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Summary

Collective cell migration, the simultaneous movement of
multiple cells that are connected by cell-cell adhesion, is

ubiquitous in development, tissue repair, and tumor metas-
tasis [1, 2]. It has been hypothesized that the directionality

of cell movement during collective migration emerges as
a collective property [3, 4]. Here we determine how move-

ment directionality is established in collective mesendo-
derm migration during zebrafish gastrulation. By interfering

with two key features of collective migration, (1) having
neighboring cells and (2) adhering to them, we show

that individual mesendoderm cells are capable of normal
directed migration when moving as single cells but require

cell-cell adhesion to participate in coordinated and directed
migration when moving as part of a group. We conclude that

movement directionality is not a de novo collective property

of mesendoderm cells but rather a property of single mesen-
doderm cells that requires cell-cell adhesion during collec-

tive migration.

Results and Discussion

Collective behavior has been observed in diverse biological
systems, ranging from bird flocks and social insect colonies
to the collective migration of cells in development and disease
[3–5]. A hallmark of such systems is that the collective behavior
of many individuals is not necessarily explained by the autono-
mous behavior of its individual components. Studies on collec-
tive cell migration in vitro and in vivo have shown that the biased
motion of a small proportion of cells is in principle sufficient to
direct the migration of a large body of cells [3, 4, 6]. It has there-
fore been suggested that movement directionality emerges as
a collective property of cells moving together, although it is still
unclear how broadly this applies to different forms of collective
migration. To investigate how movement directionality could
arise during collective migration in vivo, we analyzed the move-
ment of germ layer progenitor cells during zebrafish gastrula-
tion. Specifically, we focused on mesoderm and endoderm
(mesendoderm) progenitors originating from lateral domains
of the early gastrula known to display directed migration during
midgastrulation stages (7–9 hours postfertilization [hpf]) [7].
To ascertain that these mesendoderm progenitors undergo
collective migration, we analyzed their movement coordination
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and directionality, key features of collective migration [1, 2], in
two-photon excitation microscopy movies detecting nuclei.
Confirming and extending previous studies [7], we found that
mesendoderm progenitors during midgastrulation stages
(7–9 hpf) displayed highly coordinated and directed move-
ments oriented toward the forming embryonic body axis as
determined by their instantaneous speed (the speed at a par-
ticular moment), displacement speed, displacement effective-
ness, and movement similarity [8] (Figures 1A–1F; see also
Figure S1 available online), indicative for collective migration.

To investigate whether movement directionality is a collec-
tive property of mesendoderm cells moving together, we first
asked how single mesendoderm cells migrate apart from
their group. If movement directionality is a collective property,
single mesendoderm progenitors are expected to exhibit
poor directionality. We analyzed this by performing a series
of cell transplantation experiments in which a single mesendo-
derm donor cell was placed into either the forming paraxial
mesendoderm of a wild-type host embryo at the onset of
gastrulation (6 hpf) or into an equivalent position in a
maternal-zygotic oep (MZoep) mutant embryo, which lacks
most mesendoderm [9] (Figure 2A). Donor cell movements
were recorded by confocal microscopy throughout mid and
late gastrulation stages (7–10 hpf), allowing us to compare
the migration of individual donor cells in the presence or
absence of neighboring mesendoderm cells. We found that
single donor mesendoderm progenitors in MZoep mutants
exhibited directed movements similar to those in wild-type
embryos, as determined by their mean squared displacement
instantaneous speed and effective speed (the speed of
displacement; Figures 2B–2D). Moreover, single donor mesen-
doderm progenitors in MZoep mutants moved in a preferred
dorsal-vegetal direction toward the emerging body axis, indis-
tinguishable from single donor progenitors in wild-type
embryos (Figures 2E and 2F). This shows that individual mes-
endoderm progenitors in the absence of neighboring cells can
undergo directed migration similar to mesendoderm progeni-
tors undergoing collective migration. It further suggests that
mesendoderm movement directionality is a property of indi-
vidual mesendoderm progenitors rather than a collective
property of these cells moving together in collective migration.

