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The Anterior-Posterior Axis Emerges Respecting
the Morphology of the Mouse Embryo that Changes
and Aligns with the Uterus before Gastrulation

posterior polarity after implantation appear at E5.5 and
are revealed by the asymmetric expression of several
genes along the proximal-distal axis of the egg cylinder
[1]. Thus, while the mouse embryo appears radially sym-
metrical at E5.5, embryonic patterning is evident along
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embryo can be detected along the proximal-distal axis
at this stage.Background: When the anterior-posterior axis of the

mouse embryo becomes explicit at gastrulation, it is A second “step” involved in determining axial organi-
zation of the postimplantation embryo relates to cellalmost perpendicular to the long uterine axis. This led

to the belief that the uterus could play a key role in movement. At E5.5, distal visceral endoderm cells initi-
ate asymmetric migration toward the site that will be-positioning this future body axis.

Results: Here, we demonstrate that when the anterior- come the anterior [6, 11–12]. As this movement occurs,
genes (such as Fgf8 or Wnt3) known to be expressedposterior axis first emerges it does not respect the axes

of the uterus but, rather, the morphology of the embryo. radially in the proximal epiblast become restricted in
their expression toward the future posterior side of theUnexpectedly, the emerging anterior-posterior axis is

initially aligned not with the long, but the short axis of egg cylinder defined by the site of primitive streak forma-
tion [1]. Since migrating anterior visceral endodermthe embryo. Then whether the embryo develops in vitro

or in utero, the anterior-posterior axis becomes aligned (AVE) cells produce Nodal and Wnt antagonists, it is
believed that the AVE imparts anterior identity on thewith the long axis of embryo just prior to gastrulation.

Of three mechanisms that could account for this appar- underlying epiblast by protecting it from signals that
promote the formation of the primitive streak at the pos-ent shift in anterior-posterior axis orientation–cell migra-

tion, spatial change of gene expression, or change in terior [12–14]. Asymmetric cell movements thus permit
anterior-posterior asymmetry to be established and toembryo shape–lineage tracing studies favor a shape

change accompanied by restriction of the expression emerge correctly orientated [15]. Whether the orienta-
tion of this asymmetric cell migration and consequentlydomain of anterior markers. This property of the embryo

must be modulated by interactions with the uterus as of the anterior-posterior axis is random or occurs as a
response to a symmetry breaking cue has remainedultimately the anterior-posterior and long axes of the

embryo align with the left-right uterine axis. unknown.
There are two common suspects for such a cue: oneConclusions: The emerging anterior-posterior axis re-

lates to embryo morphology rather than that of the prediction is that it relates to the site of embryo implanta-
tion, another is that it relates to the intrinsic polarity ofuterus. The apparent shift in its orientation to align with

the long embryonic axis and with the uterus is associ- the embryo itself. These possibilities do not have to
be mutually exclusive. Orientation of the embryo as itated with a change in embryo shape and a refinement
implants into the uterus relates to polarity developed byof anterior gene expression pattern. This suggests an
the blastocyst stage [16–19]. Perhaps, therefore, theinterdependence between anterior-posterior gene ex-
embryo could respond asymmetrically to putative sig-pression, the shape of the embryo, and the uterus.
nals coming from this new maternal environment. Thus,
regardless of whether or not the orientation of the im-Introduction
planting embryo itself is predetermined by its intrinsic
asymmetry, it is possible that the uterus influences theThe anterior-posterior axis of the mouse embryo be-
development of anterior-posterior polarity. The secondcomes morphologically explicit at embryonic day (E)
possibility is that this polarity stems from intrinsic asym-6.5. However, the first molecular signs of the anterior-
metry in the embryo itself; this could develop (at least
initially) independently of the uterus. This finds some
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tion blastocyst, which in turn relates to the animal-vege- ally symmetrical, i.e., flattened, such that the short axis
was approximately 18% shorter than the long one (74 �tal axis of the zygote [11, 19–21]. The visceral endoderm

progeny of cells from the end of the blastocyst axis 5�m compared to 90 � 5 �m; n � 14) (Figure 1C). At
E5.5, embryos were less flattened and their short axisderived from the animal pole tend to become positioned

more distally on the egg cylinder than those derived was only about 5% shorter than the long one (n � 14).
Since the average length of the long embryonic axis wasfrom the vegetal pole [11].

Another intriguing observation that emerged from the relatively unchanged between E5.0–E5.5, it appeared
that this shape change was due primarily to an increasestudies of Weber and colleagues [11] was the changing

shape of the clones of visceral endoderm cells as devel- in length of the short axis (Figure 1C). By E5.75, cavita-
tion has occurred within the epiblast and a single-lay-opment proceeds from blastocyst to the egg cylinder

stages. The coherent clones in the extraembryonic part ered ectoderm has formed. At this stage, flattening of
the embryo reappeared: on average the short axis waswere often diagonal extending from the anterior-proxi-

mal to posterior-distal regions, reflecting asymmetric 88% of the length of the long one (n � 16). From E5.75–
E6.5, the majority of embryos remained ellipsoidal incell behavior. Clones in the embryonic part tended to

be dispersed, consistent with posterior-to-anterior move- shape, and as they developed, their flattening became
increasingly marked such that by E6.5 one axis wasment in the midline and spiraling in the lateral regions

