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SUMMARY

We have investigated axis-inducing activities and cellular literature we sought to test the axis-inducing activity of the
fates of the zebrafish organizer using a new method of embryonic shield. A previous study suggested that the
transplantation that allows the transfer of both deep shield is capable of only partial axis induction, specifically
and superficial organizer tissues. Previous studies have being unable to induce the most anterior neural tissues.
demonstrated that the zebrafish embryonic shield possesses Contrary to this study, we find shields can induce complete
classically defined dorsal organizer activity. When we secondary axes when transplanted into host ventral germ-
remove the morphologically defined embryonic shield, ring. Ininduced secondary axes donor tissue contributes to
embryos recover and are completely normal by 24 hours notochord, prechordal plate and floor plate. When
post-fertilization. We find that removal of the explanted shields are divided into deep and superficial
morphological shield does not remove aljoosecoid-and  fragments and separately transplanted we find that deep
floating headexpressing cells, suggesting that the tissue is able to induce the formation of ectopic axes with
morphological shield does not comprise the entire heads but lacking posterior tissues. We conclude that the
organizer region. Complete removal of the embryonic deep tissue included in our transplants is important for
shield and adjacent marginal tissue, however, leads to a loss proper head formation.

of both prechordal plate and notochord. In addition, these

embryos are cyclopean, show a significant loss of floor plate ey words:Danio rerio, Zebrafish, Organizer, Embryonic shield,
and primary motorneurons and display disrupted somite  Regenerationgoosecoidfloating head Secondary axis, Notochord,
patterning. Motivated by apparent discrepancies in the Prechordal plate, Floor plate, Neural induction

INTRODUCTION notochord and prechordal plate (Spemann and Mangold, 1924;
Harland and Gerhart, 1997). Functional equivalents of the

The vertebrate body plan is established by a series of inductieenphibian Spemann organizer have been identified in other
interactions and cellular rearrangements. Cellular angertebrates by transplantation experiments (Waddington, 1932;
molecular mechanisms underlying these processes are perh&szidington, 1994). In the zebrafish and other teleost fish, the
best understood for amphibia where axis formation is thougl@mbryonic shield possesses organizer activity (Oppenheimer,
to occur in a series of discrete steps (for a recent review, s&836; Shih and Fraser, 1996). At the time the embryonic shield
Harland and Gerhart, 1997). Localization of maternabecomes morphologically apparent it consists of superficial
determinants to dorsal vegetal cells in the embryo createsepiblast and deep hypoblast layers that rest on the yolk cell and
primary organizing center, the Nieuwkoop center (Vincentre covered by a tight epithelium called the enveloping layer
et al., 1986; Rowning et al., 1997). After the mid-blastula(EVL). The structure of the shield is also manifest in
transition, zygotic gene products from the Nieuwkoop centedifferential gene expression. For example, epiblast cells of the
induce the Spemann organizer to form in the overlyinghield express thiéoating headflh) gene (Talbot et al., 1995),
equatorial region. whereas the deeper hypoblast cells expgesssecoid(gsg

The Spemann organizer is a region of the amphibian gastru{8tachel et al., 1993). A recent study has shown that
that will induce a second body axis upon transplantation tgscexpressing cells are fated to give rise to prechordal plate,
ventral or lateral regions of a host embryo. The Spemamwhereadlh-expressing cells give rise to notochord (Gritsman
organizer provides signals that dorsalize mesoderm, indue al., 2000).
convergent-extension movements in ectoderm and mesodermCharacterization of the teleost organizer by various
and specify neurectoderm (Spemann and Mangold, 1924esearchers has led to similar but distinct conclusions. In her
Smith and Slack, 1983; Keller et al., 1992; Doniach et alpioneering work, Oppenheimer showed that transplanted
1992). In an induced secondary axis, the donor organiz@ieces of embryonic shield froRercawere able to induce a
contributes predominantly to axial tissue, particularlycomplete secondary axis in host embryos (Oppenheimer, 1936,
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1953). More recently Shih and Fraser (1996) reported thab induce a complete secondary axis and to contribute axial
pieces of shield grafted to host embryos were able to indudissues, including floor plate. Our data differ from earlier
secondary axes but were never able to induce anteriormagiports, both in the extent of tissues missing after complete
structures, such as eyes. Similarly, in mouse node graftinghield ablation and in the inductive capacity of shields in
experiments secondary axes were found to lack anterigransplants. Finally, when deep and superficial regions of the
structures (Beddington, 1994). Subsequently the anteriahield were separately tested for organizer activity, we found
region of the visceral endoderm (AVE) was implicated as adeep shield tissue was able to induce secondary axes consisting
organizer of anterior neurectoderm (Thomas and Beddingtoentirely of head structures and superficial shield tissue was able
1996; Varlet et al., 1997; Tam and Steiner, 1999). These data induce secondary axes lacking the most anterior structures.
suggested the possibility that anterior specification in zebrafish,

similar to mouse, requires spatially distinct activities. The fac

that the embryonic shield of another teleost fBbica, is MATERlALS AND METHODS
capable of inducing complete secondary axis formatio
however, suggests that part of the organizer's activities we
possibly lost in previous zebrafish shield transplantatio

experiments (Shih and Fraser, 1996). 0.6 MM Ca(NQ)2, 5 mM Hepes, pH 7.6) (Shih and Fraser, 1996).

