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Initiation of Gastrulation in the Mouse Embryo
Is Preceded by an Apparent Shift
in the Orientation of the Anterior-Posterior Axis

Introduction

Although the formation of the primitive streak at E6.5 is
the first overt morphological sign of anterior-posterior
(AP) polarity in the mouse embryo [1], it is preceded by
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cells toward the posterior side before the onset of gas-
trulation [2]. Genetic and embryological experiments in-
dicate that AVE cells, which secrete Nodal and WntSummary
antagonists such as Cer-l, Lefty1, and Dkk1, impart ante-
rior identity on the underlying epiblast by protecting itBackground: It is generally assumed that the migration

of anterior visceral endoderm (AVE) cells from a distal from the signals that promote the formation of the primi-
tive streak in the posterior epiblast [9–11].to a proximal position at embryonic day (E)5.5 breaks

the radial symmetry of the mouse embryo, marks ante- This model, where a proximal-distal polarity is con-
verted into an anterior-posterior polarity, gives a promi-rior, and conditions the formation of the primitive streak

on the opposite side at E6.5. Transverse sections of a nent role to the migration of AVE cells in determining
the position where the primitive streak will form. Al-gastrulating mouse embryo fit within the outline of an

ellipse, with the primitive streak positioned at one end though there is currently little information on the mor-
phology of the embryos at these stages, the modelof its long axis. How the establishment of anterior-poste-

rior (AP) polarity relates to the morphology of the postim- seems to rely on the assumption that at the egg-cylinder
stage (E5.0), the mouse embryo is radially symmetricalplantation embryo is, however, unclear.

Results: Transverse sections of prestreak E6.0 em- and the migration of AVE cells toward the anterior pole
initiates changes in the embryo’s shape leading up tobryos also reveal an elliptical outline, but the AP axis,
bilateral symmetry. Understanding these events in rela-defined by molecular markers, tends to be perpendicular
tion to prestreak embryo morphology will be importantto the long axis of the ellipse. Subsequently, the relative
to address a number of issues such as why or how AVEorientations of the AP axis and of the long axis change
cells migrate in a particular direction, whether posteriorso that when gastrulation begins, they are closer to
is specified before AVE migration, and how the primitivebeing parallel, albeit not exactly aligned. As a result,
streak actually forms.most embryos briefly lose their bilateral symmetry when

In contrast to prestreak embryos, the morphology ofthe primitive streak starts forming in the epiblast.
the midgastrula embryo is well known [1]. It can beConclusions: The change in the orientation of the AP
described as a flattened cylinder, where the AP axis runsaxis is only apparent and results from a dramatic remod-
along the medial part of the embryonic region (Figure 1).eling of the whole epiblast, in which cell migrations take
Transverse sections of midstreak-stage embryos revealno part. These results reveal a level of regulation and
an elliptical outline with two geometrical axes, desig-plasticity so far unsuspected in the mouse gastrula.
nated long and short. At this stage, the AP axis, marked
by the primitive streak at the posterior pole, is aligned
with the long axis.*Correspondence: collignon@ijm.jussieu.fr
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onset of gastrulation, the AP axis is shifted toward the
long axis in the majority of embryos. Our observations
suggest that this shift does not occur to the same extent
in all prestreak embryos. As a result, the primitive streak
can form in positions unrelated to the geometrical axes
of the embryo. We also found that primitive streak forma-
tion is associated with a local deformation of the epi-
blast, resulting in a great variety of embryonic shapes
at the initiation of gastrulation. Lineage tracing studies
indicate that the change in the orientation of the AP
axis with respect to the embryo morphology is due to
a change in embryo shape in which cell migrations take
no part.

Results

The AP Axis of the Mouse Embryo Is Not Aligned
with Its Long Axis at the Prestreak Stage
To establish the relationship between the morphology
of the embryo at the prestreak stage and the orientation
of the AP axis, whole-mount in situ hybridization was
performed on embryos between E6.2–E6.5 using four
posterior epiblast markers; the transcription factors
Brachyury (T [6, 14]), Goosecoid (Gsc [15, 16]) and Evx1
[17], and the secreted protein Fgf8 [18]; and one AVE
marker, the homeoprotein Hex [6, 7]. Histological trans-
verse sections of the stained embryos were analyzed
to record the exact position of the expression domains
in relation to the morphology of the embryos.

Close inspection of the histological sections con-
firmed that all the embryos analyzed were at theFigure 1. Morphology of the Mouse Embryo at the Midstreak Stage
prestreak stage, as no histological signs of primitive

The mouse embryo has the shape of a flattened cylinder. The AP
streak formation could be detected. All the embryosaxis runs along the medial part of the embryonic region. Transverse
showed an ellipsoid shape in transverse sections withsections show an ellipsoidal shape with a long and a short axis.

Because the AP axis is curved, each transverse section of the em- a long (123 � 23.6 �m) and a short axis (77.9 � 13.1
bryonic region shows a projection of the AP axis with the primitive �m, n � 49) (Figures 2C, 2F, and 2I–2K). The expression
streak being positioned at one end of the long axis of the ellipsoid, domains of posterior and anterior markers could be
and the AVE at the other end. For simplicity when describing trans- found at various points between one end of the short
verse sections we will write “AP axis” when referring to the projection

axis and one end of the long axis (Figures 2C, 2F, andof the AP axis and “long/short axis” when referring to long/short
2I–2K and data not shown). In some cases, the expres-axis of the ellipsoid shaped transverse section. The picture is a

transverse section of a midstreak Nodal-LacZ heterozygous embryo sion domains of AP markers were located near the ends
showing �-galactosidase activity in the primitive streak and nascent of the short axis (Figures 2A–2F, n � 18). These results
mesoderm cells. seemed to challenge the assumption that the orientation

of the AP axis in prestreak embryos was similar to that
of gastrulating embryos, where it is aligned with the long
axis.We investigated the molecular patterning of the em-

bryo in relation to its morphology before and around the In order to verify that these observations were not an
artifact due to the dissection of the embryos out of thetime of initiation of gastrulation. It is known that the

mouse embryo acquires the shape of a flattened cylinder deciduas or their subsequent handling during hybridiza-
tion procedures, patterns of �-galactosidase activitybefore the formation of the primitive streak [12, 13].

