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Summary

During vertebrate gastrulation, highly coordinated cellular
rearrangements lead to the formation of the three germ
layers, ectoderm, mesoderm and endoderm. In zebrafish,
silberblick (slb)/wntll regulates normal gastrulation
movements by activating a signalling pathway similar
to the Frizzled-signalling pathway, which establishes
epithelial planar cell polarity (PCP) in Drosophila
However, the cellular mechanisms by whichslb/wnt11
functions during zebrafish gastrulation are still unclear.
Using high-resolution two-photon confocal imaging
followed by computer-assisted reconstruction and motion

analysis, we have analysed the movement and morphology

of individual cells in three dimensions during the course
of gastrulation. We show that in slb-mutant embryos,
hypoblast cells within the forming germ ring have slower,

less directed migratory movements at the onset of
gastrulation. These aberrant cell movements are
accompanied by defects in the orientation of cellular
processes along the individual movement directions of these
cells. We conclude thatslb/wntltmediated orientation of
cellular processes plays a role in facilitating and stabilising
movements of hypoblast cells in the germ ring, thereby
pointing at a novel function of the slb/wnt11 signalling
pathway for the regulation of migratory cell movements at
early stages of gastrulation.

Movies available online
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Introduction
Cell polarity and directed cell

migration are essentia

or prerequisite for CE movements (Elul and Keller, 2000;

Keller et al., 1992).

components that underlie tissue morphogenesis in several N molecular basis underlying cell movements during
developmental processes. During vertebrate gastrulation, Vg'tebrate gastrulation is only beginning to be unravelled.
seemingly unstructured blastula transforms into a gastrula witgéveral studies have shown that Wnt genes are important for
distinct populations of cells organised into the three gernRormal gastrulation movements, both Xenopusand in
layers, ectoderm, mesoderm and endoderm. The different typg@brafish (reviewed by Keller, 2002; Tada et al., 2002;
of cell movements that underlie these cellular rearrangemeny¥allingford et al., 2002). The signalling pathway through

are best studied in the amphibiéanopugreviewed by Keller

which these Wnt ligands transmit their morphogenetic activity

et al, 2000). Involution or ingression of prospectiveshares several components with the Frizzled (Fz) signalling
mesendodermal cells at the onset of gastrulation is followed ascade involved in the establishment of epithelial PCP in
convergence and extension movements of mesendodermal dagpsophila Such shared components include the Wnt receptor
ectodermal cells, which is commonly termed convergenkrizzled (Fz), the intracellular signalling mediator Dishevelled
extension (CE) (Elul et al., 1997; Keller and Danilchik, 1988;(Dsh), the small GTPases RhoA, Rac and Cdc42, the Rho
Keller et al., 1985). In CE, cells move towards the dorsal sideffector Rho Kinase 2 (Rok2), the transmembrane protein
of the gastrula where they undergo medio-lateral celftrabismus/van Gogh (Stbm/Vang) andfhsubunit of Protein
intercalations that lead to a medio-lateral narrowing andPhosphatase 2A (PP2A), Widerborst (Wdb) (Darken et al.,
anterior-posterior extension of the forming body axis (Keller2002; Djiane et al., 2000; Goto and Keller, 2002; Habas et al.,

and Tibbetts, 1989; Shih and Keller, 1992). CE movements a2901; Habas et al., 2003; Hannus et al., 2002; Heisenberg et al.,
usually accompanied by an elongation of cells along thei2000; Marlow et al., 2002; Park and Moon, 2002; Sumanas and
medio-lateral axis, but it is not clear if this is a consequence dkker, 2001; Sumanas et al., 2001; Wallingford et al., 2000).
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In zebrafish, several mutants that exhibit defects in ceBlb/wntllsignalling pathway in regulating process orientation
movements during gastrulation have been identifiegipetail and migratory cell movements at early stages of zebrafish
(ppt/wnt5 knypek(kny)/glypican4/6 and trilobite (tri)/stbm  gastrulation.
mutants, CE movements are predominantly affected in
posterior regions of the gastrula, whereaslmwnt11 (slb) )
embryos, CE movements in both anterior and posterior parfédaterials and methods
of the gastrula are defective (Hammerschmidt et al., 1996taging and maintenance of embryos
Heisenberg et al., 2000; Jessen et al., 2002; Kilian et al., 2008 zeprafish strains were maintained as described (Heisenberg et al.,
Rauch et al., 1997; Solnica-Krezel et al., 1996; Topczewski @igge). Wild-type embryos were taken from AB, gol*, TL and
al., 2001). Epistasis experiments indicate Kmt/glypican4/6  Tiibingen backgrounds. Embryos from homozygou&2fcarriers
can function in theslb/wntll signalling pathway, whereas were used for mutant analysis. TransgegegGFP embryos were
tri/stom appears to act in a parallel pathway (Heisenberg anproduced in the TL background as previously described (Gilmour et
Nisslein-Volhard, 1997; Topczewski et al., 2001). Howeveral., 2002).
the way in which these genes regulate gastrulation movements

on a cellular basis is not yet fully understood. hole-mount in situ hybridisation was performed as previously
Comparison of the functions of the Wnt/PCP pathwa.described (Barth and Wilson, 1995). For sections, in situ-stained

during yertebrate gastrulation and the .FZ/PCP pa}thway Imeryos were equilibrated in gelatine/albumen solution (0.49%
Drosophila reveals conserved and divergent signallingyelatine, 30% egg albumen, 20% sucrose in PBS), transferred into an
mechanisms. In therosophilawing disc, the Fz/PCP pathway embedding form coated with fresh polymerisation solution (albumen,
determines polarity of cells along the proximal-distal axis25% glutaraldehyde, 10:1) and kept 15 minutes at room temperature
which results in the directed outgrowth of a single wing haito allow polymerisation. 2@m serial sections were taken using a
at the distal tip of those cells (reviewed by Adler, 2002)Leica Vibratome VT1000S.

