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Abstract. We aimed at understanding of formation and function of the *“Nieuwkoop Centre” in embryonic pattern
formation. Discussed are data on genesis of cytoplasmic localizations in ovarian oocytes, transient modifications of
cytoskeletal structures creating cytoplasmic asymmetries in fertilized eggs, the axis determining “‘vegetal cortical
rotation” and fate of distinct cells, as shown by injection of specific molecular markers into particular blastomeres
at specific times. Egg rotation and centrifugation suggested that sperm that gravity cooperate in symmetrization of
the axially symmetrical anuran egg. After fertilization in space or in a fast rotating clinostate, axis formation and
embryonic development were normal although the blastocoel was transiently abnormal. Normal tadpoles came
back on Earth after ovulation, fertilization and culture in space. They metamorphosed normally and got healthy
Earth-born F, offspring. We conclude that neither sperm nor gravity are required for determination of the bilateral
symmetry in the embryo of Xenopus laevis. In normal development sperm and gravity, either alone or in
collaboration, may overrule an initial bilaterality inherent to the full-grown oocyte, residing in some still
unidentified component(s)/or mechanisms.
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Introduction

In the provisionally radially symmetrical mature Xeno-
pus egg, the animal-vegetal (A/V) axis of polarity
roughly foreshadows the main body axis of the embryo
[1-4]. However the egg needs cue(s) for the establish-
ment of additional polarities, which are a prerequisite
for normal development [5, 6]. As in many species, the
sperm acts as such a cue in the monospermically fertil-
ized Xenopus egg. It initiates the formation of a huge
microtubule entity, the spermaster [6-9], which in its
turn initiates and directs yolk shifts in the animal hemi-
sphere, concomitantly with pigment shifts leading to
grey crescent formation, thus creating bilateral symme-
try before first cleavage [6, 10]. When Pieter Nieuwkoop
framed his hypothesis on mesoderm induction [11] clear
yolk shifts in the vegetal hemisphere of the uncleaved
Xenopus egg were unknown, except for the formation
of the vitelline wall opposite the sperm entry point
(SEP) [6, 12, 13] and the accumulation of germ plasm
in sub-cortical islands in the region of the vegetal pole
[14, 15].

In 1969 Pieter Nieuwkoop launched his now classic
hypothesis on mesoderm induction in urodelian am-
phibians [11], suggesting that the formation of the
mesoderm in the ectodermal (=animal) hemisphere is
induced by signals from the endodermal (=vegetal)
half. Nieuwkoop and coworkers later published addi-
tional experimental evidence [16—19], and could gener-
alize the hypothesis by demonstrating that it also holds

for anuran embryos [20]. Supporting evidence came
from several Japanese studies [21, 22; see 18, 23 for
reviews).

It is now generally accepted that mesoderm induction
gives rise to early embryonic pattern formation in the
amphibian embryo from the mid-blastula stage on-
wards. The blastocoel plays a crucial role in mesoderm
induction, since the entire mesoderm originates epige-
netically from the ectodermal half of the blastula under
inducing influences emanating from the endodermal
yolk mass [17, 18, 24]. The blastocoel develops through
fusion of the progressively extending intercellular spaces
between the initial four blastomeres [25, 26]. The zone
of interaction is thereby restricted to the ring-shaped
marginal zone, i.e. the outer equatorial zone of the
blastula. Abnormal blastocoel formation could there-
fore interfere with axis formation [27, 28].

The interests of the more morphologically oriented ex-
perimental embryologists and molecular developmental
biologists joined fruitfully in unravelling the molecular
and cell biological principles underlying these phenom-
ena, by application of microscopical, immunocyto-
chemical and molecular biological techniques. The aim
of the present volume is to summarize some of the most
important data obtained so far, which support the hy-
pothesis of mesoderm induction, trying to explain how
the ‘Nieuwkoop Centre’ [1], residing in the dorsal-most
vegetal cells of the early blastula, can induce the ‘Spe-
mann organizer’ [29] which in its turn governs gastrula-
tion and induction and patterning of the neural plate [2].
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Many of these studies concentrate on the identification
of factors involved in mesoderm induction, among them
peptide growth factors, including fibroblast growth fac-
tors (FGFs), TGFB family members and activins, and
specific maternal mMRNAs like vegetal 1 (Vgl) [30, 31]
and Noggin [32, 33]. Peptide growth factors and home-
obox genes interact and contribute to determining the
pattern and the fate of the embryonic cells [22, 34]. In
this contribution we will review some relevant data
concerning development before formation of the
Nieuwkoop centre, i.e. in the ovarian oocyte and in the
newly fertilized egg.

Many studies on embryonic axis formation in Xenopus
laevis start from the view that the full-grown oocyte
(stage 6 [35]) is radially symmetrical about the polar
an/veg axis. However full-grown ovarian oocytes like
those of Ambystoma mexicanum [35a] and Rana escu-
lenta, and unfertilized eggs of Discoglossus pictus and
Rana esculenta, already exhibit signs of bilateral sym-
metry [3, 4, 10]. We will discuss the localisation of
various yolk components at particular times during
vitellogenesis and the involvement of cytoskeletal mod-
ifications in the final patterning of the full-grown, seem-
ingly axially symmetrical stage VI [35, 35b] Xenopus
oocyte, the breaking of that axial symmetry at fertiliza-
tion and the role of sperm penetration by initiating
cytoplasmic segregation in the animal hemisphere and,
half-way through the first cell cycle, a rotation of the
vegetal cortex. Both of these mechanisms function in
the rearrangement of various yolk components into a
bilaterally symmetrical distribution which foreshadows
the ultimate body structure of the embryo (plate I).
The formation of cytoplasmic domains could be an
important determinative mechanism in early Xenopus
development [36—-40]. Specific cytoskeletal proteins with
associated mMRNAs [37] could function in targeted protein
synthesis [38] in Xenopus oocytes and embryos and
thus act in the formation of such cytoplasmic domains
[36, 39]. Several transforming growth factor-beta (TGF-
p)-like growth factors, RNA-binding proteins and a
mitochondrial ATPase subunit are localized in cleavage
stage embryos. Blastomere isolation and recombination
studies [2, 17, 41-45] revealed differences in differentia-
tion properties among the various blastomeres during
early development, even at the 8-cell stage [46—-48].
Experimental evidence exists that the sperm is not re-
quired for axis formation in Xenopus laevis, though it
cues the cortical rotation which is essential for the
symmetrization [1, 49, 50]. In the anuran Discoglossus
pictus the sperm penetrates into the egg near to the
animal pole it induces cytoplasmic segregation which
symmetrizes the egg during the pre-cleavage period and,
as in Xenopus, foreshadows the definite body axis of the
embryo [51].

As in most anurans [4], the Xenopus egg rotates upon
sperm penetration, turning its animal-vegetal axis up-
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right (‘rotation of orientation’) [52, 53], and the blasto-
pore tends to form opposite the sperm entry point
(SEP), but this only holds for about 70% of the em-
bryos [12, 54], suggesting that some additional un-
known factor(s) are involved in axis formation.
Classical experiments [e.g. 52, 55-59; 4 for review]
including egg rotation and centrifugation, suggested
that gravity is at work in the determination of the
spatial structure of the amphibian embryo, for instance
by cooperating with the sperm in initiating yolk shifts.
However, because of the lack of suitable methods and
proper surroundings, it was impossible to test this hy-
pothesis in a proper way, i.e. in near-weightlessness [60].
Only in 1985 did it become possible to perform such an
experiment in actual microgravity (ug) under well-con-
trolled conditions in the Biorack in the Space Lab [61,
62] and, from 1988 onwards, during sounding rocket
flights [63—65] and during additional space shuttle mis-
sions (table 1 and ref. 65a).

In egg rotation and centrifugation experiments with
fertilized eggs the cueing action of the sperm can be
overruled by gravity or centrifugal forces (plate II: J
and K). Gravity could thus play a part in the natural
symmetrization process [5, 12, 54, 60, 66—68]. However,
experiments under conditions of actual and simulated
microgravity (table 1, plate Il) revealed that gravity is
not required for dorso-ventral polarization [27, 28], nor
for embryonic pattern formation, since after fertiliza-
tion and culture in microgravity normal tadpoles and
larvae still formed [69].

Neither sperm [49, 50] nor gravity [27, 28, 69] are
required for determination of the bilateral symmetry in
the embryo of Xenopus laevis [50]. We will argue that, in
normal development, both the penetrating sperm and
gravity, either alone or in collaboration, may overrule
an initial bilaterality inherent to the full-grown oocyte,
which resides in some component(s) and/or mecha-
nism(s) which are still unindentified. The radial symme-
try of the full-grown, mature oocyte is probably only
provisional. This idea is supported by more recent data
[70].

The genesis of the full-grown oocyte

During vitellogenesis the post-replicative oocyte is ar-
rested in meiotic prophase I. Mitochondria, yolk gran-
ules and other cell constituents such as mMRNAs,
structural proteins and possibly morphogenetic determi-
nants accumulate in distinct regions of the ovarian
oocyte [4, 37, 38] and, as oogenesis progresses, are
redistributed into distinct configurations and gradients
[1, 49]. A provisional radial symmetry of the full-grown
oocyte about its animal-vegetal axis is expressed e.g. by
the localization of the nucleus, the pigment pattern, and
the spatial distribution of yolk platelets, mitochondria,
cortical granules and many other cytoplasmic con-
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Plate I. Cytoplasmic segregation and microtubules in pre-cleavage eggs of Xenopus laevis. (A) Median 6 um paraffin section through
the SEP and the animal-vegetal axis of a NT 0.6 Xenopus egg, fixed in Bouin d’Hollande, stained by azofuchsine, anilin blue and orange
G [6]. Animal hemisphere with (3) male and (%) female pronucleus, closely associated, but not yet fused. Different sizes of red yolk
granules, rearranging themselves under the influence of the penetrating sperm, whose path is marked by the pigment trail (PT).
SA = blue stained spermaster rays; nuclei shifted slightly dorsally. D = dorsal, V = ventral. (B—F) Distribution of polymerized and
unpolymerized tubulin in fertilized Xenopus eggs. Yolk granules unstained under the conditions chosen (Bouin d’Hollande fixation; 6
um paraffin section; modified PAP-staining, using anti-tubulin MABs [82, 83a, 86, 184]. Dorsal half of NT-0.66 Xenopus egg (cf. A).
(C) detail of (B). SA = spermaster; DC = dorsal cytoplasm, not shown in (B) but present in adjacent sections (cf. C); UT = unpolymer-
ized tubulin; AN = animal; VEG = vegetal. (D) NT-0.2; 6 um median section through the SEP and animal-vegetal axis. CC = central
cytoplasm. (E, F) Genesis of vegetal cortical array in fertilized eggs: (E) Xenopus egg: at NT-0.2 distinct patches stain in the cortex of
the vegetal hemisphere. These expand progressively and at NT-0.6 merge into a continuous layer (F). The immunocytochemical staining
with tubulin MABs, and appropriate controls (not shown), reveal that the patches and the layer contain tubulin and probably reflect

the genesis of the vegetal microtubule array.

stituents like mMRNAs and cytoskeletal structures [6, 10,
13, 30, 35, 71-77, 83; 3 for review]. After dramatic
changes in the intracellular organization during matura-
tion [4, 25, 78, 78a], the oocyte reaches the second
metaphase and is ready for fertilization [79]. The pri-
mary, i.e. A/V, polarity of the full-grown amphibian
oocytes and mature eggs foreshadows the spatial struc-
ture of the embryo [1, 4]. By definition the second
meiotic spindle marks the animal pole, while the vegetal
pole is 180 degrees away from the animal pole. The
animal pole is the centre of the pigmented animal hemi-
sphere, marked by the depigmented maturation spot [10,
26]. Recent research [70] has shown that the centre of the
maturation spot is situated on average at 15 degrees or

more from the geometric animal pole. It is suggested
that this originates from an off-axis oocyte orientation
during oogenesis, and that the eccentric maturation spot
position determines the future alignment of the cortical
microtubules guiding the vegetal yolk mass rotation
following egg activation. The vegetal pole is often sur-
rounded at some distance by a ring of pigment [25, 26]
in the centre of the vegetal hemisphere.

There is no other evidence for an external source of the
A/V polarity in the Xenopus oocyte, such as blood
supply, gravity or a topographic relationship of egg axis
and follicle cells [50; 4 for review]. On the other hand,
activin transcripts are expressed in follicle cells and
Xenopus oocytes; activin #A and possibly B polypep-
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Table 1. Fertilization and development of eggs of Xenopus laevis
experiments in actual and simulated microgravity.

A. Simulated microgravity on a fast-rotating clinostate

a) Fertilization at 1g; selected eggs in the clinostate after rota-
tion of orientation.

b) Fertilization, i.e. mixing of eggs and sperm in the clinostate,
just prior to the start of clinostating.

