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Summary 

The chick homeobox gene goosecoid (gsc) is first ex- 
pressed in a barely noticeable cell population near the 
posterior margin (Keller’s sickle) of the unincubated 
egg. Then It is detected in Hensen’s node, traditionally 
considered the chick organizer. Later, gsc-axpressing 
cells leave the node with the prechordal plate. Fate 
mapping Indicates that these three regions are related 
by cell lineage, and transplantation experiments sug- 
gest that they all have inducing activity. Quail posterior 
margin and anterior primitive streak grafts (gsc ex- 
pressing) induce gsc transcription in neighboring 
chick host cells. We propose that development of the 
chick organlzer starts earlier than previously thought 
and that gsc marks this changing cell population. 

Introduction 

Gastrulation is the process by which the three germ layers, 
ectoderm, mesoderm, and endoderm, are formed in meta- 
zoans. Although different organisms appear to differ con- 
siderably in their mode of gastrulation, owing to differ- 
ences in overall geometry, the end result is a common 
body plan, suggesting that similar molecular mechanisms 
could be involved. With the recent availability of molecular 
markers, it should now be possible to compare various 
vertebrate embryos in order to identify those mechanisms 
that have been conserved during evolution. 

The homeobox-containing gene goosecoid (gsc), which 
provides a marker for the organizer region, was first iso- 
!ated from a Xenopus laevis dorsal lip cDNA library (Blum- 
berg et al., 1991). Its name derives from the Drosophila 
pair-rule gene gooseberry and the anterior determinant 
gene bicoid, with which it shares certain features. In verte- 
brates, gsc is expressed in the dorsal lip of the blastopore 
of frog (Cho et al., 1991) and in the equivalent region of 
mouse (Blum et al., 1992) gastrulae. In addition, it is ex- 
pressed in the head, limbs, and body wall of the mouse 
at later stages of development (Gaunt et al., 1993). Injec- 
tion of mRNA encoding gsc into early frog embryos pro- 
duces partial duplication of the embryonic axis (Cho et al., 
1991) and its expression has been shown to be activated 
by treatment with the mesoderm-inducing factor activin 

(Cho et al., 1991; Blum et al., 1992; Green et al., 1992). 
These results all point toward the possibility that this gene 
plays an important role during early vertebrate develop- 
ment and that its function may be connected in some way 
with embryonic induction. 

Here, we take advantage of the chick embryo as an 
experimental system because it lends itself well to lineage 
analysis and to various experimental manipulations. We 
have cloned the chick homolog of gsc. As is the case with 
the Xenopus homolog, microinjection of chick mRNA into 
frog embryos is sufficient to trigger the initiation of gastru- 
lation and neurulation, leading to the formation of twinned 
body axes. 

Because of the higher levels of expression observed in 
the chick, and because the chick embryo is translucent 
and flat, we were able to follow changes in chick gsc ex- 
pression in more detail than had been possible in Xenopus 
and mouse. The early expression of gsc is associated with 
Keller’s sickle, a crescent-shaped thickening located at 
the edge of the posterior marginal zone. The develop- 
mental fate and role of this early structure has not been 
studied in great detail; its main role has been suggested 
to be the production of the hypoblast (Eyal-Giladi et al., 
1992), a layer of cells that contributes not to the embryo 
proper but to the yolk sac stalk. This early pattern of ex- 
pression is confined to a small group of cells located be- 
tween the epiblast and the forming hypoblast. When these 
cells are labeled with the carbocyanine dye Dil, their prog- 
eny is found to contribute to the mesendoderm of Hensen’s 
node, a structure traditionally considered the chick orga- 
nizer (see Leikola, 1976; Hara, 1976). The node itself ex- 
presses high levels of transcript. Later, expression leaves 
the node to occupy the anteriormost region of the head 
process (cells that contribute to the prechordal plate at 
the midline of the pharyngeal mesendoderm). If gsc is 
indeed a marker for the chick organizer, its pattern of ex- 
pression predicts inductive properties in regions of the 
embryo that have not been fully tested, such as Keller’s 
sickle and specific portions of the head process. We have 
therefore explored these properties. 

Transplantation of Keller’s sickle or anterior primitive 
streak cells expressing gsc between quail donors and 
chick hosts shows that these regions have the ability to 
induce an ectopic primitive streak containing host cells 
that also express gsc. By contrast, control grafts of poste- 
rior primitive streak or other nongsc-expressing regions, 
although sometimes generating ectopic structures, do not 
induce gsc expression from the host. At later stages, we 
find that the head process can induce neural tissues. How- 
ever, regions expressing gsc and areas where gsc mRNA 
has been been switched off in the head process both can 
induce a neural plate. Thus, neural inducing activity is 
associated with cells that have expressed the gene, al- 
though continued mRNA expression is not obligatory. We 
propose that cells that have expressed gsc transcripts at 
some point in their developmental history share potent 
inducing properties. 
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Figure 1. Chick gsc: Sequence and Axis-Inducing Capacity 

(A) Comparison of the predicted amino acid sequences of the chick, mouse, and Xenopus gsc genes. Capital letters indicate amino acid identity, 
while nonconserved residues are shown in lowercase. The homeodomain is boxed. The B’end of the antisense probe used for in situ hybridization 
is indicated by an arrow and extends up to the poly(A) tail of the cDNA, comprising a total of 656 nt. (6) Secondary dorsal lip caused by chick 
gsc mRNA injection. (C and D) Chick gsc-injected (C) and control (D) tadpoles stained with the notochord marker MZ15 (Smith and Watt, 1985). 
The gsc-injected embryo (C) has a secondary axis, revealed by the ectopic notochord, that contains a secondary auditory vesicle (visible owing 
to cross-reaction with the MZ15 marker). (E) Transverse section through a Xenopus embryo injected with chick gsc. A twinned axis is observed 
that contains abundant brain tissue, as well as a secondary auditory vesicle, notochord, somites, and pronephros. 

loNOT and 2ONOT, host and ectopic notochord; PN, pronephros; l°CNS and 2”CNS, host and ectopic central nervous system; AV, auditory 
vesicle. 

The chick gsc has been logged with EMBL under accession number X79471. 

Results RNA was screened with a Xenopus gsc cDNA probe. Fig- 
ure 1A shows the deduced amino acid sequence of a 1 .l 

Isolation of a Chick gsc cDNA kb chick gsc cDNA (sequence logged with EMBL). The 
Previous work (Gaunt et al., 1993) has shown that the sequence encodes a 246 residue homeobox-containing 
mouse gsc cognate is expressed in embryonic limb buds. protein, very similar in length to its homologous mouse 
A cDNA library made from chick stage 20-22 limb bud (256 amino acids) and Xenopus (244 amino acids) counter- 



~o$secoid and the Organizer in Chick 

parts. At position 50 of the homeodomain, the lysine resi- 
due typical of the Drosophila bicoid gene is conserved 
(indicated by an asterisk). This residue is responsible for 
the DNA binding specificity of bicoid and, as shown pre- 
viously (Blumberg et al., 1991), allows thexenopus protein 
to bind to a bicoid DNA target sequence. 