R‘?CG”P genetic work provides some insight into t_heApproximate stages are given in hours post-fertilization (hpf) at 28°C
relationship between the embryonic shield and organize{ccording to Kimmel et al. (1995).

activity. In particular, mutations in the zebraftstzozok (boz)

locus affect both shield morphology and the development dEmbryo labeling and microsurgery

shield-derived tissues. The most severely affebtednutants  Donor embryo chorions were removed by 4-minute incubation in 0.5
have a reduced embryonic shield, which correlates with theg/ml Pronase (Sigma, P-8811) in %.Banieau solution. Donors
reduction ofgscandflh gene expression (Fekany et al., 1999).were labeled at the 1-4 ce_II stage by microinjection into the yolk with
Later in development, severely affectedz mutant embryos 5% fluorescein or rhodamine dextran (Molecular probes, D-1817) and
display a complete loss of the axial tissues: notochord ary?, Piotin dextran in 0.2 M KCl (Molecular Probes, D-1956).

. .- Embryos were injected in ramps made of 2% agarose kJafieau
prechordal plate. Thboz gene product is a homeodomain solution. Injected embryos were cultured at 28°C in 2% agarose-

containing trans_cription factor whose expression i$ limited Qoated dishes. Chorions of host embryos were removed with
the yolk syncytial layer (YSL) and dorsal marginal cells.,yatchmaker's forceps shortly before transplantation.

Functionally, theséozexpressing cells appear to act as the Transplantation pipettes were pulled from 1 mm borosilicate glass
teleost equivalent of the Nieuwkoop center (Fekany et algapillaries (World Precision Instruments, 1B100-4) and cut with a
1999). Thus there are two possible modelsaafaction: either  diamond pencil to an inner diameter of approx. pao (Fig. 1). A

it is responsible for induction of organizer activity per se, omsharp inner edge is optimal and the plane of the cut was orthogonal
bozis primarily responsible for the specification of the tissue4o the long axis of the pipette. The pipettes were initially filled with
that norma”y derlve from the Shleld reglon’ Specrﬁca”y théT]ed|Um and then loaded into a_plpette holder filled with mlner-al oil.
axial mesendoderm and floor plate. Hence, whether the AP€ Pipette holder (World Precision Instruments, 5430-10), carried by
patterning defects are a consequence of the early loss ?-ams micromanipulator (Narishige, MN-153), was connected, via

. . . . . continuous column of mineral oil, to ajfHamilton syringe driven
shield tissue or an independent event associated with the" ... 0o ohiolled syringe pump (Stoelting, 51218).

establlshr_nent of organizer activity is a question raised by_ th Transplantation experiments were performed at 19-21°Cxin 1
bozmutation. In order to draw a distinction between organizepanieau solution containing 5% penicillin/streptomycin (Gibco-BRL,
activity and the cell fates of organizer-derived tissue in5140-114). Donor and host embryos were loaded into transplantation
wild-type embryos, we developed a new method of tissueells that had been preformed with an acrylic mould in 2% agarose
removal and transplantation that would allow us to completelyx Danieau solution. Transplantation wells were 1.0 mm deep by 1.0
remove the organizer of zebrafish gastrulae. We could theAm wide, with the bottom surface of the well sloping from the back
compare the phenotype of the mechanical removal of organizg@!! of the well approximately 1.3 mm to the surface of the agarose.
to the effect of théozmutation, while testing the ability of the 10 remove shield tissue, donor embryos were oriented such that the
removed tissue to induce secondary axes shield faced the pipette tip and the transplantation pipette was placed

. . . . over the shield (Fig. 1A). Shield tissue was gently drawn in and out
We find that removal of the morphological shield is NOtyt the pipette generally 3 or 4 times until the yolk cell and shield tissue

sufficient to prevent formation of normal shield derivativepecame separated (Fig. 1B). Two tissue removals were necessary for
tissues, namely prechordal plate and notochord. Indeed we figgmplete shield region ablation (see Results).

that when removal is limited to the morphological shield, To transplant the shield tissue, hosts were oriented so that the site
derivative tissues can regenerate, producing completely normafltransplantation was 180° from the host shield. With the donor shield
embryos by 24 hours post-fertilization (hpf). Completein the pipette, the tip of the pipette was placed onto the host embryo,
removal of the shield region, however, prevents the formatioﬁt_the margin, and a pie_ce of ventral tissue was_removed and disca_rded
of the normal shield derivative tissues. Complete shield-ablate§g- 1C). The donor shield was pushed to the tip of the pipette, which

embryos also fail to properly pattern the CNS, displaying aloséis placed over the hole in the host embryo (Fig. 1D). The donor

mbryo collection

I;ebrafish Danio rerio) embryos were raised at 28°C in®Banieau
solution (x Danieau: 58 mM NacCl, 0.7 mM KCI, 0.4 mM Mg%0

jeld was very gently expelled into the host embryo. Typically, the
of floor plate and holoprosencephaly. These defects phenoco L of the host inflated a little, making space for the donor tissue.

the qu m_utatlp_n. S_Ince axes form with normal anterior- For acceptable transplants, the donor shield tissue became trapped
posterior identities in complete shield-ablated embryos, Wgnger the EVL either directly beneath or immediately adjacent to the
conclude thabozacts primarily to specify axial mesendoderm nhole. Transplanted embryos were left in the transplantation well for
and not to induce organizer activities per se. about 10 minutes to recover then transferred to< @M@&nieau
When transplanted we find that extirpated shields are abl®ntaining 5% penicillin/streptomycin on 2% agarosex @anieau
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Fig. 1. Experimental technique for shield removal and
transplantation. Shield removal is accomplished by aspiration from ¢
6 hpf embryo previously labeled with a lineage tracer dye. (A) The
donor embryo is positioned with the shield facing the pipette.