B. Actual microgravity during a sounding rocket (SR) flight (6-7
min xg)

a) Both fertilization and histological fixation in pg (TEXUS-17).
b) Fertilization in pg, histological fixation either in pg or after
retrieval and 5 days’ culture at 1g on Earth (MASER-3).

c) Fertilization 530" before launch; video recording before
launch and in flight; fixation after retrieval and embryo
culture on Earth, i.e. at 1g, for different periods (MASER-6).

d) Fertilization at Og and in a 1g centrifuge in flight; culture on
Earth after retrieval, and histological fixations at different
time intervals, e.g. as gastrulae (analysed by in situ hybridiza-
tion with an X-bra probe) and various larval stages
(MASER-6).

e) Fertilization on Earth after retrieval, histological fixations at
different time intervals (MASER-6).

C. Pulses of actual microgravity, i.e. 31 parabolas during a
parabolic flight (COLCAMP 2)

a) Fertilization in a flight of 2.5 h, with regular intervals during
five different parabolas and immediately after retrieval; as
control: on Earth, shortly before flight. All embryos were
grown on Earth and histologically fixed at different intervals
after retrieval.

D. Actual microgravity in the American space shuttle (7-9 days)*

a) Both fertilization and histological fixation in automated ex-
periment containers at the gastrula stage, both in pg and in
the 1g centrifuge aboard (IML-1).

b) Ibid. at the eighth cleavage in automated experiment contain-
ers (IML-2).

1 These experiments were performed in automated experiment
containers; each allowed us harvest one or more ‘space first(s)’.

tides synthesized in follicle cells are secreted and then
taken up by the oocytes, whereas activin B2 might be
synthesized in the oocytes [80]. In the full-grown oocyte
this could initiate cytoplasmic asymmetries of develop-
mentally important molecules.

The development of the cytoskeleton in ovarian oocytes
and fertilized eggs has recently been analyzed exten-
sively by confocal immunofluorescence microscopy and
immunocytochemistry. The distribution of the tubulin
structures in ovarian oocytes [77] and in newly fertilized
eggs [3, 74, 81, 82, 82a] compared to those of mitochon-
dria (cf. fig. 19 in [83]) and yolk granules (plate I and
refs [6, 10, 77, 82, 84-86; 3 for review] make it conceiv-
able that microtubules (MTs) function in localization of
visible cell constituents along with other cell compo-
nents [87, 88], to direct and start synthetic processes at
particular times and places [36].

Genesis and localization of yolk bodies in the ovarian
oocyte

The primary polarity of the full-grown oocyte is clearly
expressed by the regional differences in yolk composi-
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tion [1-3, 6, 10; 4 for review]. The genesis of the yolk
pattern in ovarian oocytes has been studied extensively
by Danilchik and Gerhart et al. [49, 50]. Most of the
yolk granules form from vitellogenin, an external pre-
cursor protein synthesized in the liver and transported
via the blood stream to the ovary, where it is taken up
by the oocytes through receptor mediated pinocytosis
[89; 4 for review]. In the oocyte, the vitellogenin is
temporarily contained in ‘transitional yolk bodies’
which then either fuse with preexisting platelets forming
larger entities, or initiate the formation of new yolk
bodies. Gerhart et al. [49, 50] started their analysis by
preparing fluorescent derivatives of vitellogenin which
were injected into the frog’s dorsal lymph sac, thus
entering the blood stream and finally reaching the
oocytes in the ovary. Both the transformed older and
the newly formed yolk bodies became fluorescently la-
belled and their location could easily be detected in
histological sections with the aid of fluorescence and
polarization microscopy (fig. 1 and legend; after ref. 50,
modified). By comparing sections from 1.2 mm oocytes
(stage V and VI [35]) isolated from the ovary 1, 3, 5, 10
or 19 days after the injection with the fluorescently
labelled vitellogenin, the front of fluorescent platelets
could be determined and was found to go progressively
inwards with time. There was no local difference in the
rates of uptake of fluorescently or radioactively labelled
vitellogenin across the oocyte surface, but a consider-
able amount of yolk is translocated intracellularly from
the animal towards the vegetal side, a process most
likely mediated by the cytoskeleton. The vegetal half of
the full-grown oocyte ultimately contains about two-
thirds of the yolk.

Genesis and distribution of mitochondria and
microtubules in ovarian oocytes

The ‘Balbiani body’ [90] or ‘Balbiani vesicle’ plays an
important role in the determination of the axial symme-
try of ovarian oocytes in many species [91, 9la for
reviews]. After four cell divisions, Xenopus oogonia do
express a clear polarity which is visible due to the
alignment of nucleus, centrosome and the incomplete
division bridge [4, 50, 83, 92-94, 94a]. This polarity
could foreshadow the A/V axis, the side of the nucleus
becoming the future animal pole [50]. In early stage I
(80 pum) oocytes [35, 35b], small mitochondrial masses
are first dispersed around the germinal vesicle (GV),
condense and then form a cap-like structure at one side
of the GV which stains with basophilic dyes and which
faces towards the future vegetal pole region [91]. There-
after this structure disperses, forming the ‘mitochon-
drial cloud’ [92] which, as shown by TEM, contains
mitochondria and electron-dense granulofibrillar mate-
rials (part of) which were suggested [94] to become
components of the germinal cytoplasm [14].
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Plate 1l. Egg rotation and microgravity experiments during early Xenopus laevis development. (A) Launch sounding rocket SR-
TEXUS17, May 2, 1988 (ESRANGE, Kiruna, Sweden). (B) Automated experiment container (AEC) used in the sounding rocket
missions on SR-TEXUS-17 and SR-MASER-3, and the IML-1 mission of space shuttle ‘Discovery’, January 22-30, 1992 (Kennedy
Space Center, Florida, USA). For explanation: p. 397 (fig. 7 and legend). (C) Launch American space shuttle for the IML-1 mission.
(D) Median 6 um histological paraffin section through the SEP and the animal-vegetal axis of Xenopus egg with penetrating sperm, fixed
2'55” min after automated fertilization in pg [176]. (E) Frequently observed smooth surface area, surrounded by a concentration of
microvilli often with a clump of microvilli in the centre, probably an abortive penetration [175]. SEM photograph of egg, 2'55” [176],
after automated fertilization and subsequent fixation in 3% buffered glutaraldehyde (GA), in pg. Vitelline membranes were manually
removed. (F1) and (F2) UV-fluorescence of penetrating sperm: 1) 3 min p.f., unfixed egg, fertilized in Hoechst 33258; 2) egg in pg on
SR-M3, automated fertilization after 6 h pre-incubation in Hoechst-33258, fixed 4'35” min. p.f. in 3% buffered glutaraldehyde; vitelline
membranes manually removed. (G) A ‘space first’ from IML-1: for the very first time gastrulae developed in space, from eggs fertilized
in space. Automated fertilization at 22.5 °C, 24 h after stripping; histologically fixed 12 h later, in 3% glutaraldehyde in 25% MMR;
return to Earth after seven days. BP = blastopore. (H, 1) 6 um histological section, fixed after automated delayed fertilization in the
Biorack on Earth (H), or during flight (I). Compared to the H-gastrulae from the 1g centrifuge in flight and the Biorack on Earth, the
roof of the blastocoel is thicker, and the blastocoel is smaller in most of the ng-gastrulae (1). (J, K) Egg rotation experiment. Whole
mounts of early Xenopus gastrulae, fixed at stage X [26], (J) with blastopore (BP) opposite the sperm entry point (SEP); (K) reversed
BP, after egg rotation through 90 degrees before first cleavage, with SEP-up: BP forms on the SEP meridian (cf. fig. 5 and refs 12, 54).

The total number of mitochondria progressively in-
creases during oocyte growth, scattered randomly in the
cytoplasm of ovarian oocytes [35], and the embryo is
ultimately provided with a huge number of maternal
mitochondria. In oocytes of about 250-275 pm, at the
beginning of vitellogenesis, the mitochondrial mass splits

up into two different non-randomly distributed popula-
tions. Along with the formation of yolk platelets and
ribosomes, this process correlates with the biogenesis
of the final amount of mtDNA in the full-grown oocyte
[83, 94a]. The proximal mass first surrounds the nu-
cleus, and in oocytes of about 750 um, forms a crown at
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Figure 1. The temporal-spatial pattern of yolk platelet formation
in the Xenopus oocyte. Diagram of a cross-section of full-grown
oocyte (1.2 mm diameter) [49, 50]. Most of the yolk granules form
from vitellogenin, an external precursor protein synthesized in the
liver, transported via the blood stream to the ovary, and taken up
by the oocytes through receptor-mediated pinocytosis. In the
oocyte, the vitellogenin is temporarily contained in ’transitional
yolk bodies’ which either fuse with preexisting platelets, or initiate
the formation of new yolk bodies. Fluorescent derivatives of
vitellogenin [50] injected into the frog’s dorsal lymph sac enter the
oocytes in the ovary via the blood stream. Both transformed older
and newly formed yolk bodies become fluorescently labelled and
can easily be detected in histological sections with fluorescence
and polarization microscopy. By comparing sections from 1.2 mm
oocytes (stage V and VI [35], isolated from the ovary 1, 3, 5, 10 or
19 days after injecting fluorescently labelled vitellogenin) the front
of fluorescent platelets could be determined and was found to go
progressively more interior with time, moving more rapidly
through the animal hemisphere than the vegetal hemisphere.
There is no local difference in the rates of uptake of fluorescently
or radioactively labelled vitellogenin across the oocyte surface, but
a considerable amount of yolk is translocated intracellularly, from
the animal towards the vegetal side, a process most likely medi-
ated by the cytoskeleton. The vegetal half of the full-grown oocyte
ultimately contains about two-thirds of the yolk. After Gerhart et
al. [50]; modified with permission; cf. also ref. 49. (Reprinted with
permission from: Gerhart J. et al. (1986) Primary and Secondary
Polarity of the Amphibian Oocyte and Egg. In: Gametogenesis
and the Early Embryo, pp. 305-319, John Wiley & Sons, Inc.,
New York).

one side of the nucleus; the more distal mass in oocytes
of about 800 um ultimately forms a continuous layer of
mitochondria under the plasmalemma of the entire veg-
etal hemisphere. The crown population is always less
compact than the mitochondrial mass, though [94a] the
density of organelles in each population remains the
same until about halfway through st.V [35]. The two
populations show a different affinity for toluidine blue;
thymidine incorporation is always strongest in the
crown population. Mitochondrial biogenesis was always
found in the vicinity of the nucleus, i.e. in previtel-
logenic oocytes in the mitochondrial mass and in vitel-
logenic oocytes in the nuclear crown.

Such a localization of two spatially different popula-
tions of mitochondria (mt) [92, 94] through oogenesis
was confirmed in a recent in situ hybridization analysis
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of the distributions of mt I-r RNAs (large ribsomal
subunit (16S) RNAs) [95]. mt I-r RNAs were found in
the Balbiani body and in small perinuclear clumps in
stage | oocytes; in the larger previtellogenic (stage 111)
oocytes the perinuclear distribution of mitochondria
persisted, while the greatest accumulation of mitochon-
dria was present in the yolk-free cytoplasmic region at
the vegetal base of the germinal vesicle, which forms the
boundary between regions with different classes of yolk
platelets. During maturation this zone spreads and sep-
arates the animal hemisphere cytoplasm from the vege-
tal yolk mass [96] and after fertilization the asymmetric
distribution of mitochondria in the egg cytoplasm is still
further enhanced [84, 95].

Cytoskeletal structures guide the distribution of cell
components. Cytoplasmic microtubules are organized
in a network in all oocyte stages; many tiny foci present
in the cytoplasm of early oocytes are distinguishable
in older oocytes as small clusters of microtubules. Mi-
crotubules form a distinct boundary around and also
penetrate into the Balbiani body [77, 82a]. The anti-
tubulin immunofluorescence in early oocytes showed a
close association of centrosome and Balbiani body [77,
82a], suggesting that the Balbiani body functions as a
microtubule organizing centre (MTOC) [82a, 93].

Only recently could many active centrosomes in stage 0
(12-25 pm) and stage | (30-50 pum) oocytes [35] be
shown to stain strongly with antibodies to y-tubulin
(y-TB), a centrosomal protein [91a, 97, 97a]. Whether
centrosome and Balbiani body remain associated when
the latter moves to its eccentric position, and then
functions as an organizing centre in the vegetal hemi-
sphere, is not known [81, 82a, 98]. In the peripheral
cortex and the perinuclear region the microtubule net-
work is rather dense [81], much y-tubulin is asymmetri-
cally distributed in the cortex of stage VI oocytes [74].
From stage Il onwards, strongly fluorescent quasi-
radial structures, presumably bundles of microtubuli,
form in the cytoplasm of vitellogenic oocytes. Starting
from the region of the disintegrated mitochondrial mass
they progressively fill the entire region between the
germinal vesicle and the cortex of the oocyte. In stage
111 an extremely strongly fluorescent belt becomes ap-
parent in the ring-shaped perinuclear area. The organi-
zation of microtubules in the prospective animal and
vegetal hemispheres progressively becomes more dis-
tinct from stage 1V onwards.