The homology between the three species is not only 
restricted to the homeodomain itself, where the identity is 
100% between chick and mouse and 98% between chick 
and Xenopus, but also extends to the rest of the protein 
(Figure 1A). Overall, the chick gsc protein shows a high 
degree of homology with its mouse and Xenopus counter- 
parts (89% and 850/o, respectively). This homology also 
extends outside the open reading frame in the 3’ trailer, 
where a stretch of approximately 40 bp shows a high de- 
gree of similarity between the three species (data not 
shown). 

Southern analysis using chick genomic DNA and a 
mouse gsc probe for exon 1 (Blum et al., 1992) which 
excludes the homeobox, reveals a single band. A band 
of the same size is obtained with the equivalent chick 
probe. The cDNA isolated, therefore, appears to be the 
chick equivalent of the mouse and Xenopus gsc gene. By 
contrast, when a probe containing the homeobox of gsc 
is used, two extra bands are observed, suggesting the 
existence of at least one related gene. 

For a further comparison with Xenopus gsc, we microin- 
jetted capped synthetic chick gsc mRNA (4 nllcell at 25 
50 uglml) into the ventral side of 4- or 8cell Xenopus em- 
bryos (Figures 1 B-l E). A total of 302 embryos survived, 
in three independent experiments from seven different 
frogs, of which 141 (48%) had secondary (twinned) body 
axes. Fifty control embryos were injected with synthetic 
chick gsc mRNA from which the homeobox had been ex- 
cised. None of these had secondary axes. In.embryos 
microinjected with chick gsc mRNA and observed at the 
start of gastrulation, a second dorsal lip appeared on the 
ventral side (Figure 1 B). Two days after injection, second- 
ary axes were observed that lacked anterior structures 
such as the eye but in general contained auditory vesicles 
(Figure 1 C). The axes induced by chick gsc mRNA are not 
unlike those obtained with Xenopus gsc, which, although 
containing eyes in rare cases, more often extend anteriorly 
IO the hindbrain (auditory vesicle) level (Cho et al., 1991; 
Niehrs et al., 1993; Steinbeisser et al., 1993). The histologi- 
cal section in Figure 1E shows that the secondary axis 
contains abundant brain tissue, which, although disorga- 
nized, contains a central canal, as well as duplicated so- 
mites, notochord, and pronephros. Taken together, these 
(data suggest that we have isolated the chick homolog of 
gsc and that injection of its mRNA is sufficient to trigger 
,the initiation of gastrulation and neural induction in frogs. 

Expression of gsc during Early Chick Development 
We performed in situ hybridization both in sections, using 
35S-labeled riboprobes, and in whole-mounts, using digox- 
ygenin-labeled riboprobes, to localize the cells expressing 
gsc during the early stages of chick development. The 
results are summarized in Figures 2 and 3. In agreement 

with findings in Xenopus (Cho et al., 1991) and mouse 
(Blum et al., 1992) embryos, we found very strong and 
specific expression associated with Hensen’s node during 
gastrulation, which peaks in the stage 3+(mid- to late primi- 
tive streak) embryo (Figure 2E). However, in the chick, 
transcripts can be followed with precision from the earliest 
stages of development (the unincubated egg, equivalent 
to the blastula stage of amphibians) through later stages, 
when the basic body plan has been laid down (up to the 
six-somite stage in this study). 

Unexpectedly, gsc transcripts are already detectable in 
unincubated embryos, at stage X (Eyal-Giladi and Kochav, 
1976) when the hypoblast consists merely of loose islands 
of cells, long before axial structures appear. At this stage 
(Figure 2A), expression is weak and is seen as a narrow 
crescent associated with Keller’s sickle at the posterior 
margin of the blastoderm. Sagittal sections through em- 
bryos at stage Xl reveal a small population of gsc-positive 
cells, located just beneath the epiblast (Figures 2M and 
2N), of whose existence we had not been aware at such 
early stages in the chick embryo. At stages XI-XII, as the 
hypoblast sheet expands, expression becomes more in- 
tense and remains associated with the sickle at the poste- 
rior margin of the embryo (Figures 28 and 2C). 

The appearance of the primitive streak is accompanied 
by a marked increase in the level of gsc expression: at 
stages 2-3 (early to mid-primitive streak) expression is 
concentrated in the anterior third of the streak (Figure 2D). 
Transcripts become more abundant as the primitive streak 
elongates. By stage 3+, as a groove appears in the streak, 
expression is most intense in the region of Hensen’s node 
and anterior primitive streak (Figure 2E). As shown in Fig- 
ure 3A, in situ hybridization in sections reveals that the 
highest concentration of transcripts is located at the ante- 
rior end and that it decreases gradually, like the tail of a 
comet, toward the posterior part of the embryo. When the 
streak has progressed to its maximal length by stage 4, 
gsc transcripts are down-regulated quickly, becoming 
strongest in the lateral parts of Hensen’s node (Figures 
2F and 2G). In the median-anterior quadrant of the node, 
expression is only seen in cells in the middle layer (Figures 
2G and PP), while at the level of the primitive pit, they are 
found throughout the thickness of the node, including the 
epiblast (Figures 2G and 20). 

After this stage, the primitive streak shortens by move- 
ment of its anterior tip in a posterior direction (regression). 
At stage 4+, gsc expression is left behind the node as it 
regresses. By this stage, all remaining expression is seen 
in the fan-shaped tip of the head process and associated 
endoderm of the prechordal plate region (Figures 2H and 
21); the node itself no longer shows detectable levels of 
transcript. At stages 5 and 6, as the head fold forms to 
delimit the amnion and foregut, expression is restricted 
to a small patch of mesendodermal cells encompassing 
the distal (anterior) tip of the head process and associated 
prechordal plate and is not seen in more posterior regions 
of the head process (Figure 2J). By stages 7-9 (Figures 
2K and 2L), the expressing cells are found in the head 
region. Histological sections at these stages, shown in 
Figure 38, indicate that gsc transcripts are strongest in 
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Figure 3. gsc Expression Progresses Anteriorly, with a Maximum Located at the Leading Edge of the Primitive Streak, and Is Later Found at the 
Anterior Edge of the Foregut 
(A) In situ hybridization with “S-labeled riboprobe of a horizontal section through a stage 3 chick embryo. gsc transcripts are distributed in a 
graded manner, with expression highest at the tip of Hensen’s node and decreasing toward the posterior end of the primitive streak. This specimen was 
embedded in an optimal orientation, with the entire blastoderm contained in four histological sections, all of which displayed a similar anteroposterior 
distribution of gsc transcripts. (B) In situ hybridization with “S-labeled r&probe of a transverse section through the head of a stage 9- chick 
embryo (level of section indicated by an arrowhead in Figure 2L). The strongly expressing mass of cells corresponds to the foregut endoderm; a 
lower level of gsc expression in seen in the ventral region of the neural tube. (C) Diagram of the same section indicating the components of the 
head of the chick embryo at this stage. 