[11]. This indicated that even though the nature and 67% of the length of the other (n � 18) (Figure 1C).
To address whether the orientation of the ellipsoidal-extent of cell displacements in these two parts of the

egg cylinder differ, the visceral endoderm behavior in shaped embryos bears any consistent relationship to
the axes of the uterus, we performed measurements ofboth extraembryonic and embryonic parts reflected the

emerging anterior-posterior polarity. These studies thus histological sections of whole deciduae. This revealed
that at E5.0 the embryo’s long axis lay almost parallel toprovided us with a glimpse of a complex pattern of cell

behavior upon implantation likely to be important for the long axis of the uterus displaced only by an average
angle of 6� � 4� (n � 10) (Figure 2A). At E5.5 it was notdevelopment of the major future body axis. However,

the character of these pregastrulation transformations possible to orient the embryos, as they had become
almost radially symmetrical by this stage. However, atof the egg cylinder has remained unknown. To which

extent do they reflect differential growth of the egg cylin- E5.75–E6.0, the long axis of the embryo clearly did not
show any specific orientation with respect to the axesder, change in its shape, or cell migration? It has also

remained to be determined whether these cell move- of the uterus (Figures 2B and 2C). The mean angle be-
tween the long axis of the embryo and the long axis ofments that are predictive of anterior-posterior polarity

relate to the morphological axes of the embryo, the the uterus was 53� � 21�(n � 13) at E5.75 and 52� �
26� (n � 30) at E6.0. As embryos developed towarduterus, or neither.

To approach these questions, we have carried out gastrulation their long axes became progressively
aligned more perpendicular to the long axis of the uterus.morphological measurements, gene expression, and

cell lineage studies to examine the dynamics of the The average angle between the long axis of the embryo
and long axis of the uterus was 71� � 18� (n � 9) atrelationship between the axes of the embryo and the

uterus between implantation and gastrulation and their E6.25 and 74� � 13� (n � 12) at E6.5.
In conclusion, E5.0 embryos bear a marked bilateralrelationship with the molecular emergence of the ante-

rior-posterior axis. This has brought us unexpected in- symmetry and their long axis is oriented parallel to the
long axis of the uterus. This bilateral symmetry is, how-sights into the establishment of the anterior-posterior

axis in the mouse. ever, transient as the embryos become nearly radially
symmetrical at E5.5. As development proceeds to the
gastrula stage, flattening of embryos reappears. Initially,

Results however, the embryo’s long axis is oriented randomly
with respect to the uterine axes. Only shortly before

The Embryo Undergoes Dynamic Changes in Its gastrulation does the long axis of the embryo become
Shape and Orientation with Respect to the progressively oriented with respect to the uterine axes.
Uterus between Implantation and Gastrulation But in contrast to the initial arrangement, at the time of
We first sought to determine the extent to which the gastrulation, the long embryonic axis adopts a position
morphological axes of the embryo relate to the axes of almost perpendicular to the long axis of the uterus (as
the uterus shortly after implantation. To address this also observed in [17, 22]).
question we recovered embryos at the earliest possible
postimplantation stage (E5.0) up to the time of gastrula- Emergence of the Anterior Does Not Correlate
tion (E6.5) and determined first the extent to which the with the Uterine Axes but Tends to Correlate
embryonic region of the developing egg cylinder de- with the Morphology of the Embryo
parted from radial symmetry. At E5.0, each embryo is Between E5.5–E6.0, distal visceral endoderm cells move
contained within a crypt, so that the proximal-distal axis up one side of the embryo to specify the future anterior
of the embryo is parallel to the mesometrial-antimeso- [7]. Our findings demonstrated that at the time of this
metrial axis of the uterus (Figure 1A, also [22]). The movement (E5.75), the morphological axes of the em-
average proximal-distal length of the embryos at this bryo and of the uterus are not in alignment. This raised
stage was of 124 � 13 �m. Optical sectioning orthogonal the question of whether the distal-to-anterior cell move-
to the proximal-distal axis (Figure 1B) revealed that E5.0 ment occurs in a random direction or with respect to

an axis of either the uterus or the embryo.embryos were not radially symmetrical but were bilater-
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Figure 1. Morphological Axes of the Mouse
Egg Cylinder between E5.0–E6.5

(A) Diagram representing the implanted em-
bryo within the uterus at E5.0. The uterine
and embryonic axes are shown in black and
red, respectively.
(B) A schematic drawing of the embryonic
part of the mouse egg cylinder. Arrows indi-
cate short and long embryonic axes and their
relationship with the anterior-posterior axis
at the time of gastrulation (E6.5). Tissues
composing embryonic part of the egg cylin-
der are also indicated.
(C) Left, two images of an E6.25 embryo ori-
ented through rotation in order to measure
its long axis (l, yellow) and short axis (s, red)
(black line) that is visible at the embryonic
region of the egg cylinder. Right, graph plot-
ting the measurements �SD of the short (pink
line) and long axis (beige line) of the embryo
from E5.0–E6.5. The ratio of short axis to long
axis (white) is indicated under the paired val-
ues. The mean values are shown.

