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SUMMARY

Although in most species the polarity of the embryo takes embryonic polarity might also originate early during
its roots from the spatial patterning of the egg, mammals development of mammalian embryos. Indeed it now
were viewed as an exception. This was because theappears that there are at least two spatial cues that operate

anteroposterior polarity of the mouse embryo could not be
seen until gastrulation, and no developmental cues were
known that could define polarity at earlier stages. Why
should we now re-consider this view? While mechanisms
of axis formation in mammals could, in principle, be
unigue, the evolutionary conservation of numerous other
developmental
mammals would have evolved a different way or timing of
organising their embryonic polarity. Indeed, recent
evidence shows that well before the onset of gastrulation,
the mouse embryo initiates asymmetric patterns of gene
expression in its visceral endoderm. Although this extra-
embryonic tissue does not contribute to the body itself, it is
involved in axis formation. Other recent work has revealed
that spatial distribution of cells in the visceral endoderm
can be traced back to polarity present at the blastocyst
stage. These insights have raised the possibility that

in the mouse egg to shape polarity of the blastocyst. One of
these is at the animal pole, which is defined by the site of
female meiosis, and another is associated with the position
of sperm entry. In this review | discuss these recent

findings, which have led to the recognition that mouse

embryos initiate development of their polarity at the

processes raises the question of why earliest stages of their life. This novel perspective raises

questions about the nature of cellular and molecular
mechanisms that could convert developmental cues in the
zygote to axes of the blastocyst, and hence into polarity of
the post-implantation embryo. It also brings to light the
need to understand how such mechanisms could enable
early mouse development to be so regulative.
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INTRODUCTION mammalian embryos develop their polarity in this unique way
and does current knowledge justify retaining this view? First,
The genesis of polarity* in the early embryo is crucial tothe body axes in the mouse only become morphologically
development because it determines the body plan of the whadgparent several days after implantation. Specifically, it is only
animal. Although in many species the polarity of the embryavhen gastrulation is imminent that the anteroposterior axis can
takes its roots from the spatial patterning of the egg, for a lonlge identified unequivocally. At this stage, the mouse embryo is
time we have thought of mammals as an exception to th&pproaching the end of its first week of life — one third of its
model (for a review, see Gurdon, 1992). It was generallgntire gestation — a significantly later stage than when the
believed that the mammalian body was not shaped accordimges emerge in other animals. However, as it now appears,
to developmental cues laid out within the egg or early embry@symmetric gene expression patterns predicting the
Rather, the cells within an early embryo were considered to kanteroposterior axis arise before the morphological changes
entirely naive and to decide their fate through interactionare evident. Moreover we do not yet know whether these
between each other. Moreover, embryonic polarity wagxpression patterns represent the earliest molecular
assumed to be established only at or shortly before gastrulatiamsymmetries (for reviews, see Beddington and Robertson,
possibly due to interactions between the embryo and the uteri899; Lu et al., 2001). Second, in organisms as diverse as
of the mother upon implantation (for a review, see Beddingto. elegans(for reviews, see Bowerman and Shelton, 1999;
and Robertson, 1998). So what encouraged the idea th@blden, 2000; Gotta and Ahringer, 2001Rrosophila
(Riechmann and Ephrussi, 2001), ascidians (Roegiers et al.,
*Here, polarity refers to characteristic differences between opposing points on the embr999; Jeffery, 2001)XenopugKing et al., 1999) or zebrafish
or body, for example, on the anteroposterior axis. (Solnica-Krezel, 1999), the establishment of polarity and cell
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fate is achieved by the programmed distribution ofearly in the development also of mammalian embryos? To
morphogenetic determinants; no such factors have yet beaddress this question | will review what we currently know
identified in mammalian embryos. Although there are reportabout when and how patterning develops in the mouse embryo
of asymmetrically distributed proteins that appear to béy tracing the chain of events from gastrulation back to early
inherited by specific lineages during cleavage in someevelopmental processes. | will first concentrate on describing
mammalian eggs (Dalcq, 1957; Antczak and Van Blerkomwhat we have recently learned about the links between
1997), we still cannot judge whether these have any role iembryonic polarity after implantation and polarity of the
deciding cell fate. But the third and principal reason forblastocyst before it implants. Next, | will examine links
considering mammalian embryos to be unique is the extensivEtween patterning of the blastocyst, and the earliest stages of
developmental plasticity they display, particularly at pre-the embryo’s life, fertilisation and cleavage. In doing so | wish
implantation stages. Thus, they are able to recover fromo ask whether the axes of the mouse embryo can be traced
experimental perturbation that would disrupt early patternindpack as far as the egg itself. Finally, | will discuss what we still
in other organisms. If, for example, cells of early mouséave to learn in order to account for these events at the cellular
embryos are removed or re-positioned, further developmeind molecular levels, and how this may help us to reconcile an
can still occur (for reviews, see McLaren, 1976; Papaioannogarly onset of patterning in mouse embryos with their
and Ebert, 1986). Because such regulative ability and earhggulative ability. My hope for this review is to provide a
patterning were generally considered mutually exclusiveontemporary view on the origins of mouse polarity that
properties, it was concluded that polarity was imposed upoaccommodates both the recent insights and the classical
the embryo, rather than being intrinsic to it. observations.

But why should developmental plasticity of an embryo argue . ) )
conclusively against a role for early patterning? In most, if noPoes polarity developed before implantation
all, organisms, early patterning and regulative ability seernticipate future body pattern?
actually to peacefully co-exist. In C. elegans, for example, theewis Wolpert captivated our attention with the concept that
polarity of which was initially considered to be entirely ‘It is not birth, marriage, or death, but gastrulation, which is
dependent on early patterning (a so-called ‘mosaic’ embryojtuly the most important time in our life’ (Slack, 1983).
it is now known that some regulative capacity allows cells td®erhaps gastrulation was endowed with such importance
shape their fate in response to extrinsic information (for &ecause it implements the body plan, and it is so well
review, see Labouesse and Mango, 1999). Conversely otheonserved in evolution. However, as will be assessed in this
organisms, such as sea urchins, which have substanti@view, the general strategy whereby the body layout is first
regulative capacity, appear to have their patterning establishédafted also now appears to have been strongly conserved. The
at early stages (Horstadius, 1973; Cameron et al., 198&ajor body axis of the mammalian embryo is not initiated, as
Davidson, 1989; McCain and McClay, 1994; Angerer andwvas previously thought, at the onset of gastrulation, but can be
Angerer, 1999). Even the frog embryo, which was onceecognised well before this process begins (for a review, see
regarded as an archetype of regulative development, has bdan et al., 2001). This leads to questions of when the
revealed to be under maternal influence in specifying cell famammalian embryo first becomes asymmetric and of the
(for a review, see Sullivan et al., 1999). Similarly, spatialnature of cues that trigger this process. If the mouse embryo,
patterning and regulation both play their part in establishingvithin the first days of its life, develops patterning that
polarity in chick embryos (for a review, see Bachvarova, 1999anticipates its future body plan, should we consider this to be
Such interplay between early patterning and regulation couldf equal significance to gastrulation or marriage, then if not at
specify embryonic polarity in a way that is less determinativéeast to engagement?
and endows the embryo with developmental flexibility. o ) . .