By the end of vitellogenesis (stage V1), the quasi-radially
arranged tubulin-containing structures radiate from the
vicinity of the nucleus towards the oocyte’s periphery in
the entire animal hemisphere only, while a cap or bas-
ket-like region of tubulin-rich cytoplasm surrounds the
nucleus at the side facing the future vegetal half of the
oocyte. Numerous microtubules are embedded in the
amorphous matrix of the perinuclear cap, and both
matrix and microtubules extend into clefts or in between
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protuberances of the nuclear envelope [82a]. In confocal
laser scanning microscopy (CLSM) pictures many of
these microtubules were continuous with cytoplasmic
MT bundles, suggesting that in stage VI the germinal
vesicle operates as a MTOC [81, 82a].

Differential distribution of mMRNAs in ovarian oocytes
Maternal mMRNAs can be spatially localized in animal
and vegetal regions of the provisionally radially symmet-
rical Xenopus oocyte [30, 31]. Xcat2 mRNA was found
localized in the mitochondrial cloud and subsequently
anchored to the vegetal cortex [87]. In stages | and Il
oocytes at least three mRNAs, viz. Xlsrts, Xcat2 and
Xwntll, were localized within a special region of the
mitochondrial cloud, functioning as a METRO (i.e.
‘message transport organizer’), and translocated towards
a restricted region of the vegetal cortex around the
vegetal pole [99]. These mMRNAs anchor at the vegetal
cortex in an overlapping layered pattern, in such a way
that Xcat2 is closest to the cortex, overlapped sequen-
tially more inwardly by Xlsirts and Xwnt11. This local-
ization process thus involves accumulation and sorting of
mRNAs within the mitochondrial cloud as well as an-
choring to the vegetal cortex by cytoskeletal elements.
The route of Vg1 mRNA is different, since it follows a
pathway outside of the cloud. Vgl mRNA is evenly
distributed in the cytoplasm during stage |1, but during
stage Il it translocates through the cytoplasm, using the
same route as the METRO before, and is completely
localized at stage 1V, to the same cortical position as the
METRO-localized mRNAs [99]. The translocation of
Vgl involves association with microtubules [100], its
anchoring depends on actin microfilaments [99-101]
which form a network that anchors it to the vegetal
cortex, and which also includes putative structural
RNAs. After tight association of Vgl with the vegetal
cortex and overlapping Xlsirts in stage 1V oocytes, Vgl
spreads along the inner cortical region approximately up
to about the equatorial region, reaching the future
marginal zone [99]. The proper localization of Vgl and
Vgl-like RNAs may depend on the formation of a
cytoskeletal pathway by the mitochondrial cloud, and
this may contribute to axis determination [99, 102]. Vg1,
Xcat-2 and Xcat-3 mMRNAs were also specifically re-
tained in isolated pieces of the vegetal cortex of stage VI
oocytes [103]. These data suggest that the cortex of the
region around the vegetal pole represents a unique
structure with a specialized cytoskeletal domain, which
retains various localized mRNAs [103a,b]. It could func-
tion in the determination of the primary polarity of the
full-grown Xenopus oocyte [2, 3].

The newly fertilized egg during the first cell cycle

Morphological phenomena started by sperm penetration
Only one sperm penetrates at random, and into the
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pigmented animal hemisphere only [10, 13, 104]. Its
penetration raises a transient electrical block against
polyspermy and initiates the activation wave (AW), the
first visible expression of dorso-ventral polarity. The
AW is a surface wave which, as can be visualized by
video time-lapse recording, proceeds from the SEP over
the egg surface at a speed of about 10 pm/sec, reflecting
the extrusion of the cortical granules, which loosens the
vitelline membrane with adhering jelly from the egg
surface [6, 105]. Since the AW is sensitive to cytochalasin
[6], microfilaments must be involved in the extrusion of
the cortical granules. The membranes surrounding the
cortical granules fuse with the egg membrane. After
fertilization the cortex contracts [105a] and within 10—
12 min, the egg reacts to gravity and rotates as an entity
inside its vitelline membrane, turning its animal-vegetal
axis upright (‘rotation of orientation’) [52, 53, 56, 62].
Successful fertilizations in actual [27, 28, 63, 65, 69, 106]
and simulated [67, 68 and this study] microgravity (ug)
showed that the rotation of orientation [52, 53] is not
essential for normal development, since eggs developed
normally [27, 28, 63, 69] although they did not rotate
under actual microgravity (ug) conditions.

The second polar body is extruded at +NT 0.25 (NT
stands for the fraction of time to first cleavage) [6].
Mutual relationships between the male and the female
pronucleus, the pronuclear paths and the spermaster are
most clear in saggital histological sections, i.e. in and
parallel to the plane through the SEP and the animal-
vegetal axis. Pigment concentrates about the SEP, mark-
ing the future ventral side, and making axis manipula-
tion possible in early stages [10, 13, 58, 59, 107]. The
path of the migrating male pronucleus (plate I, A) is
marked by pigment granules, drawn into the cyto-
plasm from the egg surface as the sperm moves inward
(NT 0.17-0.61) [6-10, 13]. The female pronucleus
moves down from the animal pole, probably soon com-
ing under influence of the spermaster [108]. Male and
female pronuclei meet at about NT 0.52, and only fuse
at NT 0.7-0.8 [6]; the zygote nucleus is in most embryos
slightly shifted to the dorsal side and never, as is some-
times suggested, to the ventral side (cf. fig. 3 in ref. 109).
As a consequence the two animal-dorsal blastomeres are
smaller in most 8-cell Xenopus embryos [26].

During the first cell cycle two main independent micro-
tubular entities develop: (1) the spermaster, initiated in
the animal hemisphere by the sperm centriole [6, 7, 9],
and (2) an array of parallel MT in the subcortical
cytoplasm of the vegetal hemisphere about half-way
through the first cleavage [82a, 107, 110].

In 6 um paraffin sections of Bouin d’Hollande-fixed [77,
85, 86, 96a] Xenopus eggs we analyzed the three-dimen-
sional distribution of tubulin with a modified peroxi-
dase-anti-peroxidase (PAP) procedure [82, 82a]. The
antigenic properties of tubulin remained unchanged in
Bouin d’Hollande-fixed Xenopus eggs after alcoholic
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dehydration and paraffin embedding, polymerized and
unpolymerized tubulin structures were preserved (plate
I, B-D; controls not shown), but broke down during
vinblastine incubation. Only unpolymerized (y) tubulin
stained in VB-treated sections (not shown).

The spermaster initiates a polarized segregation of the
animal cytoplasm

Fertilization initiates the formation of the spermaster, a
huge three-dimensional MT entity, [6—-10, 13] initiated
by the sperm centriole. The spermaster progressively
expands into the animal hemisphere, a process which
can be visualized on the egg cortex by video time lapse
recording as a post fertilization wave (PFW) which, like
the AW, spreads from the SEP from the ventral to-
wards the dorsal side but at 1 pm/sec [6, 54]. The PFW
is sensitive to vinblastine treatment, confirming micro-
tubule involvement. The microtubules of the spermaster
spread radially from the sperm centriole (plate I, A, B,
D), lead the sperm pronucleus during its penetration,
and also lead the female pronucleus as soon as it
reaches the region with the outgrowing spermaster rays.
The constant growth rate of the spermaster micro-
tubules causes the male and female pronuclei to migrate
at a constant rate of 12 um per min [6, 9, 107, 111].
While the animal cortex locally contracts on the SEP
side, the astral rays reach the opposite side at NT
0.65-0.8. [6, 82, 105a, 107].

From NT 0.78-0.95 onwards, the cytoplasmic micro-
tubules in the animal half progressively depolymerize,
starting from the SEP side, and around NT 0.80 only
remnants of astral microtubules are present [6, 82, 82a].
The vegetal cortical array of parallel microtubules per-
sists until first cleavage when new mitotic microtubules
form, first only in a restricted part of the dorsal hemi-
sphere, but progressively accumulating in the entire
ventral half and gradually extending into the entire
animal hemisphere and finally reaching the cortex [6,
82a].

These observations tally well with biochemical analyses
[112], which showed that at about the time of
metaphase (0.85 NT) in the zygote large amounts of
tubulin polymers break down and reappear at the time
of first cleavage (1.0 NT ).

Additional transient spherically distributed (bundles of)
thin microtubules may direct transport of cytoplasmic
components

In between the relatively coarse spermaster rays thin
tubulin fibrils were also observed. These became pro-
gressively longer with time, measuring +20 pm at NT
0.2, +110 um at NT 0.35 [82, 86]. From then on, these
tubulin fibrils did not lengthen any further, but were
visible in the sections in a region which progressed
dorsally with time as a spherical wave front (plate I,
B-D), suggesting that these thin fibrils moved as enti-
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Figure 2. TEM picture of the centre of the dorsal yolk-free
cytoplasm in the egg of Xenopus laevis, NT 0.66 (bar is 0.2 pm).
Occasionally relatively long, and very often parallel, microtubules
are present (7). The DYFC [6, 10, 84] has morphological charac-
teristics of a metabolically active region. Microtubules were absent
when fixed in a mixture of 1% acroleine and 2.5% glutaraldehyde
in 0.067 M cacodylate buffer (pH 7.2), post-fixed in 2% osmium
tetroxide in cacodylate buffer (pH 7.2-7.4) and block-stained in
aqueous uranyl acetate [84]. However, microtubules were clearly
apparent when the fixed eggs were post-treated with a tannic acid
solution [185].

ties. This might reflect the transport of specific cytoplas-
mic constituents towards the dorsal yolk free cytoplasm
(DYFC) [6, 10, 13, 84] by treadmilling, or microtubule
associated proteins (MAPSs) could mediate transient in-
teractions of microtubules with other cell components,
providing a way of transport for relatively large molec-
ular complexes towards the animal-dorsal part of the
uncleaved fertilized egg [82]. In the DYFC many rather
long MTs were observed at NT 0.66 (fig. 2), but absent
at NT 0.80.

In fertilized eggs the amount of polymerized tubulin in
spermaster and wave front increased from NT 0.2 on-
wards and decreased after NT 0.6 when the natural
break-down of spermaster rays starts; break-down of
the thinner fibrils in the wave front started at NT 0.8
[82]. In prick-activated eggs a similar sphere-like MT-
entity composed of thin tubulin fibrils developed only
from post-pricking® ‘NT’ 0.4 onwards, radiating from a
point slightly below the female pronucleus (not shown)
and disappeared after NT 0.8. In such activated eggs
either a normally latently present female centriole [108]
is activated or the nucleus itself [93, 97] acts as MTOC.
We occasionally observed a similar structure developing
in the fertilized egg (not shown). Although it is much

1 Eggs from the same batch were fertilized at the time that the
others were pricked.
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less dominant than the spermaster, we suggest that this
MT-entity is involved in the movement of the central
cytoplasm (CC), together with (part of) the germinal
vesicle content, towards the dorsal side, to form the
transient DYFC [6, 10, 13, 84], plate IA and fig. 2.
Thus polymerization and depolymerization apparently
need the same period of time, but the polymerization
starts earlier in fertilized eggs than in prick-activated
eggs [82, 82a, 112].

Transient modifications of the egg’s cytoskeleton create
cytoplasmic asymmetries

Through vitellogenesis, fertilization and cleavage divi-
sions about 1% of the total amount of soluble proteins
consists of free tubulin dimers and microtubules [117].
Intrinsic dynamic instabilities of microtubules, actin
filaments and cytoskeleton-associated proteins cause cy-
toskeletal arrays to reorganize in response to internal
and external cues [113-116; 38 for review]. Amount,
status and distribution of the tubulin are correlated with
the stage of development of the oocyte or embryo [37,
117, 117a].

Many relatively stable microtubules which did not label
with antibodies against «-tyrosinated tubulin [82a] were
observed in the penetration path of the male pronucleus
(plate 1, D), and in the vicinity of the centrosome.
Posttranslational acetylation or detyrosination may sta-
bilize (part of the) microtubules and thus generate a
more constant cell architecture. This would need less
energy and could act more efficiently than a system in
which microtubule entities maintain a constant equi-
librium between assembly and disassembly of micro-
tubule subunits [82a, 118].

Microtubules drive the vegetal cortical rotation
establishing anterio-dorsal polarity

In 6 pm histological sections of Xenopus eggs fixed in
Bouin d’Hollande at NT 0.2, PAP staining revealed
small patches of tubulin located immediately beneath
the plasmalemma, which progressively spread, flattened
(NT 0.4) and ultimately merged together into a continu-
ous layer of tubulin (NT 0.6-0.8) directly beneath the
plasmalemma (plate I, E and F) of the entire vegetal
hemisphere [82]. After vinblastine incubation neither
spermaster nor cortical array are present. The genesis of
this cortical tubulin layer (which also contains y-tubu-
lin) inside and in immediate contact with the cell mem-
brane of the vegetal hemisphere may foreshadow, and
may provide a guide, for the formation of the transient
vegetal cortical array of parallel microtubules involved
in the ultimate determination of dorsal-ventral polarity
[81, 110, 119-121].