Proximal-distal cell polarization is preceded by an asymmetric . .
localization of various components of the PCP pathway, sucli<NA Mmisexpression

as Fz, Dsh, Fmi, Diego and Wdb, to the proximal and/or distdror ubiquitous overexpression, mMRNA was injected into the yolk of
! ! ! ’ zygote/one-cell stage embryos as previously described (Barth and

cort_lcal domains of these _cells (reviewed by Strutt, 2002); iison, 1995). For scatter labelling of wild-type asth mutant
During vertebrate gastrulation, components of the Wnt/PC bryos, a mixture of 30-100 pg cytosolic GFP mRNA and 60-150

pathway, such as Dsh and Stbm/Vang, are localised to the cglj Gap43-GFP mRNA was injected into single blastomeres of 8-32-
membrane (Park and Moon, 2002; Wallingford et al., 2000)ce|| stage embryos. Transgenic gscGFP embryos were scatter labelled
However, no asymmetric distribution of these proteins has beeyy injecting 250 pL of 0.5% rhodamine-dextrane wWith=2.000<103
observed. Morphologically, ectodermal and mesendodermaé\olecular Probes, Eugene) in 0.2 M KCl into single blastomeres of
cells undergoing CE movements are elongated along theimbryos at the 8- to 32-cell stage.

medio-lateral axis at late stages of gastrulation (Concha argl tocal imadi

Adams, 1998; Elul and Keller, 2000; Keller et al., 1992).~°"ocalimaging _ _
Several studies ifXenopusand zebrafish demonstrate that S:“e'd'Stage embryos were manually dechorionated and mounted in
the medio-lateral elongation of these cells is regulated b % agarose in E3 fish medium. Life images were obtained at room

mperature with a 6Qvater-immersion objective on a BioRad
components of the Wnt/PCP pathway such as Dsh, Kn)ffgadiance 2000 Multiphoton Confocal Microscope setup.

Glypican4/6, Tri/Stom, Rok2 and Ppt/Wnt5 (Darken et al., gor qual channel confocal timelapses, 488 nm Ar Laser and 543
2002; Goto and Keller, 2002; Jessen et al., 2002; Kilian fm He/Ne laser lines were used simultaneously. The emitted light
al., 2003; Marlow et al., 2002; Topczewski et al., 2001)passed through a 560 nm dichroic mirror/long path filter. Image z-
Wallingford et al., 2000). Thus, it is possible that the Wnt/PCRtacks were obtained by scanning areas of 204:804.8um (0.4
pathway, like itsDrosophila counterpart, is involved in the pm pixel?) with 166 lines per second and i steps over a total
regulation of cell polarity during vertebrate gastrulation.vertical distance of 6am. For each experiment, 12-20 image stacks
However, while in th@®rosophilawing epithelium the ultimate ~Were acquired in 4-minute time intervals. _
readout of planar cell polarisation is the unidirectional FOr single channel timelapse recordings, z-stacks were acquired by
(monopolar) orientation of one wing hair per cell, noSCanning an area of 102nx102.4um (0.2um pixel) with 750

valent Wnt/PCP-d dent | I |arisati lines second and 0.5um steps over a total vertical distance of 50
equivalen n -aependent monopolar cell polarisa 'Oﬂm. Stacks were taken continuously with no time gap in between. A

has been observed during vertebrate gastrulation. mode-locked infrared laser line between 890 and 910 nm with an
In this study, we analysed the rolestff/wnt11in regulating  average power of 500 mW was used, originating from a Mira 900 two-

cell movements and morphology during zebrafish gastrulatiomhoton Ti::Sapphire laser. A 532 nm laser source with 5 W output

From 3D reconstruction and motion analysis of individualpower was used as a pump laser (Coherent, California).

cells, we present evidence thedb/wntllis required for the )

directionality and velocity of movements of hypoblast cells inMage analysis _ _

the forming germ ring at the onset of gastrulation. We furthe-lrh,e acquired confocal z-§tacks were \(olume rendered in 3D over time

demonstrate thaslb hypoblast cells that have impaired using the program \Volocity (Improvision, UK). The cell movement

migratory cell movements also exhibit defects in theanaly5|s was also carried out using this software by manually

ientati f lul | their _individ Imeasuring the positions of the geometric centre of the cells (the cell
orieniation ot cellular processes along eir - inawvi uacentroid) in three dimensions. Tracing was done manually by

movement directions. This indicates that process orientatiog|tjining the cell borders, using a newly developed version of the 3D-
mediated byslb/wnt11is crucial for facilitating and stabilising plAs software (Soll et al., 2000; Heid et al., 2002). The cell bodies
hypoblast cell movements at the onset of gastrulation. Thesgre always traced separately from cellular processes. Every cellular
observations provide the first direct evidence of a role of thextension that emerged from the cell body at an angle of <135° and

situ hybridisation and gelatine sectioning
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a width of >2um was defined as a pseudopodial extension. Epiblas
and prechordal plate precursor cells were identified according to the
position and net movement direction. The cell traces were rendere
in three dimensions and measured using newly developed JAVA-bas
3D-DIAS software (E.V. and D.R.S., unpublished), which allowed the
guantification of several morphometric parameters such as the surfa
area, volume, centroid position and roundness (rRU=G0-5xA-15
of single cells in three dimensions.

The subsequent analysis of the obtained morphological data w: = —
carried out using Microsoft Excel and ProFit (Quantum Soft, Basel)
To account for the resolution limit in z-direction and because th C D
manual traces could not always be perfect, processes thab¥adf
the length of the corresponding cell body, we2qum long or had a
volume<1.25¢10-%% and a roundness >0.7 were not analysed.

- . \ h

Statistical analysis h
Student’st-test (Microsoft Excel) with a two-tailed distribution was _
used to analyse significance between two mean values. For analy N
of correlation between process orientation and movement persistenc.,
a special Microsoft Excel plug-in was used that tested a line
dependence between the parameters (Miller et al., 2002).

aIEig. 1.slb/wntllis expressed in epiblast cells (ectoderm) overlying
the first ingressing hypoblast cells (mesendoderm) at the germ ring
during early stages of gastrulation. (A) Dorsal vievglbfwnt11

Results expression in the germ ring of a wild-type embryo at shield stage.
b/wntll i di iblast cells of th The vertical line indicates the section plane shown in B-D.

SIown IS €xpressed In epiblast cells of the germ (B-D) Medial section of the embryo in A showislip/wnt11

nng expression in epiblast cells (B). The boxed regions are shown at

To obtain insight into the cellular function efb/wntll we
first determined the expression domainslofwntl1lin wild-
type embryos at the onset of gastrulatisti/wntllis
expressed around the circumference of the germ ring sh
slightly reduced expression at the region of the fon
shield (organiser) (Fig. 1A) (Makita et al., 1998). Wi
the germ ringslb/wntllwas expressed predominantly
epiblast cells (ectodermal germ layer), whereas ingre
hypoblast cells (mesendodermal germ layer) showe
detectable levels o$lb/wnt11 expression (Fig. 1B-D
This indicates thaslb/wntl] expressed in epiblast ce
might be involved in the control of cell movements in
germ ring that mediate ingression of hypoblast cells ¢
onset of gastrulation.

higher magnification in C (ventral germ ring) and D (shield).
e, epiblast; h, hypoblast. Scale bars: 6
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slb prechordal plate cells show slower and less
directed movements

To examine ifslb/wntllwas required for the moveme
of ingressing hypoblast cells at early stages
gastrulation, we determined the positions and shag
axial mesendodermal tissues, such as the prechorde
and notochord, in wild-type anslb-mutant embryos .