the anterior midline, particularly in the mesendodermal gsc-Expressing Ceils in Keller’s Sickle Contribute 
layers associated with the oral region of the foregut. to Hensen’s Node 

None of the patterns of expression described above is To test whether the region expressing gsc in the posterior 
seen when a sense probe is used, labeled either with %  margin of the blastoderm (Koller’s sickle) at very early 
(in sections) or with digoxygenin (whole-mount). stages of development includes precursors of cells ex- 

Figure 2. Spatial and Temporal Expression of gsc Transcripts at Early Stages of Chick Embryonic Development Assayed by Whole-Mount In Situ 
Hybridization. 
(A) Stage X (unincubated egg). Faint expression can be detected in Keller’s sickle at the posterior boundary between the area opaca and area 
pellucida. (B) Stage Xl. The expression in Keller’s sickle (KS) becomes stronger, and some scattered gsc-expressing cells are observed in the 
posterior region. (C) Stage XII. The leading edge of the forming sheet of hypoblast can be distinguished (arrowheads) and reaches 50% of the 
area pellucida. Expression in Keller’s sickle is still seen, and there are scattered expressing cells immediately anterior to it. (D) Stage 3. The 
primitive streak (PS) has appeared (visible as a thickening extending anteriorly from the posterior border of the area pellucida). Expression is very 
strong and restricted to the tip of the primitive streak. (E) Stage 3’. At this stage, expression of gsc reaches its maximum level and is localized 
to a circular patch about 250 nm in radius around Hensen’s node and in the anterior third of the primitive streak, gradually disappearing toward 
its posterior end. (F) Stage 4, full primitive streak (dorsal view). Strong expression is seen in Hensen’s node (HN) and in the anterior fifth of the 
primitive streak. (G) Higher magnification view of the node region of the embryo in (F). The strongest expression is in the lateral quadrants of the 
node as viewed from the epiblast side. Anterior to the primitive pit, hybridization seems to be associated with cells that are in the interior of the node 
rather than with the epiblast. (H) Stage 4+. Expression has completely disappeared from the node region and is associated with cells at the tip 
of the emerging head process; this tip later corresponds to the region below the infundibulum, containing prospective prechordal plate and anterior 
pharyngeal mesendoderm of the midline. At the same time that the head process appears, the primitive streak and Hensen’s node begin their 
regression. (I) Higher magnification view of Hensen’s node and head process of a stage 4+ embryo. Transcripts are no longer detectable in Hensen’s 
node (HN) and are now contained entirely in the prechordal plate (PP) region of the emerging head process. Sections through these embryos 
(not shown) show that expression is associated with cells in the mesodermal and endodermal layers. (J) Stage 6. The head fold starts to form as 
the primitive streak and node continue to regress, elongating the head process (HP) and more posterior notochord. Expressing cells are associated 
with the endodermal region of the midline in the prechordal plate at the tip of the head process, which are now found inside the pocket formed 
by the head fold. The head fold itself is negative. (K) Stage 8- (three-somite embryo). Expression is seen in the head region, mainly in the midline 
of the endoderm. In addition, the neural tube of the head also expresses gsc. (L) Stage 9- (six-somite embryo). The arrow indicates the level of 
the cross-section shown in Figure 38. (M) Sagittal section through the posterior margin of the stage Xl embryo seen in Figure 28, showing a 
detailed view of the gsc-expressing cells. Note that gsc is expressed in a population of middle layer cells located between epiblast and hypoblast, 
at the level of Kollet’s sickle (arrow). (N) Higher magnification view of the middle layer cells in a sagittal section through an embryo at stage XII. 
(Q) Transverse section through Hensen’s node at a level just posterior to the primitive pit in an embryo at stage 4. Note gsc expression in all three 
germ layers. (P) More anterior transverse section through the same embryo as shown in (0). Expression is restricted to the deeper layers (mesendo- 
derm) and is absent from the epiblast. 

Bars: (A, H, K, and L), 600 pm; (B-F and J), 500 pm; (M), 100 urn; (G, I, and N-P), 50 rm. 
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Figure 4. The Fate of Keller’s Sickle Cells 
Overlaps with the Later Expression of gsc in 
Hensen’s Node 
(A) Diagram of experimental design. A group 
of 20-l 00 cells at the midline of Kollet’s sickle 
in embryos at stage Xl was labeled by injection 
with Dil (see Figure 5); the embryos were incu- 
bated to stage 3+ and fixed, the Dil lineage 
tracer was photoconverted with diamlnobenzi- 
dine (DAB), and the embryos were processed 
for whole-mount in situ hybridization to visual- 
ize gsc transcripts. 
(B and C) View of 2 whole embryos after the 
proceduredescribed.Afterphotooxidation, Dil- 
labeled cells appear brown, owing to the diami- 
nobenzidine precipitate. They are located in 
the region of Hensen’s node, overlapping with 
the region expressing gsc. 
(D) Transverse section through Hensen’s node 
of the same embryo shown in (C) reveals 
gsc-expressing cells (blue) interspersed with 
Dil-labeled cells (brown) in Hensen’s node. 
Lineage-labeled cells are present in the endo- 
dermal and mesodermal layers, all of which are 
derived from the node. 

Bars: (B and C), 30 vrn; (D), 15 pm. 

pressing the gene in Hensen’s node at later stages of de- 
velopment, we developed a novel technique. We com- 
bined lineage tracing using Dil, which allows the fate of 
small groups of cells to be followed, with whole-mount 
in situ hybridization (Figure 4). However, this dye is lipid 
soluble and is removed by detergents and organic sol- 
vents. For this reason, we photoconverted the fluores- 
cence of the descendants of the labeled cells to an insolu- 
ble product by exposure to the excitation wavelength in 
the presence of diaminobenzidine (Stern, 1990; Selleck 
and Stern, 1991) before hybridization. This allowed us to 

follow the fate of very small groups of cells from the middle 
layer in the region of Keller’s sickle at stages XI-XII (Figure 
5A) to primitive streak stages, when gsc expression is 
restricted to Hensen’s node and the anterior tip of the primi- 
tive streak. The combination of these two techniques, lin- 
eage tracing and in situ hybridization, is used here for the 
first time. 

The results of this experiment are shown in Figure 4. 
In all, 40 embryos were subjected to this procedure. In 29 
out of 40 embryos, the labeled cells were found in or very 
near Hensen’s node at stage 4 (definitive primitive streak 
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Figure 5. The Fate of Keller’s Sickle Cells in Two Different Experiments 
(A) Middle layer cells in the region of Keller’s sickle at stage XII, seen immediately after injection of Dil as done for fate mapping experiments in 
Figure 4. Sagittal sect&n after photooxidation. About 6 labeled cells can be seen in the middle layer of Keller’s sickle. 
(ED) Fate of grafted quail Keller’s sickle cells into a chick blastoderm after the operation shown in Figure 6C. After grafting, this embryo was 
cultured to stage 6 (four-somite stage), fixed in Zenker’s fixative, and processed for the quail nucleolar marker. A double axis has formed (B and 
C). The sections are at the level of the posterior head process. Both the host (I”) and ectopic (29 axes are composed largely of chick (host) cells 
(C). Sections through the posterior part of the ectopic streak (D) show that the bulk of the quail cells are located in this region (a typical quail 
nucleolus is marked Cl). The epiblast overlying it (e) is composed entirely of chick cells. 

