Color profile: Disabled
Composite Default screen

527

Cell adhesion and the actin cytoskeleton of the
enveloping layer in the zebrafish embryo during
epiboly
Sara E. Zalik, Ewa Lewandowski, Zvi Kam, and Benjamin Geiger

Abstract: As the zebrafish embryo undergoes gastrulation and epiboly, the cells of the enveloping layer (EVL) expand,
covering the entire yolk cell. During the epiboly process, the EVL cells move as a coherent layer, remaining tightly
attached to each other and to the underlying yolk syncytial layer (YSL). In view of the central role of the actin
cytoskeleton, in both cell motility and cell–cell adhesion, we have labeled these cells in situ with fluorescent phalloidin
and anti-actin antibodies. We show that, throughout their migration, the EVL cells retain a conspicuous cortical actin
cytoskeletal belt coinciding with cell surface cadherins. At the margins approaching the YSL, the EVL cells extend,
from their apicolateral domains, actin-rich filopodial protrusions devoid of detectable cadherin. We have studied the
role of the actin cytoskeleton in the maintenance of EVL cohesion during epiboly. Cytochalasin treatment of embryos
induces EVL dissociation accompanied by general detachment of the rest of the embryonic cells. In the dissociating
EVL cells, the cortical actin belt undergoes fragmentation with the formation of actin aggregates; cadherins, on the
other hand, remain evenly distributed at the junctional cell surface. Removal of Ca2+ by ethyleneglycolbis
(amino-ethyl-ether)-tetraacetic acid (EGTA) treatment also induces cell dissociation without visible disruption of the
cortical actin belt. The protein kinase inhibitor (1-isoquinolinylsulfonyl)-2-methyl-piperazine dihydrochloride (H-7),
which blocks acto-myosin contractility and disrupts actin cables in cultured cells, also potentiates cytochalasin-induced
dissociation and promotes the projection of numerous actin-rich lamellipodial extensions. The fact that EVL cells
produce microspike-like structures towards the YSL and are capable of lamellipodial activity lend further support to the
suggestion (R.W. Keller and J.P. Trinkaus. 1987. Dev. Biol. 120: 12–24) that the EVL cells are not passively mobilized
on the expanding YSL but actively participate in epiboly.
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Résumé : Lors de la gastrulation et de l’épibolie chez l’embryon du poisson-zèbre,
542
les cellules de l’enveloppe (CEV)
s’étendent et couvrent toute la cellule vitelline. Durant l’épibolie, les cellules de la CEV se déplacent en une couche
cohérente, restant fortement attachées les unes aux autres et à la couche syncytiale vitelline sous-jacente (CSV). Étant
donné le rôle central du cytosquelette d’actine dans la motilité cellulaire et l’adhérence des cellules entre elles, nous
avons marqué ces cellules in situ à l’aide de la phalloïdine et d’anticorps fluorescents dirigés contre l’actine. Nous
montrons que, durant toute leur migration, les cellules de la CEV conservent une ceinture cytosquelettique d’actine
corticale visible coïncidant avec les cadhérines de la surface cellulaire. Aux marges près de la CSV, les cellules de la
CEV émettent des filopodes riches en actine, mais dépourvus de cadhérine. Nous avons étudié le rôle du cytosquelette
d’actine dans le maintien de la cohésion de la CEV durant l’épibolie. Le traitement des embryons avec la cytochalasine
induit la dissociation de la CEV et son détachement du reste des cellules embryonnaires. Dans les cellules de la CEV
qui se dissocient, la ceinture d’actine corticale se fragmente et des agrégats d’actine se forment; par contre, les
cadhérines demeurent distribuées uniformément à la surface des cellules de la jonction. L’élimination du Ca2+ par
l’EGTA induit également la dissociation des cellules sans perturbation visible de la ceinture d’actine corticale.
L’inhibiteur H-7 de la protéine kinase, qui inhibe la contraction de l’actomyosine et fragmente les câbles d’actine dans
les cellules en culture, augmente également la dissociation induite par la cytochalasine et entraîne la projection de
nombreux lamellipodes riches en actine. Le fait que les cellules de la CEV émettent des structures semblables à des
microspicules vers la CSV et soient capables d’une activité lamellipode appuie la suggestion (R.W. Keller et J.P.
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Trinkaus, 1987. Dev. Biol. 120: 12–24) que les cellules de la CEV ne se déplacent pas de façon passive sur la CSV en
expansion, mais qu’elles participent activement à l’épibolie.
Mots clés : actine, adhérence, cadhérine, cytochalasine, embryon, poisson-zèbre.
[Traduit par la Rédaction]