There is some risk that emphasising the regulative capacifyefining polarity before and after implantation
of mammalian embryos might have inadvertently delayedefore implantation in the uterus, the mouse embryo has
understanding of whether development of their polarityalready developed unequivocal polarity along two intersecting
involves any early (pre-implantation) patterning. When we novaxes of the blastocyst (Fig. 1). The embryonic-abembryonic
re-consider the experimental manipulations of mouse embry@xis becomes clearly evident with the formation of the
reported from the 1960s to the 1980s, we find that they weltdastocyst cavity, the blastocoel. This axis is clearly polarised
carried out without regard to the polarity of the egg or earlwith the ICM situated towards one pole, occupying the
embryo. Those early studies on cell fate and potency focusseembryonic region, and the blastocyst cavity towards the other,
instead, on the analysis of cellular differentiation, specificallyoccupying the abembryonic region. Despite its conventional
into the two embryonic lineages: inner cell mass (ICM) andiepiction as a spherical structure that is radially symmetrical
trophectoderm (e.g. Tarkowski and Wroblewska, 1967; Kellyaround its embryonic-abembryonic axis, the mammalian
1977; Rossant, 1976; Balakier and Pedersen, 1982; Pederdsastocyst has been observed to be bilaterally symmetrical
et al., 1986; Fleming, 1987). Consequently, although they welgluber, 1915; Gardner, 1997). Its plane of bilateral symmetry
invaluable in demonstrating that cells could contribute to botlis evident when the early blastocyst is seen from its embryonic
early lineages, they were not designed to address issues relatpaje, from which the embryo as a whole is oval rather than
to embryo form and pattern. This is because the landmarks foircular in shape. A second axis can be identified within this
early embryo polarity were not recognised at that time, eveplane of bilateral symmetry of the mouse blastocyst because it
though the possibility of orderly allocation during cleavageis often marked at one end by a polar body, a landmark that
could not be totally dismissed (Graham, 1971). reveals the link between polarity of the zygote and the

Could it therefore be that embryonic polarity originates venblastocyst (Gardner, 1997; Ciemerych et al., 2000). Thus, the
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Fig. 1. Pre-implantation development of the mouse embryo from the zygote to the blastocyst stage. (A) Fertilised egg with visible female (pink
star) and male (blue star) pronuclei and polar body marking the animal pole (red asterisk). (B) Two-cell stage embryo. (C) Eight-cell stage
embryo. (D) Early blastocyst showing its animal-vegetal (yellow) and embryonic-abembryonic (blue) axes. (E-G) Expandiysf bkestoc

from three different perspectives to show its bilateral symmetry. (E) View from the side, focused on plane of bilateral symmetry to show the
long axis (yellow) of the ICM. (F) View from the animal pole to show the short axis (green) of the ICM. (G) View from the embryonic pole to
show both long and short axes of the ICM. Scale bapn25

blastocyst is slightly flattened, giving it a shape that liesVhen the mouse embryo implants, it changes its form and size
somewhere between that of an American football and eather dramatically. Proliferating polar trophectoderm yields
European one, with its longer dimension being a polarised axtee extra-embryonic ectoderm that seems to ‘push’ the
of bilateral symmetry (Fig. 1E-G). However, before | discusgroliferating ICM complex into the blastocyst cavity (Copp,
further how blastocyst polarity relates to preceding events thd979). This inward growth, which is characteristic of rodent
establish asymmetry of the zygote, | would like to follow whatembryos, transforms the embryo into an elongated cylindrical

happens to blastocyst polarity as the embryo implants. structure (so called, egg cylinder). Thus formed, the egg
o ] ) cylinder has a proximodistal axis about which the embryo is
Implantation, its symmetries and asymmetries regarded to be largely radially symmetrical until just before

Implantation remains something of an enigma: it cannot bgastrulation, when its anteroposterior orientation emerges
observed in vivo or mimicked in vitro. Consequently, our view(Huber, 1915). So what is the consequence of the bilateral
of it must still be supported by the power of our imaginationsymmetry that has been observed before implantation?
in order to provide continuity to a number of static pictures. In addition to the bilateral symmetry of the early mouse
Implantation not only establishes direct interaction of theblastocyst, the later implanting blastocyst also has been shown
embryo with the tissues of the mother that are crucial foto be bilaterally symmetrical with apparent polarity that is
development, but also provides the first chance for the uterirtetectable at successive stages of intrauterine development
environment to influence embryo polarity. Are the asymmetrie§Smith, 1980; Smith, 1985). Histological analysis of
that become obvious after implantation imposed on an embryimplanting mouse embryos led Smith to conclude that subtle
by this process or are they present earlier, defined within tresymmetries in the blastocyst might be responsible for
polarity of the embryo before it touches the uterusaubsequent asymmetries observed in the whole implantation
Alternatively, do these two influences interact to pattern thsite. First, the ICM and polar trophectoderm complex was seen
later embryo? to be slightly tilted with respect to the embryonic-abembryonic
Just before it implants, the blastocyst is composed of thresxis of the implanting blastocyst (Fig. 3). Second, it appeared
different tissues: two of them are referred to as ‘extrathat the blastocyst does not initiate implantation symmetrically,
embryonic’ (trophectoderm and primitive endoderm), becausbkut attaches through the mural trophectoderm at one side of
they do not contribute any descendants to the future body; atite embryonic-abembryonic axis. Third, in more advanced
the third one is termed ‘embryonic’ (the core cells of the ICM)embryos, Smith observed asymmetric orientation (tilt) of the
(Fig. 2A-C). There are two distinct types of trophectoderm: thérophectoderm-derived ectoplacental cone. Finally, there was
mural trophectoderm, which surrounds the blastocyst cavityifferential growth of the uterine tissue in response to
and the polar trophectoderm, which covers the entire ICMimplantation followed by an alignment of the anteroposterior
Primitive endoderm differentiates on the surface of the ICMaxis of the embryo in the transverse plane of the uterine horn.
and is destined to contribute to parietal and visceral endodermhese observations led Smith to argue that the tilt of the
Finally, the remaining core cells of the ICM will develop into ectoplacental cone and the subsequent orientation and polarity
the epiblast, the progenitor tissue for the whole future bodyf the prospective anterposterior axis are determined by
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polarity of the anteroposterior axis. Rather, they found that the
direction of tilt of the ectoplacental cone/egg cylinder interface

was associated as often with the anterior as it was with the
posterior of the definitive embryo.

At present, it is still impossible to reach a firm conclusion
about the significance of the various asymmetries observed
during implantation, because it is not clear exactly how they
relate to each other. For example, we do not know whether the
post-implantation tilt described by Smith (Smith, 1985) and
studied by Gardner et al. (Gardner et al., 1992) bears any
relationship to the tilt of the ICM surface in embryos that are
a few days younger. It also remains unknown whether the
asymmetry of the implanting blastocyst bears any relationship
to either the axis of bilateral symmetry (animal-vegetal axis)
of the pre-implantation blastocyst or indeed to any later axis.
Accordingly, these various asymmetries at different peri-
implantation stages highlight the need for experiments that
might link them to the polarity of the embryo before and after
implantation.

100e
Following cell fate shows that polarity of the pre-
: 7 809 implantation blastocyst prefigures polarity of the post-
- > » implantation egg cylinder
Insight into whether asymmetries present in the pre-
> implantation blastocyst predict any aspect of polarity of the

..’CM/ep;'b!’asr
.Po!ar trophectoder m/extra-embryonic ectoderm
Primitive endodermivisceral endoderm

Distribution of GFP-labelled VE cells in the Egg Cylinder

post-implantation embryo was gained only recently through
lineage tracing studies (Weber et al., 1999). These required
development of an approach for marking individual early
embryonic cells in an enduring way, so that their progeny could
be followed beyond implantation, when dramatic growth of the
Prestreak stage Early streak stage D embryo begins (Zernicka-Goetz et al., 1997; Zernicka-Goetz,