Bars: (A-C), 50 pm; (D), IO urn. 
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Figure 6. Cells Expressing gsc Associated 
with Keller’s Sickle and in the Anterior Tip of 
the Primitive Streak Induce a Secondary Axis 
Containing Host Cells That Also Express gsc 
(A) Stage 3+quail embryo hybridized with probe 
17, which recognizes both chick and quail gsc 
transcripts, showing expression in Hensen’s 
node comparable to that seen in the chick at 
the same stage. (B) Stage 3+ quail embryo hy 
bridized with the chick-specific riboprobe. No 
expression is seen in its Hensen’s node. 
(C-G) Cells expressing gsc associated with 
Kolleh sickle. (C) Diagram of the experimental 
design for posterior margin grafts. After the pe- 
riod of culture to stage 3+ of the host embryo, 
the operated embryos were fixed and subjected 
to in situ hybridization with a digoxygenin- 
labeled riboprobe containing chick-specific, 3’ 
untranslated sequence. (D) Control graft of a 
quail lateral marginal zone. Ectopic axial struc- 
tures do not form, and ectopic host gsc expres- 
sion is not seen. (E-G) Three examples of 
grafts of a quail Keller’s sickle. In all cases, 
ectopic structures are observed, and these in- 
clude host cells that express gsc. The graft is 
arrowed in each case. 
(H-L) Cells expressing gsc in the anterior tip 
of the primitive streak. (H) Diagram of the ex- 
perimental design for primitive streak grafts. 
The resulting chimeras were hybridized with 
the chick-specific probe as described above. 
(I and J) Two examples of the result of a graft 
of posterior primitive streak. Ectopic structures 
are present, but they do not include host cells 
expressing the gene. (K and L) Two examples 
of the result of a graft of anterior primitive 
streak. Ectopic structures include host cells ex- 
pressing gsc. In each case, the ectopic struc- 
tures are marked by an arrow. 

Bar, 660 pm. 

stage; Figures 46 and 4C). In 2 of the remaining embryos, 
the dye had spread, producing no useful results; another 
7 embryos developed too far (beyond the time at which gsc 
is expressed in the node), and the 2 remaining embryos 
did not survive the incubation. After whole-mount in situ 
hybridization of the photoconverted embryos, the labeled 
cells were found to colocalize with those expressing the 
gene (Figures 4B-4D). All ,labeled cells were found in the 
mesoderm and endoderm within 100 pm of the node at 
stage 3’. All of the labeled cellsoutside the gsc-expressing 
region at this stage are found in the endoderm (which is 
itself derived from the node; see Selleck and Stern, 1991) 
and do not extend further than a few cell diameters beyond 
the gsc-expressing region. 

In conclusion, some of the descendants of gsc- 
expressing cells associated with Keller’s sickle of the stage 

XI-XII blastoderm become incorporated into Hensen’s 
node during gastrulation; these include cells that continue 
to express the gene at the definitive streak stage (stage 
P-4). This conclusion is consistent with the known pattern 
of cell movements in the epiblast at this stage of develop- 
ment (Stern, 1990). 

The Region of Keller’s Sickle Containing 
gsc-Expressing Cells Can Induce the Formation 
of an Ectopic Axis and Expression of gsc 
in Host Cells 
As shown in Figures 2M and 2N, histological sections of 
in situ hybridizations of stage Xl embryos reveal that at 
this stage, gsc is expressed in a very small group of cells 
situated between the epiblast and the forming hypoblast, 
in association with Koller’s sickle (see Figures 2M and 2N). 
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This population of cells had not been observed before, 
presumably owing to its small size and the lack of a suitable 
marker. The fact that these cells express gsc raises the 
question of whether they have the ability to induce an em- 
bryonic axis. 

‘To test this, we grafted the region containing the gsc- 
positive cells of Koller’s sickle from quail embryos at stages 
XI-XII (with or without the overlying epiblast, but including 
a few underlying hypoblast cells; see Experimental Proce- 
dures) into host chick embryos at the same stage, at 90° 
from the posterior margin of the host (Figure 6C). The 
grafted embryos were incubated until they had reached 
stage 3+-4, fixed, and then subjected to whole-mount in 
situ hybridization using a probe containing part of the 3 
untranslated sequence found to be entirely specific for 
the chick gene (Figures 6A and 6B). This experiment was 
designed toaddresstwoquestions: doesagraftcontaining 
the gsc-expressing cells of Keller’s sickle generate an ec- 
topic primitive streak, and, if so, does the ectopic primitive 
streak contain chick host cells that express gsc? 

Two types of graft were done. In one, only the gsc- 
expressing middle layer and a few adjacent hypoblast cells 
were grafted; in the other, the whole thickness of the blas- 
toderm in this region was grafted. In all, 64 operations 
were performed, 55 of these involving only the middle layer 
cells, of which 9 were fixed immediately after the operation 
to assess the size and extent of the graft and a further 3 
were used to assess the quail donor contribution tovarious 
structures of the embryo. Of the 46 embryos cultured, 11 
(24%) had formed an ectopic axis by the time the host 
had reached stage 3-4. In 4 of these, the two primitive 
streaks had fused at their cranial tips and were therefore 
not used for hybridization; the remaining 3 embryos were 
hybridized with the chick-specific probe. In another 29 em- 
bryos, the full thickness of the region containing Keller’s 
sickle was grafted. Secondary axes formed in a higher 
proportion, in 20 out of the 29 embryos (69%). In 6 of 
these, the two axes had fused and were not probed for 
expression; a further 3 were analyzed for the contribution 
of the graft to embryonic structures, and the remaining 20 
embryos were subjected to whole-mount in situ hybridiza- 
tion with the chick-specific gsc probe. In both types of 
experiment, in embryos that had developed as far as stage 
4, expression of chick (host) gsc was only barely detect- 
able in the ectopic axis but was strong in the original axis. 
However,  in those embryos that were fixed at stage 3+, 
expression of gsc by host chick cells in Hensen’s node of 
the ectopic axis was observed in every case (Figures 6E- 
6G). In 36 control embryos with lateral or anterior marginal 
zone grafts, including the hypoblast and sometimes the 
adjacent epiblast, no ectopic axes or host-derived gsc- 
expression was seen (Figure 6D). 

In the 7 embryos operated as described above (3 includ- 
ing the epiblast and 4 involving just the middle layer cells), 
the contribution of the grafted quail cells to embryonic 
structures was assessed using the nucleolar marker, re- 
vealed by the histochemical method of Hutson and Do- 
nahoe (1964). Grafted quail middle layer cells remained 
separate from the ectopic and host axes and only contrib- 
uted to the posterior primitive streak (see Figures 5B-5D). 