Indeed, transverse sections of prestreak embryos look were analyzed on transverse sections of heterozygous
Nodal-lacZ embryos kept in utero. The Nodal-LacZ allelesimilar to transverse sections of midstreak embryos ex-

cept that neither primitive streak nor mesoderm cells is expressed in posterior epiblast cells [19, 20]. In agree-
ment with our previous observations, its domain of ex-have appeared yet. As most of the available information

on the events that pattern the pregastrula mouse em- pression was not always found at the end of the long
axis of the prestreak stage embryos analyzed (Figure 2L,bryo concerns the behavior and role of AVE cells, we

have focused our study on the cellular events taking n � 9). Similar variations in the position of the expression
domains of Fgf8 and Hex with respect to the morphologyplace in the posterior epiblast.

Here, we report that the orientation of the AP axis of of prestreak embryos were also obtained in a different
mouse line (C57Bl6*CBA F1, n � 8, data not shown).young prestreak embryos is not aligned with the long

axis as it is found later during gastrulation but, rather, To assess the relative positions of the anterior and the
posterior poles in the same embryo, in situ hybridizationwith the short axis. Within the few hours preceding the
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Figure 2. Expression of Anterior-Posterior Markers at the Prestreak Stage

(A–C) Fgf8 expression in a prestreak stage embryo. (D–F) Hex expression in a prestreak stage embryo. (A) and (D) show lateral views of the
short axis of the whole embryos. (B) and (E) show lateral views of the long axis of the whole embryos. (C) and (F) are transverse sections of
(A and B) and (D and E) respectively, showing Fgf8 and Hex expression at the end of the short axis in the posterior epiblast and in the AVE
respectively.
(G and H) Transverse tomographic sections of wild-type (G) and Nodal homozygous mutant (H) prestreak embryos obtained by ultrahigh-
resolution full-field optical coherence tomography.
(I–K) Transverse sections of prestreak embryos showing expression between the short axis and the long axis of Evx1 in the posterior epiblast
(I), Hex in the AVE (J), and Gsc in the posterior epiblast and the AVE (K).
(L) Transverse section of a prestreak Nodal-LacZ heterozygous embryo in the uterus, stained with X-Gal to reveal �-galactosidase activity.
(M) Transverse section of a prestreak Nodal-LacZ heterozygous embryo showing �-galactosidase activity in the posterior epiblast revealed
with Salmon-Gal (pink), and Cer-l transcripts in the AVE revealed by in situ hybridization (purple). (N) Transverse section of a prestreak Nodal-
LacZ heterozygous embryo showing �-galactosidase activity in the anterior and posterior epiblast revealed with Salmon-Gal (pink) and Nodal
endogenous transcripts in the posterior epiblast revealed by in situ hybridization (purple). Nodal transcripts are restricted to one end of the
short axis.
(O–Q) T expression in a prestreak stage embryo. (O) Lateral view of the long axis of the whole embryo. (P) Transverse section showing T
expression in the posterior epiblast. (Q) Transverse section showing radial T expression in the distal extraembryonic ectoderm.
(R) Lateral view of the short axis of a E5.5 embryo showing T transcripts (purple) in the extraembryonic ectoderm and Oct4 transcripts (red)
in the epiblast.
(S) Lateral view of the short axis of a E6.5 embryo, showing T transcripts (purple) in the extraembryonic ectoderm (arrowhead) and in the
posterior epiblast (arrow) and Oct4 transcripts (red) in the epiblast.
Arrowheads in (A), (B), (D), (E), and (O) show levels of transverse sections. Scale bars are 50 �m. Scale bar in (A) also applies to (B), (D), (E),
(O), (R), and (S). Scale bar in (C) also applies to (F)–(K), (M), (P), and (Q). Scale bar in (L) also applies to (N).

was performed on Nodal-LacZ heterozygous embryos. of the AP axis, we analyzed the shape of Nodal mutant
embryos that fail to establish the AP axis [5]. We usedThe AVE was revealed by the expression of Cer-l tran-

scripts [21], and the posterior epiblast was marked by a new imaging technique, ultrahigh-resolution full-field
optical coherence tomography (URF-OCT), to analyzethe presence of �-galactosidase activity. In some

prestreak stage embryos, we observed the Cer-l and the shape of intact embryos without histological sec-
tioning [22, 23]. Analysis of transverse tomographic sec-Nodal-LacZ expression domains at opposite ends of the

short axis (Figure 2M, n � 3), indicating that the AP axis tions confirmed that prestreak stage wild-type embryos
show an ellipsoidal shape (Figure 2G, n � 9 out of 9).of prestreak stage embryos can be perpendicular to the

long axis. Similar results were obtained after whole- Interestingly, we found that Nodal mutants also show
bilateral symmetry at E6.0–E6.5 (Figure 2H; n � 7 outmount in situ hybridization of wild-type embryos with a

probe for Gsc, a gene expressed in both the posterior of 9, see Supplemental Data). This finding indicates that
prestreak mouse embryos can have an ellipsoidal shapeepiblast and the AVE [16, 21]. In all cases examined,

the two domains of Gsc expression were diametrically even in the absence of AP polarity, therefore suggesting
that the appearance of bilateral symmetry in the postim-facing each other, even when they were between the

short and the long axes (Figure 2K, n � 12). Our analyses plantation embryo could precede the emergence of the
AP axis.therefore indicate that although prestreak embryos have

bilateral symmetry, the orientation of the AP axis, as
defined by the expression of regional markers, is vari- The Orientation of the AP Axis Changes with

