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Original Article

The four animal blastomeres of the eight-cell stage of

Xenopus laevis are intrinsically capable of differentiating into

dorsal mesodermal derivatives®

HORST GRUNZ*

Department of Zoophysiology, University GH Essen, Essen, Germany

ABSTRACT Mesoderm formation in the amphibian embryo is thought to be induced in the
ectoderm of the animal region by signals emanating from the endoderm of the vegetal region after
cleavage up to the mid-blastula. During this process the dorsal vegetal zone is thought to stimulate
the dorsal animal zone to establish the Spemann organizer, which will in turn trigger the overlaying
neuroectoderm during gastrulation resulting in the development of the central nervous system. In this
concept it is assumed that the animal hemisphere is an uncommitted area, which receives its
instructions from the vegetal region of the embryo. However, the experiments of this paper show that
the 4 animal blastomeres of the eight-cell stage will form dorsal mesodermal structures in over 50%
of the cases. The results support the view that developmental determinants are distributed in distinct
gradients already in the early cleavage stages and that in the embryo the mesoderm is determined by
factors prelocalized in the marginal zone. The spatial and temporal activation of certain genes in a
distinct pattern is not simply emanating frem certain areas or centers, but is a result of complex
interactions between the vegetal and animal hemisphere and vice versa.
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Introduction

A central question in embryology is the establishment of the
body plan during the early steps of normogenesis (Dawid, 1992;
Tiedemann etal., 1993; Grunz, 1993b). Two main mechanisms are
responsible for the development from the oocyte to the early
larvae, i.e. a specific prelocation of maternal factors in the cyto-
plasm of the egg and cellular interactions including embryonic
induction processes. Spemann and Mangold (1924) transplanted
the upper blastoporal lip of a Triturus gastrula into the ventral
ectoderm of another gastrula. The transplant developed into mus-
cle and notochord and induced a second neural system. Part of the
somites and notochord were also induced in the host ectoderm, so
that chimerical somites and notochord developed. The problem of
at which stage the so called organizer is formed was briefly
considered by Spemann (1936). In 1962 Nakamura discovered
that the organizer region (the presumptive mesoderm of the
marginal zone) did not differentiate into mesodermal tissue when
isolated in very early developmental stages. Ogi (1967, 1969)
combined presumptive endoderm and presumptive ectoderm iso-
lated from morula and blastula stages and obtained mesodermal
tissues. The formation of mesodermal tissues after the combina-
tion of presumptive endoderm and ectoderm was investigated in

detail by Nieuwkoop and collaborators (Nieuwkoop, 1969a,b,
1973) in the middle blastula stage and by Nakamura et al. (1971)
in morula to blastula stages. Asashima (1975) found that the
inducing activity for somites and notochord begins at the 64 cell
stage. Our transfilter experiments (Grunz and Tacke, 1986) did
show that the mesoderm inducing factors are diffusible.

From his experiments, Nieuwkoop concluded that mesodermis
induced in the presumptive ectoderm by the presumptive endoderm
(Nieuwkoop, 1969a,b, 1973). In the embryo mesodermal tissues
do not, however, arise in the presumptive ectoderm, but in the
marginal zone located in between the presumptive endoderm and
the presumptive ectoderm. Circumstantial evidence suggested
that determinants for endoderm and mesoderm are distributed in
an animal-vegetal gradient (Nakamura et a/., 1971; Tiedemann,
1975, 1978, 1990; Nakamura, 1978). The observation that all
components required for the muscle-specific actin gene activation
are already localized in the subequatorial region of uncleaved
Xenopuseggs (Gurdon et al., 1985) does not exclude the presence
of mesoderm programming factors in the animal hemisphere. It