IntroductionZalik et al.
The zebrafish embryo develops from a cap of cytoplasm at
the animal pole of the egg yolk. This cytoplasmic cap
cleaves to form the blastoderm, which comes to lie on top of
the yolk mass now called the yolk cell (YC) (Fig. 1). During
cleavage, some cells separate completely from the yolk cell
while others remain connected to it via cytoplasmic bridges.
Among the latter cells are those present at the periphery of
the discoidal blastoderm. With subsequent development,
these marginal blastomeres fuse and release their cytoplasm
into the underlying yolk cell, giving rise to the yolk
syncytial layer (YSL), (Kimmel et al. 1995), (Figs. 1E–1H).
As cleavage progresses, a group of superficial cells, located
at the uppermost region of the blastoderm, segregate from
the underlying embryonic cells forming an epithelioid layer
called the enveloping layer (EVL) (Figs. 1G and 1H). At the
periphery of the EVL, its epithelial cells adhere to the underlying YSL and move together during the epiboly process,
eventually enveloping the yolk cell. Throughout this process,
the cells of the EVL expand and the EVL layer remains attached to the YSL.
We have examined the actin cytoskeleton, as well as the
cadherins, present at the surfaces of cells in embryos at
stages ranging from cleavage to epiboly. We have found that
during epiboly F-actin in the EVL cells is primarily packed
into a conspicuous cortical actin belt that largely coincides
with cadherin(s). Treatment of embryos with cytochalasin
results in cell dissociation. In these embryos, the cortical
actin cytoskeleton of the EVL cells undergoes fragmentation
without a noticeable effect on cadherins, which remain
largely homogeneously distributed along the cell surface.
The cell dissociative effects of cytochalasins are potentiated
by the protein kinase inhibitor (1-isoquinolinylsulfonyl)-2methyl-piperazine dihydrochloride (H-7). Ethyleneglycolbis
(amino-ethyl-ether)-tetraacetic acid(EGTA) treatment, however, induces EVL dissociation but does not induce a noticeable fragmentation of the cortical actin belt. Our results
suggests that the integrity of the actin cytoskeleton is essential for the support of the adhesive function of the cadherins
and the maintenance of the cohesion of the EVL epithelium.

Materials and methods
Reagents
Cytochalasin D, dihydrocytochalasin B, H-7, bovine serum albumin (BSA), dimethylsufoxide (DMSO), EGTA, pronase (type XIV
protease from Streptomyces griseus), and 4,5-diaminophenylindole (DAPI) were obtained from Sigma Chemical Co.
(St. Louis, Mo.). Rhodamine phalloidin was obtained from Sigma
and Molecular Probes (Eugene, Oreg.). Tween-20 and peroxidaselabeled antibodies were from Biorad (Hercules, Calif.). Primary
antibodies were a rabbit antiserum to the synthetic peptide from
actin (now distributed by Sigma as A-2066), diluted 1:100, and the
monoclonal pan-cadherin antibody directed against the C-terminal

domain of N-cadherin (Sigma clone CH-19, ascites fluid), diluted
1:250. FITC-labeled goat anti-rabbit or goat anti-mouse IgG were
from Jackson Laboratories (West Grove, Penn.) and were diluted
1:50. Mowiol 4.88 was obtained from Calbiochem (San Diego,
Calif.).