Percent Extra-embryonic

Fig. 2. Relationship between lineages of the pre-implantation
blastocyst and post-implantation egg cylinder with summary showin
asymmetric distribution of visceral endoderm cells at E5.5 and E6.5
(A-C) Core of the ICM in the blastocyst (A, blue) contributes to the
epiblast of the egg cylinder at E5.5 (B) and E6.5 (C). Primitive
endoderm in the blastocyst (A, yellow) contributes to parietal
endoderm (not shown) and visceral endoderm of the egg cylinder
(B,C). Polar trophectoderm (A, green) develops into extra-embryoni
ectoderm of the egg cylinder (B,C). Colour has been added to DIC
images of embryos to indicate lineage relationships between cells.
(D) Schematic representation (box-whisker plots) of findings of
Weber et al. (Weber et al., 1999) tracing the fate of ICM cells near
the polar body (as indicated by the green star) (N/PB, blue) and aw:
from it (A/PB, red) during development from blastocyst to egg
cylinder stages. Bar indicates median; the lower and upper limit of
the boxes and their whiskers illustrate 25%, 75% and entire range o Ab A Ab B
distributions, respectively. N/PB descendants in visceral endoderm

tend to be distributed more distally (eémbryonic), and A/PB Fig. 3. Schematic model based on Smith’s observations and

despendants are djstributed more proximally (extrg—embryonic). Thi% nclusions on relationship between asymmetry of the blastocyst and
reciprocal fate of visceral endoderm descendants is already apparely fly post-implantation egg cylinder (Smith, 1980; Smith 1985:

at E5.5 and accentuates with development to E6.5. Gardner et al., 1992) and further modified to emphasise unresolved
issues. (A) Implanting blastocyst oriented with its embryonic-
abembryonic axis parallel to the mesometrial-antimesometrial axis of

he uterus. Smith observed the upward tilting of the polar

the asymmetrical properties of the implanting blastocysé .
. . . . ophectoderm-ICM complex and thus assigned the blastocyst an
(reviewed by Tam et al., 2001). This stimulating concept wa nteroposterior axis. (B) Post-implantation egg cylinder showing

subsequently partially re-addressed by Gardner et al. (Gardngy, osnonding asymmetries including tilting of the ectoplacental
et al., 1992). However, although their findings confirmed thatone The relationships between the tilt in the blastocyst, the tilt in
the anteroposterior axis was oriented in alignment with thehe ectoplacental cone of the egg cylinder and the polarity of the
tilt of the ectoplacental cone, they were contrary to Smith’sinteroposterior axis, are still unsettled. A, anterior; Ab,
prediction that the direction of this tilt would foretell the abembryonic; Em, embryonic; P, posterior.

Em




Embryonic patterning 819

1999; Weber et al., 1999). Such an approach enabled tracing theThe mechanistic basis for such polarised egg cylinder
lineages of ICM cells located on either end of the animal-vegetgrowth is still not clear. However, several general conclusions
axis of the blastocyst until the anteroposterior axis becamean be drawn. Visceral endoderm clones in the extra-
clearly visible (Weber et al., 1999). For two reasons, this studgmbryonic part of the egg cylinder were often coherent,

concentrated on the precursor cells of visceral endoderm (theéhereas clones in the embryonic part were dispersed and
extra-embryonic tissue that surrounds both epiblast and extrasually consisted of small groups of scattered cells (Fig. 4).
embryonic ectoderm; Fig. 2). First, the ICM descendants iifhis indicates that the nature or extent of cell displacement in
visceral endoderm tend to grow in coherent clones (Gardndahese two parts of the embryo differs. The larger and more
1984), whereas ICM descendants destined to become epiblasherent clones found in the extra-embryonic portion of the
mix during egg cylinder formation (Beddington et al., 1989;mouse egg cylinder typically displayed a diagonal orientation,

Lawson et al., 1991; Gardner and Cockroft, 1998). Such clonaktending from anterior-proximal to more posterior-distal

coherence might enable the cells of the visceral endoderm tegions. This also suggests that egg cylinder growth might
maintain and carry extant positional information onwards taliffer on the prospective anterior and posterior sides. In the
later stages. Second, the visceral endoderm patterns the cellglftal (embryonic) part of the egg cylinder, the characteristic
the epiblast (for a review, see Beddington and Robertson, 199%istribution of labelled cells was strikingly reminiscent of the

Thomas and Beddington, 1996). ‘polonaise’ movements first described by Graper (Graper,

The lineage tracing study of Weber and colleagues (Webdr929) in the chick embryo and named after the choreography
et al., 1999) marked surface cells of the ICM located eitheof a traditional Polish dance. A detailed view of these
near the polar body (N/PB), which marks the animal pole, omovements has recently been captured by Claudio Stern’s
away from the polar body (A/PB), at the vegetal pole, and thegroup in time lapse studies of chick embryos. Their film also
examined their fate in the egg cylinder (both the day beforbeautifully illustrates how hypoblast cells (the tissue
primitive streak formation and the day of its formation). Thiscorresponding to mouse visceral endoderm) move along the
work revealed that when the ICM and polar trophectodernfuture path of the primitive streak, thus predicting the
complex elongats to form the egg cylinder, the distributioranteroposterior axis (Foley et al., 2000). Interestingly, the
of labelled visceral endoderm cells is not symmetrical bubrientation of the extra-embryonic visceral endoderm clones in
polarised in relation to the polarity of the blastocyst.mouse embryos is consistent with the polonaise distribution in
Specifically, visceral endoderm descendants of N/PB cells terile embryonic part, which suggests a common underlying
to become located progressively more distally as the egmechanism (Fig. 4). Indeed, the whole visceral endoderm layer
cylinder grows, in comparison with descendants of A/PB cellsyould seem to be participating in these characteristic
which tend to occupy more proximal positions (Fig. 2D). movements, which precede the onset of gastrulation (defined
by primitive streak formation), as in the chick embryo.

To summarise, tracing the fate of ICM cells reveals a
relationship between the polarised organisation of the
blastocyst and the post-implantation egg cylinder, as the
distribution of labelled visceral endoderm cells is asymmetric
along the proximal-distal axis of the egg cylinder. Moreover,
the clonal patterns of labelled cells suggest that polarised
displacements of visceral endoderm precede gastrulation. This
would encompass the shifts in cell positions along the future
anteroposterior axis that were originally discovered by Rosa
Beddington’s group (Thomas et al., 1998) and corroborated by
others (Weber et al., 1999; Kimura et al., 2000; Perea-Gomez
et al., 2001). Thus, asymmetric cell displacements occurring
between implantation and gastrulation appear to be one part of
the specification of the anteroposterior axis in the mouse.

Right

Molecular aspects of the polarised behaviour of visceral

Fig. 4. Distribution of GFP-labelled descendants in the visceral endoderm Ce”? . )

endoderm of post-implantation egg cylinder at E6.5. Blastocyst was 1he asymmetric displacements of the visceral endoderm cells
labelled with GFP mRNA in an A/PB cell, then examined at early ~are accompanied by dynamic changes in patterns of gene
gastrula stage by confocal microscopy (flattenseries). Clones in  expression. To what extent do these changes in gene expression
the extra-embryonic region are coherent, while in the embryonic  support a role for such displacements in the development of
region they tend to become dispersed. Distribution of visceral anteroposterior polarity? The initial report by Thomas et al.
endoderm cells reflects charqcteristic cell disp!aoements (reminis.(:e(r’i—homa,3 et al., 1998) showed that the domain Heix
gigg[zmgsrsonsgvgggr;ﬂé ‘:‘&hs'iﬂeagzgg’e‘ﬁrﬁdslﬁ?etoagéasvgrsgéetrgexpression in visceral endoderm shifts from the distal tip of
along both left and right sides of the embryo. Although similar the E5.5 embryo to the ant_erlor by E6.5. Recent_ studies found
movements are postulated to occur on both sides of the embryonic that another_ genegerberus-like (Belo et al., 1997; Shawlot et
part of the egg cylinder, the distribution of labelled cells is not al., 1998; Biben et al., 1998; Stanley et al., 2000), undergoes
entirely symmetrical, as indicated by differences in clone shapes an@ Similar transition in its expression pattern. The anterior shift
the locations of labelled cells on left versus right sides of the egg  Of such distally expressed genes fails to occur in animals
cylinder. Anterior on the left in the left hand panel mutant for several other genes. For example, loss of expression
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Proximal genetic evidence has shown that embryos lackiig2
(Acampora et al., 1995; Matsuo et al., 1995; Ang et al., 1996)
or Lim1 (Shawlot and Behringer, 1995) function have a normal
trunk and tail but lack head structures. In both cases, these
anterior defects can be rescued, at least partially, in chimaeras
with wild-type gene function in the visceral endode@ix@
(Rhinn et al., 1998; Rhinn et al., 1999) drichl (Shawlot et

al., 1999)]. Similarly, although a homozygous deletionafal

leads to strong morphological defects (Conlon et al., 1994),
overall anteroposterior pattern is rescued in chimaeric embryos
with wild-type nodalfunction in the visceral endoderm (Varlet
ES.5 E6.0 E6.5 et al., 1997). Taken together, these findings demonstrate a role
for the visceral endoderm, and perhaps specifically the AVE,
in anteroposterior patterning.