In addition to the ability of individual mesendoderm cells to
undergo directed migration, external factors attributed to the
presence of neighboring cells, particularly cell-cell adhesion,
may influence directionality. To address whether cell-cell
adhesion is involved in determining movement directionality
during collective mesendoderm migration, we analyzed the
movement of mesendoderm cells with impaired cell-cell
adhesion. We modulated cell-cell adhesion by injecting
discrete quantities of a morpholino antisense oligonucleotide
(MO) to E-cadherin [10]. The amount of E-cadherin at the
plasma membrane was found to scale with the amount of
e-cadherin MO injected (Figure 3A), demonstrating a concen-
tration-dependent effect of e-cadherin MO on E-cadherin
expression in mesendoderm progenitors. To ascertain the
effect on mesendoderm cell-cell adhesion, we correlated
the amount of e-cadherin MO injected and E-cadherin at
the plasma membrane with the cell-cell adhesion strength of
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Figure 1. Movement of Lateral Mesendoderm Cells in Wild-Type Embryos

(A and B) Bright-field images of an embryo at the beginning of gastrulation (6.5 hours postfertilization [hpf]; A) and at midgastrulation (8.5 hpf; B). Boxes

outline the imaged region in (C).

(C) Trajectories of mesendoderm progenitors during midgastrulation stages. Nuclei were tracked with nuclei tracking software [8]. The endpoint of each

track is indicated with a sphere. The box depicts the magnified region shown in (D). Embryos were imaged by two-photon excitation microscopy from

6.5 hpf to 8.5 hpf. Animal pole is to the top and dorsal to the right.

(D) Magnified view of the boxed region in (C).

(E) Average instantaneous speed (inst.), average displacement speed (displ.), and displacement effectiveness of mesendoderm progenitors during midg-

astrulation stages.

(F) Instantaneous similarity of mesendoderm progenitor movements within a maximum distance of 20 mm. Values range from 21.0 (opposite direction of

movement) over 0 (movement vectors are orthogonal) to +1 (parallel movement). Histograms were generated separately for each embryo. Box plots

show the distribution of the bin heights among the different embryos.
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mesendoderm progenitors as measured by single-cell force
spectroscopy (SCFS) [10]. We found that the cell-cell adhesion
force of both homotypic (morphant-to-morphant) and hetero-
typic (wild-type-to-morphant) cell-cell contacts scaled with
the amount of e-cadherin MO injected (Figures 3A–3D) and
the amount of E-cadherin at the plasma membrane (Figure 3E).
When high levels of e-cadherin MO (8 ng per embryo) were
injected, both E-cadherin expression and homotypic cell-cell
adhesion were strongly reduced (Figures 3B–3D), in agree-
ment with previous findings [10] that E-cadherin plays an
important role in mesendoderm cell-cell adhesion. In contrast,
cortex tension of individual mesendoderm progenitors as
determined by colloidal force spectroscopy [10] remained
unchanged in e-cadherin morphant cells (Figure 3F), suggest-
ing that E-cadherin does not affect the cortical cytoskeleton.

To investigate how the demonstrated changes in cell-cell
adhesion affect an individual mesendoderm progenitor’s
movement as part of a group, we used a cell transplantation
assay, allowing us to simultaneously monitor the move-
ments of mesendoderm progenitors with different adhesive
strengths. Typically, a differentially labeled mix of control and
experimental cells, ideally consisting of one cell each, was
transplanted into the forming paraxial mesendoderm of
a wild-type embryo at the onset of gastrulation (6 hpf), and
the donor cell movements were recorded by confocal micros-
copy throughout mid and late gastrulation stages (7–10 hpf;
Figures 4A–4C; Movie S1). We found that mesendoderm
progenitors with lower cell-cell adhesion displayed signifi-
cantly less directed movements, as revealed by their mean
squared displacement and effective movement speed (Figures
4D and 4E). Moreover, mesendoderm progenitors with reduced
cell adhesion failed to move in a preferred dorsal-vegetal direc-
tion toward the emerging body axis and instead showed
dorsal-directed movements with little bias along the animal-
vegetal axis (Figures 4F–4J). Plotting movement directionality
as a function of cell-cell adhesion force, we found that the
effective movement speed of mesendoderm progenitors line-
arly scaled with the adhesion force of both homotypic and
heterotypic cell-cell contacts (Figure 4K). This shows that
mesendoderm heterotypic cell-cell adhesion strength and
effective movement speed are tightly correlated with each
other (r = 0.96, p = 0.009), suggesting that adhesion-mediated
mechanical coupling of cells is critical for directed movement
of mesendoderm progenitors. In contrast, the instantaneous
movement speed was hardly affected in mesendoderm
progenitors with reduced cell-cell adhesion (Figure 4E; r = 0.58,