(B) The shield is removed from the embryo by gentle trituration.
(C) Prior to transplantation, an equivalent size piece of host ventra
tissue is removed. (D) The donor shield is then inserted under the
EVL in the ventral side of a host embryo.

Fig. 2. Expression ofiscandflhin shield-ablated embryos. (A) As a
| control, two pieces of ventral germ-ring were removed. The control
embryos show normajsc andflh expression. (B) The
morphologically defined shield is removed using a glass pipette,
roughly the diameter of an embryonic shield. This is insufficient to
remove all thggsc-andflh-expressing cells, as confirmed by in situ
for overnight culture. The fate of transplanted embryonic tissues wd¥bridization. (C) When two pieces of dorsal margin are ablated the
recorded by direct fluorescence observation or by staining wit8sc-andflh-expressing cells are completely removed. All panels
avidin-HRP (Vector Labs). Embryos were fixed at 4°C overnight inshow dorsal views of 6 hpf embryos with anterior up.
4% paraformaldehyde in phosphate-buffered saline (PBS). For
staining, embryos were incubated for 1 hour at room temperature wi ;
avidin-HRP complex in PBS, 0.1% Tween 20 (PBT), then wasked Sﬁbhotomlcrography
with PBT and incubated in 0.4 mg/ml diaminobenzidine in PBT for
1 hour at room temperature. The staining reaction was initiated by tl CD MetaMoroh i . fi dt
addition of a fresh solution of 0.4 mg/ml DAB/PBT containing _camera. Metalviorph image processing softwareé was used 1o
0.003% of HO,. After stopping the reaction with several washes of2cduiré images and overlay fluorescence and Nomarski images.
PBT, embryos were refixed in 4% paraformaldehyde/PBS. Embry%\/hme'm?um In situ hybl’ldlZf?.tIOI"l Images were obtained using a
were cleared with 20% glycerol/80% PBS, 50% glycerol/50% PB eiss Axiophot microscope fitted with a Kodak DCS420 digital
and stored at 4°C in 80% glycerol/20% PBS. camera.
In some experiments explanted shields were further manipulated
before transplantation in order to separate deep and superficial shield
tissue. Explanted shields were laid on a flat agarose surface, held wiHESULTS
a hair loop, while several cuts were made with an eyebrow hair knife
(Fig. 10B). Two vertical cuts were made to divide the shield into thre®evelopmental consequences of shield removal
equal pieces. The central piece was discarded. The shield fragmeqis| defects

originally adjacent to the YSL (i.e. the deep fragment) was furthef,, . . L . .
trimmed by two lateral cuts to minimize contamination with Shield removal was achieved by aspiration with a pipette of

superficial cells. Fragments were then transplanted as described fgner diameter approximately the size of the shield (Fig. 1A,

Live fluorescence images were obtained using a Leica compound
icroscope fitted with a Princeton Instruments, MicroMax cooled-

whole shields above. B). We found, however, that removal of the morphological
shield did not eliminate all tissue expressing the organizer-
Whole-mount in situ hybridization specific genegsc and flh (Fig. 2B). We therefore conclude
Whole-mount in situ hybridizations were performed essentially ashat extirpation of the morphological shield only partially
described by Thisse and Thisse (1998). removes axial mesendoderm progenitors. Complete shield-

region ablation, that is complete removal of tissue expressing
scandflh, was achieved by extirpating two adjacent pieces
half-strength Karnovsky fixative (Karnovsky, 1965), rinsed in 0.1 M rom the dorsal margin (Flg' 2C). To assess th? developmental
cacodylate buffer, and postfixed in ice-cold 1% osmium tetroxide ifonsequences of pf_"rt'al (_morpholog_lcal shield _only_) and
0.1 M cacodylate buffer. Samples were then dehydrated througPmplete (morphological shield and adjacent marginal tissues)
graded concentrations of ethanol, rinsed twice in acetone, arghield removal, experimental embryos were cultured until 24
critical-point dried in CQ, before being sputter-coated with gold and hpf and analyzed.
viewed with a Philips 515 scanning electron microscope. Embryos that had undergone morphological shield

Electron microscopy
Embryos for scanning electron microscopy were fixed overnight i
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Fig. 3. Complete shield removal
leads to axial defects. (A-D) Contrc
embryos, where two pieces of vent
germ-ring were removed.

(E-H) Removal of the morphologics
shield leads to normal developmen
of axial structures, as revealed by i
situ hybridization with the moleculs
markersshh enlandntl.