"»

e
“e
.

different timepoints throughout the onset of gastrula
In wild-type embryos, the prechordal plate moved raj
anteriorly from the shield towards the animal pole dt
the first 2-3 hours of gastrulation (Fig. 2A-D), wherez
slb mutants, this movement appeared to be reduce
minutes after the onset of gastrulation (Fig. 2E-H
similar reduction in anterior cell movement was

observed in paraxial mesendodermal tissues sly
embryos (data not shown). These early cell-move
defects are unlikely to be caused by secondary vari
in the genetic background because they were at

Fig. 2. Extension of axial mesendodermal tissues (prechordal plate and
notochord) is reduced &lb embryos throughout the early stages of
gastrulation. Embryos were fixed at various times after shield stage (sh)
and stained for the expressionhatching gland gene (hggl) and

floating headflh) to mark the positions of the prechordal plate (ppl) and
the notochord (no), respectively. (A-L) Shape and position of prechordal
plate and notochord in wild-type embryos (wt, A-Bljp mutants $lb, E-

H) andslb mutants overexpressing 5 plip/wnt1ImRNA (slb*, I-L) at

the indicated time intervals. For each experiment and timepoint, 20
embryos were analysed. Anterior to the top, dorsal views.

partially rescued by ubiquitous overexpression vafitll  onset of gastrulation, we analysed the movement of individual
mRNA in slb mutants (Fig. 2I-L). cells in the axial hypoblast (presumptive prechordal plate)

To obtain a more dynamic image of prechordal plateand overlying epiblast (ectoderm). Using confocal timelapse
morphogenesis in wild-type arglb mutant embryos at the imaging, we simultaneously recorded the positions of
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prechordal plate precursor cells that expressed green fluorescpotnts of the movement divided by the total distance moved,
protein (GFP) in the cytosol under the control of the goosecoiith percent) as an expression of how ‘straight’ or ‘direct’ a cell
(gsc) promotor (see Movie 1 at http:/dev.biologists.orgimoves, and the velocity (jam mirr?) of these movements in
supplemental/), and of overlying epiblast cells labelled wittBD between shield stage and 75% epiboly (140 minutes). In
rhodamine-dextrane (red). These timelapse sequences revediethl, we recorded 30 epiblast cells and 20 hypoblast cells,
that most hypoblast and epiblast cells in wild-type embryosising two wild-type and twalb embryos. Both the average
move parallel to the surface of the yolk sac in a straight pattelocity and persistence of cell movements within the
towards the animal pole and germ ring, respectively (Fig. 3Ahypoblast were reduced significantlysib mutants compared
E; see Movie 2 at http://dev.biologists.org/supplemental/). Byo wild-type controls (1.240.23um mirrtin wild type versus
contrast, corresponding hypoblast cellslbfmutants have less 1.06:0.22 pm mirmr! in slb mutants P=9.4x10% and
directed movements parallel to the surface of the yolk sac arg#.35:6.52% in wild type versus 37.520.77% in slb
increased movements along the dorso-ventral and medio-lateralitants, P=7.63x10-18). By contrast, the velocity and
axes (Fig. 3F-J; see Movie 3 at http://dev.biologists.orgpersistence of epiblast cell movementssib mutants are
supplemental/). indistinguishable from wild-type controls (data not shown).
To quantify the differences between the cell movement3his indicates thatslb/wntll controls the velocity and
in wild type andslb embryos, we calculated the averagepersistence of hypoblast, but not epiblast, cell movements at
persistence (the shortest distance between the start and ¢hd onset of gastrulation.

Fig. 3. Movement of axial hypoblast
(presumptive prechordal plate) cells
dorsal regions of the germ ring (shie
is disturbed irslb mutant embryos at
the onset of gastrulation. Embryos
expressing GFP (green) under the
control of thegoosecoidgsg
promotor in prechordal plate precurs
cells were scatter labelled with
rhodamine (red) in epiblast cells
overlying the presumptive prechorda
plate and followed in 3D over time b
dual channel confocal microscopy.
(A-D,F-I) Prechordal plate precursor
cells (green) and overlying epiblast
cells (red) in wild-type (A-D) andlb
(F-1) gsdGFP embryos at shield stage
(A,C,F,H) and 45 minutes (49ater
(B,D,G,l). Ventral views (A,B,F,G) an
lateral views with ventral to the right
and dorsal to the left (C,D,H,1). In all
pictures, anterior is to the top and
posterior to the bottom. The axes of
orientation are shown in panels A ar
C. (E,E,J,J) Track diagrams showing
the movements of prechordal plate
precursor cells (green) and epiblast
cells (red) in wild type (E,Eandslb
gs@GFP embryos (J)along the x
(anterior-posterior) and y (medio-
lateral) axes (E,J) and along the x ar
(dorsal-ventral) axes (H) of the o
embryo. The positions of the geome X [um]
centre of the cell (the centroid) were
measured in 3D at 4-minute intervals
and plotted as a single dot. Each line
represents the track of one cell, with
the first timepoint depicted in white.
The net movement of the epiblast ce
is along the +x (posterior) direction
and that of prechordal plate precursor
cells along the —x (anterior) direction. Note that the x, y and z axes depict the global coordinates within the gastadanwigsel, 5 and 7,

these axes show the coordinates relative to the movement direction of individual cells. (K) Schematic diagram showirtgtibe ofidre

region analyzed in wild-type arglb embryos and the net movement direction of the cells (arrows) with respect to the x and z axes. The y axis
is perpendicular to x and z and is not depicted in this diagram. Epiblast cells in red, hypoblast cells in green. Neftehivatled coordinate
system has been used. sh, shield; yol, yolk. Scale bar in|Am50

200.0

X [um]