Abbreviations used in this paper: FCS, fetal calf serum; TGF, twransforming
growth factor; FGF, fibroblast growth factor; bFGF, basic FGF.
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Fig. 1. Macroscopic views of early cleavage stages and derivatives of isolated 4 animal blastomeres of the eight-cell stage. (a) &cell stage
embryos with stereotypic cleavage pattern. d, presumptive dorsal side, v, presumptive ventral side. (b} Two 8-cell stage embryos, one with ‘regular’
cleavage pattern, the other with one blastomere reaching into the equatorial part of the embryo. (e) Embryos with irreqular cleavage pattern. They do
not form the typical 8-cell stage shown in many textbooks. Nevertheless they will continue to divide and develop into normal larvae. (d) One of the embryos
with irregular cleavage pattern at higher magnification. (e) 4 animal blastomeres isolated after a culture period of 3 days at 20° C. Most of them have
developed into atypical epidermis fcompare with Fig. 2a). Few contain vesicles in addition to the compact parts (arrows). (f) 4 animal blastomeres isolated
after a culture period of 3 days at 20°C. Macroscopic view of cases, which have differentiated to mesodermal and neural tissues. t, tail-like structures,

eye fragments (arrows, compare with Fig. 2c,dl.

remained however an open question as to at which stage and in
which embryonic regions gradients of inducing factors are estab-
lished.

In an earlier paper we showed that the 4-animal blastomeres of
an eight-cell stage of Triturus alpestris differentiate into atypical
epidermis (Grunz, 1977). However, in 30% of the cases we also
found notochord and somites. This result was unexpected and
could depend on anirregular cleavage pattern. To see whether the
differentiation of notochord and somites from the animal blastomeres
can also be observed in other species we have now repeated these
experiments on 8-cell stage embryos of Xenopus laevis. Also, in
this species the eggs show strong variations in the cleavage

pattern (see Fig. 1). However, we carefully selected only those 8-
cell stages which showed a stereotypic radial cleavage for our
studies. We rejected those 8-cell stages whose third cleavage
furrow extended far toward the geometric equator. Also eggs with
other cleavage irregularities were excluded.

Results

Differentiation of the four animal blastomeres

For the isolation of the 4 animal blastomeres only embryos with
stereotypic radial cleavage were selected (Fig. 1a). It is important
to mention that this type described in many normal tables, is notthe
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Fig. 2. Histological sections of 4 animal blastomeres isolated after a culture of 3 days at 20°C. (a) 4 animal blastomeres which have formed atypical
epidermis. (b) 4 animal blastomeres which have formed atypical epidermis with a cement gland (ce) and neural tissue (neu). () 4 animal blastomeres
which have differentiated into notochord (no), brain structures (br) and eye (ey) with lens(le). (d) 4 animal blastomeres which have differentiated into
notoechord (no), brain structures (br), eye fragment with tapetum(ta) and large cement gland (ce). (e) 4 animal blastomeres which have differentiated in to
large amounts of somites (so), small notochord (no) and neural tube (nt). (f) 4 animal blastomeres which have differentiated into notochord {no), somites

fso) and neural tube (nt). Bars, 0.1 mm.

main and usual cleavage type. Strong variations in the cleavage
pattern exist (Fig. 1b,c.d). However, even these embryos without
regular radial cleavage develop to normal larvae. In the present
experiments with Xenopus embryos only the "regular" type was
carefully selected. In these radial symmetrically dividing embryos
the border of the embryonic pigment reaches the geometric equa-
tor on the ventral side of the eight-cell stage. As in our earlier paper
using Triturus alpestris embryos, the isolated animal blastomeres
showed various degrees of differentiation.

In 49% of the cases, the 4 animal blastomeres differentiated
exclusively into atypical epidermis (Figs. 1e, 2a). The so-called
atypical epidermis is ciliated like typical epidermis(Grunz et al.,
1975). However, the cells do not show the linear arrangements
typical linear arrangement for normal epidermis, which depends on
underlying mesenchyme (Holtfreter, 1934, 1939). Notochord was

found in 41% of the cases, somites in 38% and brain structures in
51%. All cases but one with notochord contained somites and all
cases with notochord also contained mesenchyme, together with
brain eye fragments, which were found in 9 cases (24% of total
cases, see Table 1). Three types of differentiation patterns could
be observed. The first one contained neural structures in addition
to atypical epidermis only (Fig. 2b). The second differentiated into
relatively large parts of notochord with small amounts of somites
(Fig. 2c,d). The third type formed large amounts of somites
accompanied by small quantities of notochord (Fig. 2e).

