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Summary
Mouse goosecoid
is a homeobox
gene expressed
brlefly during early gastrulation.
Its mRNA accumulates as a patch on the side of the epiblast at the site
where the primitive streak is first formed. goosecoidexpressing
cells are then found at the anterior end
of the developing
primitive streak, and finally in the
anterlormost
mesoderm at the tip of the early mouse
gastrula, a region that glves rise to the head process.
Treatment of early mouse embryos wlth activin results
in goosecoid mRNA accumulation
in the entire eplblast,
suggesting
that a localized signal induces goosecoid
expression
during development.
Transplantation
expertments Indicate that the tlp of the mu&w early gastrula is the equivalent of the organizer of the amphlbian
gasttula.
Introduction
Gastrulation is the process by which the three germ layersectoderm, mescderm, and endoderm-are
generated during animal development. After gastrulation is completed,
most vertebrate embryos have a remarkably similar body
plan (von Baer, 1828). However, the mechanics of the gastrulation process itself are extremely different in the different
classes of vertebrates. For example, in amphibian gastrulation mesoderm is generated by the invagination of a coherent
sheet of cells through a circular blastopore, whereas in mammals individual cells delaminate and migrate from a linear
structure called the primitive streak (Slack, 1991).
In mammals, gastrulation occurs at a time at which the
embryo is most inaccessible to study, owing to its uterine
implantation and small size (Sobotta, 1903, 1911; Snell
and Stevens, 1988; Beddington, 1988; Hogan et al., 1988;
Copp and Cockroft, 1990). Despite these difficulties, progress has been made recently, particularly in the mapping
of cell fate in the gastrulating egg cylinder of the mouse
(Lawson et al., 1991) and with the cloning of Brachyury,
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Gene goosecoid
a gene required for mesoderm formation, notochord in
particular, during gastrulation (Herrmann et al., 1990; Herrmann, 1991).
A Xenopus homeobox gene called goosecoid, which is
specifically expressed in the dorsal lip of the blastopore
(the site where gastrulation starts in Amphibia) has been
recently isolated (Blumberg et al., 1991; Cho et al., 1991a).
goosecoid has the DNA binding specificity of the Drosophila anterior morphogen bicoid (Driever and Niisslein-Volhard, 1988; Blumberg et al., 1991) and is specifically activated by signals that lead to the formation of dorsoanterior
mesoderm in Xenopus (Cho et al., 1991a). Microinjection
of goosecoid mRNA into the ventral side of the Xenopus
embryo, from which it is normally absent, leads to the
formation of a twinned body axis. The goosecoid-injected
cells are able to recruit uninjected neighboring host cells
into this secondary axis (C. Niehrs, K. W. Y. C., and E. M.
D. R, unpublished observations). Thus, microinjection of
this single mRNA is sufficient to execute the “organizer”
properties described by Spemann and Mangold (1924) in
experiments involving the transplantation
of the dorsal lip
into the ventral side of host embryos.
One of the recent advances of embryology has been the
realization that the molecular mechanisms of development are universal. Because the mechanics of gastrulation appear to differ so greatly among the vertebrates, the
goosecoid gene could provide an entry point for studying
the common elements in this process. In this paper we
show that goosecoid homologs exist in many vertebrates.
Mouse gcosecoid was isolated and its pattern of expression during gastrulation analyzed. Its mRNA levels are
increased in mouse gastrulae by treatment with activin, a
growth factor that induces dorsal mesoderm in Xenopus.
Furthermore, goosecoid-expressing
regions of the gastrulating mouse egg cylinder have organizer-like
activity
when transplanted into Xenopus embryos.
Results
The goosecoid
Gene Is Present
in Many Vertebrates
Figure 1 shows a Southern blot containing genomic DNA
from the five main vertebrate classes (fishes, amphibians,
reptiles, birds, and mammals) that was hybridized at reduced stringency conditions (see Experimental
Procedures) with a Xenopus goosecoid cDNA probe. The DNA
of most species contains one or two bands, suggesting
that all vertebrates contain at least one goosecoid homolog.
To isolate the murinegoosecoidgene,
agenomic mouse
library was screened with the Xenopus goosecoid cDNA
probe at the same stringency conditions as used in the
Southern blot. Four clones were isolated that contained
the EcoRl fragment corresponding
to the longer hybridizing band indicated by an arrow in Figure 1. Mouse genomic
DNA contains additional bands that cross-hybridize with
Xenopusgoosecoidat
reduced stringency (Figure 1). Four
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splice junctions (arrows in Figure 2A) were deduced by
comparison with the cDNA and genomic sequences of
Xenopus and contain consensus splice donor and acceptor sites. Both genes consist of three exons. The homeobox is interrupted by an intron within the DNA recognition helix; this may explain why goosecoid has not been
isolated in previous screens of genomic libraries using
homeobox probes. An additional sequence similarity between Xenopus and mouse goosecoid is found outside of
the coding region in the 3’trailer, where a stretch of 45 bp
with 78% identity is found that includes the polyadenylation signal (Figure 2C). The function of this conserved
region is unknown. We conclude that this clone is the
murine homolog of Xenopus goose&d. The chromosomal
localization of this gene is presently being determined
(J.-L. G&ret, personal communication).