Approaching such a question could be aided by hav- cells was assessed as an angular vector passing through
the middle of the arc defined by the GFP domain anding a marker for the developing AVE that could be ob-

served in both fixed and live preparations. In part to originating at the center of the proamniotic cavity. We
then classified embryos into three categories (Figuresatisfy this need we developed a transgenic line of em-

bryos in which the expression of GFP is driven by the 3C): the “LR” (left or right) category, in which the angle
between the vector and the cervix-oviduct axis (�) wasAVE specific Cerl gene promoter (Cerl-GFP). We then

analyzed the pattern of expression of Cerl-GFP embryos between 60�or 90�; the “Ob” (oblique) category, in which
the angle was between 30�and 60�; and the “CO” (cervixwith respect to the axes of the uterus and the embryo

at the time of AVE migration. Comparing the domains or oviduct) category, in which the angle was between 0�
and 30�. This analysis showed that between E5.75–E6.0,of GFP fluorescence with the distribution of Cerl mRNA

revealed by in situ hybridization confirmed that the GFP Cerl expression was randomly distributed in relation to
the uterine axes: 31% (11/36) of embryos were in theexpression pattern corresponded to that of endogenous

Cerl at the time of AVE formation (E5.5–E6.0) (Figures CO category, 41% (15/36) of embryos were in the Ob
category, and 28% (10/36) of embryos were in the LR3A and S1). As expected, GFP expression was observed

initially at the distal tip of E5.5 embryos and, within a 6 category (Figure 3C).
However, we found that the position of GFP expres-hr window, it became directed toward one side of the

egg cylinder surface. Thus, GFP fluorescence observed sion from the Cerl promoter showed a tendency to corre-
late with the morphology of the embryo. When we re-in histological sections of Cerl-GFP embryos allowed

us to follow domains of Cerl expression. lated the vector representing the GFP-expressing
domain to the morphological long axis of the embryoTo analyze the spatiotemporal expression of Cerl-GFP

in relation to the axes of the uterus, we fixed whole (Figure 3D), it showed preferential orientation in 51%
(21/41) of embryos according to the short embryonicdeciduae when still within the uterus between E5.75–

E6.0 and sectioned them for examination by fluores- axis (60� to 90�). This compared to 29% (12/41) of em-
bryos, in which it was at an oblique orientation (30� tocence microscopy (a typical section is shown in Figure

3B). The pattern of GFP fluorescence was analyzed in 60�), and to 20% of embryos (8/41), in which the GFP
vector was oriented on the long axis (0� to 30�). Thus,each of the sections (of 10 �m thickness). Only the most

distal sections were not analyzed (approximately four the expression pattern of this marker of AVE formation
does not relate to the axes of the uterus before E6.0distal sections, �40�m) where the GFP-expressing do-

main could encompass the whole distal visceral endo- but, rather, to the shape of the embryo. However, its
relation to the shape of the embryo is not absolute at thisderm. The position of the domain of GFP-expressing
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Figure 2. Dynamic Changes in Orientation of the Morphological Axes of the Embryo with Respect to the Uterine Axes

(A) Example of a section of an E5.0 embryo. Frontal sections through the uterus correspond to transverse sections of the embryo. In parts
a–c, the horizontal scale bar represents 20 �m. The orientation of each panel bears the same relationship to the axis of the uterus that is
indicated in the figure. The long axis of the embryo can be oriented by comparison to the oriented frontal uterine section; a, proximal; b,
median; c, distal. The horizontal scale bar represents 50 �m.
(B) A section of the uterus containing an embryo showing embryonic and uterine axes and their relationship. The inset shows a magnified
imaged of the same embryo. The horizontal scale bar represents 100 �m.
(C) Plot of the angle between the long axis of the embryo and the long axis of the uterus from E5.0–E6.5. Each yellow dot represents the
orientation of the long axis from a single embryo. The line connects the mean angular values.

stage. It seems unlikely that the position of expression of embryo. This raises the question of how the AVE ulti-
mately becomes positioned so that it does lie on one endthis anterior marker could be an artifact of sectioning

since when embryos were removed from uterus and of the long axis of the embryo at the time of gastrulation.
To approach this question, we first wished to analyzesectioned optically (see Figure S1 for an example of

such embryos), expression of the AVE marker was also the expression pattern of not only an anterior marker
(Cerl), but also posterior markers (Fgf8 [23] or Gsc [24])seen on the short axis at E6.0.
in relation to the morphology of the embryo between
E6.25–E6.75. In this series of experiments, we turned toThe Emerging Anterior-Posterior Axis Is Initially

Not Aligned with the Long but, Rather, with the using in situ hybridization as it allowed us to follow the
position of cells expressing both of these markers. ThisShort Morphological Axis of the Embryo

The above observations demonstrate, quite unexpect- technique also offers the advantage of providing a closer
link to the transcription of the anterior markers as theedly, that when the AVE cells move toward the future

anterior, they tend not to lie on the long axis of the embryo approaches E6.5 than GFP fluorescence. This
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Figure 3. Position of Developing AVE Relates to Embryonic Shape Rather Than to Uterine Axes