Embryos
Zebrafish were obtained from a local pet shop and mixed sexes
were kept at 28.5°C in aquaria containing artificial river water
(Eaton and Farley 1974). Tanks were marbled and eggs were collected in artificial river water according to Westerfield (1995). Embryos were kept in Neviot mineral water or in artificial river water
until the desired stages were reached. When required for particular
experiments, embryos were dechorionated with pronase. For this
purpose, eggs were rinsed in embryo medium (EM) prepared from
Hank’s saline (Westerfield 1995), incubated for 3.5 min at room
temperature in EM with pronase (0.05 mg/mL), and rinsed liberally with several changes of EM. Dechorionated embryos were allowed to recover in this medium at 28.5°C for at least 1 h prior to
the initiation of the experiments. After recovery, healthy embryos
devoid of alterations in the area of the embryo proper or in the
yolk cell were selected and used for subsequent experiments.

Fluorescence microscopy of actin distribution in
zebrafish embryos
All reagents were dissolved in phosphate-buffered saline (PBS)
(137 mM NaCl, 3 mM KCl, 3 mM KH2PO4, 7.7 mM Na2HPO4,
1 mM CaCl2, 1 mM MgCl2). Unless otherwise stated, intact or
dechorionated embryos were fixed overnight at 4°C in a freshly
prepared solution of 4% paraformaldehyde containing 4% sucrose
and transferred to sucrose for dechorionation. For subsequent processing and staining, embryos were transferred to PBS in concavebottomed glass staining wells (external diameter of 14 mm) inserted into a Linbro tissue culture plate (24 wells). Each wash step
was for 10 min at room temperature unless otherwise stated. Incubations for staining and washing always took place with gentle
shaking. For phalloidin staining, embryos were rinsed in PBS,
permeabilized for 30 min at room temperature in 0.5% Triton X100, washed with PBS, incubated for 1 h at room temperature with
rhodamine phalloidin (1.25 µM from Sigma or 0.165 µM from
Molecular Probes) in PBS containing 1% BSA and 1% DMSO
(PBS–BSA–DMSO). After three washes with PBS, embryos were
stained with DAPI (2.5 µg/mL) for 1 h at room temperature and
washed overnight in PBS. For examination by fluorescence microscopy, embryos were mounted in Mowiol between two coverslips
separated by two layers of electrical tape. This allowed for observation from both sides.
For immunohistochemistry, antibodies were diluted in blocking
solution (PBS with 1% BSA, 1% DMSO, and 3% goat serum) and
all the washing steps were for 15 min. After fixation and washing,
embryos were permeabilized in 0.5% Triton X-100 as above,
washed with PBS, and incubated for 30 min at room temperature
with 0.2 M glycine, followed by rinsing in PBS. Embryos were
then blocked overnight at 4°C, reacted with the primary antibody
for 5–6 h at room temperature, and washed overnight at 4°C with
PBS–BSA–DMSO. Embryos were then incubated for 3 h in the
second antibody at room temperature and washed overnight at 4°C
in PBS–DMSO. They were then stained with DAPI and mounted.
© 1999 NRC Canada
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Fig. 1. A schematic representation of zebrafish development. Selected developmental stages are shown. Only the upper region of the
egg cytoplasm is involved in cleavage; the lower cytoplasmic region of the egg has a large amount of yolk and does not undergo
cleavage, eventually becoming the yolk cell. (A) 2-cell stage. (B) 8-cell stage. (C) 32-cell stage. (D) 128-cell stage. (E) 512-cell stage.
(F) Embryo at the high stage. (G) Embryo at the sphere stage. (H) Embryo at the 30% epiboly stage. The cleavage period is
considered to last until the 64-cell stage. Subsequent stages shown are blastula stages. At the 128-cell stage the embryo looks like a
half ball located on top of the yolk cell; the embryo is called blastoderm. As cell division continues, superficial cells and internal cells
are formed; the superficial cells will form the enveloping layer (EVL) while internal cells now called deep cells will form the embryo
proper. The location of the EVL and the deep cells is shown in Figs. 1G and 1H. By the 512-cell stage (E), some of the EVL cells
located between the embryo proper and the yolk cell fuse and release their nuclei and cytoplasm into the yolk cell, giving rise to the
yolk syncytial layer (YSL) The nuclei of the YSL are shown in black. The high stage (F), refers to the fact that the embryonic mass is
settled relatively high upon the yolk cell; in the sphere stage (G), the whole embryo acquires a spherical shape. The peripheral cells of
the EVL adhere strongly to the underlying YSL and move together downward, eventually enveloping the yolk cell; this process is
known as epiboly. Percent epiboly refers to the fraction of the yolk cell that is covered by the blastoderm. Onset of gastrulation occurs
at the 50% epiboly stage. In Figs. 1G and 1H, a cross-section of the blastoderm is represented showing the locations of the EVL, the
deep cells, and the yolk syncytial layer. Figures 1A–1F are redrawn from Kimmel et al. (1995) and Figs. 1G and 1H are redrawn from
Solnika-Krezel and Driever (1994).