To exclude the possibility that the culture medium, especially
the fetal calf serum, (FCS) may contain inducing activity, we
isolated and cultivated the 4 animal blastomeres in 67% L-15
omitting the FCS. The results were comparable to the series
performed with L-15 plus 10% FCS (cases with atypical epidermis
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TABLE 1

DIFFERENTIATIONS* OF THE FOUR ANIMAL BLASTOMERES OF EIGHT-CELL STAGE

number of atypica epidernmus mesanchyme

series

cases (n} epiaermis

37 100 41 a1 95%
13 100 54 54 92%

L-15+10% FCS 1
L-15 without FCS 2

cement

neural structures eye ear natochord somites

gland brain neuroid (tapetum) lens vesicles
51 — 24 8 8 41 (227,19#) 381(19%, 194
31 (319 54 (237, 31#)

38 8 38 15 8

*% of total cases; * large; # small.

only 46%; notochord 31%, somites 54%, neural structures 46%).
In 23% of the cases large amounts of somites but no notochords
were found (similarto Fig. 2e.f, howeverwithout notochord). These
cases represented a caudal tail-like pattern in contrast to 31% with
amore anterior character (notochord, somites and forehead struc-
tures) (compare with Fig. 2c¢.d). Also in this series we found three
main types of explants represented by Fig. 2b-f. Ear vesicles (a
deuterencephalic structure) were found in only 8% of the cases in
both series.

Differentiation of competent ectoderm cultured in L-15 plus
FCS (control series 1)

In a control series we cultured competent ectoderm (animal
caps of stage 8 embryos) in L-15 plus FCS. All explants differen-
tiated into atypical epidermis (Table 2). This result shows that the
culture medium or the FCS contains no inducing activity.

Differentiation of competent ectoderm placed into the debris
of the removed 4 vegetal blastomeres (control series 2 and 3)

To exclude the possibility that the debris of the vegetal
blastomeres exert mesodermalizing activity towards the neigh-
bouring animal blastomeres we performed the following control
experiments.

Series 2

Animal caps of stage 8 embryos were placed with the former
blastocoelic side towards the yolk-rich leakage material of the 4
vegetal blastomeres, which was cut off from the 4 animal
blastomeres. At the same time, when the animal blastomeres had
rejected the last parts of the destroyed vegetal blastomeres, the
animal caps were transferred into another culture vessel filled with
Holtfreter solution. All explants developed into ciliated epidermis.
In 22% of the cases the explants have formed small vesicles in
addition to the atypical epidermis, which contained mesenchyme
and coelomic epithelium (Table 2). However, dorsal mesodermal
tissues (notochord and well differentiated somites) or neural struc-
tures were never observed.

Series 3

To exclude the possibility that the fetal calf serum may contain
inducing activity we performed similar experiments as in series 2
omitting the fetal calf serum. The results were similar to those for
series 2. However, vesicles with coelomic epithelium in addition to
atypical epidermis were formed only in one case (4%, Table 2).

Differentiation of competent ectoderm placed into the debris
of 4 damaged animal blastomeres (series 4)

Animal caps of stage 8 embryos were placed with the former
blastocoelic side into the debris of the 4 destroyed animal

blastomeres after their separation from the 4 vegetal blastomeres.
As in series 2, several explants formed vesicles containing
mesenchyme and coelomic epithelium in addition to atypical
epidermis (29%, Table 2). These results may indicate that the
debris of the vegetal as well as the animal blastomeres may exert
aweak mesodermalizing effect on competent ectoderm. Coelomic
epithelium (mesothel) and mesenchyme can be induced in compe-
tent ectoderm by low concentrations of activin or fibroblast growth
factors (Slack et al.. 1987; Grunz et al., 1988; Asashima ef al..
1990b). The result of this series indicates that not only the debris
of the vegetal blastomeres contain diffusible mesoderm inducing
tactors, which exert a weak inducing effect.