Figure 2. Movement of Individual Mesendoderm Cells in Wild-Type and

MZoep Mutant Embryos

(A) Schematic diagram of the cell transplantation experiment. One single

mesendoderm cell was transplanted from a donor embryo into either

wild-type (WT) or MZoep mutant host embryos at the onset of gastrulation

(6 hpf).

(B) Mean squared displacement (MSD) plot of individual mesendoderm

donor cell movements in WT (circles) and MZoep (squares) host embryos.

(C and D) Average effective (C) and instantaneous (D) speed of individual

mesendoderm donor cell movements in WT and MZoep host embryos.

(E and F) Movement orientation of individual mesendoderm donor cells in

WT (E) and MZoep (F) host embryos. n represents number of analyzed cells.

Cell Adhesion in Collective Cell Migration
163
p = 0.31). This suggests that cell-cell adhesion predominantly
affects the directionality rather than the general motility of indi-
vidual mesendoderm movements in collective migration.

In our transplantation experiments described above, we
analyzed how changes in donor cell adhesion interfered with
their movement in host embryos with normal adhesion. To
exclude the possibility that the observed effects in movement
directionality are mere secondary consequences of cell sorting
due to differential adhesion between donor and host cells, we
analyzed mesendoderm movement behavior in e-cadherin
mutant and morphant embryos with uniformly reduced
adhesion at midgastrulation stages (7–9 hpf). We found
that in both e-cadherin mutant and morphant embryos,
movement directionality of mesendoderm progenitors was
clearly reduced, as determined by their instantaneous speed,
displacement speed, and displacement effectiveness in two-
photon excitation microscopy movies detecting nuclei (Figures
5A–5C). This indicates that uniform reduction of cell-cell
adhesion has consequences for individual mesendoderm cell
movements similar to those observed for transplanted cells
with reduced adhesion. We also found that movement
coordination among mesendoderm progenitors decreased
with increasing distance between cells and was strongly
reduced in both e-cadherin mutant and morphant embryos,
as determined by their movement similarity (Figures 5D–5F;
Figure S1), suggesting that movement coordination depends
on cell-cell adhesion.

Our suggestion that E-cadherin-mediated mechanical
coupling of cells is critical for directed movement of mesendo-
derm progenitors is based on the observation that E-cadherin-
dependent cell-cell adhesion strength and effective movement
speed are strongly correlated with each other. However, this
does not exclude the possibility that E-cadherin-mediated
processes other than adhesion, such as mesendoderm cell
differentiation and proliferation, might also be involved.
We therefore investigated potential adhesion-independent
functions of E-cadherin in mesendoderm cells by analyzing
downstream signaling through b-catenin [11], cell differentia-
tion, and cell proliferation [12], but were unable to detect any
significant changes between wild-type and E-cadherin defec-
tive mesendoderm cells (Figure S2; [13–16]). These findings
support our suggestion that E-cadherin functions in mesendo-
derm movement directionality by modulating cell adhesion
rather than adhesion-independent processes.