The vegetal cortical array of parallel microtubules is the
second main and independent microtubule entity [107]
in the fertilized egg before first cleavage. It originates
from a disordered array of microtubules [122] which
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progressively transforms into a transient array of paral-
lel microtubules, assumed to serve as tracks for rotation
of the cortical cytoplasm around the more internal yolk
mass, much like a railway line [110]. These microtubules
finally cover the vegetal half of the egg and are oriented
with their plus ends in the direction of the cortical
rotation, i.e. ventro-dorsally. Shortly before and during
the cortical rotation (NT 0.45-0.85) [120], non-astral
microtubules of different lengths fuse with astral micro-
tubules to form a dense network of radially organized
cytoplasmic microtubules throughout the cytoplasm
[75, 123]. Many of these microtubules also gradually
merge with non-astral cytoplasmic microtubules [124],
and become part of the band of parallel microtubules in
the vegetal cortex [123]. They approach the cortex at an
oblique angle and tend to continue in the same direction
as the vegetal cortical array, i.e. with their plus ends
away from the SEP towards the prospective dorsal side
[123, 125, 126].

In normal development, at about NT =0.5 (i.e. about
halfway through the first cleavage cycle) the entire egg
cortex rotates relative to the subcortical cytoplasm by
+ 30 degrees about a horizontal axis in a direction away
from gravity and in a plane coinciding with the future
dorso-ventral plane of the embryo [110, 119-121, 123,
126]. A kinesine motor probably drives the rotation
[125, 126], with a speed of 16 um/sec (fig. 3) [82a].
Through the first third of the first cell cycle, i.e. the
period preceding the cortical rotation (NT 0.45-0.85),
the formation of the cortical array in Xenopus eggs
reveals a batch-dependent sensitivity to heavy water
(D,0). The cortical rotation can be manipulated by
D,O pulse treatments which seem to act by increasing
the response of the egg to the cortical rotation [127].
Hyperdorso-anterior embryos and twins often form
from eggs treated with 30-70% D,O for a few minutes.
Increasing concentrations of D,O and prolonged expo-
sure times gave rise to the formation of larger dorsal
and more anterior structures, and reduced ventral and
posterior ones. The vegetal half of the egg is most
sensitive to the treatment [127], and although the direc-
tion of the cortical rotation is often opposite to normal,
i.e. close to the SEP meridian, it always predicts the
position of the future dorsal midline [110, 127]. Using
the same concentrations and a 5 minute D,O pulse
treatment and careful washes between NT 0.16 and NT
0.3, we obtained embryos with anterior duplications
(twinning) and posterior reductions. However, though
the eggs are relatively insensitive to D,O through the
NT 0.3—NT 0.7 interval, towards the end of the cortical
rotation period the eggs again become very sensitive to
similar D,O concentrations given as an identical (i.e. 5
min) pulse treatment [128]. In the latter case embryos
with severely perturbed posterior regions and even
twinned tails formed (not shown). In both cases about
30-40% of embryos were perturbed.
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Figure 3. Vizualization of the cortical rotation in live Xenopus egg. Movement of Trypan blue-labelled yolk granules in the vegetal
hemisphere, in vivo vizualized from below by Inverted-Confocal Laser Scanning Microscopy (I-CLSM) through rhodamine fluorescence
[49, 50]. Eggs were not immobilized by gelatin, thus the vegetal cortical layer could freely rotate [96, 120] Triangles in figure 3-1, 3-2,
3-3, 3-4 in sequence point to the same granule, which was video-registered during the cortical rotation, lasting from NT 0.47-NT 0.82,
i.e. 31 min. Linear displacement was 301.44 um i.e. about 0.16 pm sec —?; (based on theoretical calculations [120]: 0.17 um sec~?; cf. ref.
96). (3—-5) Bundles of microtubules in a fragment of vegetal cortex, revealed by immunofluorescence (refs 107 and 82a). Fixation: methanol
at —20 °C, post-fixed in acetone [110]. (Reprinted with permission from: Gerhart J. et al. (1986) Primary and Secondary Polarity of the
Amphibian Oocyte and Egg. In: Gametogenesis and the Early Embryo, pp. 305-319, John Wiley & Sons, Inc., New York).

Grey crescent formation and the cortical rotation

The upper limit of the vegetal cortical array of parallel
microtubules correlates well with the animalward shift
of the limit of aggregated pigment granules in the animal
cortex [13] at the prospective dorsal side of the embryo.
The arc over which the cortical array shifts represents
the grey crescent, vizualized as a region of the egg cortex
with dispersed pigment [6, 12 and refs therein], marking
the future dorsal side of the egg. The cortical rotation
[52, 120] is the principal cause of grey crescent forma-
tion, though some pigment contraction upon the SEP
[13] occurs before the rotation starts [6]. The dorsal lip
of the blastopore, the Spemann organizer [29], forms in

the amphibian embryo slightly vegetally from the equa-
tor on the meridian about 180 ° of arc away from the
SEP. The SEP is more concise and therefore marks the
D/V axis more accurately in experiments on axis forma-
tion than the grey crescent. The cortical rotation, as it is
now generally called [1], is a crucial event for axis
formation, in which microtubules are essential: all treat-
ments perturbing microtubule formation and function-
ing interfere with the extent and direction of the global
rotation as well as with axis formation [6, 12, 54, 119,
126]. As are the other cytoplasmic relocations, this
global rotation about a horizontal axis perpendicular to
the future dorso-ventral plane, is in a still unknown way
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cued by the sperm. However, the sperm is not required for
this polarization [50].

The visibility of the grey crescent depends on the pigmen-
tation of the Xenopus eggs, i.e. on the female which
produced them. Yolk platelets located adjacent to the
moving cortical layer are drawn with it, forming the
vitelline wall [12]. Prick-activated eggs also form a grey
crescent at the same time as fertilized eggs would do, but
its localization is unpredictable [6, 7, 12, 54] and indepen-
dent of the prick point. In such eggs the direction of the
vegetal cortical array is independent of the prick point,
and the orientation of the cortical rotation unpredictable
[119-121].

The sperm is not required for generation of the vegetal
cortical array of microtubules

The vegetal parallel microtubule array can form without
any interaction with the sperm centrosome or any other
microtubule organizing centre in the animal half of the
egg [49, 50]. Similar structures form in pieces of vegetal
cortex from bisected eggs, isolated immediately after
fertilization or artificial activation of the eggs [107].

0" electricelly activate 40 dye mark

90 predict dorsel (D)

20" enucleate by UV

D?

<
D!

24 hrs score position
of neural plate

100" nuclear transplant

Figure 4. The sperm is not required for axis specification. Upon
artificial activation by electric shock or needle puncture, and
subsequent inactivation of maternal chouromosomes with UV,
unfertilized dejellied eggs (in which the cortex is immobilized by
gelatin and the yolk can rotate with respect to the cortex) perform
a yolk rotation similar to that in fertilized eggs, but along an
unpredictable meridian. Such eggs continue to develop if they are
provided with a diploid nucleus from a blastula. The position of
the dorsal lip of the blastopore or the dorsal midline of the
embryo can be scored, as neural groove of the neural plate at the
meridian, predicted by the yolk rotation. The rotation of the
subcortical cytoplasm of the egg in the first cell cycle was normal
with respect to timing, extent, and effect on development. Appar-
ently the egg does not require any sperm components to start yolk
rotation and can form an anterior-dorsal axis when it is provided
with a 2n nucleus after the cortical rotation. With permission after
Gerhart et al. [50]; modified legend. (Reprinted with permission
from: Gehart J. et al. (1986) Primary and Secondary Polarity of
the Amphibian Oocyte and Egg. In: Gametogenesis and the Early
Embryo, pp. 305-319, John Wiley & Sons, Inc., New York).
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Upon artificial activation by electric shock or needle
puncture, and subsequent inactivation of maternal
chromosomes with UV, unfertilized dejellied eggs (in
which the egg surface is immobilized through embed-
ding in gelatin) do perform a yolk rotation with respect
to the cortex similar to that in fertilized eggs, but along
an unpredictable meridian [50]. This was visualized by
labelling of the superficial layer of yolk. Such eggs
continue to develop if they are provided with a diploid
nucleus from a blastula. The position of the dorsal lip
of the blastopore or the dorsal midline of the embryo
can be scored, as neural groove of the neural plate at
the meridian, predicted by the yolk rotation. The rota-
tion of the subcortical cytoplasm of the egg in the first
cell cycle was normal with respect to timing, extent, and
effect on development despite the absence of the sperm
(fig. 4). The egg apparently does not require any sperm
components to start yolk rotation and can form an
embryo with an anterior-dorsal axis when it is provided
with a 2n nucleus after the cortical rotation.

In the darkly pigmented eggs of the anuran Discoglossus
pictus, the grey crescent always shows up clearly at the
future dorsal side of the egg. Cytoplasmic segregation
starts during maturation and proceeds with the same
developmental period as in Xenopus, also foreshadow-
ing the future body axis, but in this species the sperm
penetrates very near to the animal pole (fig. 9B) [51]. In
different anuran amphibians sperm penetration initiates
a polarized cytoplasmic segregation and cues the corti-
cal rotation; in Discoglossus eggs the sperm does acti-
vate the egg, but it is unclear which cue governs the
bilateral symmetrical cytoplasmic segregation started
after sperm penetration. The cytological analysis
strongly suggests that the grey crescent forms through
rotation of the cortex [51] around the internal yolk mass
at the same relative developmental time (NT) as in
Xenopus eggs (cf. fig. 9, and legend). However, this has
not yet been visualized in live eggs.

Developmental fate of distinct cells and the analysis of
mesoderm induction. Factors involved in mesoderm in-
duction are being identified with the aid of reliable dyes
such as Texas red-lysine dextran (TRLDX), fluorescein-
lysine dextran (FLDX), Lucifer Yellow, horse radish
peroxidase (HRP) and specific molecular markers, accu-
rately co-injected into the proper blastomere(s) at right
developmental time(s).

Such analyses require accurate studies of cell lineages
in the amphibian embryo. In Xenopus laevis in most
of the cases the first cleavage furrow passes through
the SEP [12, 54] but it does not always define the
plane of bilateral symmetry, because the first cleavage
plane and the embryonic axis are determined by differ-
ent mechanisms [129, 130]. Since the early cleavage
pattern in egg samples of particular females is variable,
females used for this kind of experiments should be
pre-selected.
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Furthermore, when performing injection experiments or
applying the animal cap assay in experiments on meso-
derm induction [131, 131a] one should consider that
pre-gastrular movements and epibolic extension of the
animal cap cells [25, 26, 132] can change the positions of
blastomeres and cause mixing of clones [132a]. Also the
time of isolation as well as size of the explant can
determine cell fate, e.g. the presence of some descen-
dents of B, in a stage 8 cap may account for the ability
of activin to induce dorsal mesoderm only from dorsal
halfs of the cap [131, 133, 134].

In various cell clones in Rana pipiens embryos at the
32-cell stage an extensive overlap of cell fates exists, but
the overal spectrum of the origin of the various tissues
from particular blastomeres was found to be quite simi-
lar to that in Xenopus laevis [135]. Existing interspecific
variations are explained in terms of differential segrega-
tion of localized cytoplasmic components involved in
cell determination during cleavage. However, in con-
trast to Xenopus laevis in which the mesoderm forms in
the internal marginal zone [18], superficial cells in the
early gastrula of R. pipiens contribute to mesodermal
derivatives. In the urodelean Pleurodeles all mesodermal
derivatives are formed from both superficial and deep
cell layers [135].

Cortical rotation probably assists in the formation of
the Nieuwkoop centre

The only distinct cytoplasmic localizations in the ma-
ture unfertilized egg are the germ plasm, located near
the vegetal pole [14, 26], and a centrally located yolk-
poor and cytoplasm-rich area (CC) [6, 10, 79]. A nor-
mal cortical rotation [1] is essential for normal
development. It could function in localizing dorsal in-
formation to a particular area of the egg margin [95,
126, 136].

The spermaster initiates and directs the relocation of
cytoplasmic components involved in dorso-ventral po-
larization of the egg, among them a shift of the CC
towards a more dorsal and animal position (refs 6, 10,
13, 84 and plate I). The CC originates when the germi-
nal vesicle breaks down and its content mixes with
components in the mitochondria-rich region [78, 95,
137]. After some hours of in vitro maturation an area
with a similar appearance was found at the basal side of
the nucleus in oocytes from different amphibian species
[78], suggesting that cytoplasmic segregation starts soon
after resolution of the germinal vesicle. The period from
full-grown oocyte to the mature unfertilized egg is char-
acterized by significant changes in the cytoplasm, e.g.
release of Vgl RNA from the cortex and modifications
in the cytoskeleton [3, 109].

