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The appearance of the embryonic shield, a slight thicken-
ing at the leading edge of the blastoderm during the
formation of the germ ring, is one of the first signs of
dorsoventral polarity in the zebrafish embryo. It has been
proposed that the shield plays a role in fish embryo pat-
terning similar to that attributed to the amphibian dorsal
lip. In a recent study, we fate mapped many of the cells in
the region of the forming embryonic shield, and found that
neural and mesodermal progenitors are intermingled
(Shih, J. and Fraser, S. E. (1995) Development 121, 2755-
2765), in contrast to the coherent region of mesodermal
progenitors found at the amphibian dorsal lip. Here, we
examine the fate and the inductive potential of the
embryonic shield to determine if the intermingling reflects
a different mode of embryonic patterning than that found
in amphibians. Using the microsurgical techniques
commonly used in amphibian and avian experimental
embryology, we either grafted or deleted the region of the
embryonic shield. Homotopic grafting experiments
confirmed the fates of cells within the embryonic shield

region, showing descendants in the hatching gland, head
mesoderm, notochord, somitic mesoderm, endoderm and
ventral aspect of the neuraxis. Heterotopic grafting exper-
iments demonstrated that the embryonic shield can
organize a second embryonic axis; however, contrary to
our expectations based on amphibian research, the graft
contributes extensively to the ectopic neuraxis. Microsur-
gical deletion of the embryonic shield region at the onset of
germ ring formation has little effect on neural develop-
ment: embryos with a well-formed and well-patterned
neuraxis develop in the complete absence of notochord
cells. While these results show that the embryonic shield is
sufficient for ectopic axis formation, they also raise
questions concerning the necessity of the shield region for
neural induction and embryonic patterning after the
formation of the germ ring. 
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SUMMARY
INTRODUCTION

Gastrulation in the zebrafish embryo begins with the process of
epiboly, during which the blastoderm spreads to cover the large
yolk mass. Around the time when the blastoderm margin
reaches the equator (termed 50% epiboly; Westerfield, 1994;
Kimmel et al., 1995), cells move inward from the primary ecto-
dermal layers of deep cells along the blastoderm margin and
coalesce to form an inner layer, the primitive hypoblast. This
inward movement forms the bi-laminar germ ring. As the
primitive hypoblast forms, the embryonic shield appears as a
greater local thickening along the blastoderm margin; this serves
as the first clear manifestation of the future dorsal side of the
embryo. Zebrafish development has been described as closely
resembling that of amphibians (Kimmel et al., 1990; Warga and
Kimmel, 1990) and, by analogy, the embryonic shield of
teleostean fishes has been proposed to function as an ‘organizer’
resembling the dorsal lip of the blastopore in amphibians.
Microsurgical grafting experiments, in which the embryonic
shield is transplanted ectopically in Fundulus and Perca
(Oppenheimer, 1936b), and trout (Luther, 1935), has demon-
strated that the shield can induce the formation of an ectopic
embryonic axis, composed apparently of both graft and host
cells. Some of the key signals underlying the shield’s inductive
capacity appear to be shared between species; for example,
implantation of half of a zebrafish blastoderm into a Triturus
torosus blastocoel can induce the formation of an ectopic axis
in the host (Oppenheimer, 1936a). More recent transplantations,
using a micropipette to transfer a small number of cells from the
dorsal germ ring into the ventral germ ring in the zebrafish
embryo, have confirmed the inductive capacity of cells in the
embryonic shield (see review: Ho, 1992), although the distrib-
utions and fates of the transplanted cells were not noted. 

Recently, we fate mapped the outer three layers of deep cells
of the zebrafish embryonic shield region (at the early-shield
stage, just as the germ ring begins to take shape; Shih and
Fraser, 1995) by carefully documenting the positions of the
single cells that were iontophoretically labeled with fluorescent
dextran. This fate map demonstrates that the progenitor cells
of the neurectodermal and the chordamesodermal lineages are
intermingled in the shield region. This arrangement differs
from the presumptive tissue distributions in the amphibian



1314 J. Shih and S. E. Fraser
embryo, where neurectodermal and chordamesodermal
lineages occupy distinct and separate domains at the onset of
gastrulation (Keller, 1975, 1976; Vogt, 1929). It is unclear
whether this difference in progenitor topography between the
zebrafish and the amphibians reflects differences in the timing
and geometry of neural induction. As the intermingled prog-
enitor distribution of the zebrafish shield may be a common
feature of many vertebrate embryos (see Shih and Fraser, 1995,
and Discussion), an examination of the inductive interactions
underlying neural development in the zebrafish could yield
insights into the mechanism of vertebrate neurogenesis. 

Here, we present the second in a series of experiments
directed towards developing a better characterization of the
inductive interactions within, and the differentiative properties
of, the zebrafish embryonic shield. We have adopted the micro-
surgical techniques used by Oppenheimer in her analysis of
tissue interactions during Fundulus gastrulation (Oppen-
heimer, 1936b) in order to explore the timing and mechanism
of zebrafish neural induction. Microsurgical manipulation,
which allows the orientation and position of the grafted tissues
to be carefully controlled, is ideally suited for exploring tissue
interactions in vertebrate development. Much of our
knowledge of the tissue interactions that are important for
amphibian and avian development was gained by applying
these microsurgical grafting techniques. Alternate technologies
that use a micropipette to transplant a single or a small number
of cells are best suited for studying questions of cell fate deter-
mination (Ho and Kimmel, 1993). In our first experiment, we
homotopically replaced the early shield with one from a
labeled donor and confirmed the tissue progenitor distribution
in the shield region reported previously (Shih and Fraser,
1995). Second, we transplanted an early shield from a labeled
donor into the ventral germ ring of an unlabeled sibling host.
The formation of ectopic axes confirm the ‘organizer-like’
properties of the zebrafish embryonic shield; however, the dis-
tributions of graft-derived and host-derived progeny in the
ectopic axes are different from those observed in amphibians
(Smith and Slack, 1983). Last, we tested whether the shield is
necessary for embryonic development. Surprisingly, we found
that shield deletion at the early-shield stage can result in the
formation of a notochordless embryo in which the nervous
system and somitic mesoderm appear well patterned. These
observations are consistent with the suggestion, raised by our
previous fate-mapping experiments, that neural induction may
be well underway by the onset of germ ring formation. 

