytes are very favorable for an anal-
ysis of nuclear reprogramming mechanisms. This is
because a Xenopus egg is approximately 4000 times
larger than a mouse or other mammalian egg, and one
frog can provide as many as 25 000 eggs or oocytes.
An attempt to make use of these conspicuous advan-
tages has led to the development of nuclear transfer to
oocytes (first meiotic prophase egg progenitors). Mul-
tiple somatic nuclei (including those of mammals) can
be transplanted to the GV of an oocyte (Figure 1.3A).
There is noDNA replication or cell division, character-
istics which cause much of the abnormality in nuclear
transfer to egg (second meiotic metaphase) experi-
ments with amphibia. Somatic nuclei transplanted to
oocytes undergo transcriptional reprogramming by
inducing the expression of pluripotency genes char-
acteristic of embryonic stem cells. A large number
of new transcripts (�1000 Sox2 transcripts per gene
per day) are produced after transfer to the oocyte GV,
and therefore provide a special opportunity to analyze
mechanisms of transcriptional reprogramming. Work
with oocytes has revealed some of the mechanisms by
which the specialized state of a somatic nucleus can
be reversed to allow reactivation of embryo-specific
genes. This is the initial step of nuclear reprogram-
ming. Current progress in this direction has recently
been reviewed by Pasque et al. [47].

The oocyte route of nuclear reprogramming has
not yet been extended to work with mammals, but

some of the reprogramming factors identified in this
oocyte system have been shown to be involved in
reprogramming inmammalian oocytes. In conclusion,
the success of Dolly the sheep, and subsequently of
work with other mammals, was clearly initiated by
work with amphibia some 40 years earlier. This is
therefore an area in which early work with amphibia
has helped to lead success with mammals.

Messenger RNA (mRNA) injection
The first success of injecting mRNA into living eggs
was in 1971 (Figure 1.3B) [48]. This experiment was
undertaken primarily because, in previous years, suc-
cess had been achieved by injecting purified DNA into
eggs as an attempt to analyze the mechanism of DNA
replication that immediately follows nuclear transfer
to eggs. Surprisingly, the mRNA injection experiment
worked remarkably well. It was even possible to derive
swimming Xenopus tadpoles in which as much as half
of their soluble protein was derived from the injection
of rabbit globin mRNA at the egg stage. The “trans-
planted”mRNA turned out to be very stable and trans-
lated with very high efficiency after injection into liv-
ing eggs or oocytes. Evidently the microinjection of
eggs and oocytes does not release any of the ribonu-
clease activity which is carefully sequestered in living
eggs and embryos.

The use of mRNA injection into eggs and oocytes
wasmuch enhanced by the finding ofKrieg andMelton
[49] which showed that mRNA could be synthesized
in vitro from any cloned gene and then overexpres-
sion of that gene achieved with high efficiency after
mRNA injection into amphibian eggs or oocytes. This
procedure has now become extensively used for the
overexpression of any gene that might be important in
development. In just the same way, the overexpression
of dominant negative constructs is an effective way of
knocking down the expression of genes that might be
important in development.

In due course, this procedure for message injection
was extended to mammals where it is also widely used
for gene overexpression and cell tracing experiments
[50].

Cell separation, reaggregation, and
rearrangement
Much of what we now know about mechanisms of
development has depended on experiments in which
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cells are moved from their normal in vivo environ-
ment to be cultured in vitro or transplanted to the
vicinity of other kinds of cells. In general, groups of
cells or tissues are explanted or transplanted. While
informative, these experiments are not ideal. This is
because a cell within a group will always be sur-
rounded by other cells of the same source. Therefore,
it is unclear whether an individual cell is truly sur-
rounded by cells of another germ layer or by cells
of its own origin. This uncertainty is compounded
by the fact that most tissues consist of cells which
are not identical. Therefore, interactions between cells
of different kinds may continue even if the group of
cells is now transplanted to an ectopic site or cul-
tured in vitro. The most informative experiments are
those in which a single cell is transplanted to a new
environment.

Nowadays, it is not uncommon to carry out single
cell transplants. It is therefore interesting to consider
the origin of single cell transplant experiments. Look-
ing back to the time of Spemann, Holtfreter, etc., much
of the work published between 1900 and 1940 involved
tissue, that is, multicell, transplants or explants [51].
The earliest experiments involving single cell isolation
in vertebrates go back to a landmark paper by Townes
andHoltfreter [52] that involved isolating embryo cells
from different germ layers, mixing them together, and
then reaggregating them to determine their fate. For
an appreciation of this paper, see Steinberg andGilbert
[53].