Respect to the Morphology of the Embryoable with respect to the embryo morphology and is not
systematically aligned with the long axis. before the Onset of Gastrulation

To determine whether the variability in the orientationIn order to determine whether the bilateral symmetry
of the prestreak embryo is dependent on the formation of the AP axis in the sample population of prestreak
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Figure 3. Angular Distribution of AP Axis Ori-
entation in Prestreak Stage Embryos

The value of the angle A1, represents the an-
gular position of the expression domains of
the anterior-posterior markers Gsc, T, Evx1,
Fgf8 and Hex in a given embryo. The value
of A1 was calculated as the sum of the homol-
ogous Cartesians coordinates of individuals
vectors, Vi, defined in each transverse sec-
tion showing a labeled area. The polar coordi-
nates of each Vi vector are (�, b�). 0� corre-
sponds to the short axis, 90� corresponds to
the long axis. The egg cylinder length was
measured from the base of the ecto-placental
cone to the distal tip of the embryo. Each
blue dot represents an individual embryo. The
black line represents the linear regression of
the point set. The two red lines define an inter-
val of confidence whose distance to the linear
regression equals �35�. The green ellipses

identify a group of young prestreak embryos (egg cylinder length under 330 �m, n � 14) and a group of old prestreak embryos (egg cylinder
length over 330 �m, n � 17) defined by a higher density of points in comparison to the rest of the distribution.

embryos could reflect a difference in developmental among this wide angular distribution. This group of
younger embryos (54%, 14 out of 26) is characterizedstages, the angular distribution of the expression do-

mains of posterior and anterior markers was analyzed. by an A1 value found in the inferior half on the interval
of confidence defined by linear regression (Figure 3).For each embryo the position and size of the expression

domain was measured on transverse sections and The mean value of A1 in this group is 21.7 � 10.8� and
the mean size is 294.6 � 16.4 �m. Together, these resultsscored as a resulting angle, A1, comprised between 0�

(corresponding to one end of the short axis) and 90� suggest that in younger prestreak stage embryos the
orientation of the emergent AP axis is close to that of(corresponding to one end of the long axis). In parallel,

the length of the egg cylinder was recorded as an indica- the short axis. This finding is in agreement with the
observation that the AVE marker Cer-l is predominantlytion of developmental time [8, 24, 25]. The results for the

different markers were comparable and were therefore expressed at the end of the short axis in prestreak E5.75–
E6.0 Cer-l-GFP heterozygous embryos (see paper bytreated together.

The angle A1 was plotted against the length of the egg Mesnard et al., in this issue of Current Biology, [40]).
One of the major points of the current model for thecylinder (Figure 3). This confirmed that there is a great

variability in the angular position of the anterior-poste- establishment of the AP axis in the mouse embryo is
that the initial radial expression domains of Nodal andrior markers among prestreak embryos. However, the

orientation of the AP axis is not random in relation to Wnt3 in the proximal epiblast are progressively resolved
to the posterior epiblast region where the primitiveembryonic size. In the majority of embryos less than 330

�m in length, presumably at a less-advanced stage than streak will form [2, 3]. The dynamics of this phenomenon
were investigated with respect to the embryo morphol-the rest of the sample, the value of A1 is not more than

60�, indicating that in these embryos the AP axis is never ogy. Because of the stability of the �-galactosidase pro-
tein in Nodal-LacZ heterozygous embryos, the cells thataligned with the long axis (92%, 24 out of 26). In contrast,

among embryos more than 330 �m in length, the major- express Nodal, marked both by the presence of Nodal
transcripts and �-galactosidase protein, can be distin-ity (70%, 16 out of 23) show an A1 value higher than 60�,

indicating that in older prestreak stage embryos the guished from the cells that have ceased to express
Nodal, which only contain the �-galactosidase protein.orientation of the AP axis tends to be close to that of

the long axis. In order to quantify this observation we Double labeling experiments showed that in a series
of prestreak stage Nodal-LacZ heterozygous embryos,calculated the linear regression of the point set. The

positive slope of the line indicates that A1 increases with Nodal transcripts and �-galactosidase protein accumu-
late at one end of the short axis whereas the other endembryo size, even if the dispersed distribution of the

points of the graph results in the correlation coefficient only contains the �-galactosidase protein (Figure 2N,
n � 5). This result indicates that the restriction of Nodalbeing relatively low (0.56). The majority of the embryos

(94%, 46 out of 49) could be included in a band defined expression can occur along the short axis of the embryo,
further confirming that the emergent AP axis can bearbitrarily by two parallel lines whose distance to the

linear regression line equals �35� (Figure 3). This analy- aligned with the short axis at the prestreak stage. More-
over, our observation indicates that this restriction in-sis indicates that the AP axis tends to be away from the

long axis in younger prestreak embryos and closer to volves a fine regulation of Nodal expression rather than
a directional movement of proximal epiblast cells towardthe long axis in older prestreak embryos.