JI [um]
100
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Fig. 4. Distribution of spatial distribution of pseudopods
pseudopodial processes in wi
type andslb prechordal plate
precursor cells at the onset of
gastrulation. Prechordal plate
precursor cells were labelled
with a mixture of cytosolic anc
membrane-bound GFP and
visualised in 3D over time by
two-photon confocal

microscopy. (A,D) 3D images size-distribution of pseudopods along the x-axis

of prechordal-plate-precursor B’ P _ E' o

cells in a wild-type (A) andlb 90 . %0

mutant embryo (D) moving B 0 80

from bottom (germ ring margil T R 794 !
to top (animal pole) at shield : . : :i-'-

stage. Arrowheads point to I R e o D e TR - o
thick, pseudopod-like process o i ," :g St :':'F. Tt e ¥ E St e
and the red asterisk (D) mark: £t sl ey .'.L;; et at (R c fegekd
pseudopod projecting into the gl IO LS e % EETot R
dorsal direction. (B,E) Spheric A8 o5 T = o % - om—. PR . 5 %
plots showing the distribution x T .y 3%

the outgrowth positions of . SLZS-dIStI’IbUtIOﬂ of pseudopoqla along the y-axis .
pseudopods (blue dots) relati B 100 E 100

to the cell centroid and . : 2 :

normalized to the movement i i )| . g

direction of the cells (black do . el . kY

in wild-type (B) andslb mutant 2 o LA o
(E) embryos at shield stage. SR e oy IS
these spherical diagrams, the S "‘b.""; fea 2ele {,.. :““'}“ o .
3D distribution of the position: St .":;Sﬂ{, e (ot 'i.:":’:'_-.ﬁ Sea e
where pseudopods emerged s 5 5

the surface of each cell (blue 18 -1o i : 5 10 15 15 -10 5 ; 5 10 15
dots) was measured relative t ; Fedrib ] :

the centroid of the cell body. 8 relative distribution of pseudopod';s along the x- and y-axes

The position of the centroid fo 1002 1y | 10000 1

the succeeding timepoint was
also measured. The distances
between the positions of the

*
*

pseudopod and the cell centrc - i
were then calibrated to a PO i *
constant value, leaving the 2000 X 3000
orientation of the pseudopod 2000 2000
positions unchanged. Plotted 10.00 1000
3D with the cell centroid at the a0 oo £

+X -X +z -z +X -X +z -z

origin, the pseudopod positior
were, thus, placed at the surfc computer-assisted image reconstruction of single cells
of a sphere centred around th 4 b c d e g h
origin. These spherical graph: > >oel ool 24464 TS e " - *ee r& S8
were then turned so that the f :s - sope & el siase &«%« - -‘%44 :;'3,‘."
positions of each cell centroid =~ S L% S F@e: b4 e & v 20 zoefes o4 &0 S22
for the following timepoint PeF 0 66425 6045 P94y = 5 <

(black dot) were placed onto the

x-axis. The pseudopod positions in 20 cells from five wild-type andHfivembryos at four consecutive timepoints (0, 2.5, 5 and 7.5 minutes)
were plotted into one diagram. To enhance the 3D appearance of the plots, an artificial transparent sphere centred wathadutégirio

each diagram. Note that the x, y and z axes in these diagrams show the coordinates relative to the movement directioal afeltelii#x

axis), whereas in Fig. 3, these axes depict the global coordinates within the gastii}eDi@ribution of pseudopod lengths from B and E,
respectively, along the x-axis.'(B') — the individual movement axis of the cells — or the z-aXisEB. Each diagram shows pseudopod

lengths relative to the body length of the corresponding cell (in %); the numbers on the ordinate axis correspond tongyitrétty x=10

being the radius of the spheres in (B) and (E). (C,F) Distribution of the outgrowth positions of pseudopods in wild-typs!l{@)aant (F)
embryos. The columns show the relative distribution of pseudopods along (+x versus —x) or perpendicular (+z versusnenjituéhe i
movement direction of the cells, averaged over four consecutive timepoints (0, 2.5, 5 and 7.5 minutes), with the cedt cextrand z=0.

The insets show examples of wild-type (a-d) asltde-h) prechordal plate cells after 3D reconstruction with the software used to quantify the
data, with cell body and pseudopods in light blue and red, respectively. The corresponding timepoints are inéc@te, paired Student’s
t-test. Scale bar in A: 2J0m.
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slb mesendodermal cells exhibit defects in the However, unlike wild-type epiblast cells, they formed
orientation of their cellular processes along their processes that were oriented preferentially towards the
individual movement directions underlying cells or substrate (—z direction; Fig. 5D-F; Movie 5