When at NT 0.3 spermaster rays reach the egg centre
[6], the CC starts shifting towards its most dorsal and
animal position which is reached at NT 0.66, and from
then on forms the DYFC [6, 10, 82, 84]. It is variable in
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shape, has a diameter ca. 100—150 um, and was further
characterized by cytochemical methods and TEM as a
highly metabolically active region, with up to 5 pm-long
cytoplasmic cisternae, often oriented in the dorsal/ven-
tral plane, large numbers of ribosomes, many mitochon-
dria, some Golgi structures, many cytoplasmic vesicles
and much glycogen [84]. The fraction of the total yolk-
free area occupied by mitochondria was about three
times that in the adjacent cytoplasm, and the number of
cytoplasmic vesicles per unit area of cytoplasm was far
larger than in the centre. In addition large numbers of
microtubules (fig. 2) oriented towards the pronuclei
could be vizualized [6, 10]. Because of its stiffness,
probably due to the presence of these MTs, the DYFC
could be transplanted to another egg region or egg, but
the results are not unambiguous. In egg rotation exper-
iments the DYFC does not relocate while the dorso-
ventral axis does change [6].

Selective fluorescent labelling of yolk granules revealed
considerable movement in the deep cytoplasm of the
animal hemisphere concomitant with the cortical rota-
tion [96, 138]. Both the cytoplasmic rearrangements in
the animal hemisphere initiated by the sperm and the
cortical rotation, which starts in the vegetal half, assist
through the first cell cycle in the differential distribution
of mitochondria along the dorsal-ventral axis [70, 138,
139]. The dorsal side of the egg and prospective dorsal
blastomeres become enriched in mitochondrial |-
rRNAs, mitochondrial mRNAs and mitochondrial
proteins, demonstrated by in situ hybridization [95].
These results confirm previous data, showing signs of
enhanced metabolic activity [140; 4 for review] in dor-
sally located cells in the early Xenopus embryo. This
could act in the determination of unique parts in the
embryo, such as the Nieuwkoop centre [1] and/or the
Spemann organizer [29]. Some cortical components, e.g.
Vg 1 mRNA, localized around the vegetal pole in stage
VI oocytes [2, 103, 145, 146], may be translocated closer
to the place of origin of the Nieuwkoop centre by the
cortical rotation, and interact with some other compo-
nent(s) [95, 96, 136, 138] relocalized through the deep
cytoplasmic movements in the animal hemisphere.

Pre-cleavage cytoplasmic localizations may promote
anterio-dorsal development

Different experiments strongly suggest the presence of
some dorsal cytoplasmic and/or cortical components
involved in the determination of anterior/dorsal develop-
ment in the Xenopus egg and/or embryo [4, 47].

Egg cortex transplantation experiments made Curtis
[141, 142] propose that dorsally localized cortical deter-
minants determine the dorso-ventral axis in the Xenopus
embryo. Over a period of more than fifteen years his
hypothesis prompted many interesting experiments.
However, egg rotation and centrifugation experiments
finally revealed that yolk shifts due to the slight tilting
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of the recipient egg, needed for the attachment of the
implanted piece of cortex and wound healing, rather
than the transplantation of pieces of cortex, caused axis
reversal and twin formation [12, 54, 143].

Among different kinds of analyses are antisense RNA
injections into fertilized eggs as a test for the function of
localized mMRNAs [143a] egg rotation and centrifugation
experiments [5, 6, 12, 52, 54, 66-68]; UV-irradiation of
the vegetal hemisphere [1, 12, 54, 144-151 and 4 for
review of classic literature]; manipulations of blas-
tomeres [11, 16, 19, 20, 23, 41, 43, 46, 152, 153] includ-
ing rotation of early animal blastomeres through 180
degrees which causes axis reversal, also through 180
degrees [154]; withdrawal of cytoplasm from different
places in fertilized eggs, which supports the notion that
factors indispensable for dorsal development are local-
ized in the dorsal submarginal zone [44, 45, 155]; the
vegetal-dorsal cells from the 8-cell embryo can form
dorsal axial structures at a later stage [46]; bisection or
ligation experiments before first cleavage confirm that
cytoplasmic constituents responsible or indispensable
for D-V axis specification are localized at the presump-
tive dorsal side of the egg before first cleavage [151]; all
cytoplasmic factors required for the activation of mus-
cle-specific genes are localized in the sub-equatorial
region of the uncleaved Xenopus egg, mostly at the
dorsal side [2, 151, 156].

UV-irradiation of the vegetal hemisphere of fertilized
Xenopus eggs dose-dependently reduces or abolishes
axis formation, producing embryos that lack dorsal and
anterior structures [147]. Such embryos can be rescued
by tilting the eggs over a few degrees with respect to
gravity for a few minutes [149, 150]. It was assumed
that the UV, which only penetrates superficially, de-
stroys the array of parallel MT in the fertilized eggs
[110, 120] and thus interferes with the mechanism of the
cortical rotation which governs normal development.
UV interferes for instance, with the dynamics of the
localization of the germ plasm [150a].

Gravity, inducing a slight cytoplasmic shift, could
mimic the cortical/cytoplasmic rotation [1, 6, 12, 67, 68,
119, 149, 150, 157] and rescue the embryo. However,
eggs from ovarian oocytes which were artificially ma-
tured and UV-irradiated from below during prophase I
also exhibited the dorsoanterior-deficient syndrome, but
dorso-anterior development could not be rescued by
tilting the eggs with respect to gravity. The UV-target in
the artificially matured oocyte apparently differs from
that in the fertilized egg and could be some dorsal
determinant in the vegetal hemisphere [2, 144].
Gimlich and Gerhart [41, 158] were the first to show that
UV-irradiated fertilized eggs can be rescued at the 32-
cell stage by replacing vegetal dorsal midline blastomeres
by the identical blastomeres from non-irradiated em-
bryos, while twin embryos form when the two vegetal
ventral midline blastomeres are interchanged with the
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vegetal dorsal midline blastomeres from healthy 32-cell
stage embryos. This suggests that dorsal blastomeres of
early cleavage stages contain some important dorsal axis
determinants. The authors assumed that the cortical
rotation provides blastomeres with dorsal information
to participate in embryonic axis formation [41] or to
develop an axis autonomously [158, 159]. Injection of
the cytoplasm of the identical dorsal blastomeres into the
ventral vegetal blastomeres gives the same result as trans-
plantation of entire blastomeres [136].

Furthermore animal dorsal midline cells of 16- and
32-cell stages, and maternal RNAs from 16-cell stage
dorsal midline cells when injected into ventral blas-
tomeres, induce a secondary dorsal axis and can restore
the dorsal axis in UV-irradiated embryos [160]. The
axis-inducing RNA molecules are located in the specific
dorsal midline, animal blastomeres D 1.1 and D 1.2 of
the 16-cell embryo (=fourth cleavage), whose descen-
dants form most of the dorsal lip of the blastopore and
during gastrulation the major part of the dorsal meso-
derm.

The cytoplasm around the vegetal pole of a Xenopus
egg, when injected into the ventral vegetal cells of a
16-cell recipient embryo, has the same axis-inducing
activity as that of the dorsal vegetal cells of a 16-cell
embryo [136]. It can induce a secondary axis before the
cortical rotation occurs but, throughout the second half
of the first cell cycle, its activity decreases gradually. Its
reappearance in a presumptive dorsal equatorial region
at the 2-through 16-cell stages is a prerequisite for
normal development, suggesting that the determinant(s)
responsible for this activity, predominantly located in
the vegetal cortical cytoplasm [145], shift(s) from the
vegetal pole to an equatorial region by or closely associ-
ated with the cortical rotation [161]. Such a shift does
not occur in UV-irradiated embryos; while the cyto-
plasm around the vegetal pole of the fertilized egg keeps
its dorsal axis-inducing activity, that in UV-irradiated
oocytes is inactivated [145, 161].

Vgl mRNA is synthesized in the oocyte and during
vitellogenesis progressively localized to the vegetal corti-
cal regions of Xenopus eggs and early embryos [40, 162].
Endogenous Vgl accumulates as an unprocessed pre-
cursor and only very little mature Vgl is formed. Injec-
tion of embryos with Vgl mRNA results in the
formation of high levels of Vgl precursor, but no pro-
cessed protein; it does not start mesoderm induction nor
any other developmental event [102]. However, a solu-
ble, biologically active mature Vg1, produced by expres-
sion of a hybrid activin fB-Vgl molecule in Xenopus
oocytes and injected at the 2-cell stage, can induce a
complete body axis in animal cap explants [163]. This
suggests that the active Vgl fragment mimics the meso-
derm inducing signal(s) normally released by the dorsal-
vegetal blastomeres, which ultimately form endoderm
and constitute the Nieuwkoop centre. This in its turn



Reviews

Xenopus Laevis

CMLS 53 (1997), Birkhéuser Verlag, CH-4010 Basel/Switzerland 395

ca 2%h

in space

39

P o—d an

30 min

@

N

ao

¢

%
‘ C

oL O

“0—————*

-

Figure 5. Design of rotation and microgravity experiments with Xenopus laevis eggs [12, 54]. Upper row: Under microgravity
conditions, the A/V axis will remain in an arbitrary position. In all eggs, the blastopore is expected to develop either opposite the SEP
or in a randomized position. Middle row: In normal development, the A/V axis in unfertilized eggs is in an arbitrary position with
respect to gravity, but after rotation upon fertilization it becomes vertical. About 10 h later the blastopore forms opposite the SEP in
about 70% of cases [12, 54]. Lower row: When a fertilized egg is put with its A/V axis horizontally and SEP-up, or in a centrifuge with
the SEP in the centre of the rotor, the blastopore forms at the SEP side (cf. plate 1l: J and K).

could induce dorsal mesoderm, forming the Spemann
organizer, which then governs the pattern of the embry-
onic axes [1, 164].

Deep cytoplasmic movements in the animal hemisphere
of fertilized Xenopus eggs [6, 82, 96, 138] (also seen in
the anuran Discoglossus pictus [51]) occur prior to and
at the same time as the cortical rotation (fig. 9). The
cortical rotation could direct the localized processing of
the Vgl precursor, forming the Nieuwkoop centre, and
the proteolytic activation of the Vgl could depend on a
locally activated protease or restricted release of a cleav-
age site inhibitor [163], thus forming Vgl protein at the
dorsal side. The DYFC is a highly metabolically active
region which contains many enzymes and mitochondria
[6, 10, 84]. These components could be translocated
towards the dorsal side by the deep cytoplasmic move-
ments in the animal hemisphere, activating Vgl and
subsequently the Nieuwkoop centre.

This discussion favours an essential role of Vgl as an
endogenous factor acting in the formation of the
Nieuwkoop centre and the subsequent dorso-ventral
patterning of the mesoderm in the Xenopus embryo [2,
22, 36, 40, 101, 102, 145, 161, 163]. However, more
recently, it has also been suggested that the cortical
dorsal factor behaves more like a competence modifier,
i.e. alters the response of cells to mesoderm inducers,
than as a mesoderm inducer itself [146].

Egg rotation and centrifugation perturb normal axis
formation, which suggested that gravity may play an
essential role in embryonic pattern formation

In the fertilized Xenopus egg, pigment concentrates at
the sperm entry point (SEP) and marks the egg merid-
ian which foreshadows the prospective ventral side of
the embryo in 70-80% of embryos; the blastopore
forms at the meridian about 180° away from the SEP.
This relation is thus not an absolute one, which suggests
that additional factors are involved. However, the gen-
eral body pattern of the embryo is established from
then on [6, 12, 54] and the early recognizability of the
orientation of the embryonic axes [13] enables us to
manipulate axis formation.

In experimentally rotated fertilized eggs in which the
cortex is immobilized, the superficial layer of the yolk
shifts in relation to the cortex under the influence of
gravity and centrifugal forces [5, 6, 12, 52, 54, 66]. The
prospective dorso-ventral axis then forms in a position
which is determined by the time of treatment and the
angle and direction of the rotation [12, 54, 67, 68, 165].
The dorsal side develops at the meridian which was
uppermost during the treatment [1, 4, 56, 59]. Thus, in
such experiments, the cueing action of the sperm can be
overruled by gravity or centrifugal forces (fig. 5), either
through orienting the microtubules involved in the po-
larization, or by directly moving the cytoplasm without
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involvement of microtubules [126, 157]. Our observa-
tions were made at 1g on eggs tipped over by 90° and kept
immobilized by gelatin or Ficoll. Under these conditions
only the peripheral layer of yolk rotated, the DYFC and
more internal yolk materials did not relocate [6].