Figure 1. goose&d
Hybridizing
Sequences
DNA from Many Classes of Vertebrates

Are Present

in Genomic

Approximately
10 pg of each genomic DNAwasdigested
tocompletion
with EcoFtI, hybridized at 37OC (42% formamide), and washed at 50°C,
0.5 x SSC. Classes analyzed were: mammals (Mus musculus);
birds
(Gallus gallus); reptiles(Boasp.
and land turtle); amphibians(Xenopus
laevis. Ambystoma
mexicanum);
and fishes (Carpus sp.). The lack of
signal in the axolotl lane is presumably
due to its large genome size.

other lambda clones were also purified, all of which differ
in restriction pattern. These presumably correspond to the
additional goosecoid-related
bands and have not yet been
characterized further. The murine homolog of Xenopus
goosecoid is thought to correspond to the clones containing the large EcoRl fragment, because they display
the strongest hybridization signal and show striking conservation of DNA sequences, genomic structures, and expression patterns during gastrulation (see below).
The Mouse goosecoid
Gene
A 2378 bp Sall-Hindlll
restriction fragment was subcloned
and its sequence determined on both strands (Get-Bank
accession number M85271). Figure 2A shows a comparison between the mouse and Xenopus deduced amino
acid sequences. There is strong sequence conservation
throughout the entire length of these proteins(78.20~ identity for the entire protein, 98% identity within the homeodomain). As in Xenopus, position 50 (indicated by an asterisk
in Figure 2A) of the homeodomain is a lysine, instead of
the glutamine found in Antennapedia-type
homeodomains. This amino acid change predicts a DNA binding
specificity similar to that of Drosophila bicoid (Hanes and
Brent, 1989; Percival-Smith et al., 1990) as was shown
experimentally
for Xenopus goosecoid (Blumberg et al.,
1991). The mouse sequence contains an open reading
frame in front of the initiator methionine indicated in Figure
1 A, but sequence similarities with the Xenopus gene start
abruptly at this methionine, which is therefore considered
the putative initiator.
The genomic structure of mouse and Xenopus goosecoid is depicted in Figure 28. The positions of the mouse

Localized Expression
of goosecoid
during
Mouse Gastrulation
Mouse gastrulation starts at about 6.5 days of development with the formation of the primitive streak at the posterior side of the egg cylinder (Snell and Stevens, 1966).
Prior to this, the embryo consists of two cell layers, the
primitive ectoderm or epiblast (which gives rise to all of the
definitive mouse tissues) and the embryonic endoderm,
which surrounds the egg cylinder.
Figures 3A to 3C show in situ hybridizations of mouse
goosecoid to sections of egg cylinders at about 6.5 days
of gestation (14 embryos examined). Hybridization signal
for goosecoid was detected in a patch of cells of the epiblast on one side of the egg cylinder (Figures 3A and 38).
This region corresponded to the site where the primitive
streak was beginning to form; transverse sections (Figure
3C) showed that the labeled side of the egg cylinder was,
in parts, thickened (4-5 cells thick) and disorganized in
cellular distribution when compared with the unlabeled
side (2-3 cells thick). This disorganized appearance of the
epiblast cells on one side of the egg cylinder is the first
sign of the epithelial-mesenchymal
transition that leads to
formation of the primitive streak. Thus, at this stage the
goosecoid-expressing
patch is located within the posterior
half of the egg cylinder, in the developing primitive streak.
The hybridization signal is specific; a sense control RNA
was negative, and a nonoverlapping
antisense probe produced the same signal (see Experimental Procedures). In
a 7.0 day gastrula (Figure 3D, corresponding
to a mid
primitive streak stage, see Snell and Stevens, 1966) the
signal has entirely disappeared, indicating that goose&d
expression is restricted to a short period during the early
stages of mouse gastrulation.
To follow more precisely the expression of goosecoid
RNA during early gastrulation, a series of timed embryos
(involving a total of 144 individuals) was analyzed by
whole-mount in situ hybridization (see Experimental Procedures). Mice were mated for 2 hr, thus establishing the
maximal age of the conceptuses. However, because it is
well known that mouse embryosvary even within the same
litter, all embryos in this study were staged not only by
timing but also by morphological
criteria. These included
the presence and size of the primitive streak, which starts
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2. The Mouse