To determine how E-cadherin-mediated adhesion of mesen-
doderm progenitors controls movement directionality and
coordination, we recorded high-magnification differential
interference contrast (DIC) movies of lateral mesendoderm
progenitors in wild-type and e-cadherin morphant embryos
during midgastrulation stages (7–9 hpf). Analysis of cell
morphology and movement showed that migrating wild-type
mesendoderm progenitors formed stable cell-cell contacts
and, once the contact had formed, moved only very little
relative to each other (Figures 5G–5J; Movie S2). In contrast,
e-cadherin morphant mesendoderm progenitors failed to form
stable cell-cell contacts and restrict their movements relative
to each other (Figures 5G–5J; Movie S3), resulting in progen-
itors frequently crawling over each other, a behavior only rarely
observed in wild-type embryos. These observations suggest
that E-cadherin-mediated adhesion of mesendoderm progen-
itors enhances cell-cell contact persistency and, at the same
time, restricts movement of cells relative to each other.

Cell-cell adhesion might function specifically in collective
migration or, alternatively, might have additional functions in
single-cell migration, e.g., regulating mesendoderm cell adhe-
sion to the overlying ectoderm and/or underlying yolk syncytial
layer. To distinguish between these possibilities, we trans-
planted a small number of differentially labeled control and
e-cadherin MO cells into MZoep mutants and analyzed their
migratory behavior. We found that the migration directionality
of transplanted single mesendoderm progenitors remained
unchanged when E-cadherin expression was reduced (Fig-
ure S3), indicating that cell-cell adhesion is specifically
required during collective migration but is largely dispensable
for single-cell migration in this system. It also suggests that
E-cadherin is not needed for cell migration per se but is specif-
ically required to undergo directed movement during collec-
tive migration.

Taken together, these findings show that individual mesen-
doderm progenitors must adhere to each other to participate



Figure 3. Regulation of Mesendoderm Cell-Cell Adhesion

(A) E-cadherin at the plasma membrane of mesendoderm progenitors injected with increasing amounts of e-cadherin morpholino (MO) as determined

by in vitro biotinylation. Staining intensity of biotinylated E-cadherin in e-cadherin morphant cells is shown relative to mesendoderm WT control cells

(ctrl; mean 6 standard deviation).

(B–D) Homotypic (green) and heterotypic (red) adhesion force of mesendoderm progenitors injected with increasing amounts of e-cadherin MO for 1 s (B),

10 s (C), and 60 s (D) contact time, measured by single-cell force spectroscopy [10].

(E) Homotypic adhesion force as a function of the normalized E-cadherin staining intensity as shown in (A) of WT control and e-cadherin MO injected progen-

itor cells (median 6 median average deviation [MAD]).

(F) Cortex tension of mesendoderm progenitors injected with increasing amounts of e-cadherin MO.
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in directed movement during collective migration. It further
indicates that the ability of single mesendoderm progenitors
to undergo directed migration is not sufficient to achieve
directed movement when part of a group.

Generally, collective migration has a cell-autonomous
movement component, defined by the migratory activity of
individual cells, and a nonautonomous (or advective) compo-
nent, describing the translocation of individual cells by the
global movement of the cluster [1, 2]. Our finding that indi-
vidual mesendoderm progenitors in the absence of neigh-
boring cells migrate normally indicates that directed migration
is an individual cell property rather than being set de novo by
a particular collective/group property. However, once mesen-
doderm progenitors move as part of a group, cell-cell adhe-
sion mediation of movement becomes critical to their directed
movement. Why do cells need cell-cell adhesion to maintain
their directionality when moving together? Individual cells,
although globally moving in the same direction during collec-
tive migration, exhibit some degree of variability in their
individual movement paths (Figure 1). It is possible that this
variability is reduced when cells are coupled together through
cell-cell adhesion, resulting in more directed movements of
adherent cells compared to nonadherent cells. To determine
the plausibility of this assumption, we have analyzed the
contribution of cell-cell adhesion to collective mesendoderm
migration using a numerical simulation. In our simulation, the
migration of mesendoderm progenitors is mediated by four
different force types: (1) a short-range spring force (fs)
modeling cell-cell adhesion, (2) a chemotactic force (fc) model-
ing polarized cell migration, (3) a ‘‘Vicsek’’ force (fv) modeling
collective migration [17], and (4) a noise force (fn) modeling
random cell migration (for details, see Supplemental Experi-
mental Procedures). The ‘‘Vicsek’’ force is based on a model
illustrating that for a system of self-driven particles (cells), local
interactions can give rise to a kinetic phase transition between
a globally disordered state (zero average cell velocity) and a
state with large-scale order and nonzero average cell velocity
(collective migration). We have included the ‘‘Vicsek’’ force in
our simulation because it has previously been shown to accu-
rately describe a variety of collective biological phenomena,
ranging from the rotation of bacterial colonies [18] to the
collective migration of epidermal keratocyte cells [19]. Using
the relative differences in cell-cell adhesion strength between
wild-type control and e-cadherin morphant cells (Figure 3) to
determine the spring force (fs) in our simulation, we found
that morphant cells exhibit less directed and slower movement
compared to wild-type control cells during collective migration
(Figure S4). These findings are consistent with our experi-
mental observations and thus confirm the plausibility of our
proposed mechanism.