(I) Complete shield removal leads t
lack of notochord and chevron
shaped somites. (J,M) The absenc
differentiated notochord cells in
complete shield-ablated embryos i
confirmed by the reduction shh
andntl expression. The arrow
identifies residuathh-expressing
cells in the tail bud. (L) Expression
of enlis not detected in muscle
pioneer cells of notochordless
embryos, as revealed by in situ
hybridization. The arrow identifies soraalexpressing cells adjacent to residual notochord cells. (A,C,E,G,I,L) Lateral views of 24 hpf
embryos with anterior to the left. (B,F,J) Lateral views of 18 hpf embryo with anterior to the left. (D,H,M) Dorsal viesnofe2stage
embryos with anterior up.

ntl

D> o

removal developed normally in 71% of the cases76) embryos were cyclopeann70) (Fig. 4F). This defect
(Fig. 3E-H). By contrast, only 5% of embryos subjected tacorrelates with a loss of ventral neurectoderm throughout the
complete shield removal developed normally=70). In  body axis, as seen by the reductiontiiggy winkle hedgehog
all cases of ventral margin removal embryos develope@wh) and shh expression, both of which mark medial floor
normally (=52) (Fig. 3A-D). plate cells and the ventral brain (Fig. 4G,H) (Ekker et al.,
Complete shield removal produced embryos that wer&995). We also investigated the effect of axial tissue loss on
generally shorter than control embryos (Fig. 3l). Bymotorneuron specification in complete shield-ablated embryos.
morphological criteria, these embryos completely lacked th&he antibody Znpl marks primary neurons and their ventral
axial tissues: notochord, floor plate and hatching gland (Figoot axonal projections (Trevarrow et al., 1990). Complete
3l). Axial expression o$onic hedgeho@shh andno tail (ntl) shield-ablated embryos lacked motorneuron ventral root
RNA were significantly reduced in complete shield-ablatecrojections (Fig. 4l). At the neural plate stagdet-1 (isl-1)
embryos, consistent with the morphological deficiencies imarks all primary neurons of the forming spinal cord (Inoue et
notochord and floor plate (Fig. 3J,M) (Krauss et al., 1993al., 1994). Laterallyisl-1 marks Rohon-Beard sensory neurons
Schulte-Merker et al., 1994). In 2-somite-stage completand medially, it marks motorneurons. We found Rohon-Beard
shield-ablated embryos, staining withix-1 revealed a sensory neurons to be present in complete shield-ablated
complete loss of prechordal plate (Fig. 5J) (Fjose et al., 1994¢mbryos while motorneurons were either absent or severely
Consistent with a role for the notochord in somite patterningieduced in number, forming at most a single sparse column at
the somites, though segmented, formed compressed rectanglies midline (Fig. 4J). Hence as withbz mutants, ventral
instead of characteristic chevrons (Fig. 3l). The chevron shagmtterning of the CNS is disrupted in complete shield-ablated
of somites is controlled by muscle pioneer cells, a speciambryos (Fekany et al., 1999).
group ofengrailedexpressing muscle cells that form at the AP patterning irbozmutant embryos is disrupted in at least
horizontal myoseptum. Except for regions where a fewwo ways. First, severely affectédz mutant embryos fail to
notochord cells remaine@ngrailed-1(enl) expression was form the most anterior CNS tissues, as revealed by the loss of
abolished in complete shield-ablated embryos (Fig. 3LEmxlexpression (Fekany et al., 1999; Houart et al., 1998;
(Ekker et al., 1992). By contrasenl expression at the Morita et al., 1995). Second, rhombomeres 3 and 5 are
midbrain-hindbrain boundary was normal (data not shown)expanded along the AP axis, as showrEphA4expression
Hence, we conclude that complete removal of the shiel(Fekany et al., 1999; Xu et al., 1994). We therefore examined
region early in development leads to a complete loss of shielthe AP patterning of complete shield-ablated embryos using
derived tissues at later stages. In addition, notochorBiphA4 emxlandzanf a marker of the zebrafish telencephalon
dependent patterning fails to occur. Despite complete removabmologous to the mouddesxlgene (Kazanskaya et al.,
of shield tissue, the embryonic axis forms and has clear AP997; Thomas and Beddington, 1996). In complete shield-

patterning. ablated embryo&phA4expression at 24 hpf revealed an AP
expansion of rhombomeres 1, 3 and 5 (Fig. 5F). Although head
CNS defects morphology was clearly abnormal, we fouenhx1still to be

Given the known roles for axial mesendoderm in patterning thexpressed in complete shield-ablated embryos at 24 hpf (Fig.
neurectoderm, we examined the dorsal-ventral organization 8H). At the 2-somite-stage of development, thenxl

the CNS in complete shield-ablated embryos (van Straaten expression domain was compressed toward the midline of
al., 1988; Yamada et al., 1991). We found that 56% of thessomplete shield-ablated embryos, but occupying an area of
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Fig. 4. Ventral patterning of the
CNS is disrupted in complete shie
ablated embryos. (A-E) Control
embryos. (F) Complete shield-
ablated embryos become cyclope
(G,H) The reduction of ventral
neurectoderm in complete shield-
ablated embryos is reflected by th
reduction intwh andshhexpression
which mark the midline floor plate
cells and the ventral brain. The
arrow shows remaining floor plate
cells. (1) znpl reveals the absence
motorneuron ventral root projectic
(shown by arrow in D) in complete
shield-ablated embryos. (J) In
complete shield-ablated embryos,
isl-1 expression is severely reduced in medial motorneurons (shown by arrow in E) and normal in the lateral Rohon-Beard sewmsory neuro
(A,C,D,FH,l) Lateral views of 24 hpf embryos with anterior to the left. (B,G) Lateral views of 18 hpf embryos with anteedetb

(E,J) Dorsal views of 5-somite-stage embryos with anterior up.