In contrast to Curtis’s cortex transplantation experi-
ments [141, 142] these egg rotation experiments suggested
to us that neither the dorsal egg cortex nor the DYFC
contain particulate dorsal determinants essential for axis
formation [12, 54]. They also confirmed some classical
findings [4 for review], and again strongly suggested that
in normal development gravity is involved in the determi-
nation of the spatial structure of the amphibian embryo.
Logically, this could only be tested by making an analysis
of amphibian development under pg conditions (fig. 5).
The results of experiments performed in ug during flights
of space shuttles and sounding rockets showed that
gravity is not required for axis formation.

Fertilization and development of Xenopus laevis eggs in
real and simulated microgravity

During evolution living organisms on Earth were per-
manently subjected to gravity and developed special
structures to perceive and to cope with this constantly
acting natural force. In experiments the absence of
gravity perturbs cell functions such as cell proliferation,
adhesion, fusion and differentiation essential for nor-
mal embryonic development (for reviews, see refs 166—
168).

Very different biological systems, e.g. bacteria [169, 170],
yeast cells [170a], Paramecium [167], ovarian oocytes in
Drosophila, Artemia [171] and human lymphocytes at-
tached to microcarriers [172], cultured mammalian lung
and pancreas rudiments [172a] show an increased mitotic
rate; Sf9 cells [173] are insensitive to pg, while the mitotic
rate is reduced in free lymphocytes [167]; in A431 car-
cinoma cells [174] expression of the early genes c-fos and
c-jun, both involved in cell proliferation, is reduced by
about 50%. Thus pg interferes with different regulatory
mechanisms in mitotic signalling, to an extent depending
on the nature of the regulatory mechanism and the cells
involved. So different kinds of cancer cells are more or
less sensitive to the pg surroundings.

If microgravity shocks or longer periods of different
gravity loads are perceived and in some way transferred
in eggs or embryos, ug could perturb normal develop-
ment through for example perturbation of embryonic
axis formation, as was suggested by some classical em-
bryological experiments [6, 52, 55, 57, 58, 60; and 4 for
review]. In sounding rocket experiments providing 6—7
minutes’ pg, the loss of gravity could act as a signal in
developmental processes similar to the way that heat
shocks can at particular times in development [64, 65,
175]. On the other hand Rana pipiens embryos at the
2-cell stage launched in the space shuttle were reported
to develop normally [174a].
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To test whether indeed pg in some way interferes with
normal development of the amphibian embryo, we
made successful fertilization experiments (table 1, plate
Il and fig. 6) and found that fertilization in pg initiated
normal embryonic development.

Experimental procedures

Experiments on fertilization and early development of
Xenopus eggs and embryos in microgravity (ug) were
performed during space shuttle flights launched from
Kennedy Space Centre (Florida, USA), in Space Lab in
the BIORACK: in 1985, D, [61]; in 1992, during IML-1,
cf. fig. 6 and plate 11: B, C, G-I [27, 28]; in 1994, during
IML-2, cf. this publication, and De Maziére et al., in
prep.; or aboard sounding rockets (SR) [65a for review],
launched from ESRANGE, Kiruna (Sweden): in 1988,
TEXUS-17, cf. plate 11: A, B, figure 6 [106, 176]; in 1989,
MASER-3, cf. plate II: A, B, D, E, F1 and F2 [64, 65,
175]; in 1993, MASER-6 [63], cf. plate II, A; figures 6
and 7; table 1. In most cases an identical experiment was
simultaneously performed in a flying 1g control cen-
trifuge, and two hours later on Earth. For these experi-
ments we used only skin-marked Xenopus females [28, 61,
177], pre-selected at the Hubrecht Laboratory, Utrecht
(NL), by performing fertilization tests every three or four
months, at 0 and 24 h (stored at 10 °C) after stripping.
The eggs were also individually selected for e.g. a regular
maturation patch (i.e. equidistant from the equatorial
pigment boundary) and for a regular general pigment
pattern, before loading them into automated experiment
containers (AECs; plate Il B; fig. 7). Eight AECs
were simultaneously flown in SRs, and six in Space
Lab missions; similar numbers of AECs were activated
on Earth. Manually operated flight module-type labora-
tory modules were used for testing of the experimental
procedures.

Three to four weeks before arrival of the toads, we set
up a small amphibian facility near the launching site,
with a simple water pumping system, filtering the circu-
lating tap water and maintaining the temperature at
about 22 °C. The toads were flown in at ESRANGE
(Kiruna, Sweden) or Hangar L at Kennedy Space Centre
(KSC; Florida, USA) under very well controlled condi-
tions, packed in insulated picnic boxes partly filled with
wet foam cuttings [27, 28]. Special care was taken to
avoid shocks and sudden temperature changes. About
three weeks before launch 30 Xenopus laevis females and
40 males arrived and were immediately put separately
into the aquaria. Seven to ten days later the frogs were
well acclimatized and after hormonal stimulation under
Hubrecht Laboratory standard conditions the females
produced vital eggs.

On manned space shuttle missions one has to cope with
relatively long periods of ‘late access’ (i.e. the interval
between delivery of the experiment by the experimenter
and launch of the vehicle) and, especially at the beginning
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Figure 6. Summary of experiments with Xenopus eggs in simulated and actual microgravity. Upon sperm penetration the Xenopus egg
rotates as a unit, turning its animal/vegetal axis upright, the heavy, yolky hemisphere down, the pigmented animal hemisphere up.
Experiments on clinostates were started either after artificial fertilization on the bench, or by fertilization in the clinostate. The
experiments in actual pg (+6 min) on sounding rockets T-17, M-3, and M-6, were handed over (HO) relatively shortly (1-2 h) before
launch (L), though e.g. weather conditions or malfunctioning of one of the experiments could cause a delay (cf. M-3) or abortion of
the launch (as happened in the case of T-17, six days sequentially!). On SR M-6 an available video-recording facility was started shortly
after fertilization on Earth, 530" min before launch; fertilization in a 1g centrifuge aboard, concomitantly with fertilization in
microgravity, served as the proper control to confirm whether any developmental anomaly found was due to a real pg effect.
Experiments in actual ug on an American space shuttle have to be delivered much earlier (i.e. in IML-1 and IML-2, about 15 h
beforehand, which is expected to become still more in the future); also launch delays and abortions may occur. Fertilization in the

shuttle could be performed only about 7 h after reaching pg.

of the missions, with astronauts who are too busy.
Because of the limited viability of eggs and testes, and
to reduce times and risks of handling during experi-
ments, we designed automated hardware [61, 64, 178].
Moreover, in the various missions our experiment was
one of the last to be handed over to ESA/NASA and
one of the first that was activated in microgravity.

Fertilization in specially designed automated experiment
containers (AECs). Prior to launch, testes freshly re-
moved from hormonally activated males, and selected
eggs obtained from hormonally stimulated preselected
females, were loaded into the especially designed auto-
mated experiment containers (AECs; plate 11 B; fig. 7),
which in the case of space shuttle missions were
launched about 17 hours after stripping the eggs from
the females; fertilization occurred only about 7 hours
after launch, i.e. with a total delay of almost 24 hours,
including time needed for preparation: stripping eggs
from the females, egg selection, loading of the AECs,
delivery to ESA/NASA personnel and shuttle loading,
launching and hardware activation. To prevent these
conditions ruining the experiment [179], over the years
Xenopus females were selected which would reliably

produce sufficient numbers of eggs that survive pertur-
bations of launching and can be fertilized with high
efficiency even 24 hours after stripping and ‘storage’
under conditions of the experiment [61, 62].

The automated hardware (plate 11B; fig. 7) became a
real advantage when flight opportunities on sounding
rockets (SR) became regularly available (table 1 and fig.
6) [178]. Aboard SRs, vibration, accelerations and de-
celerations are much stronger but of shorter duration
than those during shuttle flights. Furthermore, the
much shorter period of ‘late access’ is very advanta-
geous for short (i.e. 6—7 min) biological experiments in
ng and the experimental materials can usually be re-
turned to the experimenter’s laboratory within about an
hour. A 1g centrifuge and a video facility especially
developed for the SR-MASER-6 mission functioned in
flight very well.

As well as automated experiments on SR and space
shuttle flights (table 1 and fig. 7), at different gravity
loads we fertilized eggs in manually operated flight
module-type laboratory modules, during 32 paraboles
(g-spectrum: 0-1.8g) in a parabolic flight, and found
axis formation more perturbed when the eggs were
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Figure 7. Fertilization of Xenopus eggs: various versions of the
automated experiment container. (A) AEC used on SR TEXUS-
17 and MASER-3, and space shuttle mission IML-1 [27, 28, 64];
c.f. plate Il and 7ad. for experiment details. E: egg cylinder, T:
testis cylinder, both with 100% MMR and eggs or testis; A and R:
cylinders with 10% MMR, for fertilization. (B;) AEC modified
(mAEC) for the IML-2 space shuttle mission, providing improved
circulation of fluids in the block, excellent vizualization of two
groups of embryos from different females for video-recording, in
the now laterally positioned EGG compartment (E) (with two
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sub-divisions), and the possibility of an extra wash or a post-fixa-
tion [63]. (B,) MAEC, reversed side. Plungers, programmed for
sequential activation to perform fertilization are down (T, A, R),
the three additional ones providing washing and the two histolog-
ical fixations (M, F1, F2), had not yet been activated [63]. (C)
MAEC, used on the SR MASER-6, with two lateral EGG-com-
partments, and two sets of plungers, independently programmable
for fertilization; twice as many eggs at a time could be fertilized.
However, in this module fixation could not be performed [63].
N.B. In the drawing the left EGG compartment is adapted to the
video-recording. The various inserts are interchangeable. Actual
size of the AEC with electronics mounted on top: 79.5 x 19.0 x 40
mm (without electronics: height is 33.1 mm) [63, 178]. The AEC,
used for SR experiments on TEXUS-17 and MASER-3 and the
shuttle experiment during the IML-1 mission? consists of a per-
spex cylinder block equipped with spring-activated pistons gov-
erned by a microprocessor for sequential operation, to start fluid
transfers between the different compartments of the closed system
[106, 175, 178]. Following the Hubrecht standard protocol Xeno-
pus males and females were hormonally stimulated, males were
killed for removal of the testes and eggs were ‘stripped’ from the
females. Immediately after stripping eggs from the two best out of
the (usually) four injected females were individually selected for a
regular pigment pattern with special emphasis on the
central position of the maturation spot. Within two h of stripping
the AECs were loaded with salt solutions®, histological fixative, a
testis and selected eggs; in addition, after stripping the females for
a second time after a two h interval, a second set of modules was
prepared to be activated on Earth as a control, either in a
CIS-module (in Kiruna) or in the Biorack (in Hangar L, KSC);
control eggs were also fertilized in some laboratory modules and
in dishes on the bench.

2ln SR experiments eight AECs were flown and electrically
activated in an air-tight and temperature-controlled double-walled
aluminium box. The temperature inside the experiment units was
registered by an inbuilt temperature sensor, and in both the flight
and the ground control experiment it rose by only 1 °C; during SR
experiments the temperature was 17 or 20 °C; the pressure re-
mained constant at 1 bar [106]. In the MASER-6 experiment
the Og box also contained a video recorder; as a control a second
box was flown on a 1g centrifuge. Housekeeping signals were
also registered during SR and shuttle experiments. In space
shuttle experiments six AECs were individually inserted into type
IE-Biorack containers and flown in the 22 °C incubator in the
Biorack; two out of these were mounted on the control 1 g
centrifuge, placed in the same incubator. The experiment sequence
test (EST, 1990) had shown that under the conditions of the
experiment, air circulation in incubator A (22 °C) was insufficient
to let the AECs operate at about 22 °C. Therefore, for the IML-1
mission we determined a semi-automated experiment sequence, in
which the astronauts were involved; for the IML-2 mission the
AECs were equipped with low-power electronics.

b Fifteen eggs from each of two different females and a testis
were stored apart in the AECs, in 100% MMR, equilibrated to
230 mOsmol and pH 7.8, in shuttle experiments at 10 °C; fertiliza-
tion was done at 22 °C in 10% MMR, embryo culture in 25%
MMR. The glutaraldehyde-fixed gastrulae from IML-1 were dejel-
lied after retrieval, photographed from the animal and vegetal
sides, and the images were stored in a live videodisk recording
system (LVR). Thereafter, about 50% of the embryos were,
through subsequent pigment bleaching, dehydration and clearing,
prepared for analysis by confocal laser scanning microscopy
(CLSM) as whole mounts. After CLSM, they were prepared for
subsequent analysis by classical histology, the remaining ones for
analysis by classical histology only [27, 28].
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subjected to a greater number of parabolas before fertil-
ization occurred (Mesland and Ubbels, unpublished ob-
servations).