Although this simulation illustrates that transplanted cells
with reduced cell-cell adhesion move in a less-directed



Figure 4. Effect of Cell-Cell Adhesion on Individual Mesendoderm Cell Movement

(A) Schematic representation of the transplantation experiment. Cells from donor embryos (red, control; green, e-cadherin morphant) are transplanted into

a host WT embryo (blue) at 50% epiboly (5 hpf). The movement of the cells until the end of gastrulation (10 hpf) was monitored by time-lapse confocal micros-

copy.

(B and C) Transplanted e-cadherin morphant (green) and WT control (red) cells at the onset of gastrulation (6 hpf; B) and at the end of gastrulation (10 hpf; C).

Arrows point to transplanted cells.

(D) MSD plot of e-cadherin morphant and WT control cells.

(E) Average instantaneous (circles) and average effective (squares) movement speed for WT control (red) and e-cadherin morphant (green) cells. Error bars

represent standard error of the mean. p values determined by t test are shown above or below the brackets.

(F–J) Movement orientation of WT control (red; F) and e-cadherin morphant (green) cells injected with 0.5 ng (G), 2 ng (H), 4 ng (I), and 8 ng (J) e-cadherin

morpholino (MO) per embryo represented as angular histograms. Angles were calculated with respect to the dorsal-pointing vector originating from the

embryo center. n represents number of analyzed cells.

(K) Average effective movement speed (mean 6 standard error of the mean) as a function of the heterotypic and homotypic adhesion force (median 6 MAD)

of WT control (red) and e-cadherin morphant (green) cells as measured in Figure 2D (60 s contact time). n represents number of analyzed cells.
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Figure 5. Movement of Lateral Mesendoderm

Cells in e-cadherin Mutant and Morphant

Embryos

(A–C) Average instantaneous speed (A), average

displacement speed (B), and displacement

effectiveness (C) of mesendoderm progenitor

cell movements during midgastrulation stages

(7–9 hpf). Data of 6 wild-type (WT; red), 3 e-cad-

herin/weg mutant (weg; green), and 4 e-cadherin

morphant (ecadMO; green; 4 ng per embryo)

embryos are shown. Error bars in (A) and (B)

represent the standard error of the mean, and in

(C) the standard deviation. p values determined

by t test are shown above the brackets. The

average number of tracked cells per embryo is

390 6 169 in WT, 403 6 213 in mutant, and

380 6 121 in morphant embryos.

(D–F) Instantaneous similarity of neighboring

mesendoderm progenitor movements within

a maximum distance of 20 mm in WT (D),

e-cadherin/weg mutant (E), and e-cadherin

morphant (F) embryos. Values range from 21.0

(opposite direction of movement) over 0 (move-

ment vectors are orthogonal) to +1 (parallel move-

ment). Histograms were generated separately for

each embryo. Box plots show the distribution of

the bin heights among the different embryos.

(G) Series of consecutive images from differential

interference contrast (DIC) movies showing

exemplary mesendoderm progenitor cell cou-

plets in WT (red) and e-cadherin morphant

embryos (green; 4 ng MO per embryo) from cell-

cell contact formation (21 min) to contact sepa-

ration (67 min for WT and 11 min for morphant

cells) during their migration at midgastrulation

stages (7–9 hpf). Scale bar represents 16 mm.