Fig. 5.In complete shield-ablated EphA4 zanf emx1
embryos AP patterning is not severely A B
affected. (A-E) Control embryos. '
(F) After complete shield removal,
EphAd4expression in rhombomeres 1, 3 /
and 5 is slightly expanded. (G-I) In )
complete shield-ablated embryos, the ' .
telencephalon is patterned, as revealed
by zanfandemxlexpression. (Hlx-1

[

expression is absent in complete shieldJ= : G - H
ablated embryos, confirming the loss of i

prechordal plate tissue in the head. y

(A-C,F-H) Lateral views of 24 hpf

embryos with anterior to the left. .
(D,E,1,J) Dorsal views of 2-somite- y

stage embryos with anterior up.

o

similar size to that of controls (Fig. 5I). Finally, we found thatremoval in 0.3 or 0.1x Danieau solution yields a much
zanfis expressed in complete shield-ablated embryos, furtheeduced percentage of normal embryos: 37% (18/48 embryos)
indicating that the telencephalon is specified (Fig. 5G). Similaand 44% (16/36 embryos), respectively. When the organizer
to the AP patterning defects seenbioz mutant embryos we was completely removed there was only a small difference in
find the rhombomeres to be expanded. In contrast, however, wee percentage of normal embryos: 6% (4/70 embryos), 6%
find that shield ablation does not prevent the formation of th€2/34 embryos) and 8% (1/13 embryos), obtained after
most anterior neurectodermal tissues. Taken together thesperating in %, 0.3x and 0.% Danieau solution, respectively.
results suggest that, by the time we remove organizer tissu@ne possible explanation is that shield regeneration is not only
the organizer has already acted both to specify and to impatépendent upon the presence of residual lateral shield cells but

AP pattern to the neurectoderm. also upon their proper re-association across the extirpated
domain after shield removal. To test the possibility that

Factors affecting regeneration of shield derivatives solutions of differing osmotic strengths modify cellular

following shield removal reassociation dynamics after shield removal, we examined

As described above, we found that a large percentage embryos by scanning electron microscopy after shield removal
embryos developed normally after removal of thein 0.3x Danieau or ¥ Danieau solution. We found that in 8.3
morphological shield. To understand events underlyingdanieau solution the wound was covered with cells within 10
regeneration of shield derivatives, we investigated the role ohinutes, while those operated on i Danieau solution took
wound healing immediately following shield removal. We more than twice as long to heal (Fig. 6).

challenged the efficacy of wound closure by performing shield

removals in solutions of several different salt concentrationsthe shield is able to induce the formation of a

The removal of the morphologically defined shield in 1 complete secondary axis

Danieau solution, which has a salt concentration similar t€omplete shield removal experiments suggest that the
interstitial fluid, allowed the recovery of a high percentage obrganizer acts to induce and pattern the embryonic axis prior
embryos (71%), as is reported above. By contrast, shiel shield stage. Further, we know that if only the morphological
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Fig. 6. Scanning electron micrographs of 6 hpf
embryos after shield removal. (A,D) A wound
immediately after shield removal performed and
0.3x Danieau solution. (B,E) Shown are the wounds of
shield-ablated embryos 10 minutes post-surgeryin 1
or 0.3 Danieau solution. Healing seems to occur . -
more rapidly in 0.8 Danieau solution. (C,F) The 0.3X 8
wounds of shield-ablated embryos are healed after 20
minutes in either 1 or 0.3x Danieau solution. Bars,

50 um.

shield is removed, embryos will recover. It has been reporte
that shields dissected at the stage we have investigated (6 h
can only induce partial second axes when transplanted

ventral or lateral regions of a host embryo (Shih and Frase
1996). These partial axes possessed all tissues posterior to
otic vesicle, and occasionally included secondary hearts, b
never eyes or telencephalon (Shih and Fraser, 1996). V
therefore sought to determine whether 6 hpf morphologice
shields obtained by our methodology induce complete ¢
partial second axes.

Morphologically defined shields were removed from
dextran-labeled 6 hpf embryos and transplanted into the ventr
germ-ring of 6 hpf host embryos. Experimental embryos wer
cultured until 24 hpf and analyzed. The inductive potential o
the grafted shield was compared with that of ventral germ-rin
grafts of similar size. We found that shield grafts could induct
a complete secondary axis, with eyes and a beating heart
51+9% of shield-to-ventral margin grafte=(151) (Fig. 7;
Table 1). Invariably, the anterior end of the secondary axis we
oriented facing the animal pole. The anteriormost part of th
secondary axis, however, could be at a distance from tt
anteriormost part of the primary axis (Fig. 7A,B) or
immediately adjacent (Fig. 8A). In addition, secondary axe
were found at all angles from the primary axis ranging fron
180 (Fig. 8A) to immediately adjacent or overlapping (data
not shown).