A few scattered quail cells were observed in the ectopic 
axis, exclusively within the lateral plate and extraembry- 
onic mesoderm. Grafts of Keller’s sickle that included the 
epiblast also contributed only to the posterior primitive 
streak and to the lateral plate and extraembryonic meso- 
derm, provided that the epiblast of the graft faced ventrally, 
away from the host epiblast. In one case in which the 
two epiblast layers were accidentally apposed, the grafted 
quail cells gave rise to a large portion (but not all) of the 
ectopic primitive streak. This is reminiscent of results ob- 
tained by Cooke (1972) in the frog. 

This experiment shows that grafts of Keller’s sickle, with 
or without the adjacent epiblast, are able to induce the 
formation of an ectopic primitive streak. Host chick cells 
are involved in the formation of the ectopic axis and be- 
come induced to express gsc. 

Anterior (gsc-Expressing) but Not Posterior 
(Nonexpressing) Primitive Streak Cells Induce 
gsc Expression in Neighboring Cells 
As a further test for a possible connection between gsc 
expression and the ability to induce other cells to express 
the gene, we designed a different transplantation experi- 
ment making use of the differences in expression in the 
primitive streak. The anterior (gsc-expressing) or posterior 
(nonexpressing) third of the primitive streak of stage 3 
donor quail embryos was grafted into the lateral marginal 
zone of a host chick embryo at stage XI-XIII (Figures 
6H-6L). The resulting chimeras were incubated to stage 
6-9, to assess the fate of the grafted quail cells, or to stage 
3+ and hybridized with the chick-specific probe (Figures 
6A and 6B). Both types of grafts generated ectopic meso- 
dermal structures. Grafted anterior primitive streak cells 
contributed to the ectopic axis and were found inter- 
spersed with chick host cells throughout the mesoderm 
and endoderm at stages 6-9 (n = 2). Grafted posterior 
primitive streak cells also contributed to the ectopic axis 
and were found interspersed with host cells in the lateral 
plate and extraembryonic mesoderm (n = 2). In all chi- 
meras analyzed with the chick-specific gsc probe at 
stage 3+ (n = 1 l), grafts of anterior (Figures 6K and 6L; 
n = 6), but not posterior (Figures 61 and 6J; n = 5) primi- 
tive streak induced strong expression of gsc from host 
chick cells in the ectopic axis. 

The Neural Inducing Ability of Later 
gsc-Expressing Cells 
The inductive properties of Hensen’s node are related to 
its age. Young nodes are potent neural inducers (stages 
2-4) a property that sharply declines at later stages (Dias 
and Schoenwolf, 1990; Kintner and Dodd, 1991; Storey 
et al., 1992). gsc expression leaves Hensen’s node after 
stage 4, together with the tip of the head process (see 
Figures 2H-2J), raising the possibility that neural inducing 
ability might follow as well. To test whether there is a corre- 
lation between gsc expression and the ability of cells to 
induce an ectopic neural plate, we grafted quail head pro- 
cess mesoderm and associated endoderm into the extra- 
embryonic epiblast (area opaca) of host chick embryos 
(Storey et al., 1992). Grafts consisted either of the tip of 
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Figure 7. Anterior (gsc-Expressing) and Posterior (Nonexpressing) Head Process Both Induce an &topic Neural Plate When Grafted into a Host 
Embryo 
(A) Transverse section through the induced axis of a quail-chick chimeric embryo made by grafting the tip of the emerging head process of a 
stage 4+ quail embryo, from the gsc mRNA-expressing region. An ectopic neural plate has formed and is derived from the chick host. The underlying 
mesoderm of the head process (arrow) is derived from the quail graft, as seen in the quail nucleoli revealed by histochemistry. (6) Transverse 
section through the induced axis of a quail-chick chimeric embryo made by transplanting the more posterior part of a stage 5 quail head process, 
from the region not expressing gsc mRNA. Again an ectopic, host-derived neural plate has formed. Surrounding mesendodermal structures (arrows), 
including foregut endoderm and head process mesoderm, are derived entirely from the quail donor. 

the newly emerging head process and associated endo- bryos; 9 out of 10 grafts of stage 4+ head process produced 
derm at stage 4+, a region containing gsc-expressing cells, a host-derived neural plate that contained no detectable 
or of the more caudal part of the head process and associ- donor quail neural tissue (Figure 6A), while 9 of 9 grafts 
ated endoderm at stage 5, in which gsc mRNA is no longer of stage 5 posterior head process induced a host-derived 
detectable. Both types of graft were found to induce an neural plate and contained no quail donor neural tissue 
ectopic neural plate in the epiblast of the host chick em- (Figure 79). In both cases, the transplanted quail cells 
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contributed to the notochord of the ectopic axis, to interme- 
diate mesoderm (presumptive pronephros/mesonephros), 
and to endoderm (Figure 7). To control for possible subtle 
differences in the pattern of expression of gsc in the two 
species, the experiment described above was also carried 
out using chick donors and assessed by immunocyto- 
chemistry with the early neural marker L5 (Roberts et al., 
1991). The results were identical to those in interspecific 
chimeras: the tip of the head process from stage 4+ em- 
bryos induced an ectopic neural plate in 8 of 8 cases, and 
the posterior part of the head process from stage 5-5+ 
embryos gave supernumerary neural plates in 7 out of 8 
cases (the remaining graft had fused with the head of the 
host embryo). 

We conclude that the head process retains neural induc- 
ing capacity at stages when that of Hensen’s node itself 
is already considerably reduced or absent. Cells of the 
caudal part of the head process, which do not express the 
transcript, retain neural inducing activity. However, these 
cells expressed gsc mRNA at an earlier stage, prior to 
their emergence from Hensen’s node. 

Discussion 

Origin of Organizer Cells in the Chick Embryo 
The posterior marginal zone (Azar and Eyal-Giladi, 1979, 
1981; Khaner and Eyal-Giladi, 1988, 1989; Khaner et al., 
‘1985; Eyal-Giladi and Khaner, 1989; Stern, 1990; Eyal- 
Giladi et al., 1992) and Hensen’s node (Waddington, 1933; 
Spratt, 1955; Gallera, 1971; Rosenquist, 1983; Dias and 
Schoenwolf, 1990; Selleck and Stern, 1991, 1992; Storey 
et al., 1992) share an important property: the ability to 
induce a secondary axis upon grafting to an ectopic site. 
The marginal zone was shown to be important in determin- 
ing the polarity of the embryo at very early stages, and 
grafts of this region can repolarize an early blastoderm, 
leading to the formation of a primitive streak. Hensen’s 
node if grafted into very early embryos can also induce a 
secondary axis, but if grafted into later embryos (after 
stage 3), it only induces an ectopic neural plate (neural 
induction). Thus, the node has been likened to the dorsal 
lip of the amphibian gastrula (Waddington, 1933; Leikola, 
1978; Hara, 1978; Kintner and Dodd, 1991) which also 
can induce mesodermal and neural elements according 
to the age of the recipient (Spemann and Mangold, 1924; 
Gerhart et al., 1991). 