Identical differences in gravity load, but now in low
hyper-g (1.4-3.29g), were applied in the same rhythm for
identical short durations in a specially designed cen-
trifuge, accurately adjustable to low gravity values. This
experiment was performed to find out whether any
apparent pg effect was due to the difference in gravity
load rather than to proper weightlessness. All samples
developed normally, i.e. those on the special centrifuge
as well as the 1g controls, fertilized just before and just
after the two-hour lasting experiment in the centrifuge.
Thus we assume that any developmental anomaly re-
sulting from pg experiments is indeed due to weightless-
ness proper, and not to the fact that the embryo
perceives a gravity load different from normal.

All our tests demonstrated that unfertilized Xenopus
eggs from preselected females are resistant to the pertur-
bations from SR launching, and to the less severe but
17-hours delayed shuttle launch perturbations, followed
by another delay of 7 hours in pg conditions. In no case
did these perturbations interfere with successful fertil-
ization.

In microgravity sperm penetrate and induce axis
formation in Xenopus eggs

In one of the first biological experiments on a sounding
rocket (SR-TEXUS-17; May 2, 1988), about one
minute after launching Xenopus eggs were fertilized
successfully, and histologically fixed in flight within the
period of actual microgravity, at 65, 138, 211, and 285
seconds post fertilization (p.f.) in four times two AECs
(plate Il B; fig. 7). Both SEM analysis (plate Il, F, and
F,) after a critical point drying procedure and analysis
of carefully prepared 6 pm serial histological sections
(plate 11D) showed that only one sperm per egg started
to penetrate somewhere in the pigmented animal hemi-
sphere. Thus the mechanism for monospermic fertiliza-
tion is maintained under pg conditions [64, 106, 175].
Also for the first time, eggs of a vertebrate were success-
fully fertilized in pg. This was confirmed on SR
MASER-3 in early 1989 [64, 65, 175]: within 1-3 min-
utes in flight in each of two containers sperm fused with
eggs from two different females (female 1: 57% and 72%
(64.5%), female 2, 75% and 83% (79%). Successful
sperm penetration can be substantiated by incubating
newly stripped eggs in a Hoechst solution during artifi-
cial fertilization (plate 11, F, and F,). In a pilot experi-
ment in one of the eight AECs flown on SR MASER-3,
Xenopus eggs from two different females were success-
fully fertilized in 25% MMR containing Hoechst 33258,
after being soaked in the Hoechst solution (0.1 pg/ml in
100% MMR) for nearly 6 hours (viz. during prepara-
tion, loading and the time elapsed till activation of the
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AECs in flight), and then histologically fixed. Hoechst
33258 is a rapidly penetrating DNA-specific bisbenz-
imide fluorochrome which, even after fixation in 2.5%
glutaraldehyde in 25% MMR, raised specific UV-
fluorescence [175]. After flight, UV-microscopical analy-
sis of whole mounts, and subsequent analysis of the
same eggs by SEM, confirmed that sperm-egg fusion in
microgravity led to real sperm penetration (plate 11D)
[64].

This experiment space-qualified the AEC, especially de-
signed for the IML-1 space shuttle mission for flight
under SR TEXUS-17, and SR MASER-3 conditions,
and demonstrated the feasibility of biological experi-
ments on such rockets despite strong perturbations dur-
ing launch and reentry. From then on SR have been
considered proper vehicles for short biological tests and
in-flight functional tests of newly designed flight hard-
ware for other missions [65a].

In a longer automated experiment on the American space
shuttle ‘Discovery’ (IML-1 mission, January 22-30,
1992) we confirmed sperm penetration in ug, even after
fertilization delayed for 24 hours, and found that in ug
sperm penetration continues and starts embryonic devel-
opment: in the automated modules gastrulae were fixed
at the pre-programmed (=normal) time [27, 28].

This showed unequivocally for the very first time that
grawvity is not required for axis formation! Moreover in
ug the Xenopus gastrulae developed with the same speed
as at 1g.

Normal tadpoles retrieved from space after induction of
ovulation, artificial fertilization and culture in pg

About half a year later (i.e. September 1992) these
results were confirmed [69] on the SL-J space shuttle
mission (<102 x g). Thirty hours before launch four
pre-selected female frogs, usually yielding high quality
eggs, were put in a moist foam-lined container at 18 °C
and sent into space. Eighteen hours into the mission the
astronauts induced ovulation by injecting gonadotropic
hormone and all frogs spawned at the proper time,
which showed that the receptor-mediated uptake of the
hormone under pg conditions occurs normally. The
eggs were stripped by the astronauts, fertilized artifi-
cially and grown at 21 °C, either at zero gravity or in an
onboard 1g centrifuge. Embryos were histologically
fixed at different time intervals in flight, immediately
after landing or when the 156 tadpoles that hatched in
space, metamorphosed. Swimming tadpoles were video-
registered in flight; others developed into seemingly
normal larvae, metamorphosed normally and produced
healthy Earth-born F, offspring, with an unimpaired
reproductive function. An identical experiment was suc-
cessfully performed simultaneously on Earth. Thus the
anuran amphibian, Xenopus laevis, i.e. a vertebrate spe-
cies, can ovulate in pg; the eggs can be fertilized and
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develop into normal free-swimming larvae in the seem-
ing absence of gravity. In future, in space station exper-
iments can thus be done with Xenopus eggs and embryos
stripped onboard.

A most interesting experiment would be to launch
some newly stripped Xenopus females for a stay in pg
for at least three months, to find out whether, after
induction of ovulation, stripping and artificial fertiliza-
tion by the astronauts [cf. ref. 69], normal embryos
develop in space. Ideally, some of these embryos should
be kept there for another 18 months and subsequently
spawned in the same way. If embryos continue to form
normal axes, gravity does not play any determinative
role in axis formation, either in ovarian oocytes or in
subsequent embryonic development. This is the more
interesting because a recent paper shows that off-axis
orientation of oocytes during oogenesis could perturb an
endogenous factor which normally causes provisional
axial symmetry [70].

Embryos from SR and shuttle experiments consistently
develop characteristic anomalies, but recover during
gastrulation

In SL-J embryos at the 2-cell stage fixed in pg, the first
meridian cleavage furrow was in the normal position
but the mitotic asters in the two blastomeres were in
a more equatorial position, thus shifted towards a
more vegetal latitude [69] as previously decribed for
embryos which developed during clinostate rotation [67,
68, 165, 180]. If the more vegetal position of the two
nuclei remained so through the third cleavage, the
(horizontal) third cleavage plane would indeed form
at a more vegetal latitude [69], enlarging the size of
the animal blastomeres. This could explain why in pg,
gastrulae developed with blastopores at a slightly
more vegetal latitude, and thicker blastocoel roofs oc-
curred in pg blastulae and early gastrulae retrieved from
the IML-1 [27, 28] and SL-J shuttle missions: 4 cell
layers in pug, compared to 2—3 layers in 1g [69]. Unfortu-
nately for technical reasons both groups (Ubbels et
al. [27, 28] and Black (pers. comm.)) failed to fix em-
bryos at third cleavage in actual pg, but larger animal
blastomeres formed in clinostate experiments (cf. this
study and refs 67, 68, 165, 180). Alternatively, in pg
thicker blastocoel roofs could originate from a reduced
radial interdigitation or intercalation of cells, processes
which in 1g conditions drive the epibolic extension of the
surface layer of the blastula [25, 26, 132]. This, however,
is not logical since in the SL-J experiment the blasto-
pores were slightly shifted to the vegetal pole. In all
cases 1g control embryos developed normal blastocoel
roofs. Similar to embryos in clinostate experiments
[67, 68], the SL-J embryos recovered during gastrulation
and developed normally, although they remained in

ug.
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A microgravity shock during fertilization and initiation
of development perturbs formation of the blastocoel, but
does not interfere with axis formation

In a pilot experiment during the SR MASER-3 mission,
embryos fertilized in pg, but not histologically fixed
survived reentry: they developed into seemingly normal
gastrulae though, depending on the egg samples, they
either died during neurulation or developed an abnormal
axis (e.g. splitting or duplication of the notochord),
probably due to abnormal gastrulation [64, 65, 175]. This
was taken to suggest that a ug shock could interfere with
axis formation.

During the SR MASER-6 flight the proper control, viz.
a 1g centrifuge, could be operated on the rocket for the
first time. In this experiment fertilizations were per-
formed simultaneously in ug and in 1g conditions
(rates: >80%), so that flight perturbations apart from
the varying g-loads were identical for all egg samples.
After retrieval the eggs were carefully grown on Earth
and fixed at different times; 1g controls were also ob-
tained by activating a similar set of modified AECs
(m AECs) (fig. 7, B, C) on Earth. The larvae from all
egg samples developed normal axes [63]. Thus, axis
formation and subsequent development are normal,
when automated fertilization and initiation of develop-
ment take place in the relatively short period of actual
ug during a SR-flight. We assume that the perturbed
axis formation on SR MASER-3 [64, 65, 175] was due
to using the different launcher or resulted from inherent
properties of the egg samples, produced by different
females.

The cortical contraction [6, 104], one of the earliest
fertilization phenomena, was analysed by video-record-
ing of newly fertilized eggs in flight and on Earth during
the SR MASER-6 flight. After fertilization at 5 min 30
sec before launch, the contraction started in flight at 585
sec + 10 sec (average +SD for 3 eggs), on Earth at 679
sec £+ 19 sec p.f. (average +SD for 5 eggs). Thus in this
experiment the cortical contraction initiated about 90 sec
earlier in microgravity than on Earth, suggesting an
acceleration of processes concerned with the contraction
which had already started on Earth. In both groups
sperm and eggs fused on Earth, and the contraction
started only a few minutes thereafter. It is unlikely that
the time differences found are due to differences in the
speed of sperm-egg fusion. However, the flying container
had been submitted to launch accelerations during sperm
penetration for less than a minute, and we do not know
whether such short perturbations are perceived by sperm
and egg.

On Earth the entire process of contraction and relaxation
takes about 12 minutes. In future this experiment should
therefore be repeated and extended so that a larger
number of eggs can be recorded simultaneously, prefer-
ably in a longer flight (e.g. on MAXUS, which provides
about 15 minutes of pg), so that video-recording can
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be started in pug immediately after fertilization, also
in pg.

In histological sections taken parallel (to and) through
the A/V axis in the animal pole region of blastulae
grown on Earth after fertilization in ug on SR MASER-
6, the A/V axis tended to pass more cells than in similar
sections of 1g blastulae from eggs simultaneously fertil-
ized in the flying 1g centrifuge, though not in a signifi-
cant

number. Although these blastulae were fixed at a rela-
tively early stage, this could suggest that thicker blasto-
coel roofs develop when the embryo experiences only 6
minutes of pg during fertilization and initiation of de-
velopment.

An additional aspect of blastocoel formation after fer-
tilization in pg on SR MASER-6 was that the floor of
the blastocoel formed significantly closer to the vegetal
pole than in embryos from eggs simultaneously fertil-
ized in the onboard 1g centrifuge [63]. The mean ratios
of the distance between the blastocoel floor and the
vegetal pole, to the total height of the blastula, were
(£SD): 0.463 4+ 0.013 (n=4) and 0.513 +0.012 (n =4)
(0.02 < P < 0.05), for embryos after fertilization in pg
or 1g respectively.

These morphological aberrations were consistently
found but, as in the SL-J shuttle experiment [69], did
not perturb subsequent development. Gastrulae grown
on Earth from eggs fertilized in pg, and simultaneously
in the flying 1g centrifuge or on Earth, were analyzed by
in situ hybridization; the Xbra gene was expressed in the
early gastrula (stage 10-103) at normal place and time.
Normal stage 22 and stage 41 larvae were obtained in
all cases.

In pg Xenopus eggs perform normal numbers of
synchronous egg cleavages

In Xenopus eggs the first ten cleavages are synchronous,
and the newly fertilized Xenopus egg thus seemed an
appropriate system to study the influence of ug on the
duration of the cell cycle in a vertebrate. In an experi-
ment performed during the IML-2 space shuttle mission
(July 8-23, 1994; table 1, fig. 6) in pg and at 1g,
Xenopus eggs were fertilized and fixed in m-AECs after
fertilization and development for 200 min at 22 °C, i.e.
at 1g about the time of the eighth cleavage. A hardware
failure meant we harvested only a small number of
blastulae.

These Xenopus embryos were prepared as whole mounts
[181], stained with a specific fluorescent DNA stain,
TO-PRO-3, a cyanine dye [182]. In both experimental
groups the number of blastomeres at 200 min p.f. (i.e.
under the experimental conditions applied, the time of
the eighth cleavage at 1g) was determined by counting
nuclei in optical serial sections, recorded by CLSM,
every 15 um. The total number of nuclei was not
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Figure 8. Blastocoel volumes. CLSM-pictures of Xenopus laevis
blastulae: automated fertilization and fixation, during the IML-2
space shuttle mission. (A) in pg, and (B) at 1g. The volumes of the
blastocoels were determined using CLSM software, by measure-
ment and summation of surface areas occupied by the blastocoel
in 15 pum thick serial optical sections. The blastocoel is signifi-
cantly (P <0.05) smaller in the pg embryos than in the 1g
embryos (mean + SEM) 22 + 6 nl (n=7), versus 36 + 4 nl (n =9).

significantly different in pg and 1g embryos: (mean
+SD) 333 +28 (n = 6) and 346 + 18 (n = 6), respectively
(Wilcoxon 2-sample test) [De Maziére et al., in prep.].
Thus the division tempo of these Xenopus blastulae
during the early cleavages in actual pg was similar to
that at 1g.