Discussion

Here it is shown that the four animal blastomeres isolated from
eight-cell-embryos develop into dorsal mesodermal and neural
structures in over 50%. These data coincide with those of earlier
experiments (Grunz, 1977; Kageuraand Yamana, 1983; Gallagher
et al., 1991). The results received with Triturus alpestris in 1977
showed that 70% differentiated only into atypical epidermis. How-
ever, in 30% of the cases dorsal mesodermal (notochord and
somites) and neural derivatives were formed. At that time we
offered the following explanation for the unexpected results: since
different embryos showed considerable variations in their cleav-
age mode, we speculated that minor amounts of the presumptive
mesodermal area (marginal zone) were included in those animal
blastomeres, partially reaching into the zone of the egg equator.
Also, since in these experiments 8-cell stages with stereotypic
radial cleavage with the 3rd-furrow well over the equator were
selected | now think that the interpretation was too cautious and
missed the main points. The experiments strongly suggest that a
gradient of mesodermal determinants, which already exists in very
early cleavage stages, reaches into the animal half. This coincides
with the fate map of a 32 cell Xenopus embryo (Nakamura and
Kishiyama, 1971). From this fate map it can be inferred that the
dorsal animal blastomeres of the eight cell stage provide progeny
to part of the notochord and a small part of the somites. This view
is supported by the results of other authors (Dale and Slack, 1987;
Moody, 1887; Gallagher etal., 1991; Hainski and Moody, 1992). That
only about 50% of the 4 animal blastomeres differentiate to
notochord and somites could be due to the fact that the position of
the radial superequatorial furrow which separates the 4 animal
from the 4 vegetal blastomeres varies (even if embryos of stere-
otypic radial cleavage are selected), and that more or less deter-
minants atthe animal end of the gradient would be included into the
animal blastomeres. Regulatory events which implicate factors
which counteract differentiation of dorsal mesoderm (see below)
could perhaps suppress differentiation, if the amount of mesoder-
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mal determinants is too low. In some cases during the first day of
culture small parts of the animal blastomeres were rejected during
further cleavage. The loss of mesodermal determinants (quantita-
tive and qualitative) may cause the differentiation of atypical
epidermis. Ventral mesodermal tissues were not found as differen-
tiation products of the 4 animal blastomeres. But this was not
expected. According to the fate map of Nakamura and Kishiyama
(1971) the 4 animal blastomeres of eggs with a regular cleavage
pattern do not include the future ventral mesoderm (i.e. the ventral
marginal zone).

Meanwhile, similar isolation experiments performed with
Xenopus laevisby Kageura and Yamana (1983) showed that 53 %
of their animal explants elongated. Although they did not perform
histological analysis, these explants probably contained mesoder-
mal tissues. The latter experiments and the results in this paper
confirm our earlier data and indicate that the formation of mesoder-
mal and neural derivatives is not the result of an erroneous
preparation or selection of eggs with irregular cleavage symmetry.
In the prevailing opinion an active center (so-called Niguwkoop
center) inthe endoderm of the vegetal half willinduce the ectodermal
halfto form mesoderm after Harrison stage 7 (morula) (Nieuwkoop,
1969a). The dorsal mesoderm (the Spemann organizer) then
induces the overlaying neuroectoderm to form the central nervous
system during gastrulation. There are indications that the final
dorsalization of Spemann's organizer takes place during the early
steps of gastrulation (Grunz, 1993a). From the experiments pre-
sentedinthis paperitcan be concluded that the animal hemisphere
is not only the permissive part, which receives all its instructions
from the presumptive endoderm of the vegetal hemisphere, but
also that in the animal blastomeres mesodermal determinants are
present in the 8-cell stage.