MATERIALS AND METHODS

Embryo collection
General maintenance, embryo collection and staging of the zebrafish
(Danio rerio) were carried out according to the Zebrafish book (West-
erfield, 1994). The embryos were kept at 28.5°C in 30% Danieau
solution (full-strength Danieau is the same as amphibian Modified
Niu-Twitty solution (Keller, 1991) with double the normal CaCl2 con-
centration), except during microsurgical manipulation, for which we
used full-strength Danieau solution. During and after surgery, all
embryos were kept at room temperature and staged according to the
morphological criteria provided in the Zebrafish book. 

Embryo labeling and microsurgery
Donor embryos were labeled by pressure injecting 2 nl of fluorescein
dextran (100 mg per ml dissolved in sterilized water; 10,000 Mr
anionic, lysine fixable, cat# D-1820; or 3,000 Mr anionic, lysine
fixable, cat# D-3306, Molecular Probes) into 4-cell-stage embryos
when the cells were still syncytial. Surgery was performed in full-
strength Danieau solution in either 60 mm Falcon tissue culture dishes
(cat#3002, Becton Dickinson) or in Pyrex glass dishes. An eyelash-
hair knife and a hairloop were used for surgical manipulations, (See
Keller, 1991, for surgical technique, tools and basic solution recipe.)
Micromanipulation of the embryonic shield was done at the early-
shield stage (as defined in Shih and Fraser, 1995). The experiments
described in this paper are diagrammatically illustrated in Fig. 1. 

We present paired data from 240 organizer-graft and shield-
deletion experiments. In each pair, the shield was excised from a
labeled embryo and implanted into the ventral germ ring of a sibling
host (Fig. 1). Raising the embryos as pairs allowed the results to be
cross-checked. The host was scored as an organizer-graft experiment
and the donor was scored as a deletion. An additional 20 deletion
embryos (unlabeled) were used for antibody staining; these were not
done as a part of any set and are reported separately. 

Documentation
The embryos were mildly anesthetized in 30% Danieau with Finquel
(100 mg/liter, tricaine methanesulfonate, Argent Chemical Labs) and
then transferred to a Sylgard-based plate (Sylgard 182 silicone
elastomer, Dow Corning, cured and then pretreated with 2% BSA
solution) with precut triangular wells, filled with 30% Danieau with
Finquel solution. The positions, distributions and fates of labeled graft
progeny were monitored and documented in the living whole-mount
using a SIT camera (Hamamatsu C2400) mounted on a Zeiss
AxioPhot microscope. Cell types were scored by the criteria previ-
ously established in Shih and Fraser (1995). Low-magnification and
epi-illuminated images were taken on a Zeiss Stemi SV-11 fitted with
a Hitachi KP-C5010 color camera. Bright-field transmitted images
were taken on a Zeiss AxioPhot using a Hamamatsu Neuvicon
camera. In each case, the images were captured on a 151 image
processor (Imaging Technologies, Inc.) and averaged (n=8 frames)
before storage on optical memory disk (Panasonic OMDR 3038)
using the VIDIM image-processing software (authored by Belford,
Fraser and Stollberg). After imaging, the embryos were collected,
fixed with 4% formaldehyde in 0.1M PBS pH 6.9 containing 2.5%
DMSO and processed for histology. Paraplast sections were cut at 10
µm.

Antibody staining
Shield-deletion embryos were fixed in MEMFA for 30-45 minutes
and processed in a manner similar to the published protocol for
Xenopus (Klymkowsky and Hanken, 1991). They were rinsed in
doubly distilled water, pipetted into −20°C methanol and kept
overnight in the freezer. After equilibration to room temperature, the
embryos were transferred through graded MEOH/PBS series into
PBS. Non-specific staining was blocked using 2% BSA in PBS for 30
minutes. Embryos were then transferred to primary antibody solution
(1/1000 dilution of Tor-70 ascites stock with 2% BSA solution in
PBS; Tor-70 was a gift from Dr P. Kushner) and incubated at 4°C
overnight. The embryos were then washed extensively over a 6 hour
period and placed into secondary antibody solution (Goat anti-mouse
peroxidase-conjugated 1/500, Cappel) for overnight incubation at
4°C. Staining was visualized in 1 ml of 0.25 mg/ml diaminobenzidine
(Sigma) with 5 µl of 1 N NiCl and 5 µl of 10% hydrogen peroxide.