Xenopus embryos develop smaller blastocoels in actual
and simulated pg

Several fixed gastrulae from the automated IML-1 shut-
tle experiment had irregular and severely reduced blas-
tocoels, and in some embryos the blastocoel was even
absent [27, 28]. In about half of the ug embryos from
the IML-2 mission the blastocoel again had an irregular
shape and was significantly smaller than in the 1g
control sample (fig. 8).

Using CLSM software the blastocoel volumes were
determined by measurement and summation of the sur-
face areas occupied by the blastocoel in serial CLSM
optical sections in:
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Table 2. Blastocoel volume (nl).

Reviews

Embryos 1) Iml-2 mission
2) Clinostate experiments
Experiment 1g control in actual/or simulated pg
(mean + SEM) (mean + SEM)
1) IML-2 (36+4)nl (n=9) (22+6) nl (n=7)
24 h delay

2) a. Newly laid
(0.01 < p <0.02).

2) b. 24h delay
p=0.01

(33.342.2) nl (n=12)

(32 +3) nl (n=5)

(24.8 +2.4) nl (n=11)

(7.0+3) nl (n=5)

1) embryos retrieved from the IML-2 mission;

2) embryos from newly stripped eggs and eggs from the
same Xenopus females but after 24 hours, storage at
10 °C, in both cases fertilized, and grown in a fast-rotat-
ing (60 rpm) clinostate (table 2 and fig. 8), and fixed at
the eighth cleavage.

The volume (in nl) of the blastocoels in Xenopus blastu-
lae retrieved from the IML-2 space shuttle mission was
significantly smaller than those in the 1g control:
(mean + SEM) 22 +6 (n=7) versus 36 +4 (n=29). All
embryos were from the same egg sample and fertilized
with a 24 hour delay; [table 2, De Maziére et al., in
prep.].

The volume of the blastocoel in blastulae from newly
stripped eggs fertilized in the fast rotating (60 rpm)
clinostate tubes was significantly smaller than those
fertilized in the non-rotating tubes at 1g, though the
difference between the two groups was less than in
embryos from eggs stored for 24 hours (table 2). There
is thus a small but significant effect of simulated pg on
blastocoel formation, even in newly fertilized eggs. De-
layed fertilization did apparently enhance the sensitivity
of the embryos to the pg conditions.

There was no difference in the total volume of embryos
from the sample after either fresh or delayed fertiliza-
tion. The reduction in size of the blastocoel in the
IML-2 embryos retrieved from microgravity is mainly
due to the 24 hour delayed fertilization on the shuttle.
In gastrulae fixed inflight during the SL-J experiment
there was no significant difference in the volume of the
blastocoel between the pug and 1g embryos (S. D. Black,
personal communication).

Table 3. Clinostate experiments.

Experiment 1g control In simulated pg
(mean + SEM) (mean + SEM)
1) Thickness 152 +6 um (n=6) 204 4+ 20 pm (n=11)
2) Nuclei (n) 46 + 6 (n=6) 48 + 4 (n=11)
Top segment
3) Nuclei (n) 340+35 (n=6) 320+20 (n=11)

Whole embryo

(1) Thickness of blastocoel roof (in pum).
(2) Number of nuclei in top segment of blastocoel roof.
(3) Number of nuclei in the whole embryo.

The results of experiments in actual pg are in good
agreement with those in the fast rotating clinostat (table
2). Because of the limited numbers of IML-2 embryos,
we performed additional experiments with eggs from
different egg samples, in the fast-rotating clinostate
(table 3) and measured the thickness of the blastocoel
roof in blastulae fixed at the eighth cleavage. As in
embryos grown from eggs fertilized during the SR
MASER-6, IML-1 and SL-J missions, and compared to
the Earth-based controls, the roof was thicker (cf. table
3: 1), but since the number of nuclei was similar in an
identically sized top segment (table 3, 2), as well as in
the whole control embryo (table 3: 3), in the roof of the
blastocoels the cells were indeed probably bigger [69]
than in the static tubes and the earth controls, due to a
vegetal shift of the third cleavage plane (cf. De Maziére
et al., in prep.), after fertilization and development in
simulated [67, 68, 180] or actual [69] microgravity.

In normal development the blastocoel forms progres-
sively by fusion of intercellular spaces in between the
increasing number of blastomeres [25, 26]. The osmolar-
ity of the blastocoel fluid is 220 mOsm and water
accumulates in the blastocoel, probably due to an os-
motic effect. The tight junctions between the surface cells
and ion impermeability of the original egg membrane
may prevent loss of ions to the outer medium, while the
inner membranes are actively pumping ions. This could
direct water movements through the semipermeable
outer surface of the embryo [4]. New membrane forma-
tion along with the cleavage divisions will accelerate ion
pumping [183]. The size of the blastocoel may thus be
controlled by water exchange [4], and ug conditions in
their turn could perturb these processes.

Blastocoel formation is perturbed after fertilization in
simulated [this study; 67, 68] or actual [27, 28, 6365,
69] png, but from about stage 9 onwards the embryo
recovers and develops normally [63, 67—-69]. The abnor-
mal blastocoel formation in simulated or actual pug does
not apparently interfere with mesoderm induction, nor
does pricking of the roof of the blastocoel and the
subsequent reduction of its volume.

Four animal blastomeres isolated at the eight-cell stage
can differentiate into dorsal mesodermal derivatives:
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A Cortical rotation and yolk asymmetry

< 60 p.o.
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90 p.o. 135 po
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p.o. post oviposition 10’

Figure 9. Deep cytoplasmic movements in the animal hemisphere and the cortical rotation symmetrize the Xenopus egg before first
cleavage. (A) (modified after fig. 13 in ref. 6). The progressively expanding spermaster causes shifts of animal cytoplasmic materials,
while the haploid female pronucleus, occasionally observed developing a tiny aster, moves centrally after extrusion of the second polar
body. The pronuclei then lie together in the centre about NT 0.45, but progressively shift slightly dorsally, together with the central
cytoplasm; meanwhile a cortical array of parallel microtubules drives the rotation of the cortical cytoplasm around the more internal
yolk mass. Thus, in contrast our interpretation of the observations described in ref. [6], yolk shifts in the vegetal half are governed by
a cortical rotation (NT 0.47—-NT 0.82), and not by an asymmetrical cortical contraction. (B) In the egg of Discoglossus pictus the sperm
always enters very near to the animal pole, and in the same developmental NT as in the Xenopus egg, initiates symmetrization in the
pre-cleavage period, by cortical rotation [51]. Further analysis could reveal involvement of deep cytoplasmic movements (A).

developmental determinants distributed in distinct gra-
dients during early cleavages, together with factors pre-
localized in the marginal zone, could determine
mesoderm formation by spatial and temporal activation
of certain genes [152]. The suggestion that the develop-
mental potential of such isolated animal quartets is
gravity-dependent and results in gravity-dependent dif-
ferential morphogenesis and gene regulation [180] is in
conflict with the observation that embryos develop nor-
mally in microgravity [27, 28, 63, 69].

Concluding remarks

Provisional axial symmetry of full-grown Xenopus
oocytes is broken during maturation

In our 1983 publication [6, p. 33] we wrote: *... the
presence of the sperm and a microtubule array is essen-
tial for normal cytoplasmic segregation: obviously struc-
turing of the cytoskeleton under influence of the sperm
(most probably of its centriole), is essential for the
establishment of the dorso-ventral axis and for normal
development of the embryo upon egg activation’.
Around NT 0.6, eggs are most sensitive to hydrostatic
pressure or cold (treatments by which microtubules are
broken down), and become radialized when high doses

are applied [1, 150]. At NT 0.6, the spermaster is
maximally developed and we assumed that this is the
reason that such treatments interfere with normal devel-
opment, considering the spermaster to be the probable
target of such perturbations [6]. However soon after
this, J.-P. Vincent, repeating and extending Ancel and
Vintemberger’s impressive experiments, demonstrated
that at about NT 0.6, during grey crescent formation,
the external layer of the yolk moves with respect to the
vegetal cortex when the latter is immobilized [120]. As
in Rana fusca [52] and Discoglossus pictus [51], in nor-
mal development the entire egg cortex rotates relative to
the subcortical cytoplasm by around 30 degrees about a
horizontal axis, in a direction away from the SEP and
gravity (fig. 9), in a plane coinciding with the future
dorso-ventral plane of the embryo, and in some way
cued by the sperm [1, 110, 119-121, 123, 126]. Thus in
Xenopus too the grey crescent forms by rotation of the
vegetal cortex and not by contraction [6, 13] of the
pigment cap. The superficially located, vegetal array of
parallel microtubules [110, 119-121] drives the cortical
rotation and it is readily broken down by UV-irradia-
tion from below [1, 150].

The grey crescent only actually forms opposite the SEP
in about 70-80% of cases [12, 54, cf. table 2 in ref. 6],
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suggesting the involvement of (an) additional factor(s).
Upon prick- or electrical activation and subsequent
enucleation by UV, the egg does form a grey crescent at
the proper time but its location is now unpredictable.
The vegetal cortical array of microtubules also forms,
and as demonstrated in the Gerhart et al. experiment
[49, 50], after introduction of a diploid nucleus from a
blastula the neural groove forms at the meridian pre-
dicted by the yolk rotation, fig. 4 and [49, 50]. Thus
neither egg nor sperm nucleus is uniquely required for
the symmetrization of the mature egg.

In another anuran species Discoglossus pictus (fig. 9), as
in Xenopus laevis, the fertilizing sperm initiates a cyto-
plasmic segregation and cortical rotation, and sym-
metrizes the fertilized egg in the identical relative devel-
opmental time span. However, in contrast to Xenopus,
in the egg of Discoglossus the sperm always enters very
close to the animal pole [51] and it is not likely that the
asymmetry of the cortical rotation is due to the sperm
penetration.

Gravity is not required for symmetrization

After fertilization of Xenopus eggs under microgravity
conditions axis formation is normal [27, 28 and plate I1]
and normal tadpoles develop in the near-weightless
conditions [69]. The cortical rotation is not driven by
gravity, as suggested by [52], and the cytoplasmic rear-
rangements required for normal development do not
need the gravity vector. Although blastocoel formation
is perturbed under pg conditions [27, 28, 63; this re-
view], from about stage 9 onwards the embryos recover
and develop normally [69]. Thus microgravity does not
interfere with mesoderm induction.

We suggest that the axial symmetry of the mature
unfertilized anuran egg is provisional, and that asym-
metry originates shortly after germinal vesicle break-
down when the nuclear content mixes with the materials
of the CC and part of the Balbiani body, possibly
including the oocyte’s centrosome. Unequal distribution
of these components among the yolk and formation of
cytoplasmic localization(s) may cause provisional cyto-
plasmic asymmetry [95, 136, 139].

Afterword

In 1949 Pieter Nieuwkoop initiated the production of a
Normal Table of the development of the South African
toad, Xenopus laevis. In South Africa Job Faber col-
lected the toads which became the nucleus from which
the present Xenopus colony in the Hubrecht Laboratory
is descended. Over the years many animals were sent to
many different laboratories in different countries. The
Normal table project was performed in collaboration
with the staff of the Hubrecht Laboratory, university
students and young scientists from abroad who tempo-
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rarily worked as guests at the Hubrecht Laboratory.
The first edition of the ‘Normal Table of Xenopus laevis
(Daudin)’ by Pieter D. Nieuwkoop and Job Faber ap-
peared in 1956, a second edition in 1967 with a first
reprint in 1975. The recent reprint (Garland Publ., Inc.
New York and London, 1994) of the Xenopus laevis
Normal Table in its original form most clearly demon-
strates current interest in Xenopus development and the
need for this basic information.

When initiating the Normal Table project Nieuwkoop
and Faber wrote in the ‘General Introduction’: ‘. . . the
development of Xenopus laevis is quite interesting from
a descriptive and comparative as well as from an exper-
imental embryological point of view. Preliminary exper-
iments demonstrated that the egg of Xenopus laevis,
notwithstanding its very rapid development, is quite
suitable for experimental work. Since the number of
anuran species for which this is true is very restricted, a
good basic knowledge of the normal development of this
species seems to open new pespectives for experimental
analysis in this group of vertebrates’. These days devel-
opmental biologists benefit much from the authors’
foresight regarding the experimental possibilities offered
by this species. Among them is the present author, who
takes this opportunity to express her gratitude to both of
the authors, most grateful for their continuous support
and interest, being privileged to have worked with them
in the Hubrecht Laboratory for many years!
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