The anterior patterning of induced complete secondary axesg. 7. Transplantation of the embryonic shield to the ventral side of
was examined usingphA4(Fig. 7D,E) ancemx1(Fig. 7F,G).  a host embryo. (A,B) A morphologically defined shield, derived from
EphA4expression was detected in all complete secondary axas$ hpf embryo, is able to induce a complete secondary axis when
analyzed 14=18), indicating the proper induction and transplanted to the ventral side, within the germ-ring. The induced
patterning of both diencephalon and rhombencephalon (Figecondary axes possess the most anterior structures including a
7D,E). In addition,emx1 was expressed in all complete no.rmal head with two eyes. (C) A Nomarski image showing that the
secondary axesnt8), indicating that the telencephalon is shield donor embryo developed completely normal. (D,E) In a

. - : . mplete secondary axis, the diencephalon is normally patterned, as
present in the induced axes (Fig. 7F,G). We also find that tFfé)vealed byEphA4expression in the presumptive dorsal thalamus

presence of a fully pa_lt_terned forebrain and h_|ndbra|n 13nd the region adjacent to the otic vesicles. The rhombencephalon is

independent of the position of the secondary axis (compatgse normally patterned, as revealed by the expressiBptoidin

Fig. 7D,F with E,G). rhombomeres 1, 3 and 5. (F,G) The telencephalon of a complete
The fate of transplanted tissue was followed in livingsecondary axis is normally patterned, as revealeshbyl

embryos using fluorescent-dextran lineage tracer dye. Wsxpression. (D-G) Lateral views of 24 hpf embryos with anterior to

found donor shield tissue contributed predominantly to théhe left and induced secondary axis up. no, notochord; pep,

hatching gland, prechordal plate, hypochord, notochord anrechordal plate; hg, hatching gland.

floor plate of secondary axes (Figs 7A,B, 8A,B). These tissues

appeared to be entirely donor derived. In addition, a few donor-

derived cells were found scattered throughout the ventralecondary axis, including the brain, dorsal spinal cord and

nervous system and throughout the overlying ectoderm of themites, however, were not labeled and therefore derived from

secondary axes (Fig. 8D). The vast majority of tissues in thieost blastoderm. Hence, even though the organizer has already
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Fig. 9. Expression of gsc flh
gscandflhin embryos A D

that received a shield ' =

graft. (A-C)gsc

expression in the ‘

primary and secondary '
induced axis. (A) The \

amount ofgsc - 2/9

§"

expressing tissue in th E
transplant is roughly

equal to that of the

endogenous shield in .

22% (=9) of the cases hA) ‘
(B) In 56% of the case

(n=9) the amount of

gscexpressing tissue i C

7
59
the transplant - ‘1
2/9

%‘

correspond to

approximately half of g
Fig. 8. Fate of transplanted shield tissue. (A) Using epifluorescence ithe endogenous shielc
is possible to determine the contribution of the shield tissue to (C) A few or nogse
notochord, prechordal plate and hatching gland. (B) A higher expressing cells were bl

magnification of the tail shows labeled cells in the notochord, foundinthe _ o
hypochord and floor plate. (C) A histological section through the ~ transplanted tissue in 22% of the casedJ. (D,E)flh expression in
primary axis showing the notochord and the neural tube completely the endogenous and transplanted shields. (D) The amotiint of

devoid of labeled tissue. (D) A histological section through the expressing tissue in the transplanted shield is equal to the
secondary axis shows that the labeled shield cells (green) become €ndogenous shield in 75%=@8) of cases. (E) In 25%+%8) the
notochord and floor plate. The majority of the neurectoderm, amount offlh-expressing tissue in the transplant is approximately

however, is free of labeled cells. no, notochord; pcp, prechordal platdialf of the endogenous shield. All panels show endogenous shield to
hg, hatching gland: fp, floor plate; hc, hypochord; nt, neural tube.  the right and transplanted shield to the left.

acted by the time of shield removal, the shield tissue retairgructures, while the posterior organizer can induce secondary
the capacity to induce a complete secondary axis. Moreoveaxes uniquely possessing posterior structures (Zoltewicz and
the fates of shield-derived cells in these secondary axes aBerhart, 1997). In the transplantation experiments presented
identical to the fates of normal shield-derived cells, determinebere, 51% of the shield grafts were able to induce a complete
either by homotopic transplantation or by cell labeling (datsecondary axis. The remaining secondary axes were

not shown) (Shih and Fraser, 1995, 1996). incomplete, ranging from some that possessed a head lacking
] ) ) eyes (21%) to some possessing only a trunk and tail (2%) (see
Embryonic shield fragments enriched for deep  gsc- Table 1). In situ hybridization studies performed 20 minutes
expressing cells can induce secondary axes after shield transplantation revealed that cells expreging
possessing only anterior structures were efficiently transplanted in every caseg), whereas cells