RESULTS

Homotopic shield grafts
We homotopically replaced the embryonic shield region at the
early-shield stage with one from a sibling donor labeled with
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Fig. 1. Schematic of the experimental manipulations. (A) Position
and size of the embryonic shield as it first becomes visible around
50% epiboly. It is roughly 20 cells wide (along the blastoderm
margin), 12 cells tall (from the blastoderm margin) and 6-8 cells
thick. [Left: animal-pole view; right: profile view.] The arrows and
dark bars show the position of cuts made to excise the shield region;
this included both the primary epiblast and the primitive hypoblast
(full thickness of the shield). The dotted lines represent the germ ring
along the equator of the embryo. (B left) An embryo in which the
whole of the early-shield region is homotopically replaced with one
from a fluorescein-dextran-labeled donor, viewed and imaged using
low-light-level epifluorescence microscopy just after healing. (See
Fig. 2A for progeny distribution.) The images shown in the Figures
are not photocomposite. (B right) Homotopic replacement of 15-30
cells centered at the midline of the shield region. (See Fig. 2B for
progeny distribution.) (C) Schematic diagrams of the early shield
transplantation, replacement and deletion operations. (Left) To fate
map the early shield, early shields were excised from a fluorescein-
dextran-labeled donor embryo (dn) and implanted into the same
position of an unlabeled sibling recipient (rc). The donors were
retained and used as shield-deletion animals. (Right) Twinned
embryos were made by implanting labeled shields from donor
embryos (dn, shaded) into the ventral germ rings of unlabeled sibling
hosts (ho). The position of the labeled cells along the length of the
axis were specified as being in the head region (h), including the
forebrain, midbrain and hindbrain; the trunk (tr), from the rostral end
of the spinal cord to the level of the anus; and the tail (tl), caudal to
the anus. Abbreviations: an, animal pole; d, dorsal side; dn, donor; h,
head region; ho, host embryo; rc, recipient embryo; tl, tail region; tr,
trunk region; v, ventral side.
fluorescent dextran (n=68; see Fig. 1B, left and 1C, left); the
graft healed rapidly. The distribution of labeled progeny is in
agreement with expectations based on the general fate map of
the early gastrula (Kimmel et al. 1990) and the detailed fate
map of the embryonic shield region (Shih and Fraser 1995).
Labeled progeny arising from the early shield contributed to
hatching gland, rostral endoderm, head mesoderm, notochord,
a limited amount of somitic mesoderm and some ventral neural
tissues (Fig. 2A,E). Floorplate cells, identified by their unmis-
takable morphology and position at the ventral midline of the
neural tube, were also among the early-shield derivatives (Fig.
2). Both the notochord and floorplate were solidly labeled from
the axial level of the ear to the level of the anus. The ventral
aspect of the midbrain and hindbrain contained labeled
progeny appearing as bilaterally symmetrical clusters of
neurons (Fig. 2E, shows such paired neural clusters in the
caudal hindbrain.) Caudal to the anus, in the tail region, both
the neural tube and axial mesoderm were intermittently labeled
in the majority of cases (Fig. 2A). Sometimes, solid labeling
of these structures extended farther into the tail (21/68=31%,
Fig. 2C), although in no case was either the tail notochord or
floorplate wholly labeled. More superficially, labeled cells
were observed in the overlying periderm, along the dorsal-most
portion of the fin over the trunk region (Fig. 2A,C) and, very
occasionally, in the dorsal neural tube (2/68=3%, in the caudal
trunk to tail, Fig. 2G).

We confirmed the intermingled-neighbor relationship of
different tissue progenitors reported in our previous fate-
mapping experiments (Shih and Fraser, 1995) by making
smaller grafts, contained entirely within the visible outlines of
the embryonic shield. If the tissue progenitors are intermingled
neighbors in the embryonic shield region, then smaller grafts
should also give rise to the same range of tissue progeny
described in the preceding section. We made small homotopic
grafts at the dorsal midline that spanned the full thickness of
the shield region (6-8 cells thick) and encompassed roughly
15-30 cells (Fig. 1B right, n=60). These gave rise to labeled
descendants in the same tissue types observed when the entire
shield region was replaced (Fig. 2B).