(A) GFP fluorescence (left) and in situ hybridization (right) as a marker for Cerl expression in the same E5.75 Cerl-GFP embryo.
(B) Transverse paraffin section (at lower and higher magnification) of an E5.75 embryo scanned for GFP fluorescence. Note that the GFP
protein is specifically localized within the visceral endoderm and remains as a coherent patch.
(C) AVE orientation with respect to the uterine axes was categorized into three distinct groups (CO, Ob, LR) accordingly to the angle (white
arrow) between GFP expression domain in relation to the long axis of the uterus. The section only provides visual support to exemplify each
different category. In fact, the analysis took all sections into account, so that the final vector represents the average localization of the GFP
domain with respect to either the axes of the uterus or the axes of the embryo (Experimental Procedures). Distribution of embryos in each
category is indicated.
(D) Three categories of AVE (marked by Cerl-GFP expression) orientation (red arrow) with respect to the long morphological axis of the embryo.
Ratios of number of embryos in these groups are indicated schematically. All horizontal scale bars represent 50 �m.
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is because GFP is quite a stable protein that could, as To detect de novo Cerl expression as a marker of the
final position of the AVE, we used in situ hybridization.embryos develop, also effectively act as a lineage tracer

of cells expressing the transcript at earlier stages. In- To detect the original domain of Cerl expression, we
had to allow for the extensive cell movements that occurdeed, we observed that the domain of expression of

Cerl mRNA is smaller and contained within the domain in the visceral endoderm of the embryonic region of the
egg cylinder at this stage [11]. As a result, not only doesmarked by Cerl-GFP fluorescence at E6.25 and subse-

quent stages. This suggests that some repression of GFP expressed from the Cerl promoter mark the history
in addition to the ongoing expression of Cerl, but also theCerl transcription must operate to restrict expression

to a subset of cells within the progeny of the original colony of GFP-labeled cells becomes quite scattered
around E6.25. Thus, to be able to relate the final positionpopulation of cells that had expressed Cerl-GFP. We

later confirmed this restriction of expression by marking of the AVE (ongoing Cerl expression) to its original ex-
pression domain at E6.0, we further marked the lateralthe boundaries of the GFP-expressing population of cell

with DiI at E6.0 and by showing that Cerl mRNA was limits of the domain of cells expressing GFP at E6.0 by
labeling cells with DiI (Figure 5B). DiI was applied atexpressed later within a smaller domain (see below).

As expected, we observed that at E6.75, the axis pass- two extreme positions on the extraembryonic visceral
endoderm cells, close to their embryonic boundary,ing through the center of the expression domains of Cerl

and Fgf8 (the anterior-posterior axis) was almost parallel since cells in this particular region do not undergo the
same dramatic movements typical of the embryonic re-to both the long axis of the embryo and the left-right

axis of the uterus (Figure 4A). The domains of expression gion [11, 25–27]. The labeled embryos were then cul-
tured and allowed to develop for 15–18 hr before analyz-of Cerl and Fgf8 were diametrically opposite to each

other (Figure 4A). However, at E6.0–E6.25, the axis de- ing the position of DiI fluorescence in relation to ongoing
anterior and posterior gene expression revealed by infined by the center of the expression domains of both

Cerl and Fgf8 tended to be either perpendicular or situ hybridization for Cerl and Gsc, respectively. In these
experiments, 21 of 33 DiI-labeled prestreak embryosoblique, rather than parallel, to the embryo’s long axis

(Figure 4B). This finding is in direct agreement with our reached the early primitive streak stage in culture as
assessed by the expression of the anterior and posteriorprevious observations on the pattern of GFP expression

from the Cerl promoter at E6.0. The slight variability markers. All of these embryos showed an ellipsoid
shape.observed in the initial positioning of the anterior-poste-

rior axis in relation to embryo morphology could, per- The clear finding to emerge from these experiments
was that the final position of the AVE was at one end ofhaps, reflect some variation in the developmental stage

of the embryo, which indeed could be recognized by the long embryonic axis in the great majority (20 out of
21) of embryos. This indicates that the “repositioning”some differences in the sizes of the embryos collected

at the same developmental time point (see Figure 1C and of the AVE toward the end of the long axis can take
place in the absence of the uterus. Secondly, the finalExperimental Procedures). These observations might be

interpreted as indicating that as development proceeds position of the AVE (as detected by in situ) was always
(100%, n � 21) found within the domain previously de-beyond E6.25 toward E6.5, the axis defined by the center

of the expression domains of both Cerl and Fgf8 be- fined by the GFP cells that lay in between the two
patches of DiI-labeled cells (Figures 5Ba–5Be). This ar-comes progressively oriented toward being parallel with

the long axis of the embryo. Our results would therefore gues that the AVE does not reform away from its initially
determined position during the time of culture in vitro.suggest that this trend in reorienting the anterior-poste-

rior axis in relation to the embryo’s morphology could Additionally, we attempted to analyze the exact loca-
tion of the AVE in relation to its earlier position at E6.0already be seen in some embryos collected at E6.25

(Figure 4C). by comparing the site of Cerl transcripts within the do-
main of GFP fluorescence marked by two patches of
DiI (Figure 5B). To this end, we divided the intervening