(A) Comparison
of the predicted amino acid sequences
of mouse and Xenopus
goosecoid
protein. The mouse sequence is shown on top,
the Xenopus sequence on the bottom. The hc+
meodomain
is boxed, and the position of the
conserved
exon boundaries
is indicated
by
arrows.
(6) Genomic
organization
of the mouse and
Xenopus goose&d
genes.
(C) Conserved
45 bp element in the 3’ trailer
sequence
of mouse (M) and Xenopus
(X)
goose&don
both sides of the polyadenylation
signal (boxed).
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caudally and extends toward the tip of the egg cylinder, as
well as the presence and degree of closure of the amniotic
folds (Lawson and Pedersen, 1987; Theiler, 1989). The
advantage of whole mounts is that these landmarks can
be recognized by focusing through the specimen in the
light microscope. While embryonic stages are expressed
in the main text as a function of time, the morphological
criteria used are indicated in the figure legends.
Mouse goosecoid
mRNA expression is first detectable

hf
x

in whole-mount in situ hybridizations in 8.4 day embryos
as a circular patch in the embryonic epiblast, as shown
in Figure 4A. Histological sections of these embryos (not
shown) indicated that the primitive streak had already
started to form. When the primitive streak is more fully
formed at the posteriormost end of the embryonic part of
the egg cylinder, goosecoid
expression is found at the
anterior end of the primitive streak (Figure 46, 8.6 day
embryo). As the primitive streak lengthens, the patch of
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Figure

3. Localization

of goosecoid

Transcripts

in Sections

of Mouse

Embryos

(A-C) 6.5 day mouse embryos. (D) 7 day mouse embryo. Lower panels (A’, B’, C’, C”, D’): sections viewed by phase-contrast
illumination. Upper
panels (A, 8, C, D): the same sections viewed under dark-field illumination to detect silver grains. The schematic
drawing on the left hand side
indicates the planes of sections in A and B in the egg cylinder. The shaded area indicates the approximate
region of the goose&d
hybridization
signal. Note that in the transverse
section goosemid
is expressed
on the thickened
side where the cells lose their epithelial characteristic
and
become disorganized
(see C”, which is an enlargement
of the same section shown in C and C’). This is the earliest sign of primitive streak formatffn.
The 7 day embryo (D) is negative for goosecoid
transcripts.

goosecoid expression moves toward the tip of the egg
cylinder (Figure 4C, 6.7 day embryo). The embryonic endoderm, which surrounds the epiblast, is negative at all
stages. By 6.9 days the goose&d
signal is no longer detectable (Figure 4D). Thus, mouse goosecoid expression
is restricted to a very short period of about 12 hr or less
(starting at 6 days, 9 hr and disappearing by 6 days, 21 hr)
during early gastrulation. Similarly, in Xenopus goosecoid
mRNA is first detectable at late blastula, peaks at early
gastrula, decreases by mid gastrula, and is undetectable
by the onset of neurulation (Blumberg et al., 1991; Cho et
al., 1991a).
Figure 5 shows an embryo at about 6.6 days, in which

goosecoid mRNA is last detectable. This embryo was photographed in such a way as to reveal the three germ layers.
It should be noted that the staining is now restricted solely
to the mesodermal layer at the anterior end of the primitive
streak, which at this stage is located at the tip of the egg
cylinder. This region will later form the head process (Snell
and Stevens, 1966).
Actlvin Induces goosecoid
mRNA Accumulation
The mammalian gastrula is much more difficult to manipulate experimentally than, for example, its amphibian counterpart. The availability of goosecoid, an early anterior
marker in the mouse embryo, affords the opportunity of

heads. (B) 6.6day mouse gastrula at ihe early
primitive streak stage (Lawson and Pedersen,
W67); posterior is to the left. (C) 6.7 day embryo. The mesodermal
wedge has advanced,
and goosecddexpression
is localized to the tip
of the embryo. (D) 6.9 day gastrula; morphofogically the amniotic folds have not fused. goose
coidexpression
is no longer detectable. In (B)(D) the posterior side (primitive streak) of the
egg cyfinder is on the left. Arrowheads
indicate
the patch of goostmid
expression.
Embryos
were photographed
using both transmitted
and
incident light in order to maximize
contrast.
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Figure 5. gooseooid
Expression
Becomes
ormost Mesoderm
in the 6 3/4 Day Mouse

Restricted
Gastrula

to the Anteri-

(A) Whole mount of an embryo of about 6.7 days clearly showing the
three germ layers, photographed
by transmission
microscopy.
The
arrows indicate the region of goosemid
expression,
located at the tip
of the egg cylinder. (6) Diagram of the same embryo indicating the
primitive streak mesoderm
(PSM), embryonic
endoderm
(En), ectoderm (Lot.), epiblast (Ep), anterior amniotic fold (aAF) and posterior
amniotic fold (pAF), and the patch of goosecoidexpression
(gsc) in the
prospective
head process.