Heterotopic shield grafts
To test the ability of the embryonic shield to induce an ectopic
axis, we grafted a labeled embryonic shield at the early-shield
stage into the germ ring at the ventral midline of an unlabeled
sibling host after excising a same-sized region from the ventral
germ-ring (n=240, Fig. 1C right-side diagram). The graft
healed in place within 15 minutes, by which time its borders
were no longer obvious. Both donor and recipient embryos
completed epiboly at the same time as controls. Examination
under a dissecting microscope clearly indicated that the early
shield possesses inductive potential, in that an ectopic axis
formed in response to the shield transplant. Sham replacements
of either the ventral (n=16, Fig. 3C) or the dorsal (n=10) germ
ring, as well as the excision of the ventral germ ring alone
(n=12, 5C middle), all produced embryos indistinguishable
from controls. 
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Fig. 2. Fate mapping the embryonic shield. Embryos in which the early shield was replaced with one from a fluorescein-dextran-labeled donor
were scored at 24-36 hours in the whole mount and in histological sections. (A) In the whole mount, the labeled descendants were clearly in the
notochord (n), head mesoderm (hm), hatching gland (hg), floorplate (fp) and the dorsal fin. (B) Smaller grafts of around 30 cells, centered at the
dorsal midline and encompassing the full depth of the blastoderm, and contained completely within the outlines of the shield, contributed to the
same tissue types that were observed when the entire shield region was replaced with labeled tissue. Labeled progeny spanned the full length of
the axis, from the hatching gland (hg arrow) to the tip of the tail. (C) In higher magnification, it is clear in the tail region that the notochord and
the floorplate, rostral to at least the level of the anus (a), were entirely derived from the labeled shield. Unlabeled recipient cells also
contributed to these structures caudal to the anus (a). In this example (representing 31% of total), solid labeling of the notochord and floorplate
extended farther into the tail and appears to have made a greater contribution to the floorplate (fp) than to the notochord (n) in the tail. (D) In
sections at the level of the eyes, labeled shield derivatives were found in the hatching gland (hg) and head mesoderm (hm). (E) In the rostral
spinal cord and the caudal hindbrain regions, the graft cells formed the notochord (n), floorplate (fp) and paired neuron clusters (pnc), and
contributed to the overlying enveloping layer. Labeled cells were also present in the somitic mesoderm (s). (F) The only two structures
consistently labeled in the trunk were the notochord and floorplate. (G) In 2/68 embryos, there were scattered labeled cells in the dorsal portion
of the neural tube (dnl); given their size and location, they may be neural crest, although their identity is not known for certain. Abbreviations:
a, anus; dnl, dorsal neural label; e, eye; fp, floorplate; hg, hatching gland; hm, head mesoderm; n, notochord; nt, neural tube; peri, periderm;
pnc, paired neural clusters; s, somitic mesoderm; y, yolk. Scale bar: A,B, 500 µm; C-F, 50 µm. Stages A,C 24 hours; B, D-F 36 hours.
The distribution of labeled cells was assessed and docu-
mented in living whole mounts using low-light-level
microscopy, after which the embryos were processed histo-
logically for further analyses. Under epifluorescence, it was
clear that, in the majority of living whole-mounts, the early
shield transplants induced a second, distinct embryonic axis
composed of both host- and graft-derived cells (178/240=74%,
Figs 3A,B, 4A-E). These embryos were shorter than the
controls. The host and ectopic axes were separated by less than
45 degrees at 24 hours of development (Figs 3A,B, 4A-E).
Periodic examination in the dissecting microscope using epi-
fluorescence showed that the labeled graft cells coalesced
during epiboly into an axial array near the ventral midline.
Shortly after yolk-plug closure, the ectopic axis began moving
towards the host axis. None of the ectopic axes had eyes or any
other obvious forebrain or midbrain structures. The full length
of the notochord in the ectopic axis was graft-derived as was
much of the ectopic neural tube. The length of the notochord
varied considerably and there appears to be an inverse rela-
tionship between the length of the ectopic notochord and the
degree to which the graft contributes to the ectopic neuraxis.
Ectopic heart formation was observed rarely (3/240=1%); in
each case, the heart tissue was of host origin. 

In histological sections, partial duplication of the rostral
neuraxis was clear, even in twinned embryos where the axes
were closely apposed (Fig. 4A,B). Much of the ectopic
hindbrain, the ventral aspect of the ectopic spinal cord and all
of the ectopic notochord were graft-derived (Fig. 4A-D).
Caudally, the host and the ectopic neural tubes merged into a
single structure that appears to be ‘anchored’ to each notochord
by a floorplate (Fig. 4D). Somites in the ectopic axes were host
derived (some scattered labeled cells were occasionally noted
in the somites, although none had somite cell morphology).
These somites were asymmetrically distributed around the
paired notochords such that the greater mass of somitic tissue
was between the two notochords and under the neural axis (Fig.
4E). In those twinned embryos in which the ectopic notochord
approached normal length and the paired notochords were
separated by somitic mesoderm, the merged neuraxis in the
caudal trunk and tail region was encircled by segmented
somitic tissue (31/240=13%, Fig. 4E).

In a small minority of twins, the host and ectopic axes
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Fig. 3. Heterotopic shield grafts. Grafting the early
shield from embryos at 50% epiboly into the ventral
germ ring of sibling hosts resulted in the formation
of ectopic axes. (A) In the majority of cases, the
presence of the ectopic axis (i) was not always
obvious, as it sometimes paralleled that of the host
(h). In the example shown in A and B, the embryos
did not appear to be twinned when examined using
a dissecting microscope; however, if viewed using
epifluorescence, the presence of the ectopic
notochord on one side of the midline was evident.
Labeled cells were present in the hatching gland.
The examples shown in A and B also illustrate the
range in variation of the length of the ectopic axis
from long (A) to short (B); in no case did the
ectopic notochord extend to the level of the anus.
(C) Homotopic replacement of the ventral germ ring
yielded normal embryos; this showed that

microsurgery itself does not cause axis duplication. Labeled cells contributed
to tail somites and fin ectoderm. (D) In a minority of twinned embryos, the
axes formed on opposite sides of the yolk. Otic vesicles (ov) were clearly
visible and marked the position of the hindbrain in the ectopic axis. (E) At 24
hours of development, epifluorescence images show that graft-derived cells
occupied the rostral end of the axis, appearing to be concentrated in the
hindbrain region. A hatching gland (hg) was on the surface of the yolk lateral
to the induced axis. The rostral-most neural tube appeared to be almost
entirely host derived. Abbreviations: e, eye; h, host axis; hg, hatching gland;
ht, host heart; i, ectopic axis; ov, otic vesicle. Scale bar: A, 200 µm; B, 500
µm; C, 300 µm D, 500 µm and E, 500 µm. Stages A, 72 hours; B, 36 hours;
C, 40 hours; D, 48 hours; E, 36 hours.
remained on opposite sides of the yolk mass (5/178= 2%) (Fig.
3D,E). When viewed as living whole mounts, these ‘180
degree’ twins displayed a graft-derived hatching gland, rostral
and lateral to the rostral end of the ectopic neural axis, and
within the surface ectoderm (Fig. 3E). In histological sections,
the rostral-most end of the ectopic neural tube was entirely host
derived and was underlain by a thin layer of graft-derived
mesoderm (Fig. 4F). In the hindbrain region, at the level of the
otic vesicles, the ectopic neural tube did not have the charac-
teristic rhomboid shape but was smaller, appearing more like
a normal spinal cord in cross section; close to half of this
ectopic hindbrain was graft-derived (Fig. 4H). A discontinu-
ous notochord, appearing to have broken into segments, first
appears at the level of the hindbrain. This notochord extended
only as far caudad as the rostral end of the spinal cord. The
overlying neural tube was tilted with its lateral wall against the
yolk mass (Fig. 4I), resembling the ‘hemi-embryos’ reported
by Oppenheimer (1936b; in that paper, see figures 6, 8, 18 and
24). Labeled cells were observed in the ectopic neuraxis,
extending for some distance into the spinal cord (Fig. 4J). At
these caudal levels, the nerve cord appeared as a solid rod
composed in part of graft-derived cells. In sections, host-
derived somitic mesoderm cells were present in very small
numbers, symmetrically distributed on both sides of the ectopic
neuraxis (Fig. 4J).