A Change in Embryo Shape Appears to Align region between the two extreme DiI patches into three
the Anterior-Posterior Axis with the Long equal parts (Figure 5C). We found that of 20 embryos
Morphological Axis of the Embryo in which the AVE became positioned at the end of the
Several hypotheses can be put forward to explain how long axis at the primitive streak stage, 11 had Cerl mRNA
the orientation of the anterior-posterior axis could within a central sector of the “DiI-defined GFP region.”
change with respect to the morphological axes of the In the remaining nine embryos, it was within one of the
embryo (Figure 5A). It could reflect asymmetric cell mi- lateral sectors of such a region. Ongoing Cerl expression
gration, whereby cells expressing anterior and posterior in the central part of the DiI-marked region might point
markers move toward the opposite ends of the long to a change in embryo shape as being responsible for
embryonic axis; a change in anterior and posterior gene bringing the AVE toward the end of the long axis. Alterna-
expression pattern so that expression of the anterior tively, it might point to an integral movement of the entire
and posterior markers is restricted and maintained only Cerl-GFP expression domain toward this end. This latter
toward the ends of the long axis; or a change in the possibility, however, we find very unlikely. This is be-
embryo’s shape so that the ends of the short axis be- cause had there been an integral movement of the entire
come the ends of the long axis. To gain insight into Cerl-GFP expression domain toward the anterior (end
these possibilities, we carried out cell lineage studies of the long axis), then in contrast to what we observed,
to follow development of the anterior-posterior axis from its position relative to the DiI labeled cells would have

changed. Ongoing expression of Cerl toward the edgesE6.0 in embryos subjected to short-term culture in vitro.
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Figure 4. The Anterior-Posterior Axis Changes Its Position with Respect to Morphology of the Embryo between E6.25–E6.75

(A) In situ hybridization for Cerl and Fgf8 expression in an E6.75 embryo. Right reveals in situ hybridization for Cerl and Fgf8 mRNAs on a
paraffin section of the E6.75 decidua at lower (top) and higher (bottom) magnification.
(B) Whole-mount in situ hybridization showing Cerl mRNA (red arrows) in four E6.25 embryos. Dotted lines represent the long morphological
axis of the embryo.
(C) In situ hybridization for Cerl and Fgf8 on sections of E6.25 decidua. All horizontal scale bars represent 50 �m. All sections are oriented
with the long axis of the uterus as indicated.

of the DiI marked region could indicate that the expres- Although at present it is not possible to track a shape
change of the embryo as it occurs in utero, perhapssion of Cerl became restricted to one edge of its initial

expression domain so that the AVE became positioned some signs of such a change could be indicated when
we sectioned embryos perpendicularly to their proximal-closer to the end of the long embryonic axis. But this

outcome could also point to the embryo changing its distal axis. We found that E6.25–E6.5 embryos sectioned
in this way could appear to be slightly “spiral” in theirshape, although in this case not symmetrically with re-

spect to the center of the initial domain of anterior embryonic regions. The orientation of the long axis of
the same embryo as measured in the distal and themarker expression (see also the Discussion section be-

low). A very similar “repositioning” of the anterior-poste- proximal regions could differ by up to 28�, although the
mean of this difference was only 11.3� for 18 embryosrior axis in relation to the change in the embryo shape

is also reported in Perea-Gomez et al. ([34], this issue measured (Figure 6).
Taken together, all these results lead us to proposeof Current Biology).
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Figure 5. The Apparent Shift of the Anterior-Posterior Poles toward the Opposing Ends of the Long Embryonic Axis Appears to Be Associated
with a Change in Embryo Shape

(A) A schematic representation of possible routes whereby the anterior-posterior axis might change its position in respect to the embryo
morphological axes between E6.0–E6.5. The AVE (marked by the green arrow) first migrates proximally (“anteriorly”) along the short axis of
the embryo at E5.5–R6.0. Then, in the first possibility, either cells expressing anterior and posterior markers move toward the ends of the
long embryonic axis or there is a restriction in the transcription of anterior and posterior markers so that their expression is maintained only
at the ends of the long axis. In the second possible route, the embryo is changing shape so that the ends of the short embryonic axis become
the ends of the long axis, possibly by preferential growth of the epiblast and visceral endoderm in the short axis.
(B) In vitro cell lineage studies of AVE position with respect to the embryonic axes. Cerl-GFP embryos were collected at E6.0, and both lateral
groups of cells expressing GFP were labeled with DiI (a). At E6.0 the domain of Cerl expression revealed by GFP fluorescence and by in situ
hybridization colocalize (see Figure S1). Labeled embryos were cultured for 15–18 hr and analyzed by fluorescence microscopy to reveal the
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rical about its long axis. It subsequently undergoes flat-
tening again from E5.5 onward, a time when the distal
tip cells are migrating to their anterior destination. The
third change, immediately before gastrulation, is an ad-
justment in both shape and gene expression that places
the long axis of the embryo in register with the anterior-
posterior axis and the left-right axis of the uterus. A
model of how these changes in embryo shape might
take place in relation to the orientation of the anterior-
posterior axis and the axis of the uterus is presented in
Figure 7.