Two of our experiments provide direct information about 
cells that have organizer activity in the early chick embryo. 
Grafts of Keller’s sickle, containing gsc-expressing cells, 
but not other regions of the margin, placed at 90” to the 
axis of the host, induce an ectopic primitive streak com- 
posed of host-derived cells, including some that express 
gsc transcripts (see Figure 8). Secondly, grafts of anterior 
(gsc-expressing) but not posterior (nonexpressing) streak 
induce gsc expression from the host (see Figure 8) even 
though both types of graft give rise to ectopic mesendoder- 
mal structures (Vakaet and Haest-van Nueten, 1973). 
Taken together, these experiments suggest that gsc is a 
marker for cells that have organizer activity in the chick. 
Their properties include the ability to induce the same 

organizer state, and therefore gsc expression, in sur- 
rounding cells. 

Our experiments also provide information about the ori- 
gin of the cells that have organizer properties. Injection 
of Dil into the posterior margin of the stage Xl embryo to 
label gsc-expressing cells shows that the node is derived, 
at least in part, from gsc-positivecellsoriginating in Keller’s 
sickle. The gross patterns of morphogenetic movements 
of the epiblast that accompany the formation of the primi- 
tive streak are known from previous work (see, for exam- 
ple, Stern, 1990; Stern et al., 1992). In general, they con- 
sist of convergence toward the posterior margin and 
extension anteriorly (as occurs during frog gastrulation; 
see Keller et al., 1991) such that cells located at the poste- 
rior margin before gastrulation end up at the anterior end 
of the primitive streak (Hensen’s node). Our results show 
that early gsc-expressing cells take part in these move- 
ments. In Xenopus, overexpression of gsc homeodomain 
protein elicits dorsoanterior gastrulation movements (Niehrs 
et al., 1993), raising the possibility that expression of the 
gene at this stage is required for these movements to 
occur. 

It was surprising to us to find that in the earliest stages 
examined, gsc-expressing cells are situated exclusively 
in the very sparse middle layer present at the posterior 
end of the stage Xl blastoderm, associated with Keller’s 
sickle. The presence of such an early population of middle 
layer cells had barely received attention, probably be- 
cause, in the absence of the reaction product from the 
hybridization, the small number of cells can easily be over- 
looked. The small size and morphology of these cells sug- 
gests that they are not part of the hypoblast but represent 
a very early population of middle layer (mesendoderm) 
ceils. Thus, formation of the mesendoderm in the chick 
appears to start earlier than previously thought, being visi- 
ble already in the unincubated blastoderm. Our experi- 
ments show that these cells contribute to Hensen’s node 
and suggest that they may already be determined as in- 
ductive cells. 

gsc and Prechordal Plate Formation 
The experiments described here show that gsc expression 
accompanies the population of cells that will contribute to 
the prechordal plate, from the earliest stages of develop- 
ment to which we have access. But our results also show 
that not all cells that express gsc end up in the preohordal 
plate. Thus, the stage 3+ embryo shows a region of expres- 
sion much larger than that corresponding to the presump- 
tive prechordal plate, and at stage 4, much of the expres- 
sion is associated with the lateral quadrants of the node 
(see Figures 2G and 20), which contribute mainly to the 
medial halves of the somites (Selleck and Stern, 1991). 
Thus, the correlation between expression of this gene and 
the developmental fate of the prechordal plate is only ap- 
proximate, suggesting that gsc is not merely specifying a 
particular cell fate, such as foregut endoderm, but rather 
may be involved in the determination of other properties 
of cells, including their ability to induce others to change 
fates. 
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gsc and Neural Induction 
Both the expression of gsc (from the present study) and 
the ability of Hensen’s node to induce a neural plate in 
the chick embryo (Storey et al., 1992) are strongest at 
stages 2-3+ (see Figure 2E). The neural inducing ability 
of Hensen’s node falls off sharply after stage 4 (Dias and 
Schoenwolf, 1990; Storeyet al., 1992), and this is mirrored 
by the loss of gsc expression from the node. Because 
of this apparently strong correlation, we tested whether 
expression of gsc and neural inducing ability are con- 
nected. By stage 4+, gsc is confined to cells that have 
recently emerged from the node (see Figures 2H and 21). 
We show that gsc-positive cells from the head process 
can induce a new neural tube. At stage 5, gsc transcripts 
are detectable only in the presumptive prechordal plate 
region (see Figure 2J). At this stage, the more posterior 
part of the head process emerging from the node no longer 
expresses gsc; however, our transplantation experiments 
show that this region retains neural inducing ability. Chick- 
chick transplantation experiments of others (Hara, 1961; 
Gallera, 1966).testing the neural inducing ability of “the 
region just anterior to the node” (Gallera, 1971) support 
this. Thus, cells need not expressgscat the time of grafting 
in order to induce new neural tissue. This should be 
stressed, because fate maps of the node region show that 
presumptive prechordal plate and head process cells are 
present in the node at stage 3+ (Selleck and Stern, 1991) 
when gsc mRNA expression is very strong (see Figure 
2E). Therefore, if gsc is involved in neural induction, it 
is required early in the pathway, but maintenance of its 
transcripts is not necessary for neural inducing ability. Be- 
cause a gsc antibody is not yet available, the localization 
of its protein product at these stages is not known. 

Direct evidence in favor of the concept that gsc is suffi- 
cient to trigger events that confer ceils with neural inducing 
properties comes from experiments of mRNA microinjec- 
tion into Xenopus. In vitro transcripts of cDNA clones en- 
coding either frog (Cho et al., 1991) or chick (present re- 
sults) gsc homeodomain proteins lead to the formation of 
twinned body axes containing induced neural tissues. 

gsc May Define the Organizer In Different 
Vertebrate Embryos 
The term organizer refers to a group of cells that can in- 
duce a second body axis upon transplantation to a host 
embryo, and its developmental origin has been studied in 
detail in amphibians (Spemann and Mangoid, 1924; Ger- 
hart et al., 1969, 1991). In Xenopus, inducing ability is first 
found in dorsal-vegetal blastomeres, in a region desig- 
nated the Nieuwkoop center. As early as the 32-to 64-cell 
stage, these cells emit a signal that induces organizer 
properties in neighboring cells in the marginal zone. The 
Nieuwkoop center cells do not themselves participate in 
the induced secondary axis, remaining as yolky endoder- 
mai cells (Gerhart et al., 1969, 1991; Smith and Harland, 
1991; Niehrs et al., 1993). By the mid- to late biastula 
stage, the organizer property becomes localized to the 
lower part of the dorsal marginal zone. When gastrulation 
starts, organizer activity is found in the dorsal lip of the 
blastopore, formed mostly of ceils of the upper part of the 

marginal zone (Gerhart et al., 1991). Thus, in Xenopus, 
different cell populations acquire inducing activity at differ- 
ent times during development, 