In younger prestreak embryos the AP axis orientation the posterior pole of the embryo.
The first marker reported to be expressed in a ringcan be found at any position between 0� (aligned with

the short axis) and 70�. However, we could define a of proximal epiblast cells abutting the extraembryonic
ectoderm and subsequently restricted to the posteriorsubgroup of embryos showing similar characteristics
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epiblast was T [6, 7]. Interestingly, we have observed as an outgrowth of the epiblast, in which the groove
formed by the proamniotic cavity extended. Histologicalthat in prestreak stage embryos T is expressed in two

distinct domains (Figure 2O). Staining is detected in analysis indicates that the epiblast germ layer is not
thickened at the site where the deformation appearsa ring of cells that have the characteristic columnar

appearance of extraembryonic ectoderm cells (Figure but, rather, that its shape is locally modified. This defor-
mation was always found in the proximal epiblast region2Q) and in a tight domain of posterior epiblast cells

(Figure 2P). Double in situ hybridizations at E5.5 and expressing posterior epiblast markers diametrically fac-
ing the Hex and Gsc expression domains in the AVEE6.5 show that the ring of proximal cells expressing T

do not express the epiblast marker Oct4 [26], confirming (Figure 4E and data not shown, n � 11). The mean size
of embryos showing a deformation in the epiblast wasthey are extraembryonic ectoderm cells (Figures 2R and

2S, n � 4). The extraembryonic ectoderm expression of 370 � 15.6 �m (n � 11), indicating that these embryos
were older than the rest of prestreak embryos. A similarT can be observed until the early-streak stage (Figure

2S). These results demonstrate that T is expressed in deformation was observed in the primitive streak region
of early-streak stage embryos (Figure 4B, 67% n � 4the extraembryonic ectoderm of E5.5 embryos prior to

being activated in a subset of posterior epiblast cells at out of 6, mean size � 418.3 � 49.3 �m). The deformation
of the epiblast was then more pronounced than thatE6.0.

Taken together, our marker analysis indicates that the of prestreak embryos, and mesoderm cells exiting the
primitive streak were found migrating on either side ofemergent AP axis of the prestreak embryo is not aligned

with the long axis but tends to be oriented close to the the apex of the deformation just as they do when the
primitive streak is aligned with the long axis. A similarshort axis. Subsequently the orientation of the AP axis

changes with respect to the morphology of the pregas- deformation was also observed in transverse sections
of early-streak stage embryos inside the uterus (Figurestrula mouse embryo and tends to lie close to the long

axis before the onset of gastrulation. Our results suggest 4C and 4F, 65%, n � 11 out of 17). Taken together,
these results suggested that a local deformation of thethat the expression domains of posterior epiblast and

AVE markers are shifted concomitantly toward opposite posterior epiblast at the prestreak stage prefigures the
appearance of the primitive streak.ends of the long axis.

One possible explanation of these observations is that In order to demonstrate that this deformation is not
a histological artifact we visualized in three dimensionsthe orientation of the AP axis is shifted toward the long

axis as the prestreak embryos grow and approach gas- intact embryos dissected out of the uterus by using
URF-OCT. In agreement with the results of the histologi-trulation. This shift could be due to a change in gene

expression in posterior epiblast and AVE cells or to a cal analysis, local epiblast deformations were also ob-
served in prestreak and early-streak stage embryos us-movement of these cells toward the long axis. Finally,

it could also be explained by a global rearrangement of ing this technique (Figure 4D, n � 10, see Supplemental
Data).the morphology of the embryo so that the orientation

of the short and long axes change while that of the AP Owing to the diversity in shape of old prestreak em-
bryos (n � 11) and early-streak embryos (n � 23), anaxis remains the same.
accurate measurement of the position of the deforma-
tion of the primitive streak could not be obtained. How-

The Site of Primitive Streak Formation Is ever, two main categories of embryos could be distin-
Associated with a Local Deformation of the guished. The first category comprised embryos where
Epiblast Germ Layer and Cannot Be Predicted the deformation or the primitive streak were found near
by the Morphology of the Prestreak Embryo the long axis (Figure 4A, 44%, 15 out of 34). The second
Among the oldest prestreak embryos, a subgroup of category was composed of embryos where the deforma-
embryos that shared similar characteristics could be tion or the primitive streak were found at oblique posi-
identified (Figure 3). In this group (74%, n � 17 out of tions (Figures 4B and 4C, 47%, 16 out of 34). In some
23), A1 values were found in the superior half of the rare cases the deformation or the primitive streak were
interval of confidence defined by linear regression. The found almost at the end of the short axis (Figures 4E
mean value of A1 for these embryos was 72.2 � 18.3�, and 4F, 9%, 3 out of 34). In these cases, the epiblast
and the mean size was 360.6 � 16.6 �m. A minority of deformation resulted in the characteristic shape of an
old prestreak embryos were not comprised in the group isosceles triangle, with the AVE and the anterior epiblast
defined above and had A1 values lower than 60� (26%, at the basis of the triangle (Figures 4D–4F). In all other
n � 6 out of 23). These results indicate that although cases the outgrowth of the epiblast at the site of primi-
the AP axis tends to be oriented close to the long axis tive streak formation conferred heterogeneous shapes
in older prestreak stage embryos, the orientation of the to the early-streak embryos (Figures 4A–4C).
AP axis with respect to the morphology of the embryo These findings indicate that the primitive streak tends
is also variable at this stage. These observations raise to form away from the ends of the short axis and are
the question whether at the time of gastrulation the site therefore in agreement with the hypothesis that the ori-
of primitive streak formation can always be predicted entation of the AP axis changes with respect to embryo
by the morphology of the prestreak embryo. morphology so that it is shifted away from the short axis

It was noticed that some of the prestreak embryos and toward the long axis before the onset of gastrula-
analyzed did not show a characteristic ellipsoidal shape tion. Our results also suggest that the site of primitive
in transverse sections (Figures 4A–4C, 4E, and 4F). streak formation cannot be predicted simply from the

symmetry of the embryo. What is the relationship be-These embryos were locally deformed by what appeared
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Figure 4. Deformation of the Epiblast Associ-
ated to Primitive Streak Formation