It is not yet clear how the flattening of the embryo
at the time of implantation relates to formation of the
anterior-posterior axis. The flattening we observe at E5.0
may correspond to the bilateral symmetry ascribed by
Smith [16, 17] to the implanting blastocyst. Smith sug-
gested that the asymmetries she saw, which related to
the blastocyst axis of bilateral symmetry, may also be
directly related to the final orientation of the anterior-
posterior axis. However, the complexity of cell move-
ment and growth from the blastocyst to the early egg
cylinder stage revealed by our previous studies [11] indi-
cated that this relationship might not be so straightfor-
ward. Although we observed that the visceral endoderm
progeny of inner cell mass cells from the ends of the
blastocyst axis of bilateral symmetry tended to differ in
their spatial distribution along the proximal-distal axis
of the egg cylinder, they did not occupy exclusively
anterior or posterior positions. We believe that it is diffi-

Figure 6. Change in Shape of the Embryonic Region of the Egg cult at present to relate these findings to each other
Cylinder along Its Proximal-Distal Axis at E6.5

since we do not yet know how bilateral symmetry before
Series of paraffin sections of a single E6.5 embryo expressing Cerl-

implantation relates to that after implantation and in turnGFP in utero. The orientation of the long axis of the embryo (marked
to that of the E5.0 egg cylinder of this study. Our presentby the white dashed line) can slightly differ at the distal and proximal
data add a further complication that should be takenparts of the embryonic region of the egg cylinder (the mean of this

difference being 11.3� for 18 embryos measured). The horizontal into account in understanding the relationships between
scale bar represents 50 �m. morphology of the embryos at different stages of the

peri-implantation development on one hand and the
emergence of the anterior-posterior axis on the other.

that the mouse embryo changes its shape shortly before This is that the embryo passes through an intermediate
gastrulation and that the extent to which the shape is stage that approaches radial symmetry around the time
changed might slightly differ and so be characteristic for when the anterior-posterior axis can be described by
individual embryos. We think that such a shape change current molecular markers, and we have no molecular
could be accompanied by the fine-tuning of the expres- markers at these earlier stages to which the shape
sion of anterior and posterior markers so that ultimately changes can be referred. We can, however, hypothesize
the AVE is positioned toward the end of the long embry- in relation to the present data about the nature of the
onic axis at the time of gastrulation (Figure 7). In the mechanisms that link subsequent changes in the em-
case of Cerl, this is seen as a restriction of its transcrip- bryo shape to the molecular specification of the emerg-
tion within a subset of cells of those originally expressing ing anterior-posterior axis. It is possible that flattening
the protein. at the time of the distal-to-anterior cell movement arises

as a result of the mode of the growth of the egg cylinder.
Discussion The distal-to-anterior migration would then be a natural

extension of this growth pattern. Our data do not, how-
We describe here three major shape changes that take ever, allow us to exclude that the flattening of the embryo
place in the mouse embryo in the interval between im- might also partly be a consequence of this cell migration
plantation and gastrulation. The embryo is flattened at per se. This second hypothesis seems to be favored in a

recent study by Rivera-Perez and colleagues (publishedimplantation and then becomes almost radially symmet-

position of DiI- and GFP-expressing cells (b and d). The same embryos were subsequently processed through in situ hybridization to detect
the expression of Cerl and Gsc or Fgf8 (c and e). The horizontal scale bar represents 50 �m.
(C) The position of the AVE (indicated by the in situ hybridization for Cerl) was then scored, according to its localization with respect to the
two lateral patches of DiI, as central or lateral. The accompanying table shows the distribution of AVE with respect to the patches of DiI in
cultured embryos.
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Figure 7. Development of the Anterior-Pos-
terior Axis in the Embryo Implanted in the
Uterus

Schematic representation of the dynamic re-
lationship between the axes of the embryo
and anterior-posterior axis on one hand and
the axes of the uterus on the other hand from
E.5.0–E6.75. Schematic drawings of the em-
bryonic region of the egg cylinder (left) and
its transverse sections (right) as they develop
within the uterine wall (gray). At E5.0, the long
morphological axis of the flattened embryo
is aligned with the long axis of the uterus.
This bilateral symmetry is lost by E5.5 and
then regained with the embryo becoming ran-
domly orientated within the uterine wall at
E5.75 until shortly before gastrulation. The
emergence of the anterior-posterior axis, first
visualized as distal-to-anterior movement of
visceral endoderm cells that takes place be-
tween E5.5–E6.0, occurs during the period
that the embryo is randomly oriented. The
anterior-posterior axis tends to emerge with
respect to the morphology of the embryo and
not the uterus. However, the initial position
of the anterior-posterior axis does not corre-
spond to the long axis of the embryo, whereas
half a day later it will do so. Our results sug-
gest that this apparent “shift” in orientation
of the anterior-posterior axis results from a
change in the shape of the embryo. This
change in shape can be associated with
some adjustment of gene expression pat-
terns that ultimately will relate the orientation
of the anterior-posterior axis with the axes of
the uterus. This suggests a fine interdepen-
dence between the expression of anterior-
posterior markers, the shape of the embryo,
and the axes of the uterus.