To investigate the cellular mechanisms that underlie the celat http://dev.biologists.org/supplemental/; average percentage
movement defects islb mutants, we recorded the morphology of processes per cell in +z versus —z direction at all timepoints,
of individual cells labelled with a mixture of cytosolic and 36% versus 64%; s.d., 36®; 3.1x10-3). Comparison of the
membrane-anchored GFP (Okada et al., 1999) using twalistribution of pseudopod lengths along the x and z axes and
photon confocal microscopy. Parameters of cell morphologyhe average number, shape and length of processes in wild-type
such as the number, shape and orientation of cellular processasd slb epiblast cells revealed no obvious differences (Fig.
were measured in 3D over time. Process orientation w&B',B",E,E' and data not shown).
calculated relative to the individual movement direction of To complement our study on cellular processes, we also
each cell by determining the points on the cell surface whem@nalysed dynamic changes of different morphometric
processes emerged. Temporal changes in the morphology pdrameters that describe the shape of the cell body (excluding
cellular processes were quantified by calculating the totglrocesses), such as surface area, volume, and cell elongation,
length and roundness, which measures how efficiently @ hypoblast and epiblast cells from wild-type asfid mutant
surface encloses a volume (Heid et al., 2002), of each procemsibryos. However, we detected no significant differences in
at different timepoints (see Materials and methods). any of these parameters between wild type and mutant embryos
First, we analysed the morphology of axial hypoblast cell§data not shown), which indicates tls#ii/wnt11is not required
at the leading edge of the presumptive prechordal plate. Wer the general shape of the cell body itself in hypoblast and
chose those cells because they have more distinct processgiblast cells at the onset of gastrulation.
than cells in more posterior parts of the prechordal plate (data Taken together, these findings indicate thHfwntl1 is
not shown) and are, therefore, easier to analyse in respectrteeded in hypoblast cells to orient pseudopod-like processes
process formation and orientation. By analysing dynamitowards their individual movement directions. In the absence
changes in the orientation of cellular processes relativef slb/wntllactivity, both hypoblast and epiblast cells reorient
to changes in the movement directions of single cells, weheir processes towards the underlying cells or substrate. The
found that wild-type prechordal-plate precursor cells fornrequirement forsib/wntllappears to be specific to process
pseudopod-like processes (average roundness <0.7) that areentation, because the general shape of the cell body in
oriented preferentially towards their individual directionsepiblast and hypoblast cells is unchangedllimmutants.
of movement (+x axis, Fig. 4A-C; see Movie 4 at
http://dev.biologists.org/supplemental/; average percentage dhe slb mesendodermal cell morphology defect is
processes per cell in +x versus —x direction at all timepointdinked to less directed movements of these cells and
70% versus 30%; s.d., 38%=1.6x10-5). By contrast, these Ccan be rescued by ubiquitous overexpression of
cells show no such process orientatioslmmutant embryos — Sib/wnt11
(Fig. 4D-F and data not shown), but preferentially orient theiifo investigate if the change in the preferential orientation of
processes towards the underlying cells or substrate (-zllular processes islb mutant cells was linked to the cell
direction; Fig. 4D-F; see Movie 4 at http://dev.biologists.org/movement defect in these cells, we determined the movement
supplemental/; average percentage of processes per cell in parsistence of individual hypoblast cells (Fig. 3 and see above)
versus —z direction over all timepoints, 39% versus 61%; s.din relation to the percentage of processes oriented towards their
39%;P=9.0x10-3). Comparison of the dynamic changes in theindividual movement directions in wild-type aistb mutant
distribution of pseudopod lengths between wild-type slbd embryos. Wild-type hypoblast cells that have processes
hypoblast cells along the x and z axes indicates that mopteferentially oriented towards their individual movement
elongated processes point into the +x direction in wild-typelirections also show highly persistent movements, whereas in
embryos but not inslb mutants (Fig. 4BB",E,E"). The slb mutant cells, a reduction in the percentage of processes
average number, shape and length of processes revealedan@nted towards their individual movement directions is
obvious differences between wild type asildhypoblast cells accompanied by less persistent movements (Fig. 6). Testing
(data not shown). the correlation between process orientation and movement
We also analysed the morphology of single epiblast cells thaersistence for all cells analysed (wild type ali) shows that
were either in front of or directly above the first ingressinghese values are statistically linkd?=0.02; r=0.36) (Mller et
prechordal-plate-precursor cells in wild type asid mutant  al., 2002). This indicates thatb/wntltmediated orientation
embryos. Wild-type epiblast cells formed pseudopod-likeof cellular processes is needed in hypoblast cells for the
processes (average roundness <0.7) that were oriented towadit®ctionality of cell movements at the onset of gastrulation.
and away from their individual movement directions (+x To further confirm that the defective process orientation in
direction). However, we were unable to detect statisticallyslb hypoblast cells is specifically caused by the absence of
significant differences in the distribution of these processeslb/wntllfunction, we ubiquitously overexpresssith/wntll
along the x axis (Fig. 5A-C and data not shown; see Movie BIRNA in slb mutant embryos and determined the orientation
at http://dev.biologists.org/supplemental/), indicating thabf cellular processes in hypoblast cells at the onset of
pseudopod-like processes in wild-type epiblast cells are ngfastrulation. We conducted the morphometric analysis in two
oriented preferentially towards their individual movementdimensions (x-y plane), because this allowed us to analyse a
directions. Similarlyslb epiblast cells showed no preferential larger number of cells than is possible using equivalent 3D
orientation of their processes towards their individualrepresentations. At the onset of gastrulation, hypoblast cells
movement directions (Fig. 5D-F and data not shown)from slb mutant embryos overexpressing 5 pgstif/wntll
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Fig. 5. Distribution of processes in wild-type spatial distribution of pseudopods
andslb epiblast cells overlying the
presumptive prechordal plate at the onset
gastrulation. Cells were labelled with a
mixture of cytosolic and membrane-bound
GFP and visualised in 3D over time by two
photon confocal microscopy. (A,D) 3D
images of typical epiblast cells in a wild-tyf
(A) andslb mutant (D) embryo moving from
top (animal pole) to bottom (germ ring
margin) at shield stage. Arrowheads point
thick, pseudopod-like processes. Arrows m
smaller, filopod-like processes. In A, the B' %
pseudopod emerging from the upper cell is
branched. (B,E) Spherical plots showing th
distribution of the outgrowth positions of
pseudopods (blue dots) relative to the cell
centroid and normalized to the movement e
direction of the cells (black dot) in wild-type e -au-'f _':.:' "\ >
(B) andslb mutant (E) embryos at shield st¢ nM 4.14", Lo &
(see Fig. 4 for further information on *
spherical plots). The process positions of z - A = : 3 1 L -0

X
cells (from four timepoints in wild type and ize.distribiiti f dobods al the v-axi
the first three timepoints isib) or from 11 RTINS [vendapoas; dici Inecy s

cells (last timepoint irslb) from five wild- - b I 00

type and eighslb embryos at four consecuti
timepoints (0, 2.5, 5 and 7.5 minutes) were
plotted into one diagram. Note that the x, y .
and z axes in these diagrams show the e
coordinates relative to the movement direc
of individual cells (+x axis), whereas in Fig
3, these axes depict the global coordinates
within the gastrula. (BB",E',E") Distribution a8
of pseudopod lengths from B and E,
respectively, along the x-axis '(B') — the
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MRNA per embryo preferentially orient their pseudopod-likethe process-orientation phenotype in hypoblast cells from
processes towards their individual movement directions. Thislb/wntlloverexpressing embryos is even more pronounced at
is similar to but slightly weaker than in equivalent wild-type mid-gastrulation stages (Fig. 7A,C,D; 90% versus 10% in
cells (87% versus 13% in +x versus —x direction, s.d.=13%#tx versus —x direction, s.d.=12%=8.11x10-19in slb cells
P=7.4x10%in wild-type cells; 61% versus 39% in +x versus overexpressingslb/wntll 87% versus 13%, s.d.=15%,
—x direction, s.d.=12%P=0.04 in slb cells overexpressing P=2.11x10"7 in wild-type cells). By contrast, hypoblast cells
slb/wntl). By contrast, no preferential orientation wasfrom uninjectedslb embryos at mid-gastrulation have a
detected in cells from uninjectstb mutants (57% versus 43% significantly lower preferential orientation of their processes
in +x versus —x direction, s.d.=22%=0.29). This rescue of (Fig. 7B,D; 66% versus 34%, s.d.=21%;3.78<103) when
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Fig. 6. Scatter plot of the relationship between the orientation of
hypoblast cell processes towards their individual movement
directions (y-axis with % of processes in movement direction) in

relation to the degree of persistence of their movements (x-axis),

determined for five consecutive timepoints (0, 2.5, 5, 7.5 and 10
minutes) in 20 wild type (blue-dots) and &0 cells (red dots) from
five embryos each.

compared to wild type R=2.9x103) and slb/wntlt

overexpressinglb cells P=3.5x10"%). Taken together, these

results indicate that ubiquitous overexpressiorslbfwntll

can rescue the hypoblast process orientation phenotygke in

mutant embryos during early stages of gastrulation.