A minority of the embryos (62/240=26%) receiving hetero-
topic shield grafts had two notochords but only a single neural
tube (Fig. 4K-M). Even though an ectopic notochord was
clearly present and had affected the development of the
neuraxis, no distinct ectopic neuraxis was formed in response
to the graft. Approximately half of these (32/62) had two host-
derived floorplates and no graft contribution to the neural tube
(Fig. 4K). In the remainder (30/62), the neural tube had only
a single floorplate, despite the presence of two notochords in
direct apposition with the ventral neural tube at the time of
fixation. In such cases, the single floorplate ranged from mostly
host derived to mostly graft derived (Fig. 4L).

Deletion of the early shield
Deletion of the embryonic shields at the early-shield stage
produced embryos that were, in general, shorter and somewhat
wider than controls, and that arched dorsalwards (n=240; see
Fig. 1C, middle). In every case, they appeared rostrocaudally
and dorsoventrally patterned (Fig. 5A,B). They formed eyes,
forebrains, midbrains, hindbrains, spinal cords and segmented
somites (Fig. 5A). Rostral to the hindbrain, the neural tube
appeared somewhat smaller in diameter. In particular, the
ventral portion of the diencephalon between the eyes appeared
reduced in size and some embryos were cyclopic
(86/240=36%; Fig. 5B, middle). In histological sections, otic
vesicles and eye(s) were positioned more ventrally as
compared to controls. A morphologically distinct floorplate
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Fig. 4. Histological sections through the ectopic axes. Sections of a majority-case
embryo in which the host and ectopic axes were closely apposed in parallel,
starting with the eye level and ending with the caudal hindbrain level. The
hindbrain was duplicated. Duplication of more-rostral neural structures was
incomplete, as eye(s) were never observed (0/240) in the ectopic axis. Labeled
graft cells gave rise to the entire ectopic notochord (n*) and ectopic rostral
floorplate. (Ventral midline thinning was not observed in the caudal trunk and tail
where the ectopic notochord was absent.) A large portion of the ectopic hindbrain

was derived from the labeled graft tissue. In addition,
roughly a third of the hatching gland cells were graft-
derived (hg, intermixed with the host’s hatching-gland
cells), as were some of the endoderm (endo) and head
mesoderm cells (hm). (E, section from an animal not a
part of the A-D series) Somitic mesoderm in the more-
caudal regions of the twinned embryos was distributed
asymmetrically. The greater portion of the somitic
mesoderm was always in the region between the paired
notochords. In the example shown here, the ectopic
notochord approached normal length and the neural
tube has become a sheet of cells that appears as a
‘bridge’ between the paired notochords. The ectopic
floorplate in such sections is graft-derived. Somitic
mesoderm appears to enclose the neural axis, as
somitic mesoderm both overlies and underlies the
neural tissues. (F-J, 48 hours) Sections of the ectopic
axis in ‘180 degree twins’ revealed that the rostral-most
neural tube (nt) of the ectopic axis was relatively
featureless and was almost entirely host-derived (F).
This neural tube was underlain by graft-derived head
mesoderm (hm). To one side of this unlabeled portion
of the ectopic neuraxis, within the surface ectoderm,

there were graft-derived hatching-gland cells (hg). (G) Farther caudally, the
rostral end of the hindbrain was almost entirely graft derived. (H) At the level of
the otic vesicles (ov), half of the neural tube was graft derived and a small bit of
notochord (n*, discernible as a small vacuole) was present beneath the neural
tube. The hindbrain did not have its characteristic rhomboid appearance. (I)
Caudal to the otoliths, near the rostral end of the spinal cord, the graft-derived
notochord (n*) was lateral to the neural tube, on the surface of the yolk mass and
was not flanked by somitic mesoderm. (J) At mid-trunk, the notochord was no
longer present. Here, the neural tube was in part graft derived and was flanked
bilaterally by host-derived somitic mesoderm. (K-L) In a minority of the
embryos, only a single neural tube formed that was underlain by two notochords
(one host derived, n, and the other graft derived, n*). In some cases, there were
two floorplates, both host derived (K, hindbrain level); in the remainder, there
was only a single floorplate (L). Abbreviations: e, eye; fp, floorplate; h, host axis;
hg, hatching gland; hm, head mesoderm; i, ectopic axis; n, host notochord; n*,
ectopic notochord; nt, neural tube; ov, otic vesicle; s, somitic mesoderm; y, yolk.
Scale bars: 50 µm. Stages A-K, 48 hours; L, 60 hours.
was observed in the hindbrain, although it appeared to be
missing in the trunk region. The majority of the embryos
displayed an extensive, though not complete, absence of the
shield’s normal mesodermal derivatives (174/240=73%).
Microscopic examination of this majority case in the live
whole mount revealed the loss of all but a few hatching gland
cells (5-10; Fig. 5A), and the loss of the notochord in the head
and trunk. The remaining 66 (of 240; 27%) embryos did not
appear to have either hatching gland cells or notochord cells in
the axis. Further examination of these notochordless animals
in histological sections confirmed the absence of notochord
cells in the hindbrain and rostral trunk regions in all but four
cases. These four had a single or few notochord cells ventral
to the neuraxis; 44 of 66 cases had notochord cells in the caudal
trunk and/or tail; 18 of 66 cases had no vacuolated cells
throughout the entire length of the axis (from head to the tip
of the tail). Somitic mesoderm formed bilateral files that were
fused medially under the neural tube when the notochord was
absent (Fig. 6K). Although still segmented, the somitic
mesoderm formed rostrocaudally compressed rectangles
instead of the characteristic ‘chevrons’ (Fig. 5A). 