(H) Cumulated histogram of cell contact times of

two mesendoderm cells in WT and e-cadherin

morphant embryos (4 ng per embryo). Number of

interacting cells decreases exponentially with

higher contact time. Solid line represents a sin-

gle-exponential decay with a mean contact sur-

vival time t = 12.5 6 0.3 min and t = 28 6 1.7 min

formorphant (ecadMO)andWT cells, respectively.

(I) DIC image outlining the overlap area of repre-

sentative mesendoderm couplets in WT and

e-cadherin morphant embryos (4 ng per embryo).

Cell couplets are outlined with a white line and

the overlap with a red line. Scale bar represents

18 mm.

(J) Overlap area (outlined in I) between two mes-

endoderm cells in WT and e-cadherin morphant

embryos.
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manner than their neighboring cells with normal adhesion
(Figure 4), it does not explain why a cell moving alone exhibits
similar movement directionality to cells moving as a coherent
cluster (Figure 2). The most likely explanation for this is that
a cell, when moving as part of a group, displays a higher
degree of movement variability than a cell moving alone and
therefore needs to adhere to neighboring cells in order to
reduce this variability. Why should a cell have increased move-
ment variability when moving as part of a group? One likely
possibility is that positional cues guiding the migration of
mesendoderm progenitors are less interpretable for a cell
when moving as part of a group rather than alone. This could
be caused by the binding and/or internalization of guidance
cues by the migrating cells themselves, which reduces the
availability and distribution of these cues within the group.
Indeed, endocytosis of signaling molecules such as DPP
and FGF8 has recently been shown to alter their graded
distribution within both vertebrate and invertebrate tissues
[20, 21]. Further studies identifying the molecules guiding
mesendoderm progenitor migration and their distribution
within the mesendoderm will be needed to elucidate the
molecular mechanisms underlying collective versus individual
progenitor cell movements.

Adhesion-mediated cell-cell contact formation has previ-
ously been shown to be critical for movement coordination
during collective migration of culture cells [22] and various
cell types in development, including Drosophila border cells
[23, 24], the zebrafish lateral line primordium [25, 26], and
mesoderm progenitors during vertebrate gastrulation
[27–32]. Additionally, contact inhibition has recently been
shown to direct the coherent migration zebrafish neural crest
cells [33], suggesting a function for cell-cell contacts in deter-
mining the direction of coherent migration. A common feature
of cell-cell contact inhibition and adhesion is that protrusive
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activity and consequently locomotion is inhibited at the site of
contact. This contact-induced inhibition of movement can both
polarize individual cell movements and, at the same time,
reduce movement variability among comigrating cells. Inter-
estingly, although contact inhibition between neural crest cells
has been suggested to establish their movement directionality
de novo [33], we show that cell-cell adhesion between mesen-
doderm progenitors is primarily required for the directed
migration of individual cells undergoing collective migration.
Future studies will have to unravel common and divergent
features of cell adhesion and cell contact inhibition in modu-
lating individual cell movements during collective migration.

Experimental Procedures

Embryo Staging and Maintenance

Fish maintenance and embryo collection were carried out as described [34].

Embryos were grown at 31�C in E3 medium and staged according to [35].

mRNA and Morpholino Oligonucleotide Injections

mRNA was synthesized as described [15]. To generate mesendoderm

progenitors, we injected one-cell-stage wild-type Tup Longfin (TL) embryos

with either a mix of cyclops (cyc) mRNA (100 pg) and H2A-zf::mcherry mRNA

(100 pg) for control cells or a mix of cyclops (cyc) mRNA (100 pg), e-cadherin

MO, and Alexa Fluor 488 conjugated histone H1 (1 mg/ml, H13188, Invitro-

gen) for experimental cells. To reduce E-cadherin expression, we injected

discrete concentrations (0.5–8 ng per embryo) of a previously described

e-cadherin MO [14] (50-ATCCCACAGTTGTTACACAAGCCAT-30) into one-

cell-stage embryos.