Discussion

In this study, we have analysed the cellular function ofmorphogenetically distinct

Research article

conclude thaslb/wnt11is needed for the orientation of cellular
processes in hypoblast cells and that the correct orientation of
cellular processes in these cells facilitates and stabilises their
movements.

The cellular function of  slb/wntl1l atthe onset of

gastrulation

The main finding of this study is thsib/wnt11is required for
both cellular process orientation and directed cell movements
of hypoblast cells at the onset of gastrulation. To obtain insight
into the relationship of process orientation and cell movement
in single cells, we developed an assay that allows us to compare
dynamic changes in process orientation with changes in the
direction of cell movements. We showed that in wild-type
hypoblast cells, process orientation and movement direction
are aligned, whereas slb mutant cells, no such alignment
is observed. The misalignment of process orientation and
movement direction irslb mutants is linked to less efficient
movements of hypoblast cells towards the animal pole.
However, although these cells move slower with more frequent
changes in the movement direction (‘less persistent
movement’), the net direction of their movement appears to be
unaffected. This indicates that the rolestif/wntltmediated
orientation of cellular processes in the direction of individual
cell movements is to facilitate and stabilise these movements,
rather than to determine the overall direction of movement.
How do these findings relate to previous studies that
implicate slb/wntll and the Wnt/PCP pathway in the
regulation of CE movements at later stages of gastrulation
(reviewed by Tada et al., 2002; Wallingford et al., 2002)?
We analysed the function dlb/wntllin cells that were
from cells undergoing CE

slb/wnt11in the forming germ ring at the onset of gastrulation.movements. Hypoblast cells in the region of the forming germ
We found thatslb/wntllis required for the orientation of ring at the onset of gastrulation do not show medio-lateral cell
cellular processes in hypoblast cells towards their individuahtercalation behaviour nor elongate along their medio-lateral
movement directions and that the aberrant orientation aixes (M.L.C. and C.P.H., unpublished), as described for
cellular processes slb mutant hypoblast cells is accompanied cells undergoing CE movements (Concha and Adams, 1998;
by slower, less directed migratory cell movements. WeGlickman et al.,, 2003). Instead, they move as loosely

Fig. 7. Two-dimensional distribution of pseudopodial processes

slb in wild-type, slb andslb/wnt1linjectedslb prechordal plate

precursor cells at midgastrulation stages. As in Figs 4 and 5,
cells were labelled with a mixture of cytosolic and membrane-
bound GFP and visualised over time by two-photon confocal
microscopy. (A-C) Polar plots of the distribution of the

y outgrowth positions of pseudopods (blue dots) relative to the cell

centroid and normalized to the movement direction of the cells
(black arrows) in wild-type (A)slb (B) andslb embryos injected
with 5 pgslb/wnt1ImRNA (C) at 75% epiboly. These polar
plots were made similar to the spherical plots shown in Figs 4
and 5 (see above), except that the outgrowth positions of the

pseudopods and the cell centroids were originally determined in
two dimensions. For each genotype, the process positions in 5-
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10 cells over 5-15 consecutive timepoints (4-minute time
intervals) from two embryos were analysed and plotted into one
diagram. Note that the x and y axes show the coordinates
relative to the movement direction of individual cells (+x
direction) and do not resemble the global coordinates within the
gastrula. (D) Relative distribution of the outgrowth positions of
pseudopods (in %) along the individual movement direction of
the cells (+x and —x) in wild-type amstb embryos andlb

embryos injected with 5 pglb/wnt11ImRNA, averaged over all
timepoints analysed.
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associated cells in a straight path towards the animal polthe underlying cell(s) or the yolk-cell surface indicates that, in
similar to the behaviour of cells with directed migration onthe absence afib/wntl1function, either the adhesion of these
a substrate [this study and Warga and Kimmel (Warga anckells to their respective substrates is increased or adhesion
Kimmel, 1990)]. Consequently, we found thelb/wntllis  between these cells is decreased. Indeed, our own preliminary
required for the orientation of cellular processes along thebservations show thatb hypoblast cells in culture display a
movement axis of individual cells, a feature that is associategduced tendency to ‘cluster’ (F.U. and C.P.H., unpublished),
commonly with migrating cells in vitro and in vivo which indicates that there are defects in cell-cell or cell-
(Lauffenburger and Horwitz, 1996). substrate adhesion. Further support for a rolsllwfvnt11in

By contrast, the cellular functions of the Wnt/PCP pathwayegulating cell adhesion comes from recent studiggmopus,
in controlling cell movements during CE have not been fullywhich show that the presumptive receptor for Wntll, Fz7, is
addressed. Reduced medio-lateral cell elongation in differeméquired for the effective separation of mesoderm from
mutant and morphant phenotypes of the Wnt/PCP pathway hastoderm at the onset of gastrulation (Winklbauer et al., 2001).
been associated with slower, less persistent cell movements altt is likely that slb/wntlluses both of these, and possibly
late stages of gastrulation (Darken et al., 2002; Goto angther unknown, processes to control cellular morphology and
Keller, 2002; Jessen et al., 2002; Marlow et al., 2002; Park amdovements during gastrulation. Future studies should identify
Moon, 2002; Topczewski et al., 2001; Wallingford et al., 2000)the specific requirements of these target processes for the
However, the specific changes in cell elongation have ndtinction ofslb/wntllin different tissues during the course of
been correlated with the dynamic changes in the individuajastrulation.
movement directions of these cells. Moreover, these cells have
been analysed mainly in two dimensions (x-y plane). This We thank Jennifer Geiger, Mathias Koppen, Christian Dahmann
limits the view on those cells and, consequently, thénd Marcos Go_nzalez-Ganr_:\_n for helpfulc_:ommer_ns on earlier versions
interpretation of these observations because cells undergoifftis manuscript, Beate Kilian for technical assistance, Ugur Yalcin,
CE movements can also exhibit distinctive movementg trin Anczok and Viktor Schnabel for help with the image analysis,