Observations were made using the Zeiss photomicroscope III or
the Zeiss Axiophot.

series, critically point dried, and sputter coated with gold. Specimens were examined at an accelerating voltage of 20–25 kV using
a JEOL GMC 64000 scanning electron microscope.

Scanning electron microscopy
Embryos with intact chorion were fixed overnight at 4°C with
Karnovsky’s fixative (3% paraformaldehyde, 2% glutaraldehyde,
5 mM CaCl2 in 0.1 M cacodylate buffer (pH 7.4) containing 0.1 M
sucrose). Embryos were then post-fixed for 1 h with 1% osmium
tetroxide in 0.1 M cacodylate buffer followed by incubation with
1% tannic acid in water and then with uranyl acetate in water. Embryos were subsequently rinsed, dehydrated with a graded ethanol

Cytochalasin and EGTA treatment of zebrafish
embryos
Stock solutions of cytochalasin D and dihydrocytochalasin B
(1 mg/mL) were prepared in DMSO. Embryos were dechorionated
with pronase as described previously and extensively washed. Embryos were selected and incubated in 3 mL of EM (Westerfield
1995) at 28.5°C for at least 1 h for recovery and further develop© 1999 NRC Canada
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ment. When the desired stage was reached, embryos were examined again and embryos showing visible abnormalities were
discarded. Subsequently, 1 mL of cytochalasin solution dissolved
in EM at four times the required concentration was added and the
medium was mixed gently. Embryos were kept at 28.5°C during
observation. Controls consisted of embryos with DMSO at the
same concentrations as the cytochalasin-treated embryos. Final
concentrations ranged from 1 to 4 µg/mL for cytochalasin D and
from 1 to 2 µg/mL of dihydrocytochalasin B. In other experiments,
embryos were incubated with H-7 (7.5–900 µM) for 30 min prior
and during the cytochalasin treatment. In additional experiments,
embryos exposed to dihydrocytochalasin-B or H-7 were fixed and
subjected to phalloidin or cadherin staining.
For EGTA treatment, embryos were dechorionated and allowed
to recover in embryo medium as before. Shortly before the experiment, embryos were washed with several changes of Ca2+–Mg2+free embryo medium (CMF) (Westerfield 1995) and suspended in
3 mL of the latter medium. One millilitre of CMF containing four
times the desired EGTA concentration was then added. Controls
consisted of embryos maintained in normal EM and embryos kept
in CMF. Final EGTA concentrations ranged from 2 to 20 mM and
embryos were kept at 28.5°C during treatment. In some experiments, embryos were fixed at different time intervals after treatment and stained with phalloidin or with anti-cadherin antibodies.