Transplantation Experiments

Wild-type TL and MZoep mutant donor and host embryos were dechorio-

nated with Pronase (2 mg/ml in E2) and transferred into an agarose plate

with E3 medium. One to two cells were taken from control and experimental

donor embryos at 50% epiboly stage (5 hpf) and transplanted into the

emerging lateral mesendoderm of a host embryo labeled with Dextran Alexa

Fluor 647 at shield stage (6 hpf).

E-Cadherin and b-Catenin Whole-Mount Antibody Staining

Wild-type embryos and e-cadherin morphant embryos (4 ng MO per

embryo) were incubated at 31�C and fixed at 7.5 hpf in 4% paraformalde-

hyde at 4�C overnight. Samples were blocked with serum and incubated

overnight with b-catenin (1:600, Sigma) and E-cadherin primary (1:200) anti-

bodies. The primary antibodies were visualized by using Alexa Fluor 488

goat anti-mouse (1:500, Molecular Probes) for b-catenin and Cy5-conju-

gated goat anti-rabbit IgG (1:500, Jackson Laboratories) for E-cadherin

detection. Images were obtained with an upright Leica SP5 confocal micro-

scope equipped with a 203 water immersion lens with 488 Argon and 633

HeNe laser lines.

Cell Surface Biotinylation and E-Cadherin Detection

Cell surface biotinylation and E-cadherin detection experiments were carried

out as described [10]. Whole protein content was estimated via Coomassie-

stained SDS polyacrylamide gel electrophoresis of extracellular protein frac-

tion. As a loading control, a silver stain of SDS gels was conducted.

Differential Interference Contrast Microscopy

Images were obtained with a Zeiss Axioplan 2 microscope equipped with

a 403 water immersion lens and a QImaging Retiga-SRV Fast 1394 camera.

Frames were captured at 63 s intervals for 2 hr (6–8 hpf). The temperature

was kept constant during image acquisition (24�C). For cell tracking and

measurements of cell-cell overlap area and contact time, Fiji software was

used and statistic analysis was done with IGOR Pro software. Wild-type

and e-cadherin morphant embryos (4 ng MO per embryo) were incubated

at 31�C, dechorionated at 6 hpf with Pronase (2 mg/ml), and mounted in

1% agarose for subsequent imaging.

Confocal Microscopy

Movies of embryos containing transplanted cells were obtained with an

upright Leica SP5 confocal microscope equipped with a 103 and 203 water

immersion lens with 488 Argon, DPSS 561, and 633 HeNe laser lines. Images

were taken in lateral regions of the gastrula at 3 min time intervals during mid
to late gastrulation stages (7–10 hpf). The temperature was kept constant in

all movies (28�C).

Two-Photon Excitation Microscopy

Two-photon excitation imaging of nuclear movements was performed as

described [36]. Images were taken in lateral regions of wild-type, e-cadherin

morphant, and e-cadherin/weg mutant embryos at 1 min time intervals

during midgastrulation stages (7–9 hpf). The temperature was kept constant

in all movies (28�C).

Statistical Data Processing

Force spectroscopy data are represented as median 6 median average

deviation and were computed with IGOR Pro if not differently indicated.

Migration data were normally distributed and are presented as mean 6

standard error of the mean (Figure S5). Pearson’s product-moment correla-

tion coefficients and their statistical significance were computed with

R. Histograms were compiled in IGOR Pro, and bin width was set according

to Rice’s rule (width = 2(n)1/3), with n representing number of observations.