. . inzenz Link for programming Excel Macros and Harald Brush-
along the z-axis (Glickman et al., 2003) (F.U. and C'P'|_|'3]anovjak for extensive reviews of the statistics part of this work. We

unpublished). Future studies to compare the role of thge grateful to Kurt Anderson and Jan Peychl for help with the
Wnt/PCP pathway in cellular dynamics during early versus latgonfocal microscopy. P.J.H., E.V. and D.R.S. are supported by NIH
stages of gastrulation are needed to reveal the common ag@nt HD-18577, The W.M Keck Foundation and the Developmental
divergent aspects of Wnt/PCP signalling during the course ®&tudies Hybridoma Bank (DSHB), P.J.H. by The American Cancer

gastrulation. Society (grant # PF-01-110-01-CSM), M.L.C. and S.W.W. by the
Wellcome Trust, M.T. by an MRC Career Development Award, and
Potential target processes of  slb/wnt11 at the onset F.U. and C.P.H. by an Emmy-Noether-Fellowship from the DFG.

of gastrulation

How does slb/wntll control the orientation of cellular

processes and directed cell movements in the germ ring at t%eferences

onset of gastrulation? Our observation thsdtb/wntll is Adler, P. N. (2002). Planar signaling and morphogenesis in Drosoibds.
expressed within the epiblast, although it is required, Cell2, 525-535.

. . L arth, K. A. and Wilson, S. W. (1995). Expression of zebrafish nk2.2 is
predomlnantly in the hypoblast, indicates  thslb/wnt1] influenced by sonic hedgehog/vertebrate hedgehog-1 and demarcates a zone

produced in epiblast cells, directly or indirectly influences of neuronal differentiation in the embryonic forebraevelopment21,
hypoblast cell movement and morphology. It is possible 1755-1768. _ o
that slb/wnt11 secreted by epiblast cells, might exert directConcha, M. L. a'nd'Adams, R. q(1998). Oriented cell leISIOl:lS and cellular '
control over hypoblast cell morphogenesis by regulating gg\tgroopgrﬁgﬁilzsalngégégz;:)raﬂsh gastrula and neurula: a time-lapse analysis.
rearrangements of the hypoblast cytoskeleton that control thyrken, R. s., Scola, A. M., Rakeman, A. S., Das, G., Mlodzik, M. and
formation and orientation of processes in these c#iidvnt11 Wilson, P. A. (2002). The planar polarity gene strabismus regulates
might function either permissively, by allowing these cells to_convergent extension movements in XenofilBO J.21, 976-985.
extend and stabilise cellular processes in their preferrégiane; A. Riou, J., Umbhauer, M., Boucaut, J. and Shi, X2000). Role

. . . ight f . : ivelv. by d s of frizzled 7 in the regulation of convergent extension movements during
orientation, or it might function instructively, by determining  gaq4ryiation in Xenopus laevibevelopment 27, 3091-3100.
the orientation of these processes. Our observation thaful, T. and Keller, R. (2000). Monopolar protrusive activity: a new
ubiquitous overexpression oflb/wntll rescued the cell morphogenic cell behavior in the neural plate dependent on vertical
morphology and movement phenotypesﬂj mutants argues interactions with the mesoderm in XenopDsv. Biol.224, 3-19.
. s . . . Elul, T., Koehl, M. A. and Keller, R. (1997). Cellular mechanism underlying
in favour O_f a more permissive funCtlc_m Sib/wr_]tllm t_hIS neural convergent extension in Xenopus laevis embrieselopmental
process. Findings from recent studies in zebrafish, which showgio|ogy (Orlando)191, 243-258.
that Rok2, which directly regulates cytoskeletal elements suabilmour, D. T., Maischein, H. M. and Nusslein-Volhard, C.(2002).

as myosin inDrosophila is a downstream component of the Migration and function of a glial subtype in the vertebrate peripheral

; ; ; nervous systeniNeuron34, 577-588.
§Ib/wnt|:l.1§|gnalllngk plath\lNgy SUp.portl\‘jll leantlon s?b/\zlvorgé'l Glickman, N. S., Kimmel, C. B., Jones, M. A. and Adams, R. J2003).
in regulating cytoskeletal dynamics (Marlow et al., )- Shaping the zebrafish notochoBkevelopmeni30 873-887.

Alternatively, slb/wntll might also indirectly affect Goto, T. and Keller, R. (2002). The planar cell polarity gene strabismus
morphogenesis of hypoblast tissue by regulating the regulates convergence and extension and neural fold closure in Xenopus.
differential adhesiveness of hypoblast and epiblast cells, which '?)‘2‘;; E}‘_‘,'O'-ng\}i éﬁf"é%n 4 He, X(2003). Coactivation of Rac and Rho by
W.OUId have a Secondary eﬁeCt. °"? process orientation a Wnt/’Friz’zIed siénaling is reqhired for vertebrate gastrulatidenes Dev.
directed cell movement. The finding that hypoblast (and 17 295-309.

epiblast) cells irslb mutants reorient their processes towardsHabas, R., Kato, Y. and He, X.(2001). Wnt/Frizzled activation of rho



5384 Development 130 (22) Research article

regulates vertebrate gastrulation and requires a novel formin homologylarlow, F., Topczewski, J., Sepich, D. and Solnica-Krezel, L(2002).

protein daamiCell 107, 843-854. Zebrafish rho kinase 2 acts downstream of wntll to mediate cell polarity
Hammerschmidt, M., Pelegri, F., Mullins, M. C., Kane, D. A., Brand, M., and effective convergence and extension moveméus. Biol. 12, 876-
van Eeden, F. J., Furutani-Seiki, M., Granato, M., Haffter, P., 884.
Heisenberg, C. P. et al(1996). Mutations affecting morphogenesis during Muller, P. Y., Janovjak, H., Miserez, A. R. and Dobbie, Z.(2002).
gastrulation and tail formation in the zebrafiBanio rerio. Development Processing of gene expression data generated by quantitative real-time RT-
123 143-151. PCR.Biotechniques2, 1372-1379.
Hannus, M., Feiguin, F., Heisenberg, C. P. and Eaton, 002). Planar cell ~Okada, A., Lansford, R., Weimann, J. M., Fraser, S. E. and McConnell,
polarization requires Widerborst, a' Begulatory subunit of protein S. K. (1999). Imaging cells in the developing nervous system with
phosphatase 2/evelopmeni29, 3493-3503. retrovirus expressing modified green fluorescent proeip. Neurol 156,