However, it now appears that while the AVE is important for
anterior development, it is not sufficient. Specifically, mutant
Fig. 5.Model of visceral endoderm cell movements and embryos that lack expression of W(it8 et al., 1999) or both
accompanying changes in gene expression patterns associated wittthordin andnoggin (Bachiller et al., 2000) form the AVE, yet
the anteroposterior axis formation between E5.5 and E6.5 [based ofgjr head development is impaired. In addition, embryonic
data from Bgddlngton and .Robertson (Beddlngtqn and Robertson, manipulations suggest that the AVE may not act as a direct
1999) and Kimura et al. (Kimura et al., 2001)]. Visceral endoderm anterior-inducing centre. This is because the AVE on its own

(specifically distal and later AVE, expressing Hxd Cer-like, in fail ind h . h fted
red) and extra-embryonic ectoderm (specifically distal, expressing alls to induce the anterior nervous system whnen grafted to a

BMP4, orange arrows) are implicated in axis definition in the lateral region of the egg cylinder, but is able to do so when
adjacent epiblast. Axis specification involves anterior movement of combined with signals from the tip of the early primitive streak
the visceral endoderm (red arrow) from the distal tip of the egg and the anterior epiblast (Tam and Steiner, 1999). Consistent
cylinder and the posterior shift (white arrow) of gene expression  with this, genetic studies indicate that the anterior definitive

Distal

. Proximal/posterior epiblast gene expression pattern

. Distal/anterior visceral endoderm

(for example, brachyurgnd Wnt3) from the initially proximal ~endoderm, a derivative of epiblast, is required in addition to
eplblast towards the posterior by E6.25 (in tu.rqu0|se). The anterior the AVE in the process of head induction (Shawlot et al., 1999;
displacement of the visceral endoderm cells is proposed to be Martinez-Barbera et al., 2000; Mukhopadhyay et al., 2001).

important in shifting the expression of genes in the proximal epiblast Concomitant with the onset of anterior-specific gene
towards the posterior by inhibiting their expression in the future

anterior. White ‘T’ arrows represent putative posterior repressing expression in the AVE, p_osterlor p"".tteT”.s of gene expression
activity [demonstrated at E6.5 (Kimura et al., 2000), but still are also becoming established. Again, it is an extra-embryonic

hypothetical for earlier stages]. tissue, in this case extra-embryonic ectoderm, that patterns the
cells of adjacent epiblast. Hence, posterior character first
develops in the proximal epiblast, induced by BMP4 expressed
of cripto results in forebrain markers appearing at the distal tifin the extra-embryonic ectoderm (for a review, see Behringer
of the egg cylinder, instead of at its future anterior, which leadst al., 2000; Lawson et al., 1999). Next, simultaneous with the
to defective anterior development (Ding et al., 1998). A similadistal to anterior displacement Biex expression in AVE, the
phenotype has been reported @ix2 mutants (Kimura et al., activity of proximally expressed genes shifts towards the future
2000; Perea-Gomez et al., 2001). This points to a role for thepesterior of the epiblast, where the primitive streak will form
genes in the displacement of cells towards the anterior ¢Fig. 5). It seems that there is a relationship between these
the embryo and the importance of this displacement ichanges in the posterior and the anterior patterns of gene
transforming the proximodistal polarity of the egg cylinder toexpression: if one fails, so does the other. In mutants where the
an anteroposterior one. expression domain of the AVE genes does not shift, the
The localised expression of Heas focused attention on the expression of brachyury and/nt3 fails to localise to the
small group of cells that initially occupy the distal tip of theposterior (Kinder et al.,, 2001). However, whereas lineage
embryonic region of the egg cylinder and then shift to itstudies indicate that changes in visceral endoderm gene
anterior margin just before gastrulation (Fig. 5). This anterioexpression reflect the movement of cells anteriorly (Thomas et
visceral endoderm, or AVE, has been singled out for furtheal., 1998; Weber et al., 1999), the nature of the proximal-to-
analysis of its role in anterior development. Although studieposterior shift in gene expression in the epiblast is unclear.
of the AVE have focused on induction of the head region, theyhus, posterior localisation of gene expression could represent
also shed light on development of anteroposterior polarity asa posterior displacement of epiblast before the onset of
whole. So what originally promoted the idea that the AVEgastrulation, mirroring the anterior displacement of AVE.
acts as an anterior inducing centre? It was particularliHowever, it also might reflect still poorly understood changes
revealing that ablation of the AVE led to embryos that lacKkrom radial to bilateral symmetry as the egg cylinder
head structures (Thomas and Beddington, 1996). Additionallgpproaches gastrulation (Snell and Stevens, 1966).
several transcription factors expressed in the AVE, such &ternatively, it could represent the anterior movement of the
Otx2 (Simeone et al., 1993; Ang et al., 1994), GoosecoidVE, which acts to restrict posterior identity by silencing
(Blum et al., 1992) andHNF33 (Sasaki and Hogan, 1993; expression of these genes in the anterior (but not the posterior)
Weinstein et al., 1994), are also expressed in the node, whiolithe embryo. This possibility has been expressed in a model
is the organiser at later developmental stages. Subsequéhig. 5) in which the role of the AVE is not to induce anterior
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structures, but rather to set the stage for anterior patterning lyfferential cell division or cell migration, or a reflection of any
preventing development of posterior character in the adjacenther transformations in the egg cylinder as it elongates. It may
epiblast (Kimura et al., 2000; Kimura et al.,, 2001; Pereathen become clearer to what extent these movements follow
Gomez et al., 2001). Another part of the role of the viscerahtrinsic polarised information within the blastocyst or the
endoderm might be to direct movements of adjacent epibladegree to which asymmetry of implantation has an effect.
cells away from the posteriorising signals present in th&inally, the discovery that axial organisation of the post-
primitive streak as observed in chick embryos (for a reviewmplantation embryo is already anticipated within the
see Stern, 2001, Foley et al., 2000). Thus, it is possible that nolastocyst structure naturally invites the question ‘how does the
only the local ‘contents’ of the AVE itself, but a more globalblastocyst acquire its polarity?’.
property of the visceral endoderm is important in the
development of the anteroposterior patterning. How does the polarised architecture of the

In summary, the patterns of gene expression described abdw@stocyst develop?
are consistent with polarised expansion of the egg cylindén view of the relationship between polarity of the blastocyst
when it develops from the blastocyst stage, as revealed by cahd that of the later embryo, it now seems premature to dismiss
lineage studies. Yet they do not tell us how polarity of theearly patterning in guiding development of mammalian
blastocyst translates into such asymmetric gene expression.dmbryos. Indeed recent studies suggest there are at least two
part, this might be because the studies on gene expressidevelopmental cues that operate in the mouse egg to direct
patterns so far have concentrated on changes between 5.5 amnéhl organisation of the blastocyst. It has thus emerged that
6.5 days of development, owing to the fact that the 5.5-day-oldoth animal-vegetal and embryonic-abembryonic axes of
embryo is the earliest post-implantation stage that can Haastocyst symmetry have their roots in the very earliest stages
recovered efficiently. Consequently, we still do not know theof embryonic development.
identities of genes upstream of those expressed at E5.5 and thus
cannot exclude the possibility that these are preceded by ottearly developmental cues and blastocyst polarity
asymmetries in the pre-implantation embryo itself. At presenfThe first cue for developmental patterning in the mouse egg
we also cannot rule out a modulating effect of the uterus oappears to be at its animal pole. This is defined by the second
the patterning of the implanting embryo. For example, it cameiotic division where the polar body provides a persistent
be speculated that initial embryonic polarity could act bylandmark that later becomes aligned with the plane of bilateral
predisposing specific regions of the blastocyst to adhere to tlsgmmetry of the blastocyst (Fig. 1). Although the position of
uterus, which in turn could induce asymmetric behaviour of théhe polar body varies along this plane, it has been found to
embryo. In this way, intrinsic and extrinsic influences couldhave a pronounced tendency to be located near the boundary
interact and the asymmetries within the embryo itself might bbetween the embryonic and abembryonic regions (Gardner,
enhanced by implantation. It can therefore be concluded th&B97).Thus, the persistence of the polar body tethered to the
positional information in either the embryo itself or in bothsurface of the embryo provides the link between a point on the

embryo and uterus predicts the anteroposterior axis. surface of the animal pole of the zygote and its location at the
) blastocyst stage. Could this indicate a spatial relationship
Moving forwards between the organisation of the egg and blastocyst that reflects