(A) Fgf8 expression on a transverse section
of an old prestreak embryo showing a defor-
mation in the posterior epiblast region close
to one end of the long axis. (B) Hex expression
on a transverse section of an early-streak em-
bryo showing a deformation associated to the
primitive streak near one end of the long axis.
(C) Transverse section of an early-streak em-
bryo inside the uterus showing a deformation
associated to primitive streak formation in an
oblique position. A black line underlines the
contour of the epiblast. (D) Transverse tomo-
graphic section of a wild-type old prestreak
embryo obtained by ultrahigh-resolution full-
field optical coherence tomography. (E) Hex
expression on transverse section of an old
prestreak embryo showing a deformation at
the end of the short axis in the posterior epi-
blast region diametrically facing the AVE. (F)
Nodal-LacZ expression revealed by X-Gal
staining on a transverse section of an early-

streak Nodal-LacZ heterozygous embryo inside the uterus. The primitive streak is found at the apex of the deformation at one end of the
short axis.
Arrowheads indicate the position of the deformation in (A), (D), and (E) and of the primitive streak in (B), (C), and (F). Scale bars are 50 �m.
Scale bar in (C) also applies to (F). Scale bar in (D) also applies to (E).

tween the first orientation of the AP axis when it emerges a local deformation of the epiblast, and the AVE cells
at the young prestreak stage and the site of appearance expressing Hex-GFP were found diametrically facing the
of the primitive streak at the onset of gastrulation? primitive streak region. This result indicates that the

change in the orientation of the AP axis in relation to
the morphology of the embryo and the deformation of

Epiblast Cells Located at the End of the Short Axis
the epiblast associated with the formation of the primi-in Prestreak Embryos Contribute to the
tive streak can be reproduced in in vitro culture in aPrimitive Streak at the Onset of Gastrulation
period of 8 to 11 hr.The position and fate of the posterior epiblast cells lo-

In ten out of ten embryos, the relative positions of thecated at the end of the short axis at the young prestreak
DiI-labeled extraembryonic and embryonic cells werestage was followed in the Hex-GFP mouse line [27]. GFP
not significantly displaced (Figures 5B and 5B″, andexpression in the AVE allowed us to orient Hex-GFP
5C and 5C″, Supplemental Data). The posterior epiblastheterozygous embryos at the young prestreak stage. In
cells located at one end of the short axis at the prestreakorder to identify and label as accurately as possible
stage do not change their position with respect to anthe posterior epiblast region, we chose to label only
extraembryonic landmark suggesting that these cellsembryos in which Hex-GFP expression in the AVE was
maintain their absolute position at the time of initiationclearly centered at the end of the short axis. We labeled
of gastrulation. Moreover, we found that nine out of tenwith DiI the posterior epiblast region that was diametri-
embryos showed DiI-positive cells in the primitive streakcally facing the GFP-positive domain at the end of the
and adjacent nascent mesoderm cells (Figures 5B″ andshort axis. In order to have a reference point, we marked
5C″). The remaining embryo showed DiI-positive cellsextraembryonic visceral endoderm cells near the embry-
in epiblast cells located near the primitive streak region.onic-extraembryonic boundary aligned with the epiblast

In contrast, when we labeled epiblast cells at one endlabeled cells [25] (Figure 5A). The mean size of the em-
of the long axis of Hex-GFP prestreak embryos (showingbryos at the time of labeling was 283 � 41 �m, corre-
GFP expression at the end of the short axis), none ofsponding to the young prestreak stage characterized in
the labeled cells contributed to the primitive streak —the gene expression analysis. Labeled embryos were
all were found away from it (data not shown, n � 7 outcultured between 8 and 11 hr to reach the early-streak
of 7).stage [28] and processed for confocal microscopy. Ten

Together, our results indicate that the epiblast cellsout of 23 labeled prestreak embryos reached the early-
located at the end of the short axis at the youngstreak stage in culture and retained sufficient labeling
prestreak stage have a posterior identity and contributein the epiblast and extraembryonic VE to be analyzed.
to primitive streak formation close to the ends of the longSeven out of ten embryos showed an ellipsoid shape
axis at the early-streak stage. In addition, our results alsoon transverse confocal sections with the primitive streak
suggest that posterior epiblast cells keep their absoluteat one end of the long axis and the AVE cells expressing
position in the embryo from the prestreak to the early-Hex-GFP at the opposite end (Figure 5B″). In the re-
streak stage. Therefore, the change in the orientation ofmaining three embryos, the primitive streak was located
the AP axis with respect to the morphology of the em-between the short and the long axis (Figure 5C″). In

these cases, the primitive streak was associated with bryo is most likely not due to directional cell movement
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expression through local inhibition of the Nodal autoreg-
ulatory loop in the anterior epiblast [30]. However, the
possibility that signals derived from the extraembryonic
ectoderm specifically maintain Nodal expression in the
posterior epiblast cannot be excluded [31].

In the course of our analysis we also found that T
is expressed in the extraembryonic ectoderm of E5.5
embryos prior to being activated in a subset of posterior
epiblast cells at E6.0. This previously unreported expres-
sion of T in a ring of extraembryonic ectoderm cells
persists up to early streak stage at E6.5. Therefore, in
contrast to what has been observed in other vertebrate
embryos [32], T is not exclusively expressed in cells with
a mesodermal fate in the mouse embryo. These results
suggest that the domain of T expression reported in
previous studies in the proximal epiblast of E5.5 em-
bryos most likely corresponds to a ring of extraembry-
onic ectoderm cells [6, 7]. Two types of gene expression
patterns in the proximal epiblast can therefore be distin-
guished. Genes required for primitive streak formation
such as Nodal and Wnt3 are first expressed radially and
then restricted to the posterior region where they will
induce genes involved in mesoderm migration throughFigure 5. Lineage Tracing of Posterior Epiblast Cells Located at the
the streak such as T and Fgf8. It has been recentlyEnd of the Short Axis of the Prestreak Stage Embryo
shown that signals from the extraembryonic ectoderm(A) Lateral view of the short axis of a Hex-GFP transgenic embryo
are required to pattern the adjacent epiblast [31]. Noafter DiI labeling. The AVE expressing Hex-GFP (green arrow) and