testing whether substances that are dorsoanterior
inducers in Xenopus can act similarly in the mouse. Activin
A is a potent inducer of mesoderm formation in Xenopus
(Smith et al., 1989; Green and Smith, 1990) although it is
not clear at this time whether it is an endogenous mesoderm inducer (Sokol et al., 1991). It has been previously
shown that Xenopus embryonic cell6 respond to activin
treatment by a rapid induction of goose&d
mRNA accumulation (Cho et al., 1991a).
Early mouse embryos (8.4 days) were manually dissected from their uterine environment
and cultured for
3 hr in Dulbecco’s modified Eagle’s medium (DMEM) in the
absence of serum, with or without the addition of pure
human recombinant activin A (30 U/ml), fixed, and analyzed by whole-mount
in situ hybridization. This activin
concentration is in the same range as that required for the
induction of the dorsalmost state in dispersed Xenopus
embryoniccells(Green
and Smith, 1990) and forthe induction of Xenopus i3rachyury in animal caps (Smith et al.,
1991). As shown in Figure 8, activin A treatment increases
goose&d
mRNA accumulation in the mouse gastrula. A
total of 24 embryos were tested in four independent experiments with similar results. Surprisingly, the entire epiblast
(but not the embryonic endoderm nor the extraembryonic
tissues such as the ectoplacental cone) was responsive to
activin induction. This suggests that the signal that turns
on goosecoid in the egg cylinder during development
arises from a localized source.
On the Localization
of the Organizer In
the Mouee Gastmla
The localized expression of goose&d,
which in Xenopus
is able to execute Spemann’s organizer activity (Cho et al.,
1991 a), raises the question of whether the mouse gastrula
has organizer activity. To test this, we performed trans-

Figure

6. Acttvin

InducesgoosecoidExpression

in the Mouse Epiblast

Early mouse embryos (6.4 days) from the same litter were incubated
for 3 hr at 37% in DMEM (A) or DMEM containing activin A (S), fixed,
and processed
for wholemount
in situ hybridization
with an antisense
gooseooid probe under identical conditions.
The culture medium did
not contain serum. The untreated
embryo in (A) has a very weak
goosecoid signal, indicated by arrowheads,
at this early stage.

plantation experiments of mouse embryo fragment6 into
Xenopus host gastrulae.
The general experimental approach is shown 6Chematitally in Figure 7. Egg cylinders of about 8.7 days were cut
just beneath the amniotic folds (which provide a convenient reference point) so as to divide them into an extraembryonic and an embryonic part. The embryonic part was
subdivided further into two fragments, one containing the
tip, which includes the region of goosecoid expression,
and the other containing the base of the embryonic fragment, which includes most of the primitive streak (Figure
7). These fragment6 were then transplanted by the ‘einsteck” method into the ventral side of the blastocoel cavity
of an early Xenopus gastrula (Mangold, 1933; Ruiz i Altaba
and Melton, 1989; Choet al., 1991 b). The tipfragmentwas
able to induce anteriorly located secondary structures in
Xenopus tadpoles after 2 days of development
(Figure
7A) in 81% of the cases (Table 1). In contrast, the base
fragment induced either no structure6 (Figure 76 and Table 1) in 50% of the case6 or induced tail-like growth6
(Table 1) in 43% of the cases. The base fragments never
gave rise to anteriorly located structures (Table 1).
Several lines of evidence suggest that the effect of tip
transplantations
has a certain degree of specificity. First,
the mouse-induced
structures resemble externally the
highly pigmented (due to the presence of cement gland)
anterior structures that are formed when a Xenopus dorsal
lip fragment of equivalent size is transplanted by the einsteck procedure, as can be seen in Figure 8 (compare
embryo A, a mouse tip einsteck, and B, a Xenopus dorsal
lip einsteck). Second, histological analysis of the structures induced by mouse tips in 3day-old tadpoles shows
that they contain anterior organs (as shown in Figure 8C,
which is a section of the embryo in Figure 8A). These
include eye vesicle (identified by tightly packed small basophilic nuclei and a layer of pigmented choroid cells),
cement gland (identified as large ectodermal cells whose
cytoplasm stains with light green, containing large vacu-
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Figure 7. The Tip Fragment of a 6% Day Mouse
Gastrula Has the Potential to Induce Anterior
Structures
upon Transplantation
into Xenopus
Hosts
extraembr.

Experimental
design and embryos
resulting
from transfer
of the tip (A) and the base (6)
fragments
from the same mouse donor gastrula into early Xenopus recipient gastrulae by
the einsteck procedure.
The upper horizontal
line indicates where the embryonic
(embr.) and
B
embr.
the extraembryonic
parts (extra-embr.)
were
separated below the amniotic folds. The lower
line shows where tip and base fragments were
cut. The morphological
landmarks
of the 6.7
day early primitive streak embryo, ectoplacental cone (EPC), amniotic folds (AF), primitive
streak mesoderm (PSM), ectoderm (Ect.), and endoderm (En) are indicated in the diagram, as well as the goosecoid-expressing
region in the anterior
meeoderm. Note that the tip of the mouse gastrula was able to induce anterior structures
in the Xenopus embryo after 2 days of development
(arrow
in [A]). The base of the same embryo, which contained most of the primitive streak mesoderm,
did not have inductive activity (arrow in [B]). The
cement gland, an organ located anteriorly
in the Xenopus embryo, is indicated by arrowheads.