during revision of our paper), showing that the epiblast (Figure 7). Our lineage tracing experiments demonstrate
that the domain of expression of the AVE marker Cerlfacing the AVE is flattened at the time when it migrates

anteriorily [27]. However, neither this nor our own study becomes restricted at this stage in a manner that varies
from one embryo to another. This slight variability inaddresses whether the embryo flattening is the cause

or the consequence of AVE formation. the position of ongoing Cerl expression within the DiI-
marked region at E6.5 may reflect the extent to whichStudies of cell lineages carried out in vitro by us in

this paper and also by Perea-Gomez and colleagues its expression naturally fell toward the end of the long
rather than the short axis at E6.0. In such a case, there[34] suggest that the AVE (and/or posteriorly expressed

genes) is able to direct formation of the future long axis would be little requirement for any later readjustment of
the expression domain. If at E6.0, Cerl expressionof the embryo. However, we have shown that neither

the AVE nor the long axis of the embryo is related to tended to occur on the short axis, there would be a
greater need for the expression domain to repositionany specific uterine axis at E6.0. This therefore implies

that both the AVE and the uterus direct formation of the and so compensate. This would ensure that the AVE
ultimately lies on one end of the long axis. Thus, thislong axis of the embryo in such a way that it is aligned

with them. Further analysis will be required to character- change in embryo shape before gastrulation might be
understood as providing an important link to axis speci-ize morphogenetic movements together with molecular

contributions in order to understand the fine interplay fication by positioning the anterior and posterior ends
farthest apart from each other, thus toward the ends ofbetween these three partners.

The repositioning of the long axis of the embryo and the long rather than the short axis. Anterior and posterior
poles would then tend to become more focused at thethe anterior-posterior axis to eventually align occurs

both in embryos developing in utero and in vitro. We opposing positions on the narrowmost parts of the egg
cylinder but maintained apart due to a system of repres-hypothesize that this alignment is likely to be due to a

change in shape caused by the preferential growth of sion. Such, still hypothetical behavior of anterior and
posterior poles would be in agreement with the recentlyepiblast and visceral endoderm along what at E6.0 is

the short axis; this expanded tissue would then form proposed models [12, 14] in which the AVE acts by
suppressing and restricting the posteriorizing signals,part of the ends of the long axis as seen at gastrulation
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of the embryonic portion of the egg cylinder throughout these stagesbecoming necessary to segregate the anterior and the
(Figure 1C).posterior “organizing” centers to achieve a correct pat-

terning of the early gastrula embryo.
Generation of Cerl-GFP Transgenic Embryos

The fact that embryos cultured in vitro are not in their To generate embryos that express GFP from the Cerberus-like pro-
normal environment and still undergo these changes moter, an EcoRI genomic fragment containing the first exon of Cerl
offers some additional insight into development of the gene and 4 kb of noncoding upstream region was isolated from a

mouse genomic library generated in Lambda Fix II (Stratagene) andanterior-posterior axis. It suggests that the apparent
subcloned into pBluescriptIIKS� (Stratagene). An NcoI site wasrepositioning of the anterior-posterior axis can occur
introduced at the starting ATG codon by PCR-based mutagenesis.independently of the uterus. If the embryo does indeed
To generate the plasmid McerlP-EGFP a 1 kb NcoI–SspI fragment

have some intrinsic potential to position its anterior- containing the enhanced green fluorescence rrotein (EGFP) CDS
posterior axis, where could this potential positional in- and the SV40 early mRNA polyadenylation signals from pEGFP-N3
formation come from? One possibility is that it might (Clontech) was inserted at the Cerl ATG site.

The transgenic line TgN(CerlPGFP)328Belo (referred to in the textrelate to the bias in polarity of the embryo that develops
as Cerl-GFP) was generated by microinjection of a BssH fragmentat the preimplantation stages [11, 19–21, 28–31]. How-
from McerlP-EGFP into the pronuclei of fertilized eggs from C57/ever, although the embryo might have the intrinsic po-
Bl6 mice, as described [31]. Genotyping was carried out by PCR

tential to position the anterior-posterior axis, a role for analysis of adult tail DNA using oligonucleotides 5�-GACGAATT
the uterus cannot be fully excluded, either earlier in CACCCACCTGCTGACCACCTGCTTCC-3� and 5�-TTGATGCCGTT
determining the extent of embryo flattening and/or later CTTCTGCTTGTCG-3�, which amplify a 600 bp transgene-specific

product.in fixing the final orientation of the anterior-posterior
axis. Indeed a mechanism must exist for the embryo to

Measurements of Embryonic Dimensionsbecome aligned with respect to the uterine axis from
Embryos were orientated using a holding pipette and a micromani-the time of gastrulation. Is the uterus imposing this final
pulator over an inverted microscope (Nikon). They were rotated

alignment through the remodeling of the embryo? Or along their proximal-distal axis to observe their short and long axis
has some intrinsic information been fixed in the embryo of bilateral symmetry. Measurements were carried out on the photo-

graphs (CCD camera, Princeton Instruments) taken with the opticalwith reference to the uterus from the time of implanta-
section passing through the central thickest part of the embryo,tion? These questions remain open. In order to fully
where the axis was the longest. The real dimensions of the embryounderstand the changes in embryo shape and cell move-
were adjusted according to the magnification used (10�, 20� lens).ments implicit from these studies and also from our
Measurements were taken at an embryonic region of the egg cylin-

previous work [11], time-lapse observations of egg cylin- der, two-thirds from the distal tip. Throughout the text, we refer to
der transformations after implantation would be most the morphological axes of the embryonic region of the egg cylinder

when it is flattened as the long or short axis of the embryo.helpful, ideally in utero, but most likely achievable fol-
To relate the axes of the embryo to the uterus, the former werelowing short-term culture in vitro.