the DiI-labeled regions in the posterior epiblast and in the extraem- phenotypes that could be ascribed to a function of T in
bryonic visceral endoderm (red arrows) are at the opposite ends of the extraembryonic ectoderm have been reported [14].
the short axis. Another T box gene, Eomesodermin, is also expressed
(B and C) Lateral views of the long axis of Hex-GFP transgenic DiI-

in the extraembryonic ectoderm and in the posteriorlabeled embryos, after 8 to 11 hr of in vitro culture. Black arrowheads
epiblast. Eomesodermin is required before implantationin (B) and (C) indicate the levels of the transverse confocal sections
for trophectoderm development, and during gastrula-shown in (B�)–(B″) and (C�)–(C″), respectively.

(B�–C″) Transverse confocal sections of embryos shown in (B) and tion for cell migration through the primitive streak [33].
(C). Nuclei are stained with Hoechst. (B�) and (C�) show the extraem- It would be of interest to determine the possible genetic
bryonic VE cells labeled with DiI. (B″) and (C″) show AVE cells ex- interactions between T and Eomesodermin in the extra-
pressing Hex-GFP and posterior epiblast cells labeled with DiI dia-

embryonic ectoderm at the prestreak stage.metrically facing each other. DiI-labeled posterior epiblast cells have
contributed to the primitive streak at the end of the long axis (B″)
or in an oblique position (C″).

Determination of the Orientation of the APScale bar in all panels is 50 �m.
Axis at the Prestreak Stage
An important question to solve is whether the emer-
gence of the AP axis and, in particular, the migration ofof posterior epiblast cells away from the end of the short

axis. AVE cells from distal to anterior positions, causes the
appearance of bilateral symmetry (in a previously radi-
ally symmetrical embryo). Alternatively, the orientationDiscussion
of the emergent AP axis, close to the short axis, could
be influenced by a preexisting bilateral symmetry ofNew Insights into the Molecular Patterning

of the Embryo at the Prestreak Stage the prestreak embryo. Interestingly, we have found that
most E6.5 Nodal homozygous mutants also show anWe have found that the restriction of Nodal expression

from a ring of proximal epiblast cells to the posterior ellipsoid shape with a long and a short axis in transverse
sections. These mutants fail to specify the AVE and doepiblast can occur along the short axis. This observation

indicates that the molecular regionalisation of the epi- not express posterior epiblast markers such as Wnt3 or
T [5]. Thus in Nodal mutants the specification of AVEblast that accompanies the emergence of the AP axis

can occur along the short axis. In addition, we have cells and the presence of proximodistal patterning are
not required for the existence of morphological bilateralfound evidence that the restriction of the Nodal expres-

sion domain at the prestreak stage reflects regulation symmetry. This observation suggests that the appear-
ance of bilateral symmetry might precede in time theof gene expression rather than cell movement. This ob-

servation indicates that signals in the prestreak embryo migration of AVE cells and the emergence of the AP axis.
In agreement with this hypothesis, it has been recentlyact to maintain Nodal expression in the posterior region

and/or to downregulate it in the anterior epiblast. The shown that the visceral endoderm thickening corre-
sponding to migrating AVE cells is aligned with the shortsecreted proteins Cer-l and Lefty1 are Nodal antagonists

expressed by AVE cells [21, 29]. These proteins are axis of bilateral symmetry in E5.5 embryos [8]. Studies
aiming to identify the cues involved in the directionalgood candidates to play a role in downregulating Nodal
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migration of AVE cells should therefore take into account
the morphology of the prestreak embryo.

Such cues could be inherited from early patterning
events occurring during preimplantation development.
The study of landmarks in the mouse preimplantation
embryo has linked the spatial organization of the zygote
to that of the early blastocyst (E3.5) [4, 34], but the link
between the symmetry of the preimplantation embryo
and the orientation of the AP axis in postimplantation
embryos remains elusive [35]. A thorough histological
analysis has shown that the bilateral symmetry of the
early postimplantation embryo (E4.75) relates to the bi-
lateral symmetry of the late implanting blastocyst (E4.5)
[13]. However, the relationships between the morphol-
ogy of the late blastocyst and that of the early blastocyst
(and therefore that of the zygote) and between the early
postimplantation embryo and the prestreak E6.0 embryo
are currently unknown. Lineage tracing studies will be
required to draw a clear picture of the correspondence
between the short and long axes of preimplantation and
postimplantation embryos.

The Orientation of the AP Axis Is Shifted toward Figure 6. Remodeling of the Mouse Embryo around the Time of
the Long Axis before the Onset of Gastrulation Initiation of Gastrulation
We have shown that the orientation of the AP axis (A) In young prestreak-stage embryos, the orientation of the AP axis

tends to be aligned with the short axis.changes with respect to the embryo morphology before
(B) At the early-streak stage, the primitive streak forms more oftenthe onset of gastrulation. In younger prestreak-stage
away from the ends of the short axis. Primitive streak formation inembryos the AP axis, as assessed by the expression of
an oblique position is preceded and then associated with a deforma-anterior-posterior markers, tends to be oriented close to
tion of the posterior epiblast.