ales and an apical layer of pigment granules), and putative
neural vesicles (which resemble the embryonic brain vesicles observed in the e-day-old tadpole). Other structures
observed (not shown) included induced auditory vesicle
(recognized by its ciliated epithelium) and gut (recognized
by large yolky cells surrounding a lumen). It should be
stressed that all these assignments were made based on
histological criteria and that molecular markers were not
used in this study. All of the induced structures are of
Xenopus, not mouse, origin (see Experimental
Procedures). Third, the base of the embryo provides a negative
control, while transplantation
of the extraembryonic
ectoplacental cone produces a different type of induction
consisting of very large fluid-filled vesicles in all cases
(Table 1). By histological examination these vesicles do
not seem to correspond to ventral mesoderm and are
therefore considered
a specialized type of induction.
Fourth, earlier mouse embryos of 6.4 to 6.6 days (instead

Table 1. Inductive
Gastrulae

Potential

of Fragments

of Mouse

streak

stage

mouse

cone

Pre-streak
and early streak
Tip
Base
Ectoplacental
cone

stage

embryos
31
26
6
mouse
30
26
6

upon Transplantation

Anterior
induction0

n
Early primitive
Tip
Base
Ectoplacental

Embryos

(6.7 day)
19 (61%)
0
0

embryos

of 6.7 days) are, in general, unable to induce anteriorstructures (Table 1). This suggests that the ability to organize
anterior organs arises during the course of mouse gastrulation. While the earlier embryos do contain goosecoid
mRNA, it is not known whether the corresponding protein
is present nor whether putative goosecoid target genes
such as growth factors have been activated by that stage.
Because mouse embryos develop at 37% and frog embryos are cultured at 19%, we presume that the mouse
implant is developmentally
arrested at the particular stage
in which it is first dissected.
We conclude that the mouse gastrula develops an activity, similar to that of the Xenopus organizer, which enables
it to induce anterior organs and that this activity is located
in the tip of the mouse gastrula at the 6.7 day stage. The
base of the embryo, which contains most of the primitive
streak, is unable to induce cement gland, eyes, or other
anterior organs.

(6.4 to 6.6 day)
1 (3%)
0
0

via Einsteck

into the Blastocoel

of Early Xenopus

Posterior
induction

No
induction

Vesicle-type
inductior?

6 (19.5%)
12 (43%)
0

6 (19.5%)
14 (50%)
0

0
2 (7%)
6 (100%)

21 (70%)
17 (65%)
0

0
3 (12%)
6 (100%)

6 (27%)
6 (23%)
0

Host

The experimental
design is outlined in Figure 7. The numbers of embryos were derived from three independent
experiments
each, in which donor
embryos from six (6.7 day) and seven (6.4 to 6.6 day) different pregnant mice were tested.
a Inductive events resulting in structures
in the anterior third of the Xenopus hosts after 2 days of culture following the transplantation
were scored
as anterior inductions;
all other inductions were considered
posterior.
b Vesicle-type
inductions were characterized
by the occurrence
of large fluid-filled vesicles on the ventral side of the embryo. The ectoplacental
cone
transplants
produced such inductions
in all cases.
‘These
vesicle-like
inductions
are thought to be due to contaminations
with ectoplacental
cone tissue.
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predicts cell movements in the opposite direction (Snow,
1977). in Xenopus, goosecoid expression forms a patch
on the dorsal lip of the embryo, which then migrates with
the sheet of invaginating mesodermai ceils (Cho et al.,
1991a). Thus, in both Xenopus and mouse, goosecoid
movement follows the known pattern of ceil migration during gastruiation.
Brachywy, a gene known to play a key role in mesoderm
formation, is also expressed during mouse gastruiation
(reviewed bywiiiison, 1990). goosecoid mRNAexpression
is no longer detectable after 6.9 days, but Brachyury
mRNA is still expressed long after this time (Wilkinson et
al., 1990). While Brachywy stains prominently the entire
primitive streak mesoderm (Wilkinson et al., 1990; Herrmann, 1991), goose&d
mRNA is detected at the anterior
edge of the bulk of Brachyury expression (Figure 5). In
the future it will be interesting to address the question of
whether goosecoid can affect the expression of Brachyury
and vice versa.

Figure
trula

6. Inductive

Potential

of the Tip of the Mouse

6 314 Day Gas-

Comparison
of the inductive potential of the tip of a 6.7 day mouse
gastrula (A) and a stage 10.5 dorsal blastopore
lip of Xenopus (B) of
the same size. The induced structures
are indicated by arrows. (C)
shows a histological section of embryo A; note the induced secondary
cement gland (cg), eye vesicle(e),
and putative neural vesicle (nv). All
induced organs are derived from the Xenopus host.