However, another possibility has to be considered. The factors
which determine mesoderm (see below) very likely act after
binding to receptors on plasma membranes. A factor secreted from
the vegetal blastomeres could be bound to receptors on the
adjacent plasma membranes of the animal blastomeres. Since
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after egg rotation no general mixing of the cytoplasm occurs due to
the stable gradient of yolk platelets, this would mean that meso-
derm determinants are located inthe marginal zone adjacent tothe
animal blastomeres and not only in an inducing center in the
presumptive endoderm. But recent experiments of Fujisue ef al.
(1993) further support the view that mesoderm determinants are
actually located in the animal cytoplasm even at very early stages.
They have shown that cytoplasm taken from the vegetal pole of the
egg before cortical rotation (which specifies the future dorsal axis,
Ancel and Vintemberger, 1948; Vincent and Gerhart, 1987), in-
duces asecond axis after injection into ventral vegetal blastomeres
of another embryo. After cortical rotation this activity diminishes
and mesoderm inducing activity appears in the dorsal equatorial
and to a lesser extent in the supraequatorial dorsal cytoplasm.
After UV-irradiation, which blocks cortical rotation (Vincent and
Gerhart, 1987) inducing activity does not appear in the equatorial
and supraequatorial cytoplasm. The authors suggest that the
inducing activity is transferred towards the marginal zone by the
cortical rotation. The change of the inducing activity of the different
cytoplasmic regions after cortical rotation could, however, also
depend on a different distribution of molecules which form non-
biologically active complexes with mesodermal determinants (pro-
teins or glycoconjugates, Tiedemann etal., 1961; Born etal., 1987)
orof factors which counteract the activity of dorsal mesodermalizing
factors (BMP-4, Késter et al., 1991 and Jones et al., 1992; Xwnt-
8. Christian and Moon, 1993). The results of Fujisue et al. (1993)
correspond with the results reported in this communication and
show that mesodermal determinants are located very early in
animal cytoplasm. The notion that vegetal-animal gradients of
mesodermal determinants are established early is also supported
by cell transplantation and explantation experiments in the 16-64
cell stage (Gimlich and Gerhart, 1984; Gimlich, 1986; Gallagher et
al., 1991).

The best candidates for mesodermal determinants belongto the
TGF-B superfamily of growth factors (Kntchel et al., 1987; Rosa et
al., 1988; Dawid et al., 1990). Depending on their concentration

TABLE 2

DIFFERENTIATION* OF ANIMAL CAPS (STAGE 8)

Experimental series

conditions

number of  atypical
cases n) epdermis

epidermis mesenchyme cement
gland

L-16+10% FCS 1 24
L-15+ 10% FCS, 2 18
explants in contact

with damaged

vegetal blastomeres

of the 8-cell embryo

L-15 (67 %), 3
explants in contact

with damaged

vegetal blastorneres

of the 8-cell embryo

L-15 (87 %), 4 22
explants in contact

with damaged animal

blastomeres of the

8-cell embryo

100 = e
100 28 28

26

100 4 4 44

100 33 33 —

25 #
33#

neural structures eye ear notochord coelomic
prain neuroid (tapetum) lens vasicles epithelium
— — = = — = 22
A - P - — — 4

* % of total cases; #small
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(Grunz, 1983) activin A (Asashima et al., 1990a, 1991; Chertov et
al., 1990: Jones et al., 1993), activin B (Nakamura et al., 1992), as
well the XTC-factor (Smith et al., 1988; Grunz et al., 1989) and the
vegetalizing factor (Geithe et al., 1981), which are activin homo-
logues (Asashima et al., 1990b; Smith et al., 1990; Tiedemann et
al., 1992), induce endoderm and different mesodermal organs.
Activins (or closely related proteins or their precursors) have been
found in Xenopus oocytes and early embryos (Asashima et al.,
1991: Dohrmann et al., 1993; Rebagliati and Dawid, 1993). Vg1, a
protein preferentially found in the vegetal half (Melton, 1987;
Weeks and Melton, 1987; Tannahill and Melton, 1989) has as a full
length protein with no mesoderm inducing activity. The carboxyl
end of this protein (110 terminal amino acids) has a high sequence
homology to activin. However, it is not or only slightly processed to
a mesoderm inducing dimer (Dale et al., 1993; Thomsen and
Melton, 1993). Other factors such as FGF (Knéchel et al., 1987;
Slack et al., 1987: Grunz et al., 1988; Isaacs et al,, 1992); noggin
(Smith et al., 1993) and Wnt proteins (McMahon and Moon, 1989;
Christian and Moon, 1993) are needed for the formation of different
types (dorsal or ventral) of mesodermal tissues. Receptors for b-
FGF have been found mainly in the animal hemisphere and the
dorsal marginal zone (Ding et al., 1992; Amaya et al., 1993).
Recently it has been discovered that in addition to factors prelocated
in the marginal zone, factor(s) from the presumptive ectoderm are
needed for the differentiation of mesodermal organs (Tiedemann,
1993). This further supports the view thatthe mesodermal marginal
zone is different from the presumptive ectoderm from the beginning
of development.