Because the chick biastoderm is flat and translucent, 
transcript detection affords much better resolution of it 
than of Xenopus or mouse biastoderm (Cho et al., 1991; 
Blum et al., 1992). The gsc-positive cells of Keller’s sickle 
may be considered analogous to the Xenopus late blastula 
organizer, which also expresses the gene. Our fate map- 
ping experiments (see Figure 4) support this idea. Be- 
cause labeled cells contribute to the main body axis 
(Hensen’s node and its derivatives), Kolier’s sickle cells 
do not behave like the Nieuwkoop center of frog embryos. 
Thus, the question of whether the chick has a region corre- 
sponding to the Nieuwkoop center remains to be an- 
swered. If it were indeed to have one, we would predict 
it to signal at a stage before laying (before stage X) and 
to be located in the posterior margin, in the vicinity of 
the region where Keller’s sickle is formed. It is also worth 
noting that dorsal in the frog is posterior in the chick at 
pregastrulation stages (see Stern et al., 1992). 

gsc expression reaches its maximum in Hensen’s node 
of the chick (present results), as in the mouse (Blum et 
al., 1992). In Xenopus, gsc peaks when the dorsal lip starts 
to appear; this reinforces the classical view that Hensen’s 
node is the equivalent of the early dorsal lip in amphibians 
and of the node in the 6% day mouse (Hogan et al., 1992; 
Zhou et al., 1993). gsc expression then leaves the node 
with the presumptive prechordal plate; this is similar to 
what occurs in Xenopus, where gsc-expressing cells are 
found in the prechordai plate at late gastrula (H. Steinbeis- 
ser and E. M. D. FL, unpublished data). At this stage, 
Hensen’s node starts its regression as the anterior parts of 
the body are laid down. While late nodes lose their neural 
inducing activity, they retain potent polarizing activity in 
limb transplantation assays (Hornbruch and Wolpert, 
1966). This difference argues that neural inducing ability 
and limb polarizing activity are different and separable 
properties of the node, as has been proposed recently 
(Storey et al., 1992). 

Our results provide evidence that grafts of gsc- 
expressing cells from Keller’s sickle or the anterior primi- 
tive streak/Hensen’s node induce other cells to express 
the gene. This ability is one of the requirements for defini- 
tion of a cell as organizer. For this reason, as well as be- 
cause of the results of injection of chick message into 
frogs, we suggest that gsc expression may confer orga- 
nizer activity to cells. This raises the interesting possibility, 
which remains to be tested, that latergsc-expressing cells, 
such as those in the limb bud (Gaunt et al., 1993; J. C. 
L-B., C. Niehrs, H. Steinbeisser, and E. M. D. R., unpub- 
lished data) may also be able to induce cells in the early 
embryo to acquire organizer properties and to express the 
gene. 

The three inductive cell populations marked by gsc in 
the chick embryo (posterior marginal cells, young node, 
and head process) are related to each other by a com- 
mon lineage. While in Xenopus organizer activity is also 
thought to involve successively changing cell populations 
(Gerhart et al., 1991), it is not known whether they too are 
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related by lineage. Molecular markers for other regions of 
the vertebrate gastrula are available (Smith et al., 1991; 
Christian and Moon, 1993), and presumably more will be 
forthcoming. A comparative analysis should uncover the 
common elements underlying the mechanisms of verte- 
brate gastrulation. 

Experimental Procedures 

Embryos 
Chick embryos (Rhode Island Red x  Light Sussex, obtained from 
Coppocks Poultry Farm, Carterton, England, and White Leghorn, ob- 
tained from Hy-Line International Production Center, Dallas, Texas) 
were staged according to Eyal-Giladi and Kochav (1976) (roman nu- 
merals, for preprimitive streak stages) and Hamburger and Hamilton 
(1951) (arabic numerals, after appearance of the primitive streak). 
Quail embryos were obtained from Andersey Farm, Wantage, En- 
gland, or from Brian Potter, Woodhurst, England, and were staged 
using the chick tables. 

In Situ Hybrldlzatlon In Sectlons 
Embryos were explanted and fixed in 4% paraformaldehyde overnight. 
Embedding, sectioning, and in situ hybridization were performed as 
described previously (Irpistia-Belmonte et al., 1991) with a”S.labeled 
antisense probe spanning exons 2 and 3 of the chick gsc gene (the 
656 bp probe extends from the arrow in Figure 1 to the poly(A) tail). 
We obtained the chick-specific antisense probe, which does not cross- 
react with quail gsc, by transcribing a 200 bp DNA fragment covering 
the untranslated 3’parI of the gene. The corresponding sense probes 
did not display any detectable signal. 

cDNA Library Screening 
Approximately 1 x  IO8 phage of a JZAP I cDNA library prepared from 
stage 20-22 chick limb bud RNA (a kind gift from Dr. Susan Mackem, 
National Institutes of Health) were screened under reduced stringency 
conditions (42% formamide, 4 x  SSC, 1% SDS, 0.1 mg/ml denatured 
salmon sperm DNA, 42V) by hybridization with a 1.1 kb Xenopus 
gsc cDNA probe. From the original XZAP I positive clones, pBluescript 
recombinant plasmids wereexcised according to the supplier’s manual 
(Stratagene) and sequenced on both strands by the dideoxy chain 
termination method with a Pharmacia sequencing kit. 

Whole-Mount In Situ Hybrldlzatlon 
Whole-mount in situ hybridization was performed essentially as de- 
scribed by Hemmati-Brivanlou et al. (1990), except that an extra 1 hr 
‘of prehybridization at 65OC was added and the RNAase A treatment 
after hybridization was omitted. Embryos were fixed in 4% formalde- 
hyde in phosphate-buffered saline overnight after the chromogenic 
reaction, dehydrated in absolute methanol (10 min) and propanol(15 
min), and cleared in tetrahydronaphthalene (15 min). For histological 
examination, embryos were embedded in Paraplast. Sections (IO pm 
thick) of the embryos were cut, dried onto slides smeared with gelatin- 
albumen, dewaxed in Histoclear, and mounted in DePeX (both from 
BDH-Merck).  

Plasmld Constructs and Mlcrolnjectlon Into Xenopus Embryos 
A fragment containing the entire open reading frame of the chick gsc 
gene was generated by polymerase chain reaction from the full-length 
cDNA clone obtained in the library screen with a Ncol and Sal1 site 
at the start and stop sites, respectively, and inserted into a modified 
pSP64T vector (Krieg and Melton, 1964) containing the 5’ and 3’ un- 
translated sequences of the Xenopus 5 globin gene (Amaya et al., 
1991). Allof the5’and 3’untranslated sequencesof thechickgscgene 
were therefore absent from this construct. After in vitro transcription, 
capped mRNA was injected into fertilized Xenopus embryos selected 
for dorsoventral polarity as previously described (Cho et al., 1991). 
Asacontrol, mRNAfrom aconstructof chickgsclacking the homsobox 
(in pBluescript) was injected. At the 4-cell stage, embryos were injected 
into the marginal region of the two ventral blastomeres. At the 6-tell 
stage, embryos were injected into the upper region of the two ventral 
vegetal blastomeres, and it was noted that this led to improved survival 
rates. Injection volume was 4 nl into each blastomere. mRNA concen- 

tration was found to be critical, the optimal being 25-50 us/ml. Second- 
ary axes were obtained with four independent preparations of synthetic 
chick gsc mRNA. 