Image Analysis

Tracking and analysis of cell and nuclei movements in wild-type, e-cadherin

morphant, and e-cadherin/weg mutant embryos were done with custom-

built nuclei tracking software [8]. The figures for instantaneous similarity,

instantaneous speed, displacement speed, and displacement effectiveness

were plotted with R. For tracking transplanted cells in three dimensions (x, y,

and z), IMARIS 6.2.0 software was used. The statistical analysis was done

with IGOR Pro software. Tracks of transplanted cells were analyzed in 3D

via home-built IGOR Pro procedures to extract mean squared displacement

(MSD) < Dx2 > with N representing number of frames and n representing

number of time intervals:

�
Dx2

�
=

1

N 2 n + 1

XN 2 n

i = 0

ðxn + i 2 xiÞ2 + ðzn + i 2 ziÞ2 + ðyn + i 2 yÞ2

Circumferential movement of a particle on a sphere would yield lower

displacements for longer time intervals. Therefore, individual cell tracks

were corrected for the intrinsic curvature of the embryo according to

�
Dx2

corr

�
=

"
2RE$arcsin

 ffiffiffiffiffiffiffiffiffiffiffiffi
hDx2i

p
2RE

!#2

;

with RE representing the embryo radius and hDx2
corri representing the cor-

rected and hDx2i the uncorrected mean squared displacement. MSD plots

were fitted to a second-order polynomial hDx2
corriðtÞ= s2t2 + Dt to extract

effective migration speed s and diffusion coefficient D [37]. Instantaneous

speed vi was calculated with the distance Dd a cell traveled within two

subsequent frames separated by a frame rate f = 1/t: vi = Dd
Dt .

Movement orientation was calculated from projected stacks. The angle

between the displacement vector of the cells in the last frame in respect

to the dorsal-pointing Einheitsvector was calculated as

cosa =
x!$ y!

j x!j$j y!j
:

The instantaneous similarity of movement between cells i and j is defined

as the scalar product of their instantaneous speed vectors:

SijðtÞ=
�

v!iðtÞ; v!jðtÞ
�

j v!iðtÞjj v!jðtÞj
= cosq:

Displacement speed was calculated by measuring the overall movement

distance between the initial position at t0 and the final position at tm of each

cell’s trajectory divided by the movement time:

D =
j x!ðtmÞ2 x!ðt0Þj

tm 2 t0

:

The displacement effectiveness of a cell was measured by taking the

overall movement distance normalized to the length of the trajectory. The

length of a trajectory can be estimated as the sum of the instantaneous

velocity vectors:

E =
j x!ðtmÞ2 x!ðt0Þj

L
;L =

Xm

s = 0

v!ðtsÞ:
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Because shorter cell trajectories would usually show a better displace-

ment effectiveness than long cell trajectories, only those trajectories were

quantified where the cell could be tracked for at least 20 time points.

Cell-cell overlap area in the DIC movies was determined by measuring the

thickness of the overlap with ImageJ. The overlap area AO was calculated by

approximating the cells by a sphere. Half the thickness of the overlapping

zone corresponds to the height of a circle segment h in one cell. The area

of each of the segments can then be calculated by

AO = 2$
R2

c

2
$ða 2 sinaÞ

a = arccos
�

Rc 2 h
Rc

�
;

where RC is the averaged diameter of the two interacting cells and a is the

arc angle.

Atomic Force Microscopy-Based Single-Cell Force Spectroscopy

Single-cell force spectroscopy (SCFS) was essentially carried out as

described [10]. Briefly, atomic force microscopy (AFM) cantilevers (MLCT,

Veeco) were plasma cleaned and incubated in 2.5 mg/ml ConA at 4�C over-

night. Cantilevers were calibrated via the thermal noise method before each

adhesion measurement. Cells were attached to the cantilevers with ConA

via a contact force of 1 nanonewton (nN). Approach and retraction velocity

was set to 10 mm/s, and contact time was varied between 1 s and 1 min. Cell-

cell contact force was set to 1 nN.

Cortex Tension Measurement

Cortex tension measurements were acquired as described [10]. Briefly,

control and experimental mesendoderm cells were seeded into a homemade

reaction container and indented with a colloidal force probe (d = 5 mm).

Approach and retract velocity was set to 1 mm/s, and contact force was

reduced to 500 piconewtons (pN). To extract cortex tension, we fitted the

contact force of the approach curve between 125 and 250 pN to the liquid

droplet model [10].

Supplemental Information

Supplemental Information includes Supplemental Experimental Proce-

dures, five figures, and three movies and can be found with this article online

at doi:10.1016/j.cub.2009.11.036.
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