Discussion
Localized Expression of goosecoid
mRNA
during Gastruiation
goosecoid expression is highly localized in the early
streak mouse gastrula. Mouse goosecoid mRNA expression starts as a patch on the side of the egg cylinder,
at the site of the epitheiiai-mesenchymai
transition that
marks the start of primitive streak formation. Ceils expressing goosecoid are next found at the anterior end of
the primitive streak, and finally become highly localized in
the anteriormost mesoderm at the tip of the egg cylinder
(Figure 5). The fate of the latter ceils is to become the
head process, which later gives rise to notochord, head
mesoderm, and definitive endoderm (Beddington, 1983a,
1983b; Lawson et al., 1987).
We consider that the movement of the patch of
goosecoid expression is consistent with the migration of
a discrete group of goosecoid-expressing
ceils within the
egg cylinder. Thus, the direction of goosecoid movement
is in keeping with patterns of cellular migrations inferred
from ceil marking experiments (Lawson et al., 1991). Our
results do not seem to support an alternative model that

goosecoid
mRNA Accumulation
is induced
by Activin
incubation of 6.4 day mouse embryos in culture medium
containing recombinant activin A resulted in the induction
of goosecoid mRNA accumulation in the entire epibiast
(but not in the embryonic endoderm or extraembryonic
tissues) within 3 hr. This result predicts that the activin
receptor should be expressed throughout the epibiast,
whereas the signal that induces goosecoid expression in
the epibiast should be localized. Furthermore, assuming
that during normal mouse development goose&d
is induced by a dorsal signal, as it is in Xenopus (Cho et al.,
1991 a), our results predict when this induction takes place.
While 6.2 day embryos are negative, 6.4 day embryos
are positive for goosecoid; therefore the gene is activated
before any overt signs of gastruiation ceil movements can
be detected. interestingly, this is also the case in Xenopus
(Cho et al., 1991a), in which goosecoidexpression
can be
shown on the dorsal side of late biastuia stage embryos.
Work in Xenopus laevis embryos has implicated numerous molecules (such as FGFs, activins, and other TGFplike growth factors and Writs) in mesoderm induction, but it
is not yet clear which ones, if any, provide the endogenous
signals in the course of normal development (Slack, 1991;
Melton, 1991; Sokoi et al., 1991). Two growth factors have
recently been shown to be expressed in the mouse gastrula at the time of goose&d
induction. Transforming
growth factor 62 (TGF-62) is present in the embryonic endoderm of pre-streak and early streak stage mouse egg
cylinders @lager et al., 1991) whereas fibrobiast growth
factor 5 (FGFd) is transcribed in the epibiast (Haub and
Goidfarb, 1991; Hebert et al., 1991). However, expression
of both growth factors does not seem to be localized and
therefore would not account for the localized induction of
goosecoid.
The activin experiment, although very simple in nature,
suggests that with the availability of appropriate markers,
such as goosecoid and Brachywy, the mouse gastruia can
be manipulated in vitro by procedures similar to those that
have proven to be so informative in Xenopus.
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The Organizer in the Mouse
The ability of mouse gastrula fragments to induce anterior
organs in Xenopus hosts is perhaps not entirely unexpected. The chick Hensen’s node is able to induce large
amounts of neural tissue when cultured in contact with
Xenopus ectoderm, despite the fact that chicks develop at
38% and frogs at 19% (Kintner and Dodd, 1991). Our
transplantation experiments show that the tip of the mouse
gastrula can induce anterior organs in the Xenopus host
embryo. Such inductions include eye, cement gland, auditory vesicle, and other structures. The extent of these
anterior inductions was similar to those obtained when a
fragment of Xenopus dorsal lip (also called Spemann’s
organizer) of the same size was similarly transplanted by
the einsteck procedure. On the other hand, the base fragment, which contains most of the primitive streak, did not
produce anterior inductions. The base fragment was able
to induce posterior tail-like structures in about half of the
embryos. Similarly, transplantations
of Xenopus ventral
marginal zone (Cho et al., 1991~) or of ventral blastopore
lips (E. M. D. Ft. and M. B., unpublished data) by the einsteck procedure lead to the formation of tail-like structures.
The transplantation
experiments suggest a correlation
between the region of the mouse embryo that expresses
goosecoidand
organizer activity, but they of course do not
prove a causal relationship between goosecoid and the
organizer, as is the case in Xenopus embryos, in which
ectopic microinjection of goosecoidmRNA
has been found
to execute Spemann’s organizer phenomenon (Cho et al.,
1991a). The value of the mouse transplantation
experiments lies in the fact that they help us think about how
gastrulation might work in the mouse, how this relates
to gastrulation in other vertebrates, and hopefully how to
’ design experiments testing these ideas.
Xenopus gastrulation starts with the formation of the
dorsal lip. In the mouse gastrulation appears to be quite
different, beginning with formation of the primitive streak
mesoderm, which starts at the posterior end and extends
anteriorly.
Recent studies on the expression
of the
Brachyury gene show that while in the mouse it is expressed throughout the length of the primitivestreak(Herrmann, 1991), in the Xenopus gastrula it is expressed as
a ring comprising the entire marginal zone (Smith et al.,
1991). Taken together with our transplantation
experiments and with the goosecoid localization patterns, these
data suggest that the murine primitive streak is the equivalent of the amphibian ventral and lateral blastopore lip,
while the patch of goosecoid-expressing
cells located at
the anterior end of the primitive streak is the equivalent of
the dorsal lip.
In this view, the expression of goosecoid in the mouse
gastrula would reflect the localization of Spemann’s organizer. In Xenopus, the organizer region is induced by the
release of a dorsal signal, presumably a growth factor,
from underlying vegetal cells located in the so-called Nieuwkoop center (Gerhart et al., 1989). The equivalent of the
Nieuwkoop center in the mammalian embryo remains to
be discovered.