Whole-Mount lmmunostalnlng of Xenopuo Embryos 
Embryos were fixed in methanol-dimethyl sulfoxide and bleached in 
10% hydrogen peroxide. The immunostaining was performed ac- 
cording to Hemmati-Brivanlou and Harland (1969). The monoclonal 
antibody MZ15 (Smith and Watt, 1965) was diluted 1:200, and the 
anti-mouse-horseradish peroxidase secondary antibody (Cappel Lab- 
oratories) was used in a final dilution of 1:500. Afler staining, the em- 
bryos were cleared in benzyl benzoate-benzyl alcohol (1 :l). 

Keller’s Sickle Graftlng 
Quail donor and chick host embryos at stage Xl were used. Blasto- 
derms were explanted in Pannett and Compton (1924) saline; chick 
host embryos, still attached to their vitelline membrane, were placed 
on a watch glass stretched around a glass ring (New, 1955). The region 
containing Keller’s sickle was removed from the quail donors while 
these were submerged in saline, using a mounted insect pin. It proved 
impossibletoisolateonlythefew, loosemiddlelayer cellsofthis region. 
For this reason, the operations were done in two different ways. In 
one set of experiments, the middle layer cells were excised together 
with the few underlying hypoblast cells to which they are attached. 
This gave the explant sufficient cohesiveness to allow it to be grafted 
intact and helped to determine its orientation. In the second type of 
experiment, the epiblast of this region was also included. However, 
the epiblast of the marginal zone is known to contribute to the primitive 
streak(Stern, 1990; Eyal-Giladi et al., 1992). Forthis reason, assessing 
whether the host embryo expressed the gsc gene was crucial to de- 
termining whether or not induction had occurred. 

The posterior edge of the areaopacaof the host embryo was marked 
with carmine and the graft placed at 90° to the host’s posterior marginal 
zone, preserving its dorsoventral and radial orientations, at the edge of 
the lateral marginal zone. We performed control grafts by transplanting 
other regions (lateral or anterior) of the marginal zone, also including 
the associated hypoblast and in some cases the overlying epiblast. 
Following transplantation, the host embryo was incubated in New 
(1955) culture as modified by Stern and Ireland (1961) for about 14 
hr, until the host embryo had reached stages 3+-4. After this, they 
were fixed in MEMFA (0.1 M  MOPS [pH 7.41, 2 m M  EGTA, 1 m M  
MgSC,, 3.7% formaldehyde; Hemmati-Brivanlou et al., 1990) and sub- 
jected to whole-mount in situ hybridization as described above. 

Two embryos, operated as described above, were fixed in Zenker’s 
fixative immediately after the operation and processed according to 
the method of Hutson and Donahoe (1964) to reveal the quail nucleolar 
marker, to estimate the approximate number of transplanted cells. 

Prlmltlve Streak Grafts 
Quail donor (stage 3) and chick host (stages XI-Xlll)were used. Blasto- 
derms were explanted as above. We excised the anterior or posterior 
third of the primitive streak from the donor embryos and placed it into 
the right lateral marginal zone of the chick host, inserting it whenever 
possible under the germ wall margin (see Stern, 1990). The epiblast 
of the graft was apposed to the epiblast of the host, but the anteropos- 
terior orientation was random. Embryos were cultured as described 
above until the hosts had reached stage 3+, were fixed in MEMFA, 
and were subjected to whole-mount in situ hybridization with the chick- 
specific probe. 

DII Labeling and Photoconverslon 
Dil labeling was as described (Stern, 1990; Selleck and Stern, 1991). 
In brief, microelectrodes were filled with Dil(1 ,l’-dioctadecyl-3,3,3’,3’,- 
tetramethyl indocarbocyanine perchlorate; Molecular Probes), and by 
applying gentle air pressure, a small bolus of dye was applied to Koll- 
er’s sickle of stage X-XII embryos in culture (New, 1955; Stern and 
Ireland, 1961). Dil, a lipophilic carbocyanine dye, inserts into the mem- 
branes of cells adjacent to the injection site (see Honig and Hume, 
1969). Labeled embryos were incubated at 36OC until they had 
reached stages 3’4, fixed in MEMFA overnight, and rinsed twice in 
0.1 M  Tris (pH 7.4) for 1 hr. They were placed into 500 uglml 3-3’- 
diaminobenzidine in 0.1 M  Tris (pH 7.4) and illuminated (547 nm) until 
no fluorescence remained visible. We washed them repeatedly in 



0.1 M Tris, transferred them to absolute methanol, and subjected them 
to the whole-mount in situ hybridization procedure described above. 

Head Process Dlssectlon and Qraftlng, and 
Quail Nucleolar Hlstochemlstry 
Head process mesoderm and associated endoderm cells were dis- 
sected from the epiblast of stage 4+ and 5 quail embryos. These were 
pinned out in Slygard dishes filled with calcium- and magnesium-free 
Tyrode’s saline (CMF). A glass micropipette was used to separate the 
mesendoderm layer from the epiblast. This was facilitated by exposing 
the embryo briefly to 2x concentrated CMF. Embryos were then 
washed with I x CMF, and the graft was cut and marked with carmine 
powder. Grafts were positioned in the area opaca margin of stage 3 
host chick embryos and allowed to develop further in culture (New, 
1955; Stern and Ireland, 1981) for a minimum period of 24 hr (for 
details see Storey et al., 1992). Chick embryos grafted with quail tissue 
were fixed in Zenker’s fluid (Drury and Wallington, 1987) for 3 hr, 
dehydrated, and cleared beforeembedding in Paraplast. Waxsections 
were cut at 10 urn and stained with hematoxylin after acid hydrolysis 
following the method of Hutson and Donahoe (1984). 

The equivalent operation was also carried out using chick donors. 
In four of these cases, the graft was labeled with Dil (see above) to 
identify donor-derived tissues, and the phenotype of the ectopic neural 
plates generated was confirmed using a rat monoclonal antibody 
againstthe neural-specific L5epitope(Robertsetal., 1991) byimmuno- 
peroxidase in whole-mounts. 

Microscopy and Photography 
Embryos processed with the whole-mount in situ technique were 
viewed with an Olympus Vanox-T microscope and photographed on 
Fuji 84T tungsten-balanced color film. For photography of uncleared 
specimens, a combination of reflected light from two fiber opticsources 
(80%-70%) and transmitted illumination (30%-40%) was used. For 
the latter, a green or blue colored filter was inserted to increase the 
contrast between the reaction product and the rest of the embryo. 
Sections through the whole-mounts were viewed and photographed 
using Nomarski differential interference contrast optics. 
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