Results
Organization of the actin cytoskeleton in the EVL
Filamentous actin is evident already in the 2-cell embryo
along the contact between the first two blastomeres
(Fig. 2A). This pattern in actin configuration is typical up to
the 16-cell stage and presumably is associated with the rapid
cleavage of the early blastomeres (Figs. 2B and 2C). By the
32-cell stage, a relatively thin band of peripheral actin is detected at the cell periphery by phalloidin staining (Fig. 2D),
which develops into a discrete band of peripheral actin by
the 128-cell stage (Fig. 2E) and gains further prominence in
later stages (Figs. 2F–2H). Cells of the EVL layer of embryos at the high stage already manifest a conspicuous cortical actin belt similar to that of embryos at the 30% epiboly
stage and onwards (Figs. 2H–2K and Fig. 3). At the EVL–
YSL margin of embryos at the high stage, some EVL cells
already exhibit filopodial projections extending into the YSL
area (Figs. 2I and 2J). In some instances, cells located anterior to the EVL–YSL margin display relatively long
lobopodial protrusions that appear to contact underlying
EVL cells (Fig. 2K).
In embryos at the 30% epiboly stage and throughout
epiboly, the microfilament system, visualized by rhodamine
phalloidin or by anti-actin antibodies, reveals a conspicuous
cortical actin belt in the squamous epithelial cells of the
EVL (Figs. 3A–3D). In contrast, the deep cells in the embryo do not manifest this cortical actin organization
(Figs. 3C and 3D). At the apical surfaces of the EVL, facing
the perichorionic space, actin is organized in small aggregates, which can only be visualized at high magnification
(Figs. 3E and 3F). These probably correspond to actin bundles associated with surface protrusions of the EVL cells
that can be visualized by scanning microscopy (Fig. 3H).
These microfolds in the apical EVL cell surface have been
already described in the EVL cells of Fundulus (Betchaku
and Trinkaus 1978, Fink and Cooper 1996). In the EVL–
YSL interface, rhodamine phalloidin and anti-actin antibod-
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ies stain the free apicolateral margins of the EVL (Figs. 3E–
3G). In these cell domains, which are attached to the YSL,
the epithelial cells display numerous actin-rich filopodial extensions that vary from short microspikes to longer branched
filopods (Figs. 3E–3G). These filopodia are relatively abundant in most of the EVL cells that are present in this area.
Cadherin organization in the developing embryo
In epithelial cells, cadherins are involved in mediating
intercellular interactions and are the landmarks of adherens
type junctions (Geiger and Ayalon 1992; Gumbiner 1993,
1996; Yap et al. 1997). Using a monoclonal pan-cadherin
antibody (Geiger et al. 1990), we localized these adhesion
molecules in the cells of the early embryo and in the
epithelioid cells of the EVL of embryos undergoing epiboly
We examined the developmental stage at which cadherin
protein expression and organization could be first detected
by this antibody. Weak and diffuse cadherin staining could
be visualized in the most central cells of the 8-cell embryos
(Fig. 4A) and definite cadherin staining could be detected
from the 32-cell stage onwards (Fig. 4B–4G).
In embryos at the 30–50% epiboly stage, antibody CH-19
stained the surfaces of the EVL cells (Fig. 4F) and gave a
similar staining pattern to that obtained with rhodamine
phalloidin or anti-actin antibodies. In addition the pancadherin antibody also stained diffusely the surfaces of the
deep cells under the EVL (Figs. 4F and 4G). We also examined the apicolateral surfaces of the EVL cells at the EVLYSL margin. This antibody reacted with the lateral cell surfaces of the peripheral EVL cells at the interface with the
YSL but did not stain filopodial extensions (Fig. 4E).
To further determine colocalization of actin and cadherins
we tried double staining with anti-cadherin antibody followed
by staining with either palloidin or anti-actin antibody. We
tested several modifications of the staining procedures such
as (i) varying the order of exposure of the embryos to
phalloidin and anti-cadherin antibody; (ii) changing the order of staining with anti-actin and anti-cadherin antibody;
and (iii) post-fixation after exposure to each of the labeled
probes. In all cases embryos were only stained by the first
reagent to which they were exposed. We also probed the embryos with several antibodies to vinculin, α actinin, catenins,
spectrin, and cytokeratin. These antibodies did not recognize
any structure in the embryos.
Effect of cytochalasin treatment in embryos undergoing
epiboly
To determine the role of the cortical actin cytoskeleton in
the maintenance of the integrity of the EVL, we treated embryos from 30 to 50% epiboly with cytochalasin D or
dihydrocytochalasin B. When compared with control embryos incubated in EM with and without DMSO, no visible
changes in the drug-treated embryos were observed within
the first 10 min of incubation. After this time interval, alterations induced by cytochalasin treatment, include EVL dissociation (EVLD), YC herniation (YCH), a combination of
the two, and complete dissociation of the blastomeres with
disintegration of the YC. EVLD occurs 10–20 min after exposure and is characterized by loosening and dislodging of a
small cluster of superficial cells in the region of the embryo
proper (Figs. 5B and 5C; Tables 1 and 2). Cell dislodgment
© 1999 NRC Canada
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Fig. 2. The cortical actin cytoskeleton during development in the zebrafish embryo. The cortical actin was stained with rhodamine phalloidin. (A) 2-cell
stage. (B) 8-cell stage; (C) 16-cell stage; (D) 32-cell stage. (E) 128-cell stage. (F) 2K stage. (G and H) Embryo at the high stage showing, respectively,
the cortical cytoskeleton (G) and nuclear staining with DAPI (H). (I and J) Actin and actin and DAPI staining, respectively, of the region of the EVLYC margin of the embryo shown in Fig. 2F. Note that at this stage, some cells already emit long filopodial extensions (*). (K) A region of the
EVL-YC margin of an embryo at the high stage showing that, in some regions of the EVL-YC margin, the cells have a smooth free
surface devoid of filopodial projections. A cell at the supramarginal region of the EVL (*) is seen with long lobopodial extensions
(arrowhead). Scale bar = 100 µm for Figs. 2A–2D. Scale bar = 50 µm for Figs. 2E–2H. Scale bar = 20 µm for Figs. 2I and 2J. Scale
bar = 10 µm for Fig. 2K.