Both the asymmetric proximodistal distribution of ICM the entire animal-vegetal axis? Tracing the lineages of early
descendants in the visceral endoderm and the directionality bfastomeres has shown that not only the cortical surface but
clonal spreading link the polarity of the blastocyst and that oélso the cytoplasmic contents of the animal pole are conveyed
the post-implantation embryo. However, they do not revedbo the region of the blastocyst that lies adjacent to the polar
which features of the embryo trigger directional displacementsody (Ciemerych et al., 2000). Similarly, the cytoplasmic
of visceral endoderm to bring cells to locations of the eggontents of the vegetal pole are conveyed to the opposite region
cylinder at which they can adopt specific fates. To address thigf the blastocyst. As a result, animal and vegetal pole-derived
it seems necessary to resolve several other issues related todbls come to lie on opposite ends of an axis with polarity that
development of the embryo between the blastocyst and eggrsists from early cleavage stages.

cylinder stages. Visceral endoderm descendants of N/PB or The second spatial cue that contributes to laying down
A/PB cells do not exclusively occupy future anterior orembryonic polarity is related to the position of sperm entry
posterior positions, nor do they consistently occupy the left an@Piotrowska and Zernicka-Goetz, 2001). By marking the
right aspects of the egg cylinder in a symmetrical fashion (Fidertilisation cone, a transient structure that forms after sperm
4) (Weber et al., 1999) (R. Pedersen, R. Weber and M. Z.-Gpenetration (Piotrowska and Zernicka-Goetz, 2001), or by
unpublished). Thus, the relationship between the animaHirectly labelling the sperm itself (Plusa et al., 2002) it was
vegetal axis of the blastocyst and the future anteroposterior axpessible to trace the fate of membrane at the site of sperm entry
is not a simple one. This justifies caution in deciding exactlghrough subsequent divisions until the blastocyst stage. This
how blastocyst polarity predicts polarity of the post-study provided three insights. First, the plane of the initial
implantation embryo. Indeed it still has to be determinectleavage division tends to bear a faithful relationship to the
whether the precise positioning of the anteroposterior axisperm entry position on the egg surface (SEP). The SEP marker
could also be influenced by other asymmetries in théypically was located close to the cleavage furrow, at the
blastocyst, or the implantation site, that are known or yet to bgurface of one of the two blastomeres. Hence, it appears that
identified. There is also a need to understand the mechanighe location of both polar body and SEP predict the first
that mediates the displacement of visceral endoderm cells aotbavage plane. Second, the two-cell blastomere that inherits
to determine whether this is a consequence, for example, tife SEP has a strong tendency (75%) to divide earlier than its
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sister; thus, contributing to the well-known asynchrony oftrophectoderm lineages) with the partitioning of the embryo
division of early blastomeres (Bennett, 1982; Piotrowska anthto future embryonic and abembryonic parts by the first
Zernicka-Goetz, 2001). Third, in most embryos (81%) incleavage. In this model, one two-cell blastomere has been
which the SEP marker was located at the first cleavage plapeedicted to contribute descendants to mainly mural
it was later found to mark the boundary between embryonitrophectoderm and to the surface ICM cells that can form
and abembryonic regions of the blastocyst (Piotrowska angrimitive endoderm, while the other blastomere has been
Zernicka-Goetz, 2001). Consequently, the location of the SEpredicted to contribute descendants to mainly polar
marker at this boundary indicates that the position of thé&rophectoderm and the core ICM cells that would become
first cleavage plane separates the future embryonic amtimarily epiblast (Piotrowska and Zernicka-Goetz, 2001;
abembryonic parts of the blastocyst. These results togeth&ardner, 2001). Could support for this hypothesis be
suggest that either sperm entry itself defines a positional cyeovided by tracing blastomere lineages of the intact two-cell
that affects the orientation and timing of the early cleavages @mbryo?
occurs preferentially at the site of such a cue. Ultimately, this ] o
will fashion the alignment of the embryonic-abembryonic axisTwo-cell embryos have polarity predicting the
of the blastocyst. The relationship between the first cleavagdmbryonic-abembryonic axis
plane and the embryonic-abembryonic axis has also bedtrevious lineage tracing of two-cell blastomeres by
observed in another study (Gardner, 2001). In this case aittracellular injection of horseradish peroxidase confirmed that
droplets were used to mark regions of the zona pellucida iboth cells contribute to ICM and trophectoderm, but did not
relation to underlying features of two-cell stage mouseeveal any tendency of such cells to contribute preferentially to
embryos. These were subsequently assessed with respect togttker embryonic or abembryonic regions of the blastocyst
axial organisation of the blastocyst, when it was also found thgBalakier and Pedersen, 1982; Gardner, 1997). This outcome
the orientation of the first cleavage predicts the embryonicseemed therefore to support the conclusion that blastocyst
abembryonic boundary. polarity does not emerge from spatial patterning in the earlier
These findings were unexpected. Not only was there no reabryo. However, there is a certain risk attached to such a
weight given to the idea that sperm entry position might relatdefinitive interpretation. This is because those studies did not
to spatial development of the mouse embryo, but also the firsbnsider the possibility that intracellular microinjection of
cleavage was thought to be oriented randomly about thmarkers could delay cell division, thus altering division order
animal-vegetal axis. Moreover, it was not thought that thend affecting cell fate (Dyce et al., 1987).
embryonic-abembryonic axis of the mouse embryo might Thus, the question of whether fate of blastomeres is
be anticipated at the earliest possible stage of zygotidistinguishable at the two-cell stage has been re-investigated
development, at the time of its initial cleavage. Finally, thesesing an alternative approach. In this, fluorescent markers were
findings have led to the surprising prediction that blastomereapplied externally to cells, that is without physically disturbing
arising from the first cleavage division would follow different them, and confocal imaging was used to analyse individual
destinies: one contributing mainly to embryonic and the othesections of the resulting blastocyst (Piotrowska et al., 2001). The
to abembryonic parts of the blastocyst. Such a degree of ‘praim of this work was to examine the contribution of each of the
patterning’ was not expected because, at first sight, it seemégo blastomeres to three parts of the blastocyst, an embryonic
to conflict with the equality of potential and therefore naivetypart, an abembryonic part and the boundary zone between them
of early mouse blastomeres. A model has been put forwar@ig. 6). The boundary zone was defined as an approximately
however, that accommodates the plasticity of the two-celbne-cell deep layer of ICM adjacent to the interior margin of the
stage blastomeres (their ability to contribute to both ICM andblastocoel from which primitive endoderm would be expected