To complement the morphological analyses and to confirm
the absence of notochord cells, we stained shield-deletion
embryos for the presence of notochord cells at 15 hours of
development, using the Tor-70 antibody (20 embryos from a
separate set of deletion experiments, not included in the above
240). At 15 hours, the Tor-70 antibody labeled only the
notochord, floorplate and the otoliths in control embryos (Fig.
6A-C, J). In the majority of deletions, there were a few well-
vacuolated notochord cells in the axis (17/20=85%). These
notochord cells were most frequently found in the tail region,
although they were sometimes seen in the caudal trunk; 3 of
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n of the embryonic shield. (A,B) After surgical deletion of the early
piboly, the embryos had remarkably complete neural axes. They
neural structures such as eyes; all the basic subdivisions of the brain
sible. The somites formed rectangular blocks instead of the
chevrons’ (A). Roughly 30% of these were cyclopic (middle animal in
 curved dorsalward. (C) Controls for ventral germ-ring deletion (top)
m-ring excision and replacement (middle) were indistinguishable from
m). Abbreviations: hgc, hatching gland cells (scored by distinct
ee figure 32 in Kimmel et al., 1995). Scale bars: 500 µm. Stages A, 30
urs; C, 48 hours.
the 17 had either a single or a small cluster of 2-3 antibody-
labeled cells in the rostral trunk/hindbrain (Fig. 6G,H,F).
Floorplate-like staining was observed along the length of the
axis, even in embryos where only a few notochord cells were
present. In 3 of 20 (15%) cases, there was no notochord cell
staining along the entire axis, indicating the complete absence
of notochord cells from head to tail (Fig. 6D,E,K). Even in
these more extreme examples, developing eye rudiments were
present and clearly visible (Fig. 6I), and Tor-70 antibody
labeling that was characteristic of the floorplate in control
embryos was observed (Fig. 6K). This floorplate-like labeling
was discontinuous, forming patches ranging from 20 to 80 µm
in length, separated by gaps averaging around 20 micrometers
(Fig. 6D,E,G,H). Bilateral otoliths were present and stained in
all embryos, providing an internal positive control for the
antibody procedures. 

DISCUSSION

In this study, we have used microsurgical
manipulations to better characterize the
normal fate composition and inductive
capacity of the zebrafish embryonic shield
region. By homotopically replacing the shield
region of a host embryo with one from a flu-
orescent-dextran-labeled donor, we were able
to confirm and extend our previous fate map,
which showed an intermingling of tissue pro-
genitors within the shield region of the
zebrafish early gastrula (Shih and Fraser,
1995). The labeled replacement shield con-
tributed to most of the notochord, some somite
cells, cells in the ventral neuraxis, including
most of the floorplate, some endoderm, some
head mesoderm cells and most of the hatching
gland. We show that the same mixed set of
descendants was obtained by transplanting
small grafts of only 15-30 cells, centered at the
midline and contained entirely within the
outlines of the embryonic shield. Because
these observations were consistent with expec-
tations based upon the general fate map of the
early gastrula (Kimmel et al. 1990) and the
detailed fate map of the embryonic shield
region (Shih and Fraser 1995), they demon-
strate that microsurgery alone does not alter
the prospective cell-fate composition of the
embryonic shield. Moreover, they show that
cell movements in the shield region seem
unaltered by microsurgery, as the labeled
progeny were dispersed by normal conver-
gence and extension movements along the
length of the axis. 

The inductive properties of the amphibian
dorsal lip was first demonstrated by trans-
planting a small circular piece of the dorsal lip
from an unpigmented Triton cristatus embryo
into the presumptive ectoderm of a pigmented
Triton taeniatus embryo (Spemann and
Mangold, 1924). In the days following the