ExperImental Procedures
Southern Blot
Genomic DNAs

Analysis
(10 pg) from various species were digested with EcoRI,
electrophoresed
on a 1.2% agarose gel, and transferred
to a nitrocellulose membrane.
The blot was hybridized with a random-primed
1 .l kb
Xenopus goosecoid cDNA probe in buffer containing 42% formamide,
5 x SSC, 50 mM phosphate buffer (pH 6.7). 5 x Denhardt’s solution,
0.2% SDS, 0.1 mM EDTA, and 100 pg/ml yeast tRNA at 37OC. The
final wash was performed
in 0.5 x SSC at 50°C for 30 min.
Isolation
and Characterlzatlon
of Genomlc
Clones
Approximately7
x 1OSplaquesof agenomicmouse
DNA libraty(kindly
provided by Dr. Mario Capecchi,
University
of Utah, constructed
from
spleen DNA in the Stratagene vector lambda dash) were screened with
a 1 .l kb Xenopus goosecoid
cDNA probe under the same stringency
conditions
as described
above for the Southern blot. Four plaques
corresponded
to the 11.5 kb EcoRl hybridizing band indicated with an
arrow in the Southern blot shown in Figure 1. A 2.4 kb Sall-Hindlll
restriction fragment that contained the entire g cosecoidgene
was subcloned into pBluescriptll
KS(-) and sequenced
on both strands.
In Situ Hybridization
In Sections
Mouse embryos (6.5 and 7.0 day) were fixed in Bouin’s fluid, embedded, and sectioned in their deciduae. Two nonoverlapping
probes were
used. Probe 1 was derived from a582 bpSall-Apal
restriction fragment
corresponding
to positions l-562 in the data base sequence;
it contained 295 bp upstream of the putative initiator methionine and 267 bp
of the coding region of exon 1. Following subcloning
into pBluescriptll
KS(-), the antisense probe was obtained in a T3 polymerase
reaction,
while the sense control probe was transcribed
using T7 polymerase.
Probe 2, a 909 bp Pstl-Hincll
restriction
fragment corresponding
to
bases 1246-2157
of the data base sequence,
contained
160 bp of
exon 2, intron 2, and exon 3. The antisense
probe was synthesized
from a subclone in pBluescript
using T3 polymerase,
and the sense
control probe was obtained in a T7 polymerase
reaction. “S-labeled
probes were subjected to limited alkaline hydrolysis,
then hybridized
to6pm thickembryosections(Gauntetal.,
1966). Probes 1 and2gave
qualitatively the same results. However, background
was considerably
higher with probe 1 (not shown), presumably
owing to the high GC
content of exon 1. Sense control probes were negative in all experiments.
Timing and Staging of Mouse Embryos
All embryos were obtained from timed matings. Animals (BBSJLFlN,
purchased from The Jackson Laboratory,
Bar Harbor, ME) were mated
for 2 hr, and fertilization was assumed to have occurred
after 1 hr. At
appropriate
time points pregnant females were sacrificed
by cervical
dislocation, the embryos dissected from the uterus and the decidua in
phosphate-buffered
saline (PBS), and the parietal endoderm removed
with fine entomology steel needles and forceps. Further staging on the
basis of size and morphology
was carried out at this time. Because it
is known that some strains of mice develop faster than others (Gail
Martin, personal communication).
it should be stated that in the conditions in our laboratory embryos timed as 7.0 days correspond
morphologically to the 7 day 1 hr embryo described
in detail by Snell and
Stevens (1966).
Whole-Mount
In Situ Hybrldlzation
The whole-mount
in situ hybridization
protocol described
below was
adapted from several published protocols (Hemmati-Brivanlou
et al.,
1990; Tautzand
Pfeifle, 1989; Herrmann,
1991; Choetal.,
1991a) with
very minor technical
modifications.
Embryos were collected in PBS
and two to three small holes punctured
into the egg cylinder using fine
needles in order to prevent accumulation
of protein precipitates
in
the proamniotic
cavity. All manipulations
were carried out in 1.5 ml
microcentrifuge
tubes coated with 1 mg/ml bovine serum albumin in
PBS to prevent embryos from sticking lo the tube. Unless otherwise
indicated, incubations were carried out at room temperature.
Embryos
were fixed in 4% paraformaldehyde
in PBS for 1 hr, washed twice with
PBS, 1 x PBS-ethanol
(1 :l), and twice in 70% ethanol. Embryos were
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stepwise rehydrated
(50% ethanol, 30% ethanol), washed three times
for 10 min in PTw (PBS plus 0.1% Tween 20; Hemmati-Brivanlou
et
al., 1990) on a rocking shaker, treated with proteinase
K (10 us/ml in
PTw) for 2 min. rinsed twice in PTw, and refixed for 20 min in 4%
paraformaldehyde
in PBS. Following four more washes in PTw (10
min each, rocking shaker),
embryos
were stepwise transferred
into
prehybridization
buffer (50% formamide,
5 x SSC. 2% blocking reagent [Boehringer
Mannheim],
50 ug/ml heparin, 0.1% Tween 20,
,I mg/ml Torula tRNA). Embryos were incubated at 65OC for 1 hr to
reduce the activity of endogenous
alkaline phosphatase
and prehybridized for 2 hr at 55OC. The prehybridization
solution was replaced with
fresh hybridization
solution containing
digoxigenin-labeled
probe
(probe2, see above) at aconcentration
of 200 @ml. Labeled RNA was
synthesized
using the Genius (Boehringer
Mannheim)
kit according
to manufacturer’s
instructions.
Hybridization
was carried out at 55OC
overnight.
Embryos were washed once in hybridization
solution without probe, stepwise transferred
into 2 x SSC, and washed twice at
37OC on an Adams nutator (Clay Adams, Parsippany,
NJ). The nonhybridired
excess
RNA was digested
by treatment
with 10 mglml
RNAase A. 10 U/ml RNAase Tl in 2 x SSC for 15 min at 37OC. Following two stringent washes in 0.2 x SBC at 60°C (without agitation), the
samples were stepwise transferred
into blocking solution (150 mM
NaCI, 100 mM Tris-HCI
[pli 7.51,O.l % Tween 20.2 mg/ml blocking
reagent [Boehringer
Mannheim].
20% heat-inactivated
goat serum)
and incubated for 2 hr at 4*C (gently agitated on a rocking shaker).
To prevent nonspecific
binding of the antibody, the antidigoxigenin
alkaline phosphatase
conjugate (Boehringer
Mannheim)
was diluted
I:600 in blocking solution and preincubated
for 2 hr at 4-C as described by the manufacturer.
The embryos were incubated overnight
in the antibody solution followed by three 90 min washes in TNT (100
mM Tris-HCI
[pH 7.51, 150 mM NaCI, 0.1% Tween 20) containing
1 mM levamisole (Sigma) and one 90 min wash in 1 x TBST (10 mM
Tris-HCI
[pH 8.0],150 mM NaCI, 0.05% Tween 20,l mM levamisole),
and the pH was shifted to 9.5 by one wash (30 min) in 100 mM TrisHCI (pH 9.5). 100 mM NaCI, 50 mM MgCL, and 1 mM levamisole. The
color reaction for alkaline phosphatase
was performed in 6-well tissue
culture plates containing a bottom layer of 1% agarose, for 2-12 hr in
the dark. The reaction was stopped by transferring
the embryos into
TE (10 mM Tris-HCI
[pH 8.01, 1 mM EDTA). Embryos were stored in
TE at 4OC.