The notion of separable head and trunk organizer activitiesxpressingyscwere transplanted 78% of the tinte=9) (Fig.
derives from the initial experiments of Spemann (Spemann ar8). These results suggest that the zebrafish organizer is also
Mangold, 1924). A recent study has shown thatXbaopus regionalized. Further, the results suggest that a combination of
organizer is partitioned along its AP axis into two functionallydeepgscexpressing cells and superficil-expressing cells is

and developmentally distinct regions. The anterior organizer igequired to obtain complete secondary axes.

able to induce a secondary axis possessing only anteriorTo test directly whether deep and superficial regions of the

Table 1. Transplantation of the embryonic shield to the ventral side of a 6 hpf embryo

Number induced %

Secondary axis complete 15 1 4 13 8 18 4 5 2 3 5 51+9
Secondary axis incomplete

Telenceph. 3 0 0 0 0 0 7 4 3 5 5 21+8

Inc. heart 8 6 0 6 1 2 0 0 0 0 0 14+7

Inc. o.v. 0 1 0 1 0 0 0 1 0 0 3 4+2

Trunk only 2 0 0 1 0 0 0 0 0 0 1 2+1
No induction 4 0 0 0 0 0 0 4 4 0 1 8+4
Total grafts 32 8 4 21 9 20 11 14 9 8 15

%, average of the percentage of each experiment + s.e.m.
Telenceph., an embryo with telencephalon, as defined by the presemeeldfut no eyes; inc. heart, an embryo with no forebrain, but with a beating heart;
inc. 0.v., an embryo induced anterior only to the level of the otic vesicle.
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Fig. 10. Transplantation of deep versus superficial fragments of the
embryonic shield. (A) The morphologically defined shield is able to
induce a complete secondary axis. The expressishtafan be
detected in the ventral midline of the brain, in the zona limitans
intrathalamica (ZLI) and in the floor plate of the trunk and tail.

(B) Schematic diagram of the dissection of the shield to obtain
separate deep and superficial shield fragments for tranplantation. The
dotted lines represent cuts made with an eyebrow-hair knife into an
aspirated shield. The gray area corresponds to the superficial cells
and the red area to the deep cells. (C) An example of a secondary
axis lacking head structures (arrowhead) induced by one superficial
shield fragment. In these anterior-truncated secondary axes the
expression o$hhis restricted to the floor plate of the trunk and tail.
No shhexpression characteristic of the head is seen. (D-G) An
example of a secondary axis lacking trunk and tail induced by two
deep shield fragments. (D,F) The presence of a normally patterned
head is revealed by the expressiosttiin the ventral brain and the
ZLI. The absence of trunk (arrow) is revealed by the interruption of
shhexpression in the floor plate at the level of the otic vesicle (0.v.).
(E,G) Live Nomarski images of the embryos stained in D and F
showing that the induced heads are complete with eyes and otic
vesicles.

embryonic shield are separable. We correlated these distinct
inducing activities with differential expression gécandfih.

In situ hybridization studies performed 20 minutes after deep
and superficial shield fragment transplantation showed that
nearly all deep shield fragment transplants contain a high
proportion ofgscexpressing cells and in some cases have few
shield have distinct organizer properties, we separated deep noflh-expressing cells. Similarly, most superficial fragment
and superficial shield tissue and then transplanted thesmnsplants have a high proportionflhf-expressing cells and
fragments into the ventral side of host embryos (Fig. 10B)in some cases have few or gecexpressing cells (Table 3).
Both superficial (schematic, gray piece in Fig. 10B) and deep The persistence afscexpressing cells in superficial grafts
(schematic, red piece in Fig. 10B) fragments inducedand flh expressing cells in deep grafts) probably reflects
secondary axes. We observed, however, a qualitative differentechnical limits in our ability to separate these two shield
between secondary axes induced by deep versus superfigiafjions. The partial impurity of our deep and superficial
shield fragments. Secondary axes possessing only a head (Figgments might explain the fact that both types of fragment
10D-G) were often obtained when deep fragments were grafteéhn sometimes induce complete secondary axes (Table 2). We
(Table 2). By contrast, a high proportion of secondary axewere able to overcome the contamination of superficial grafts
induced by superficial shield fragments comprised onlyith gscexpressing cells by transplanting cells from the region
posterior structures (Fig. 10C and Table 2). These data suggeskjacent to the morphological shield. Nearly all transplants of
that anterior and posterior organizer activities of the zebrafislateral fragments contained orfl-expressing cells (Table 3)

Table 2. Transplantation of deep, superficial and lateral shield fragments to the ventral side of a 6 hpf embryo

_trunk tail eyes | heart; ov. | trunk | tail
ov. 2T " anterior only
posterior only
heart !
anterior and posterior
Fragment Anterior only Posterior only Anterior and posterior
1 piece Deep 11/21 6/21 4/21
Superficial 1/26 14/26 11/26
Lateral 0/67 64/67 3/67
2 pieces Deep 6/16 2/16 8/16
Superficial 0/9 719 2/9
Lateral 0/16 13/16 3/16

0.v., otic vesicle; anterior only, telencephalon through o.v.; posterior only, heart (or o0.v.) through tail; anterior énd posiplete axis.
The telencephalon did not always include eyes.
The tail begins posterior to the yolk extension.
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Table 3. Expression ofyscand flh in embryos that have received shield fragment grafts