the short axis, whereas in the oldest prestreak embryos (C) The orientation of the AP axis is shifted from the short axis
analyzed the AP axis is oriented close to the long axis. toward the long axis between the young prestreak stage and the

old prestreak stage. (a–c) Three possible mechanisms for this shift.In addition, in early-streak embryos, the primitive streak
(a) Directional movement of posterior epiblast and AVE cells towardis found more often in epiblast regions located close to
opposite ends of the long axis. (b) Change in gene expression pat-the long axis than to the short axis. Together, these
terns in the epiblast and in the VE so that posterior epiblast andresults suggest that the orientation of the AP axis is
AVE markers are downregulated in cells close to the short axis and

shifted toward the long axis as the prestreak embryos upregulated in cells closer to the long axis. (c) Global morphological
reach the time of initiation of gastrulation and are in rearrangement. The orientation of the short and long axes is shifted

but the cellular composition of anterior and posterior territories re-agreement with the findings reported in Mesnard et al.
mains unchanged.[40]. The amplitude and the directionality of the shift

could not be assessed for individual embryos. Given
the variability in the position of the AP axis in young

Our lineage-tracing experiments indicate that cellsprestreak embryos and taking into account the growth
located at the end of the short axis in young prestreakof the embryo over this period, we cannot exclude the
embryos contribute to primitive streak formation at thepossibility that the amplitude could vary between em-
early-streak stage and do not significantly modify theirbryos and be quite small for some.
absolute positions in the embryo between these twoThree nonexclusive mechanisms could account for
stages. In contrast, cells located at the ends of the longthe shift in the orientation of the AP axis in prestreak
axis at the prestreak stage do not contribute to primitiveembryos. This shift could be due to a directional move-
streak formation at the early-streak stage. These resultsment of posterior epiblast and AVE cells toward oppo-
indicate that the shift in the orientation of the AP axissite ends of the long axis (Figures 6C-a). Another possi-
is most likely due to morphological remodeling ratherbility could be a progressive change in gene expression
than directional cell movements of posterior epiblastso that posterior epiblast markers and AVE markers
cells. We cannot exclude the possibility that changeswould be down-regulated in cells close to the ends of
in gene expression may also contribute to the shift inthe short axis, and up-regulated in cells closer to the
the orientation of the AP axis. To resolve this issue welong axis (Figure 6Cb). Finally, it could result from a
are currently developing a time-lapse approach to followglobal rearrangement of embryo morphology where the
gene expression in cultured prestreak embryos.positions of the long and short axis would themselves

So far our results support a mechanism whereby thebe shifted relatively to an invariant AP axis (Figure 6Cc).
global morphology of the embryo is rearranged, re-As this last mechanism would not involve any change
sulting in a reorientation of the short and long axesin the position or the gene expression of cells of the
before gastrulation while the absolute orientation of theposterior epiblast and AVE, the shift in the orientation
AP axis remains unchanged (Figure 6Cc). The drivingof the AP axis with respect to the embryo morphology

would only be apparent. force for this global rearrangement could be differential
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growth between the regions located at the ends of the these cases the appearance of the primitive streak is
marked by a local deformation in the posterior epiblast.short and long axis. Another possibility is that the re-

arrangement is mediated by changes in cell shape. Co- The deformation of the epiblast precedes the appear-
ance of the primitive streak and the formation of theordinated changes in the shape of epiblast cells re-

sulting in their transient recruitment at both extremities first mesoderm cells. This is reminiscent of primitive
streak formation in the chick embryo when the primitiveof the proamniotic cavity could elicit a conveyor belt-

like mechanism. This could drive the rotation of the pro- groove, through which mesoderm cells will delaminate,
forms within a thickened region of the epiblast [36].amniotic cavity and, therefore, of the long axis, toward

the AP axis. The conceptus at this stage is firmly an- However, in the mouse the deformation is not due to a
thickening of the epiblast germ layer but, rather, to achored to the surrounding decidual tissue by its extra-

embryonic region, while its flattened embryonic region modification of its shape. One possible mechanism is
that the shape of epiblast cells is changed in a wayremains free in the crypt. As a result a conveyor belt

mechanism could contribute to a rotation of prestreak similar to that observed during ventral furrow formation
in Drosophila [37]. The surface of the apical sides, facingembryos with respect to the uterine axes (A.P.-G., A.C.,

and J.C., unpublished data, [40]). the proamniotic cavity, of epiblast cells would be re-
duced whereas the surface of the basal sides, facing
the visceral endoderm, would be enlarged. This wouldVariability in the Site of Primitive Streak Formation
result in a new “pointed end” in the epiblast germ layerat the Onset of Gastrulation
without a change in the relative positions or the prolifera-What could be the reason for the shift in the orientation
tion rates of posterior epiblast cells.of the AP axis from the short toward the long axis of

Early-streak embryos, where the primitive streakthe embryo? This phenomenon increases the distance
forms in an oblique position between the ends of thebetween the AVE and the posterior epiblast of the flat-
long and short axes, transiently lose bilateral symmetrytened cup-shaped embryo. Therefore, one possibility is
as a result of the epiblast deformation accompanyingthat the change in embryo morphology is required to
primitive streak formation. As most embryos regain bi-distance the posterior epiblast cells from the effect of
lateral symmetry once they have passed the midstreakthe antagonists produced by the AVE, Cer-l, Lefty 1, and
stage, some regulative mechanism must ensure earlyDkk1, which inhibit the action of the primitive streak-
morphological asymmetries are just transient and areinducing factors Nodal and Wnt3 [10, 11]. Alternatively
rapidly compensated. Embryos bearing a mutation inthe shift in the orientation of the AP axis with respect
the BMP pathway transducing protein Smad1 seem toto the embryo morphology could be simply a conse-
present a defect in their ability to recover bilateral sym-quence of mechanical constraints associated to the
metry after gastrulation [38]. Interestingly, this defectgrowth of the embryo. Indeed, the growth of a cylinder-
can be attributed to the lack of Smad1 in extraembryonicshaped structure such as the conceptus, with two con-
lineages, most likely in the visceral endoderm. Growthcentric cell layers, each one with two types of cell mor-
regulation occurring in the epiblast during early gastrula-phology (embryonic and extraembryonic), is likely to
tion in wild-type embryos might therefore be dependentgenerate inner tensions. The type of morphological
on signals from the adjacent visceral endoderm.changes we observed could be the most visible effect

of a stress-release mechanism for tensions created
while the conceptus is growing. Conclusions