Fig. 6. Distinguishable fates of
blastomeres of the two-cell
embryo. Confocal sections of
blastocyst showing that the
clonal border between proger
of the two-cell blastomeres
corresponds with a plane
separating the embryonic and
abembryonic parts. Blastomel
were labelled at the two-cell
stage with dyes of different
colours (Piotrowska et al.,
2001). The boundary zone is
marked with broken red lines
and the border of the blastocc
was traced on a central sectic
and is shown projected onto
each of the other sections as
broken white line. (A-H)
Individual optical sections at
7.5 pm intervals in the ‘z-dimension’. There is a tilt of the clonal border that can be seenzirdiimehsion’ of this series of micrographs.
Scale bar: 20 .
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Fig. 7. The embryonic part of tt
blastocyst tends to be derived
from the first blastomere to
divide at the two-cell stage. (A)
Egg shortly after fertilisation
showing the fertilisation cone
(fc) with sperm tail coloured in
yellow and fluorescent bead
marking the sperm entry point -
(SEP) shown in green. Second A
polar body marks the animal

pole. The first cleavage plane, which is marked by both the polar body and the SEP, divides the zygote into two cells (B, ‘red and blue’) that
follow distinguishable fates. In the three-cell embryo (C), the blastomere that inherits the SEP (red) tends to divide first to produce cells that
populate predominantly the embryonic part of the blastocyst. The first cleavage plane is reflected in the blastocyst (D) as the border between
lineages comprising the embryonic part (ICM destined to become epiblast and overlying polar trophectoderm, shown ingdideagégtof

the abembryonic part (ICM cells that are located more towards the blastocoel — thus tending to develop into primitive endoderm and mural
trophectoderm, shown in blue). Blastocyst shown in a comparable orientation to the embryos in B,C to indicate its twasnajonalke

vegetal and embryonic-abembryonic. For illustration, colour has been added to DIC images of embryos to indicate lineage relationships
between cells. Scale bar: 2thu

to arise. This study demonstrated that, as hypothesised, two-celsight into the sources of variation in the way the blastocyst
blastomeres have a strong tendency to inhabit either the organised that had been detected, but not explained, by
embryonic or abembryonic parts of the blastocyst (Fig. 6)previous studies. This is because the distribution of the progeny
Moreover, the blastomere that contributes preferentially to thef the two blastomeres revealed that the clonal border between
abembryonic part also donates significantly more cells to thinem, which reflects the first cleavage plane, was often not
boundary zone. This work therefore provides support for thperfectly parallel to the embryonic-abembryonic boundary
recent model proposing that destinies of blastomeres cou(®iotrowska et al., 2001). Instead it usually showed some
already be distinguished at the two-cell stage (Piotrowska arahgular displacement (a tilt) from this boundary. Consequently,
Zernicka-Goetz, 2001; Gardner, 2001). the boundary zone was generally occupied by cells derived
This cell lineage study has also provided an opportunity terom both two-cell blastomeres, although the greater
determine whether either the earlier or later dividing two-celtontribution was from the later-dividing one. As the location
blastomere colonised particular parts of the blastocyst. Thef the polar body reflects a point upon the first cleavage plane,
possibility that the order of blastomere division might predicits position should vary with respect to the embryonic-
the final positioning of descendants within the blastocyst hadbembryonic axis, as does the cleavage plane itself. This might
been suggested previously (Graham and Deussen, 1978). Buiw explain the variability in the location of the polar body
previous conclusions seemed somewhat conflicting. Whereabwserved previously (Gardner, 1997; Ciemerych et al., 2000).
some studies showed that the earlier dividing blastomeredimilarly, the variation between the orientation of first cleavage
made a disproportionate contribution to the ICM (Kelly et al. plane (as identified by sperm entry position, or as marked on
1978; Graham and Deussen, 1978; Spindle, 1982; Surani atite overlying zone pellucida) and orientation of the embryonic-
Barton, 1984; Garbutt et al., 1987a), another showed that theypembryonic boundary can also be understood from this
had a tendency to be associated with the nascent blastocoel gadspective.
thus the abembryonic region of the blastocyst (Garbutt et al., Interestingly, even in embryos that display little tilt between
1987b). As a result, the significance of the order of division fothe clonal border of the progeny of two-cell blastomeres and
embryonic polarity remained unsettled. Understandablythe embryonic-abembryonic boundary, the surface ICM cells
curiosity about this issue was re-awakened by the observatidrom the ends of the animal-vegetal axis are often derived from
that the earlier dividing two-cell blastomere is the onedifferent two-cell stage progenitors (Fig. 6). Could this have
inheriting the part of the egg surface that has been penetratednsequences for subsequent development? Certain cells
by the sperm. Indeed, it has been observed that the earligithin this region follow different fates, depending on their
dividing blastomere is the one that contributes descendanp®sition on the animal-vegetal axis (Weber et al., 1999).
preferentially to the embryonic part of the blastocystHowever, although it is quite tempting to think that different
(Piotrowska et al., 2001). This indicates that not only théehaviour of cells located at opposite ends of this axis might
orientation, but also polarity of the embryonic-abembryoniaeflect their origins from distinct two-cell blastomeres, gaining
axis of the blastocyst can already be predicted by the earigsight into this would require further careful experiments.
cleavage pattern (Fig. 7). Because this polarity typically It is intriguing that the sperm entry position, the plane of
manifests itself as the earlier division of the two-cellfirst cleavage and the boundary between embryonic and
blastomere that acquired the part of the egg where the speabhembryonic regions are related to each other, but variably so.
entered, embryonic-abembryonic asymmetry can ultimately bat this stage, there are several possibilities that can account for

traced back to events seen at fertilisation. such variability. First, there could be as yet unknown factor(s)

in the egg that influence the orientation of the embryonic-
Relationship between animal-vegetal and embryonic- abembryonic axis and that also have a specific spatial
abembryonic axes relationship to the first cleavage plane [see fig. 5 in Piotrowska

Understanding the fate of two-cell blastomeres also providest al. (Piotrowska et al., 2001)]. Second, variation in the
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position of the sperm entry along the egg’s animal-vegetdllevertheless the functional significance of these findings still
circumference might contribute to variability in the orientationremains unclear.

of the embryonic-abembryonic axis. Third, stochastic factors The events triggered by fertilisation in the mouse zygote are
could influence the position where the blastocyst cavity formequally poorly understood. In organisms such as C. elegahs
with respect to the first cleavage plane. Currently it is difficultXenopus, sperm entry stimulates cytoskeletal reorganisation
to distinguish between these alternatives, or eliminate arthat redistributes cytoplasmic constituents within the egg so
others, because of lack of basic information on the moleculdhey will be asymmetrically inherited. In Xenopus, this is
and cellular nature of polarity at the onset of mammaliamccomplished by cortical rotation in response to sperm entry

development. (for a review, see Gerhart, 1991; Vincent and Gerhart, 1987),
) ] which changes the relative distribution of maternal factors such

What is the molecular and cellular basis for early as dishevelled protein (Miller et al., 1999) Gnelegans, sperm

patterning of the mouse embryo? entry triggers cytoplasmic fluxes that establish asymmetric