A“.
= N BV & Y
l\ .‘ |
- / - e ,:"'
i il 1 e
Fragment Higlgsc Low or absengsc High flh Low or absentlh
1 piece Deep 5/5 0/5 3/5 2/5
Superficial 4/8 4/8 6/10 4/10
Lateral 0/11 11/1m 6/15 9/15
2 pieces Deep 3/5 2/5 4/5 1/5
Superficial 2/4 2/4 4/6 2/6
Lateral 1/9 8/9 5/8 3/8

Pictures are oriented with endogenous shield to the right and transplanted fragments to the left.
Cgscexpression was absent in all embryos.

and the vast majority of axes they induced consisted dbss of anterior neurectoderm results from the failure to specify
posterior structures only (Table 2). prechordal mesendoderm prior to shield stage, as seen from the
The dissected fragments represent only a fraction of th@ownregulation ofyscin bozmutant embryos (Fekany et al.,
endogenougsc or flh-expressing cells in the shield region. To 1999). We expect the reason shield-ablated embryos are able
ensure that the observed differences in induced axes were notspecify anterior neurectoderm while sobwz mutants are
a simple consequence of limited quantity transplant tissue, weot is an issue of timing. Specifically, since we rely on shield
performed additional transplants. We find that a two piece grafhorphology to guide the removal of tissue we are unable to
of each fragment type has the same axis-inducing activity arablate the shield until nearly 1 hour after organizer-specific
the same profile ajscandflh expression as the correspondinggenes are first expressed. We would therefore predict that
single piece graft (Tables 2, 3). We did, however, find that axaemoval of organizer prior to morphological shield formation
induced by one piece were generally smaller than axes induceauld lead to anterior defects similar to those seen in severe
by two pieces (data not shown). We conclude that is not th@ozmutant embryos. Indeed removal of dorsal marginal tissue
guantity but rather the quality of fragments that determineat 40% epiboly was found to result in the lossodél-paired

whether anterior or posterior structures are induced. like (opl) expression during the neural plate stage (Grinblat et
al., 1998).
DISCUSSION Morphological shield removal does not significantly
affect development
Complete shield ablation phenocopies the  bozozok We found that shield derivatives were able to regenerate only
mutation after morphological shield removal in which some latgess

When the shield region is completely removed the normadnd flh-expressing cells were left. Such regeneration after
derivatives of the shield fail to form. The dorsal organizermorphological shield removal is dependent upon appropriate
however, has already acted to induce neuroectoderm and wmund healing, which is itself dependent on the ionic balance
impart anterior-posterior (AP) pattern. The set of defectsf the experimental medium. Initially, we performed the shield
resulting from complete removal of shield is virtually identicalremoval experiments in 0<3Danieau solution and found that

to the phenotype of severely affecterymutants. We conclude the majority of embryos did not properly generate axial
therefore that théoz gene product primarily specifies axial mesendoderm. We propose that the EVL cells, which are
mesendoderm and is not involved in the specification ofapidly moving to seal the embryo from the low-salt extra-
organizer activity per se. In shield-removal experiments wembryonic condition, form a scar that prevents the coalescence
are able to separate two distinct organizer activities, namelyf deep cells. In the high-salt condition, according to this
induction of embryonic axes and formation of axialmodel, EVL cells fail to rapidly close the wound and deep cells
mesendoderm. Similarly, théoz mutation highlights the are able to reassociate and go on to regenerate normal shield
separable nature of these activities at the earliest stages ddrivatives.

organizer specification. THeoz gene product is expressed in  There have been several reports of extensive renewal of
the yolk-syncytial layer, apparently in response to the earliesiensen’s node and its derivatives after surgical removal of
dorsal signals mediated Bycatenin. Thébozgene product or Hensen’'s node and the rostral part of the primitive streak
a similar activity is required for proper specification of the axia(Psychoyos and Stern, 1996; Yuan and Schoenwolf, 1999;
mesendoderm, but is not directly required for neural inductionloubin and Stern, 1999). A recent study of the chicken
The most severely affectdmbz mutants, representing a small organizer describes the continuous renewal of organizer
percentage, display AP patterning defects in the centréissue as development proceeds (Joubin and Stern, 1999).
nervous system (CNS), seen as a broadening of rhombomei®gecifically, a region of the embryo is described that induces
and loss of telencephalon and ventral diencephalon in therganizer fate to otherwise unspecified tissue as it passes
forebrain (Fekany et al., 1999). We expect that this infrequertbrough the node. In contrast to the situation in avian embryos,
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there is no evidence that regeneration of organizer derivativéates it is clearly not committed to such fates, nor can these
occurs inXenopusor mouse embryos (Cooke, 1985; Davidsonfates be manifest without a dorsal/marginal signal such as that
et al., 1999). The fact that we observe regeneration after shiedgnanating from the shield.

removal only if tissue lateral to the morphological shield is left

behind, taken together with the observations in mouse and The authors wish to thank Benjamin Feldman, Jean-Paul Vincent,

Xenopussuggest that continuous organizer renewal is uniquBosa Beddington and Jim Smith for a critical reading of the
to the avian embryo. manuscript. L. Saude was supported by a PhD studentship from

Fundacéo para a Ciéncia e a Tecnologia, Programa PRAXIS XXI.
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