At least some of these factors in the active form and/or their
receptors are likely to be distributed in gradients (or, more correctly,
form a graded distribution, because of the cell borders). How the
gradients are formed is an unanswered question. As suggested by
Crick (1970), diffusion is the most plausible mechanism for the
establishment of gradients. Transfilter experiments have shown
that secreted mesoderm determining factors are diffusible (Grunz
and Tacke, 1986). Furthermore there is substantial evidence that
cell interactions and cell communication are essential for meso-
derm differentiation (Minuth and Grunz, 1980; Sargent et al.
1986). However, additional mechanisms for the distribution of the
factors have to be considered. Intracellular factors can be (loosely)
associated withmembranes of the endoplasmic reticulum (Tannahill
and Melton, 1989) and perhaps also cytoskeletal proteins, so that
they may be redistributed during cell cleavage.

The results presented above demonstrate that by the 8-cell
stage, the factors are distributed in such a way that 4 animal
blastomeres are intrinsically capable carrying out a developmental
program, which in normogenesis is typical for the dorsal marginal
zone and the presumptive ectoderm.

Materials and Methods

Embryos were obtained by artificial insemination. To prevent any
distortion during the first two cleavage stages 8-cell-embryos with regular
and symmetric cleavage pattern were dejellied immediately after the
selection with 3% cysteinium chloride. They were carefully rinsed in
Holtfreter solution and transferred into Leibovitz-medium with or without
10% fetal calf serum on petri dishes that had been coated with 1% agar. The
vitelline membrane was removed with sharpened watch-makers forceps.
The further preparation was performed as described elsewhere (Grunz,
1977). The 8-cellstage was turned upside down and the vegetal blastomeres
were disintegrated with fine glass needles with ball-like melted tips starting
from the point of intersection of the 2 vertical cleavages at the vegetal pole.

Large parts of the vegetal blastomeres were cut off with sharp tipped glass
needles. The animal blastomeres rejected the remaining fragments of the
vegetal blastomeres within 20-30 minutes. The yolk-rich debris was sucked
off and the animal blastomeres were carefully transported with a Spemann
pipette to a debris-free area of the agar coated vessel. Next, the culture
medium was replaced by fresh L-15 (50%+10% fetal calf serum) to exclude
inducing effects originating from the debris. To exclude the possibility that
fetal calf serum in the medium contains inducing activity, FCS was omitted
in one series. In this case the concentration of L-15 to 67% was raised to
compensate the reduction of csmolarity (50% L-15+10% FCS: 170 mOsm;
67 % L-15 without FCS: 190 mQsm). The L-15 was replaced stepwise by
Holtfreter solution after 4 hours, when the animal blastomeres had divided
several times and had formed round spheres. Inseveral cases we observed
that up to the next day small parts of the animal blastomeres were rejected.
In another series we cultivated competent ectoderm (animal caps) of stage
8 (Nieuwkoop and Faber, 1967) in 50% L-15 with 10% FCS for 24 hours to
prove that FCS has no inducing activity. In afurther control series we placed
competent ectoderm in the leakage material of the destroyed vegetal
blastomeres of the eight-cell stage embryo for 30 minutes. Explants and
fragments of all series were cultured for 3 days at 20°C prior to the fixation
in Bouin's solution. After gross staining in borax-carmine, the tissue was
dehydrated and embedded in paraffin. Sections (6 um) were stained with
aniline-blue-orange G.
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