The polar body at the animal pole and the SEP at the egtistribution of molecules, which are important in the
surface provide markers that enable recognition of orderly ceubsequent development of embryonic polarity such as Par
deployment during the first few days of mouse embry@roteins (for a review, see Bowerman and Shelton, 1999;
development. But what is it at the animal pole that predict&oldstein and Hird, 1996; Wallenfang and Seydoux, 2000;
spatial patterning, and what is the molecular nature of thKemphues, 2000). To date there are no reports, however,
positional cue associated with the SEP? Also the mechanisreBowing that the mouse egg acquires an asymmetric
by which these positional cues achieve their effects on thdistribution of its molecular components in response to
early patterning of the embryo remain unknown. It seeméertilisation. Where egg constituents have been found to
likely that the animal pole of the egg has its origin in theredistribute in response to sperm entry, this has often been
process of oocyte maturation. Specifically this is when, aftdinked to the influence of sperm components, such as the
germinal vesicle breakdown, the meiotic spindle that forms icentrosome, on the egg cytoskeleton. Although no sperm
a relatively central position of the oocyte moves to its cortexcentriole has been observed in the mouse egg, sperm
Does the spindle move to the nearest region of the cortex psnetration does bring about cytoskeletal re-organisation (for
one study suggests (Verhlac et al., 2000), or is it respondirey review, see Maro, 1985). This includes formation of the
to some inconspicuous asymmetrically distributed ‘factor'Xertilisation cone, which is associated with local changes in
There are descriptions of various properties that distinguisactin filament distributions that overlie the nascent male
the animal pole of the egg from its vegetal counterpart, buthromatin. Thus, the possibility cannot be discounted that
whether these have significance for polarity of the oocyte aperm entry is responsible for cytoskeletal reorganisation and
zygote is also unknown. For example, the properties of the egybsequent events in mouse eggs as it is in other animals.
surface overlying the meiotic spindle (i.e. the animal pole) arélowever, we also cannot at present exclude that the position
different from those around the rest of the egg surface (Eagef sperm entry around the radial circumference of the egg could
et al., 1976; Nicosia et al., 1977; Phillips and Shalgi, 1980be influenced by some feature of the oocyte itself. One way to
Wolf and Ziomek, 1983; Maro et al., 1984; Maro et al., 1986pgain insight into the role of the SEP versus the oocyte in setting
Longo and Chen, 1985; Calarco, 1991). Some of these surfagp the first cleavage plane is to study blastocyst patterning
asymmetries could explain why the sperm penetrates thie the absence of the SEP, namely, in parthenogenetically
mouse oocyte preferentially at regions other than its animalctivated eggs. Such experiments are currently in progress in
pole (Evans et al., 2000). It is striking that phytohemaglutininmy laboratory.
coated beads used to mark the egg surface where the spernBut what can account for distinguishable fates of the first
entered tended to retain their position relative to other surfadeo mouse blastomeres? There is currently no evidence to
markers from egg to blastocyst stages. Martin Johnson hasipport the view that their differential fate could be a
pointed out that this could indicate the presence of some ‘solicbnsequence of first cleavage dividing the zygote into halves
islands (of surface matrix) in a sea of otherwise fluid lipidswith different constituents. Even if the first cleavage were
(Johnson, 2001). Perhaps these islands or even continestech a differentiative event, the demonstrated plasticity of
are linked through some underlying cortical cytoskeletablastomeres after experimental re-arrangement suggests that
structure. Whatever their structure, some surface featurdiseir fate is not determined solely by such intrinsic factors. Our
of the egg appear to be preserved throughout thedinited understanding of what generates polarity in normal
developmental stages. development of the mouse egg and of mechanisms at work
The vegetal pole, and thus animal-vegetal polarity, alsduring regulative development leaves open other possibilities.
becomes evident within the egg. For example, pulsatile wavésr example, regulating the pattern and order of the cleavage
of C&* release that occur in response to fertilisation aralivisions may provide a way to specify embryonic axes. The
initiated near the sperm entry point, then move towards theell that inherits the SEP typically cleaves earlier than its sister.
vegetal pole (Kline et al., 1999; Deguchi et al., 2000). Ther@his could confer a developmental advantage, allowing the
is also an asymmetric distribution of mitochondria (Vandescendants of the first dividing blastomere to initiate their
Blerkom and Runner, 1984; Calarco, 1995) along the animatlevelopmental programme earlier, thereby specifying their
vegetal axis. Although no maternal transcripts have yet bedate. If such a process were perturbed, the other cell might
found to be asymmetrically distributed in mouse eggs, aacquire such advantage. But how inheritance of the sperm entry
occurs in other systems, location of certain proteins, includingite confers a division advantage in the cleaving embryo and
leptin and Stat3, correlates with the animal-vegetal axis in the@hether this type of preference defines the architecture of the
egg and later embryo (Antczak and Van Blerkom, 1997)blastocyst remain entirely hypothetical.
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Regulation and its relationship to early patterning blastomeres form mainly trophectoderm. This is because each
It thus appears there is an underlying order in early mouseell has been reduced in size as a consequence of cleavage, so
development that has previously been unappreciated. Howevér,no longer has enough mass to enclose a group of inner
as for many other developmental concepts, the idea of eartells by the onset of trophectoderm differentiation. It was
patterning in mammalian development is not new. Among itsubsequently observed that in response to their location during
proponents were Dalcq and colleagues, who argued that spatiddéavage, outer cells differentiate their surface features and
patterning of the early mammalian embryo is reflected in theytoskeleton to become polarised in an outside-inside
polarised distribution of constituents (Dalcq, 1957; Mulnarddirection. Once acquired, such cellular polarity will endow
1965) (reviewed by Denker, 1983). They proposed that sugbrogeny cells with different properties, depending upon the
constituents were partitioned to different blastomeres byrientation of cleavage. Accordingly, the ‘polarisation’
cleavage divisions as in other model systems with visibl&lypothesis proposes that differences between blastomeres arise
constituents. This proposal was based on histochemichkecause of such cellular polarisation (Johnson and Ziomek,
analysis of acid phosphatases and other components that coti®B1; Johnson et al., 1981). This hypothesis accounts for the
be interpreted as representing cytoplasmic determinantsbserved trophectoderm fate of cells that inherit the surface
However, there was no experimental evidence for any role déatures, which differ in their cytoplasmic or cytocortical
such components in the subsequent differentiation of thmheritance from those that lack such features. Both the inside-
blastomeres, and studies to establish the lineage history ofitside and the polarisation hypotheses thus attribute the
early embryonic cells expressing such markers were lackingdecision’ to differentiate into trophectoderm versus ICM to
Rather, this hypothesis appeared to be so much at odds wehvironmental information, although the factor(s) that would
the results of subsequent work showing the plasticity ofrigger such a decision remain unknown.
mammalian embryos that it was not embraced, but set aside. However, by focussing on the differentiation of ICM and
Nevertheless, it could not be excluded that therophectoderm, the earlier experimental studies and the ensuing
preimplantation embryo might possess some inherertypotheses did not explore the question of why the ICM and
organisation (‘cryptic preformation’) that is overridden by blastocyst cavity form where they do, at opposite poles, thus
its regulative ability following experimental perturbation defining the embryonic-abembryonic axis. This is a question
(Graham, 1971). So what has the regulative ability of mouseot about the differentiative capacity of each blastomere, but
embryos taught us and how can this accommodate thabout the organisation of the embryo as a whole. Now that we
existence of such early patterning? Regulative capacity wdsve more information about spatial development of the intact
first identified in rabbit and mouse embryos, and subsequentgmbryo, we need to accommodate it into a new hypothesis of
in other species, suggesting that it is characteristic of alow overall embryo form and pattern are initiated. The model
eutherian mammals (reviewed by Papaioannou and Ebeproposing that the first cleavage division separates the egg into
1986). It was first observed that if single two-cell stagehalves that follow different destinies (Piotrowska and
blastomeres are separated, each can fully participate Hernicka-Goetz, 2001; Gardner, 2001), together with lineage
embryogenesis and has complete developmental potentiahcing studies (Piotrowska et al., 2001) provide the basis for
(Seidel, 1952; Tarkowski, 1959a; Tarkowski, 1959b;such a hypothesis. This ‘cleavage-driven’ hypothesis proposes
Papaioannou et al., 1989). Tarkowski and Wroblewska founthat blastocyst polarity arises from asymmetries generated
that such capacity became limited during cleavage and thdtring early cleavage of the embryo (Fig. 8). It predicts that
isolated, individual four- or eight-cell mouse blastomeresither composition or behaviour of blastomeres differ along the
formed mainly trophectoderm rather than a normal blastocystiture axes of the embryo, resulting in the overall polarised
(Tarkowski and Wroblewska, 1967). This limitation did notform of the blastocyst. This hypothesis does not therefore
however arise from lack of differentiative capacity, because affreclude a role for other information in guiding the
four-cell mouse blastomeres and at least some eight-cell, 18Hferentiation into ICM and trophectoderm. This is because
cell and even ICM cells maintain the ability to contribute toit postulates that the boundary between embryonic and
both ICM and trophectoderm lineages when combined witlabembryonic parts is not immediately adjacent to the interior
cells from other embryos to produce chimeras (Rossant, 19781argin of the blastocoel (blastocoel roof), but lies deeper
Rossant, 1976; Kelly, 1977; Kelly et al., 1978; Rossant and Lisyithin the ICM. Consequently, each blastomere will be
1979; Rossant and Vijh, 1980; Tarkowski et al., 2001). Suckxpected typically to form both ICM and trophectoderm
studies revealing the plasticity of mammalian embryos led tderivatives and this could proceed according to the previously
the development of the key concept that the position of proposed ‘inside-outside’ or ‘polarisation’ mechanisms. Thus,
blastomere within the embryo is important for its futurethis ‘cleavage-driven’ hypothesis takes into account a role for
destiny. To explain diversification of fate by seeminglyearly patterning information derived from the zygote, and also
identical, naive early blastomeres, two major hypothesis weiie actually compatible with existing models accounting for the
put forward. In the ‘inside-outside’ hypothesis, Tarkowski anddifferentiation of ICM and trophectoderm lineages.
Wroblewska proposed that the fate of blastomeres was a o )
consequence of their having been exposed to differeffloving towards a reconcilation of regulation and early
environments (Tarkowski and Wroblewska, 1967): blastomere@atterning
that come to lie inside the embryo, being surrounded by othétthough the developmental flexibility of the mouse embryo
cells, will differentiate into the cells of the ICM, and converselyis well established, only recently have experiments been
those cells that stay outside will face the external environmeiperformed in a way that brings regulative ability of the embryos
and, thus, develop as trophectoderm cells. The inside-outsidl®o direct confrontation with the existence of their early
hypothesis accounts for the fact that isolated four- to eight-ceflatterning. This is because only now can we recognise early
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The “Inside-Outsice” and “Polarisation” hypotheses regions of the egg. The studies performed to address this
guestion have thus far concentrated on the animal-vegetal axis
of the egg. They showed that removal of cytoplasmic and
cortical components either of the animal or vegetal pole of the
egg (Zernicka-Goetz, 1998) or polar cytoplasm at the two- or
eight-cell stages (Ciemerych et al., 2000) was compatible with
full-term development. How could such regulative ability,
which includes even the capacity to recuperate from loss or