Activin

Treetment

of 6.5 Day Mouee

Egg Cylinders

In Vitro

Timed embryos were prepared as described above, washed in DMEM,
and transferred
into 96-well tissue culture plates containing
DMEM
(controls) or 30 U/ml recombinant
human activin A in DMEM. In this
particular preparation
30 U/ml of recombinant
activin A corresponded
to 200 @ml of protein. Recombinant
activin was a gift from Genentech, and its activity was determined
in our laboratory using the standard animal cap assay, in which 1 U/ml is defined as the minimum
concentration
giving visible induction
(Green and Smith, 199Q. No
serum was added throughout
the 3 hr incubation at 37OC (5% CO*
atmosphere),
after which the embryos were washed in PBS and prepared for whole-mount
in situ hybridization.

Tmneplantatbn
Into Xenofu

of Mouee
Hosts

Geetrula

Fmgmsnta

Timed mouse embryos were prepared as described
above and, after
removal of the parietal endoderm.
transferred
into agar dishes containing 1 x modified Barth’s saline (Gurdon,
1976). Stage 10 early
gastrula Xenopus embryos were manually dechorionated
in 1 x modified Barth’s saline, and a small slit was cut in the animal pole using a
tungsten needle. Mouse egg cylinder fragments
were dissected using
a tungsten wire loop and transplanted
with a blunt hair into the ventral
side of the blastocoel of a Xenopus host. The transplanted
embryos
were left for 2 min in 1 x MBS and then transferred
directly into 0.1 x
MBS. They were allowed to develop to swimming tadpole stage (3
days), scored, and photographed.
Dissections
24 hr after transplantation showed that the mouse transplant
had not grown and remained
as a coherent mase of cells in its Xenopus host; after 3 days, however,
histological examination
revealed that the mouse implant had died and
lysed. but remained located in close proximity to the induced organs.

Availability of Xenopus host embryos at the early gastrula stage during
the period when the mouse embryos were dissected was achieved by
setting up frog natural matings at two different time points the day
before the experiment.
For histological examination
embryos were fixed in Bouin’s fluid for
2 hr. washed extensively
with 70% ethanol, and embedded in paraffin.
Sectioning
and staining was as described
previously
(Cho et al.,
199lb).
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