first determined by examining the shape of the decidua at low magni-
fication (5–10�); the axes of the embryo were then determined under
high magnification (40�), and both sets of axes were compared toConclusions
each other. In the few cases where the long axis of the embryo wasAt the time of distal-to-anterior visceral endoderm cell
not obviously identifiable, the long proamniotic axis could still bemigration, the morphological axes of the mouse embryo
used as a reference. Indeed, in this study it systematically appearedare not aligned with those of the uterus. Development to be parallel to the long axis of embryo bilateral symmetry.

of the anterior-posterior axis tends first to relate to the
shape of the embryo and not to the axes of the uterus. Whole-Mount In Situ Hybridization
A change in embryo shape together with fine-tuning in Embryos were recovered in M2 medium and fixed in 4% paraformal-

dehyde in PBS at 4�C. In situ hybridizations using digoxigenin-the expression of the anterior and posterior markers just
labeled probes were performed as described by Wilkinson [32],before gastrulation aligns the long axis of the embryo
modified by the omission of proteinase K treatment. All digoxigenin-with its anterior-posterior axis. This occurs in concert
labeled antisense probes were hybridised at 65�C for 12–20 hr. The

with an alignment of the embryo with the uterine axes. probes used in this study corresponded to the following genes:
Fgf8, Cerl, Gsc, and T [33]. For in situ hybridization on histological
sections, the sections were dewaxed and rehydrated before immedi-Experimental Procedures
ately undertaking in situ hybridization protocol. The same procedure
was applied except that a proteinase K (10 �g/�l) treatment wasEmbryos
included for 10 min followed by postfixation in 4% paraformalde-F1 (C57BL6 � CBA) or Cerl-GFP transgenic mice (see below) were
hyde for 10 min.bred with artificial “day/light” being maintained from 06:00–18.00

hr. All of the analyzed embryos or deciduae were obtained from
naturally mated F1 � F1 or F1 female � Cerl-GFP male crosses. Embedding for Histological and GFP Analysis

of Cerl-GFP EmbryosThey were staged according to the time of recovery as follows. E5.0
for embryos that were recovered between 21:00–03:00 hr on the Deciduae were recovered at the indicated stages in M2 medium or

PBS and fixed immediately in 4% paraformaldehyde overnight atfourth to fifth day after fertilization (day of plug), E5.25 between
03:00–09:00 hr on the fifth day, E5.5 between 09:00–15:00 hr on the 4�C. They were washed twice for 10 min in PBS and processed

through ethanol dehydration for successive periods of 10 min infifth day, E5.75 between 15:00–21:00 hr on the fifth day, E6.0 be-
tween 21:00–03:00 hr on the fifth to sixth day, E6.25 between 25%, 50%, 75%, 90%, and 96% ethanol in PBS. Subsequently,

they were kept in 96% ethanol (for up to 1 day), transferred to 1:103:00–09:00 hr on the sixth day, E6.25 between 09:00–15:00 hr on
the sixth day, and E6.75 between 15:00h-21:00h of the 6th day. The ethanol:xylene for 1 hr, then to 1:1 xylene:Paraplast plus wax (Sigma)

for 1 hr at 65�C, and finally twice to wax for 1 hr at 65�C. For finalaverage proximal-distal length of the embryos at stages between
E5.0–E6.5 was E5.0, 124 � 13 �m (n � 14); E5.25, 167 � 22 �m embedding, they were oriented with the mesometrium-antimesome-

trium axis vertical in a 8 mm3 cubic chamber and maintained at 4�C(n � 9); E5.5, 185 � 15 �m (n � 16); E5.75, 202 � 29 �m (n � 14);
E6.0, 248 � 37 �m (n � 14); E6.25, 324 � 23 �m (n � 12); and E6.5, until sectioning. Sections were cut at 10 �m and laid on APES- or

polylysine-coated slides when required for in situ hybridization. For340 � 31 �m (n � 17). See also data showing the average diameter
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histological analysis, sections were stained with Ehrlich’s Haema- dilla, David Glover, Patrick Tam, Claudio Stern, and Stephen Frank-
enberg for the discussions. We also thank Aitana Perea-Gomez andtoxylin and Eosin and mounted under a glass coverslip with DPX

(BDH). Jérôme Collignon for sharing their results with us before publication
and for discussions.

Confocal Microscopy
Dissected embryos were fixed in 4% paraformaldehyde, transferred, Received: August 20, 2003
and oriented in a glass-bottomed coverslip dish in PBS before scan- Revised: December 24, 2003
ning. To detect GFP expression, sections were kept in wax and Accepted: December 30, 2003
directly scanned. Laser scanning confocal microscopy was carried Published: February 3, 2004
out on an inverted Nikon microscope with a Biorad MRC Scanning
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