The difference between rearranging whole multi-
cellular tissues from embryos and separating single
cells so that they can be transplanted or recombined is
not trivial. For example, in 1953, Grobstein and Zwill-
ing showed the so-called “mass effect” [54].Thismeant
that the differentiation of cells is much less successful
when they are cultured as progressively smaller groups
ranging from large pieces of tissue containing several
1000 cells to small groups of only 100 cells or less.
Therefore, single cells do not like being cultured on
their own. Furthermore, groups of cells are often het-
erogeneous and unknown interactions may take place
between them. To accurately determine the state of
determination or specification of cells requires that
single cells are used.

An important paper was published by Heasman
et al. [55], in which they implanted single amphib-
ian cells of known germ layer origin into the Xeno-
pus blastocoel cavity at the blastula stage (Figure
1.3C). The embryos were cultured and the fate of the

transplanted single cell and its immediate descen-
dants was determined. The results showed that endo-
derm cells become irreversibly committed (deter-
mined) remarkably early in development. However,
this experiment was not perfect. This is because, when
dropping a cell into a blastocoel cavity, it is not certain
to which host cells it will become attached. For exam-
ple, in zebrafish experiments, a single transplanted cell
tends tomigrate back into its own tissue of origin, even
if it has been transplanted to an ectopic position in
an embryo. In amphibia, it was possible to transplant
single embryonic cells into sandwiches of unlike cells
so that they could not migrate back to their own pre-
ferred environment.This kind of experiment led to the
description of the community effect (see below).

The concept of isolating, rearranging, and trans-
planting single cells was soon taken up by early mam-
malian embryologists. Notably Tarkowski [56, 57] was
able to separate early mammalian cells and rearrange
them into different embryo aggregates. By combin-
ing this kind of experiment with appropriate genetic
markers, it was possible to analyze the fate and dif-
ferentiation potential of single cells in mammalian
embryos. Indeed, such a design of experimentwas cen-
tral to the pioneering work of Gardner [58] in which
he transplanted single embryo cells into the blasto-
cyst of an earlymouse embryo.These experiments now
form a central part of the whole field of mouse embry-
onic stem cells. Experiments of this kind are now
routinely used in mammalian embryo and stem cell
research.

Community effect
This phenomenon describes a situation in which like
cells in proximity to each other each contribute a small
amount of some signal factor. So long as many cells
close to each other each contribute a low concentra-
tion of factor, the concentration of that factor in the
cell group will increase to a higher level than could be
achieved by the factor production from one single cell
on its own (Figure 1.3D).

The community effect should not be confused with
the so-called “mass effect.” The community effect first
came to light in experiments in which single cells
were transplanted to different parts of an embryo (see
above); even though not exposed to any artificial envi-
ronment, single transplanted cells failed to differenti-
ate in the way that members of a group did. A range
of experiments was subsequently carried out and led
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to the conclusion that secreted signal factors account
most readily for the community effect. In one case
[59] there was evidence that a particular variety of
basic fibroblast growth factor was the secreted factor
involved.There aremany instances in normal develop-
ment when a community effect may apply. In any case
where a group of cells needs to differentiate in a coor-
dinated way, the building up of a sufficient concentra-
tion of factor by a group of cells, but not by single cells,
would account for the effect. This applies to many tis-
sues in embryos, such as muscle tissue.

Conclusions and perspectives
Xenopus research has been developed by taking advan-
tage of large and abundant eggs and easy manip-
ulation procedures. With this useful experimental
material, many breakthrough discoveries have been
achieved, such as signaling pathways that govern the
cell fate decision, the egg cell-free system, tissue or
cell grafts,mRNA injection, and nuclear transfer. Since
the whole genome sequence of Xenopus tropicalis has
been decoded, Xenopus research is now compatible
with the genome-wide sequencing technology,making
it possible to draw global views of gene expression and
chromatin signature in early embryos. We will be able
to envisage more detailed molecular networks under-
lying development. In addition, genetic approaches
such as mutation screening for finding developmen-
tally important genes can now be applied [60]. These
useful features together with the state-of-the-art tech-
nologies can make it possible to answer questions that
are currently difficult to answer using mammalian
oocytes, such as the genome-wide ChIP-seq analysis
of chromatin factor binding in early embryonic devel-
opment. For using Xenopus eggs/oocytes as a model
to understand mammalian oocytes, it is important to
study conservedmechanisms between these species. In
this sense, reprogramming is appropriate since many
reprogramming factors that play a role in Xenopus
have been also shown to work in mammalian sys-
tems.We therefore believe thatXenopus eggs workwell
together with mammalian oocytes to understand ani-
mal development and reprogramming.
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