Fig. 5. Deletio
shield at 50% e
formed rostral 
were clearly vi
characteristic ‘
B) and all were
and ventral ger
controls (botto
morphology; s
hours; B, 48 ho
transplantation, an ectopic axis arose that was composed of
both host and graft cells. The tissue contribution made by the
graft to the ectopic axis varied from one experiment to the next.
When the piece of upper blastoporal lip was taken from the
beginning of gastrulation, it contributed to endoderm and
mesoderm, whereas a piece taken from the upper lip of an
‘advanced’ gastrula contributed to neural tissues as well
(Spemann and Mangold, 1924). The inductive influences of the
advanced dorsal lip grafts was thought to originate from its
mesodermal component. Bautzmann (1926; and see Spemann,
1938) mapped the spatial limit of the amphibian ‘center of
organization’ in terms of its inductive influence and found it to
coincide with the presumptive dorsal meso-endoderm domain;
the activity was localized within the ‘boundaries of invagina-
tion’ as described by Vogt (1929). From the time of those first
experiments, researchers have identified similar ‘centers of
organization’ in other embryos and microsurgical transplanta-
tion experiments have shown that the Hensen’s node in chicken
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Fig. 6. Tor-70 labeling of shield-deletion embryos. 
(A-C) Control staining with the Tor-70 antibody at 15
hours of development labels only the notochord, floorplate
and otolithes. (B) Under higher magnification, the staining
pattern of the notochord can be clearly distinguished from
that of the floorplate. The floorplate labeling (fp-l) ends a
short distance rostral to the notochord (n-l) in the
hindbrain. (C) In the tail region, the same tissues are
labeled by the antibody, although not to the tip of the tail
bud. (D,E,G,H) Two examples of the deletion embryos are
shown. (D, E) The notochord was completely missing as
there was no staining of vacuolated cells. (G,H) Another
embryo shows that even when only two well-vacuolated
notochord cells (n-l) are present, their staining is
unmistakable. The only notochord cells are those two
observed in the hindbrain. (F) In another embryo,
floorplate labeling appeared in the large gaps between
segments of notochord. In this example, a single
notochord cell was about 20 µm in diameter and the
notochordless gap between it and the next bit of notochord
caudal to it was about 80 µm. Labeling of the floorplate in
the gap was continuous. When the notochord was
completely absent, as in D and E, floorplate labeling was
present but discontinuous. In this example, the
measurements for the lengths of the rostral-most seven
segments of floorplate labeling were 25, 45, 76.5, 83, 51,
52 and 47 µm. The lengths of the gaps between these
labeled segments were 23, 18, 23, 13, 19 and 29 µm. At
this stage, the average floorplate cell width measured in
histological sections was around 5 µm. (I) Even in the
complete absence of any notochord labeling, eye vesicles
form. (J) In transverse sections of a normal embryo, at the
rostral trunk level, staining was restricted to the notochord
and the floorplate. The early shield-deletion embryos
lacked the notochord in the head and trunk regions (K),
but the labeling of the ventral neural axis at the position of
the floorplate was clear. The somitic mesoderm (s) was

fused medially under the neural tube. Abbreviations: e, eye; fp-l, floorplate labeling; n-l, notochord labeling; nc-l, notochord cell labeling; ov,
otic vesicle; s, somitic mesoderm. Scale bar: A, 200 µm; B, 100 µm; C, 50 µm; D, 200 µm; E, 200 µm; F, 50 µm; G, 200 µm; H, 200 µm; I, 50
µm; J-K, 50 µm. Stage 15 hours.
embryos (see Stern, 1993), the node in mouse embryos (Bed-
dington, 1994) and the embryonic shield in teleostean fish
embryos (Oppenheimer, 1936b) all possess this ‘organizer’
activity. 

By grafting an embryonic shield into the ventral germ ring
of same-stage recipients, we show that the embryonic shield
region of the zebrafish has the capacity to induce the formation
of a secondary axis. In this way, our results confirm and lend
support to the notion that the teleostean shield is a ‘center of
organization’ like the amphibian dorsal lip and the node in
chicken (see Stern, 1993) and mouse (Beddington, 1994)
embryos. However, the tissue contributions made by the
zebrafish shield is different from what had been reported in
comparable grafting experiments using the Xenopus dorsal lip
(Smith and Slack, 1983). The zebrafish shield consistently con-
tributed neural tissues in the ectopic axis, whereas the Xenopus
dorsal lip did not. This was surprising considering the reported
similarities between the zebrafish and amphibian embryos
(Kimmel et al., 1990; Warga and Kimmel, 1990). However,
the ability of the zebrafish shield to make neural tissues is not
atypical of vertebrates, as it is shared by other teleostean
embryos (Oppenheimer, 1936b) and has been reported for the
chicken (Sulik et al., 1994; Inagaki and Schoenwolf, 1993) and
the mouse (Beddington, 1994). An explanation for this differ-
ence between the Xenopus dorsal lip and similar organizing
centers in the fish, chicken and mouse may be found by
comparing the fate maps of these organisms. In amphibians, at
the onset of gastrulation, the prospective mesodermal and ecto-
dermal domains are largely separate (Vogt, 1929; Keller, 1975,
1976). Because of this, it is possible to excise and transplant
the dorsal lip without including presumptive neurectoderm. In
contrast, the zebrafish, chicken and mouse embryos all have
neural progenitors within their organizers. The mesodermal
and neural progenitors are intermingled within the zebrafish
shield region (Shih and Fraser, 1995) and both the chicken and
mouse nodes contain cells that are common progenitors for
mesodermal and neural lineages (Lawson et al., 1991; Lawson
and Pedersen, 1992; Selleck and Stern, 1991; Tam and Bed-
dington, 1992; Smith et al., 1994). Thus, it would have been
surprising had the zebrafish embryonic shield graft not con-
tributed to ectopic neural tissues. 