The shift in the orientation of the AP axis may not In search of new clues to understand the establishment
occur to the same extent in all embryos, so that at the of anterior-posterior polarity in the mouse embryo we
time of gastrulation the orientation of the AP axis is not have explored the relationship between the morphology
the same in all embryos. As there is evidence indicating of the prestreak embryo and the orientation of the emer-
that the initiation of gastrulation is dependent upon cell gent AP axis as assessed by the expression of molecular
number in the epiblast (reviewed in [1]), it is conceivable markers. We have found that in contrast to what is ob-
that some embryos reach the time point of initiation of served during gastrulation, the AP axis of the young
gastrulation when their AP axis is at a distance from the prestreak embryo is not aligned with its long axis but
long axis. Alternatively, the differences in the extent of tends to be oriented close to the short axis (Figure 6A).
the apparent shift of the AP axis orientation could be In the majority of old prestreak embryos, the AP axis
dictated by specific cues present in the uterus or in each is oriented close to the long axis indicating that the
individual embryo. Our observations suggest that the orientation of the AP axis is shifted toward the long
shift in the orientation of the AP axis can occur during axis during the few hours that precede the onset of
in vitro culture independently of uterine signals after the gastrulation. Cell lineage studies indicate that this shift
young prestreak stage. One attractive possibility is that does not involve cell movements but could be explained
the variability in the position of the AP axis at the onset by a global morphological change so that the orienta-
of gastrulation is a direct consequence of the different tions of the short and long axes rotate before gastrula-
cues possibly influencing the spatial patterning of the tion (Figure 6C). The extent of the shift appears variable
mouse embryo at preimplantation stages. between embryos. Therefore, at the initiation of gastru-

lation the site of primitive streak formation cannot be
simply predicted by the geometrical axes of the embryoPrimitive Streak Morphogenesis

The primitive streak can form in regions located away but, rather, by the position of the expression domains
of posterior epiblast markers. We have characterized afrom the ends of the long axis. We have found that in
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the axial resolution. We measured an axial resolution of 0.9 �m.local deformation of the posterior epiblast associated
Prestreak and early-streak stage embryos were fixed in 4% para-to primitive streak formation in positions away from the
formaldehyde/PBS. The embryos were placed lying on one side soextremities of the long axis (Figure 6B). This explains
as to obtain sagital tomographic images with �1 �m thickness.

the great variety of embryonic shapes observed at the Visual C�� software has been developed for image acquisition
early-streak stage. control, calculation, and display of the tomographic images in real

time. Sections in transverse and frontal orientations were then calcu-The results reported here provide new bases to exam-
lated from the three-dimensional data set and movies were madeine the mechanisms controlling AP axis determination
from the series of sections. The images are presented in logarithmicand set a framework to assess the relation between
scale, using 256 gray levels.preimplantation and postimplantation embryonic axes.

Having characterized new steps in the development of DiI Labeling and Embryo Culture
the prestreak embryo, this work will allow further dissec- Hex-GFP transgenic embryos obtained from matings of Hex-GFP
tion of the complex cascade of molecular and morpho- transgenic males with C57Bl6*CBA F1 females were dissected in

DMEM containing 15% foetal calf serum and 25 mM Hepes. DiIgenetic events that lead to primitive streak formation in
(DiIC18[3], Molecular Probes) prepared as a 0.5 mg/ml solution inthe mouse embryo.
sunflower oil was injected in epiblast or extraembryonic visceral
endoderm regions using an oil pump (Eppendorf). Labeled embryosExperimental Procedures
were cultured in 8-well chamber slides (Nunc) in 75% rat serum/50
�g/ml penicillin,streptomycin/DMEM at 37�C in 5% CO2 in air. AtGeneration of Wild-Type and Transgenic Embryos
the early-streak stage (after 8–11 hr of culture) labeled embryosSwiss outbred mice, Nodal-LacZ heterozygous knockout mice [20]
were fixed in 4% paraformaldehyde, stained with the nuclear dyeon a Swiss background and Hex-GFP heterozygous transgenic mice
Hoechst 33342 (Molecular Probes, 0.05 �g/ml in PBS/0.02%Tween-[27] on a C57Bl6*CBA background, were maintained with an artificial
20), and kept in 25%glycerol/PBS before being observed by confo-daylight time between 7 a.m. and 7 p.m. Gestation (E0.0) was consid-
cal microscopy (see Supplemental Data).ered to have begun at midnight before the morning when a copula-

tion plug was found. Prints of pictures taken under a Leica binocular
Supplemental Datawere used to measure the length of the embryos from the base of
Supplemental Data including three supplemental movies made fromthe ectoplacental cone to the distal tip of the embryonic region.
stacks of tomographic sections of wild-type and Nodal mutant em-Prints of pictures of transverse sections taken under a Leica micro-
bryos and a figure showing posterior views of DiI-labeled embryosscope were used to measure the length of the short and long axes
are available at http://www.current-biology.com/cgi/content/full/in the widest region of the embryonic part of the egg cylinder. In
14/3/197/DC1/.situ hybridization, �-galactosidase staining, and histology were per-

formed according to standard methods (see Supplemental Data).
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