F99 Zrcel redistribution of egg poles, be reconciled with early patterning?
Taken at face value, these findings would seem inconsistent
with a role for spatial patterning in the egg or early embryo.
But are they?

A solution to this dilemma may become clear once we
understand better the mechanisms by which polarity is
established in normal development and learn what actually
occurs when an embryo recovers from experimental

16-cell >32-cell

A “Cleavage-Driven” hypothesis ] could account for regulative responses in the context of normal
that relies on the relative and not the absolute concentration of

i i development. First, regulative ability might mean that when the
N z@g »col a morphogen. In this case, even after one pole is removed, the

manipulations. At present there are several possibilities that
initial polarity of the egg is perturbed, it becomes re-
established. For this to occur, positional information would
for example, a morphogenetic gradient in the egg or embryo
) gradient could persist and still be able to direct proper
H ! development. It is also possible that either remaining pole of
information that identifies it as one end of an axis. Thus, in the
experimental manipulations described above, polarity would
have been disturbed but not really destroyed. Second,
regulative development might indicate that when intrinsic
polarity is disturbed or destroyed, other asymmetries in the
: embryo itself or its environment can be adopted as spatial cues
Fig. 8. Decision-making in the early mouse embryo. The prevailing to re-establish polarity. In such event, the axes of the regulating
models (upper panels) over the past 20-30 years have acknowledgesimbryo might not have the original orientation as in the
a differentiation event that discriminates ICM (white) from unperturbed embryo, but might nevertheless arise out of the

trophectoderm (pale green) lineages. In the ‘inside-outside’ tendency to polarise using whatever cues might be available in
hypothesis Tarkowski and Wroblewska (Tarkowski and Wroblewskainqse altered circumstances. A third possibility is, of course,

the 4th cell division (8- to 16-cell stage) encounter an environment ?Eai po:anty had InOt af‘ctt#a”y been dlsbturbedzm e_xrlJ(eng]enttS
that leads them to become ICM. However, in the ‘polarisation’ a (.:u away poles of the €gg or embryos (Zernicka-Goe Z,
hypothesis, Johnson and Ziomek (Johnson and Ziomek, 1981) argué898; Ciemerych et al., 2000). This would be the case if

that blastomeres are polarised at the eight-cell stage, so the 4th and?0larised components were sequestered not into the animal or
subsequent divisions can generate daughters with different vegetal poles, but resided in other regions, such as at the sides
cytoplasmic and cortical components, hence differing fates. The  of the egg or embryo, or if they were spatially distributed
‘cleavage-driven’ hypothesis incorporates elements of these earlier according to some other positional cue. Alternatively, if the
models for formation of the ICM and the trophectoderm, but polarity of an embryo were defined through a polarised
recognises the novel findings that the first cleavage divides the component such as the cytoskeleton, then it could persist
$rk1]1bryo into itSff;.[l:ﬁUl’svemb:'lyglniCt(red) a':ﬁ ?Eembré’f)r."? (blug) IOif[‘rtseven in a fragment of the embryo. Finally, even in normal
e progeny of the two-cell blastomere that has a division advantag : . :
at the second cleavage tend to occupy the embryonic part, while thege"e"’pmgm’tmam][”.a{'?‘” _embry_(t)_nlc EI‘XeS CQUI?hbe eSta}[b“Shsd
progeny of the later dividing blastomere tend to occupy the y a combination orintrinsic positional cues in (he zygote an
abembryonic part of the blastocyst. The blastocyst cavity is often  PY the interactions of cells with each other or with their
slightly tilted from the embryonic-abembryonic clonal border. This €nvironment. Such a mechanism would also explain the great
‘cleavage-driven’ hypothesis proposes that blastocyst polarity arisesversatility of the early mammalian embryo. Overall, the
from asymmetries that are generated during early cleavage of the regulative aspects of development might provide safeguards
embryo. Thus, it predicts that either composition or behaviour of  that, as in other biological processes, ensure a robust, failsafe
blastomeres differ along the future axes of the embryo, resulting in system.
the overall polarised form of the blastocyst. In conclusion, even though the mouse embryo shows great
flexibility, it appears that its polarity is developing at the very
landmarks of mouse polarity that enable us to ask whethéeginning of embryonic life. Consequently, early patterning
potential ‘spatial information’ is localised to specific polarand regulative ability are interwoven, rather than being

have to be preserved at least to some extent. There could be,
the egg is able to define polarity because it contains
16-cell >32-cell}

gcell *
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mutually exclusive. This is perhaps what enables embryos toneutralizing activity expressed in the anterior primitive endoderm of the
endure the traumas that we impose on them as well as tgnouse gastruldDevelopmen68, 45-57.

accommodate naturally occurring variability. One of theBennett, J. (1982). Sperm entry point is related to early division of mouse
. . - blastomeres]. Cell Biol. 95, 163a.
benefits of understanding in molecular terms how the embryg,., ¢ Stanley, E., Fabri, L., Kotecha, S., Rhinn, M., Drinkwater, C.

becomes P0|5_lrised at its earliest stages will be_ insight into howet al. (1998). Murine cerberus homologue mCer-1: a candidate anterior
these regulative processes actually occur. Finally, the recentpatterning moleculeDev. Biol. 194, 135-151.
findings showing a link between earlier and later axiaBlum, M., Gaunt, S. J., Cho, K. W., Steinbeisser, H., Blumberg, B., Bittner,

development of the mouse embryo imply that mammals may t?]'eaﬁgm%iki‘)’(bggfé géol\géic%%é)lbgaigg;a-tjﬁréén the mouse: the role of

not be Y exceptiqnal after_ all in how and when their polaritgoyerman, B. and Shelton, C. A.(1999). Cell polarity in the early

is acquired. But still we wait to learn how far the two-century- cCaenorhabditis elegans embr@urr. Opin. Genet. De®, 390-395.

old statement of Geoffroy Saint-Hilaire (Geoffroy Saint- Calarco, P. G.(1991). Fertilization of the mouse oocyde Electron Microsc.
Hilaire, 1807) applies to mammals: ‘Nature works constantly T|e°h-1|731 é01-1491915; bolarization of mitochondria in the unfertiized

with the same materials. She is ingenious to vary only thgaoﬁz;?é e g;enet)ieo Soas O miochondriain fe Hnierized motise
forms. As if, in fact, she were restricted to the same primitiveameron, R. A., Fraser, S. E., Britten, R. J. and Davidson, E. H1989).
ideas, one sees her tend always to cause the same elementstbe oral-aboral axis of a sea urchin embryo is specified by first cleavage.

reappear, in the same number, in the same circumstances, arféevelopmeni06, 641-647. _ _
with the same connections’ Ciemerych, M. A., Mesnard, D. and Zernicka-Goetz, M.(2000). Animal
’ and vegetal poles of the mouse egg predict the polarity of the embryonic

. - .. axis, yet are nonessential for developm®&avelopmenii27, 3467-3474.
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