A comparison of fate maps alone does not explain why the
notochord is consistently shorter in the ectopic axis and why
the graft makes a larger contribution to the ectopic neural axis
than its normal fate would suggest. Unlike homotopic replace-
ments, in which the shield contributes to the ventral neuraxis
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from the hindbrain level to that of the anus, in ectopic trans-
plantations, the graft gives rise to more than half of the shorter
ectopic neural tube (in cross-sectional view). Oppenheimer
made similar observations concerning the degree of neural con-
tributions made by heterotopic shield grafts in her experiments.
She found, in Fundulus, that grafted cells were sometimes
“transformed to forebrain, some formed notochord...” (Oppen-
heimer, 1936b p422); in Perca, she observed that the “dorsal
lip” graft was sometimes “completely transformed to brain-like
tissue in the head of the host...” (ibid., p423). Taken together,
these observations might indicate that prospective notochord
cells can convert to a neural fate when challenged in hetero-
topic grafts in some teleostean species, including zebrafish.
Fate conversions have been noted during gastrula stages in
Xenopus: Small grafts from within the notochord region con-
sistently contribute to somites when transplanted to the ventral
marginal zone (Shih and Keller, 1992; Shih, 1991) and
prospective epidermal and somitic cells can be induced to take
on notochord behavior and fate (Domingo and Keller, 1995).
A simple prediction from this ‘fate-conversion proposal’
would be that the apportionment of neural-versus-notochordal
fates in the shield region is a dynamic process at the early-
shield stage and that increasing or decreasing the quantity of
shield-region tissues should produce clear cases of reappor-
tionment. 

In an earlier paper (Shih and Fraser, 1995), we speculated
on the relationship between the neural and mesodermal pro-
genitors within the zebrafish shield region. We proposed that
the intermingled arrangement of progenitor cells might provide
an opportunity for neural induction by the early-shield stage.
Such early inductive interactions could take place largely, if
not entirely, within the plane of the blastoderm, prior to germ-
ring formation. (For planar induction see Keller et al., 1992;
Doniach, 1992; Ruiz i Altaba, 1992.) The results of our shield-
deletion experiment represents a test of this proposal. If, on one
hand, neural induction is already underway by the early shield
stage in the zebrafish, then the excision of the organizer and
its progeny should produce an embryo displaying some degree
of neural development and patterning. If, on the other hand,
cell-fate specification begins only after the onset of germ ring
formation (Ho and Kimmel, 1993), then deleting the shield
should lead to a failure of neural development. The results are
consistent with the first possibility. Shield deletion produced
embryos that were, in some cases, completely without
notochord cells, but nevertheless had remarkably well-
patterned nervous systems. Similar experiments involving the
deletion of either a portion or all of the embryonic shield in
other teleosteans also produced embryos without chorda but
that had patterned neural structures (Luther, 1935; Oppen-
heimer, 1936b; Sumner, 1904; Devillers, 1948a,b). The one
exception to this general trend in teleosts was reported by
Trinkaus (Trinkaus, 1951), in which no embryo formed
following shield excision in the Fundulus heteroclitus gastrula,
although pigment cells (possibly neural crest cells) did form.
This observation was recently reproduced as a minority case
along side the majority result reported by Oppenheimer (Shih
and Trinkaus unpublished results). These results suggest that
neural induction may begin early in teleostean embryos, even
before germ ring formation. If this ‘early’ neural induction is
a consequence of the intermingling of tissue progenitors within
a center of organization, then one might expect a similarly
‘early’ induction event in the chicken and mouse embryos, but
not in amphibians. Results consistent with this proposal may
be found in experiments in chicken embryos where the
notochord was reduced to a very few cells following node
excision, yet a seemingly well-developed neuraxis formed
(Grabwoski, 1956). 

Recently, it was reported that knocking out HNF3β, a factor
important for notochord formation, produced mice that were
able to form a remarkably well-patterned nervous system in the
complete absence of a notochord (Ang and Rossant, 1994;
Weinstein et al., 1994). As neither the notochord nor the node
form in the absence of HNF3β, neither structure could have
induced and patterned the observed neuraxis. These results
suggest an alternate explanation for the shield-deletion
phenotype presented here: it may be that tissues other than
those originating in the shield region can compensate for the
loss of the organizer’s inductive influence. (See also Ang and
Rossant, 1994 and Weinstein et al., 1994 for additional dis-
cussion on this point). There is evidence in the zebrafish to
support this second explanation. Characterization of the
floating head mutation (flh) suggests that at least notochord
formation per se is not essential for neural induction and pat-
terning (Talbot et al., 1995). Even in Xenopus, ultraviolet irra-
diation of the uncleaved fertilized egg can produce notochord-
less embryos without completely eliminating neural structures
(Clarke et al., 1991). Although such arguments are compelling,
it remains to be shown if, at onset of zebrafish germ ring
formation, tissues other than those represented in the organizer
can induce and pattern the nervous system to such a remark-
able degree. Moreover, it is not known whether these tissues,
if they exist, normally participate in neural induction during
development. We have performed preliminary experiments to
address the first question, by grafting tissues other than those
within the shield region to determine if they can also organize
ectopic axis formation. Early results show that grafting germ
ring tissues located immediately lateral to the embryonic shield
region into the ventral germ-ring does not result in the
formation of an ectopic axis (unpublished observation). In
addition, similar experiments transplanting prechordal
mesoderm failed to produce a secondary axis with eye(s) or
flanking somitic arrays (unpublished observation).

In conclusion, we propose that the zebrafish and perhaps all
vertebrate embryos have some capacity to regulate for the
physical loss of the organizer by compensating for its activity.
There are many possibilities for how this regulation may be
achieved. This regulation may be driven by an up-regulation
of inducing capacity in some residual organizer cells left over
in the embryo after the bulk of the organizer is excised. Alter-
nately, cells that normally do not have organizing capacity may
come to express the ability to induce and pattern the neuraxis
following organizer deletion. Lastly, it may be that normal
neural induction and patterning is influenced by interactions
that include, but are not limited to, organizer activity. These
proposals each suggest experiments that should better charac-
terize the inducing capacity of the vertebrate organizer at the
molecular, cellular and tissue levels.
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