Heid, P. J., Voss, E. and Soll, D. R(2002). 3D-DIASemb: a computer- 394-406.
assisted system for reconstructing and motion analyzing in 4D every cefark, M. and Moon, R. T. (2002). The planar cell-polarity gene stbm
and nucleus in a developing embrizev. Biol.245 329-347. regulates cell behaviour and cell fate in vertebrate embNats.Cell Biol.
Heisenberg, C. P, Brand, M., Jiang, Y. J., Warga, R. M., Beuchle, D., van 4, 20-25.
Eeden, F. J., Furutani-Seiki, M., Granato, M., Haffter, P, Rauch, G. J., Hammerschmidt, M., Blader, P., Schauerte, H. E., Strahle,
Hammerschmidt, M. et al. (1996). Genes involved in forebrain U., Ingham, P. W., McMahon, A. P. and Haffter, P.(1997). Wnt5 is
development in the zebrafish, Danio refd@velopmeni23 191-203. required for tail formation in the zebrafish embr@nld Spring Harbor
Heisenberg, C. P. and Nusslein-Volhard, C(1997). The function of Symposia on Quantitative Biolo@p, 227-234.
silberblick in the positioning of the eye anlage in the zebrafish embryoShih, J. and Keller, R.(1992). Cell motility driving mediolateral intercalation

Developmental Biology (Orlandd)84, 85-94. in explants of Xenopus laeviBevelopmeni16 901-914.

Heisenberg, C. P., Tada, M., Rauch, G. J., Saude, L., Concha, M. L., Soll, D.R., Voss, E., Johnson, O. and Wessels,(B000). Three-dimensional
Geisler, R., Stemple, D. L., Smith, J. C. and Wilson, S. WZ2000). reconstruction and motion analysis of living, crawling ceflsanning22,
Silberblick/Wntl1l mediates convergent extension movements during 249-257.
zebrafish gastrulatioMature405, 76-81. Solnica-Krezel, L., Stemple, D. L., Mountcastle-Shah, E., Rangini,

Jessen, J. R., Topczewski, J., Bingham, S., Sepich, D. S., Marlow, F,, Z., Neuhauss, S. C., Malicki, J., Schier, A. F., Stainier, D. Y.,
Chandrasekhar, A. and Solnica-Krezel, L.(2002). Zebrafisttrilobite Zwartkruis, F., Abdelilah, S. et al. (1996). Mutations affecting cell fates
identifies new roles for Strabismus in gastrulation and neuronal movements. and cellular rearrangements during gastrulation in zebr&iselopment
Nat. Cell Biol.4, 610-615. 123 67-80.

Keller, R. (2002). Shaping the vertebrate body plan by polarised embryoniStrutt, D. I. (2002). The asymmetric subcellular localisation of components
cell movementsScience298 1950-1954. of the planar polarity pathwagemin. Cell Dev. Bioll3, 225-231.

Keller, R. and Danilchik, M. (1988). Regional expression, pattern and timing Sumanas, S. and Ekker, S. Q2001). Xenopus frizzled-7 morphant displays
of convergence and extension during gastrulation of Xenopus laevis. defects in dorsoventral patterning and convergent extension movements

Developmeni03 193-209. during gastrulationGenesis30, 119-122.

Keller, R. and Tibbetts, P.(1989). Mediolateral cell intercalation in the dorsal, Sumanas, S., Kim, H. J., Hermanson, S. and Ekker, S. 2001). Zebrafish
axial mesoderm of Xenopus laevidevelopmental Biology (Orlandd)31, frizzled-2 morphant displays defects in body axis elongatBenesis30,
539-549. 114-118.

Keller, R. E., Danilchik, M., Gimlich, R. and Shih, J.(1985). The function = Tada, M., Concha, M. L. and Heisenberg, C. R2002). Non-canonical Wnt
and mechanism of convergent extension during gastrulation of Xenopus signalling and regulation of gastrulation moveme8tmin. Cell Dev. Biol.
laevis.Journal of Embryology & Experimental Morpholo89 Suppl. 185- 13, 251-260.

209. Topczewski, J., Sepich, D. S., Myers, D. C., Walker, C., Amores, A., Lele,

Keller, R., Shih, J. and Domingo, C(1992). The patterning and functioning Z., Hammerschmidt, M., Postlethwait, J. and Solnica-Krezel, L(2001).
of protrusive activity during convergence and extension of the Xenopus The zebrafish glypican knypek controls cell polarity during gastrulation
organiserDevelopment Supp81-91. movements of convergent extensi@ev. Celll, 251-264.

Keller, R., Davidson, L., Edlund, A., Elul, T., Ezin, M., Shook, D. and  Wallingford, J. B., Rowning, B. A., Vogeli, K. M., Rothbacher, U., Fraser,
Skoglund, P.(2000). Mechanisms of convergence and extension by cell S. E. and Harland, R. M.(2000). Dishevelled controls cell polarity during
intercalation.Philos. Trans. R. Soc. Lond. B Biol. 855 897-922. XenopugastrulationNature 405, 81-85.

Kilian, B., Mansukoski, H., Barbosa, F. C., Ulrich, F., Tada, M. and Wallingford, J. B., Fraser, S. E. and Harland, R. M.(2002). Convergent
Heisenberg, C. P(2003). The role of Ppt/Wnt5 in regulating cell shape and extension: the molecular control of polarized cell movement during

movement during zebrafish gastrulatidech. Dev120, 467-476. embryonic developmenbDev. Cell2, 695-706.
Lauffenburger, D. A. and Horwitz, A. F. (1996). Cell migration: a physically ~Warga, R. M. and Kimmel, C. B.(1990). Cell movements during epiboly
integrated molecular proces3ell 84, 359-369. and gastrulation in zebrafisBevelopmenf.08 569-580.

Makita, R., Mizuno, T., Koshida, S., Kuroiwa, A. and Takeda, H.(1998). Winklbauer, R., Medina, A., Swain, R. K. and Steinbeisser, H(2001).
Zebrafish Wntl11 — Pattern and regulation of the expression by the yolk cell Frizzled-7 signalling controls tissue separation dukegopugastrulation.
and no tail activityMech. Dev.71, 165-176. Nature413 856-860.