© 1999 NRC Canada
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Fig. 3. (A–G) The cortical actin cytoskeleton of the of the EVL of embryos ranging from stages of late blastula to early gastrula.
Figures 3A, 3B, and 3G show embryos probed with anti-actin antibodies. Figures 3C–3F show embryos stained with rhodamine
phalloidin. Figures 3B, 3D, and 3F show actin and DAPI staining. Figures 3A and 3B show an embryo at the 30% epiboly stage.
Figures 3C and 3D show an embryo at the 50% epiboly stage. In Figs. 3C and 3D, the EVL has been fractured and shows that, while
the cells in the EVL have a conspicuous cortical actin cytoskeletal belt, those in the deep layer (arrowhead) do not show this trait.
Figures 3E, 3F, and 3G show the free apicolateral surfaces of EVL cells at the EVL-YC margin. Here, most EVL cells emit filopodial
microspike-like projections that show gradations from short and spiky (arrowhead) to long and bifurcated (*). In Figs. 3E and 3F, actin condensations
at the upper surface of the cells are in focus in some cells (white + in Fig. 3E). These probably represent the actin cytoskeletal elements present in
the apical microplicae of these cells. (H) Scanning electron micrograph of an embryo at about the 40% epiboly stage showing the apical surface in
EVL cells at the animal pole region of the embryo. Observe the microplicae-like projections in the apical free surface of the cells. Scale bar =
50 µm for Figs. 3A–3D. Scale bar = 10 µm for Figs. 3E–3G. Scale bar = 10 µm for Fig. 3H.
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Fig. 4. Cadherin protein expression during zebrafish development. (A) 8-cell embryo. (B) 32-cell embryo. (C) 64-cell embryo.
(D) Embryo at the sphere stage. (E–G) Embryo at the 30% epiboly stage. Weak and diffuse cadherin staining is detectable in the
central blastomeres of the 8-cell embryo (A, black arrowheads), while definite cadherin staining is observable in blastomeres of the 32
and 64 cell embryos (B and C). In embryos at the sphere stage (D), distinct cadherin staining is detectable in the EVL cells. In
Fig. 4F, the focus is on the EVL of an embryo at the 30% epiboly stage, where one can observe staining of the epithelial cells and
discern staining in the deep cells. Fig. 4G shows the same region, but focused in the deep cells of the blastoderm, which also display
cadherin at their plasma membranes. Figure 4E shows staining of an EVL cell at the EVL-YC edge showing the apicolateral region of
the EVL cells; note that staining is continuous at the free surface of the cell with no evidence of cadherin staining in filopodial
extensions. Scale bar = 50 µm for Figs. 4A, 4B, and 4E. Scale bar = 20 µm for Figs. 4C, 4D, 4F, and 4G.

spreads around the embryo giving it a spongy-like appearance
(Figs. 5D–5H), and dissociation continues until the EVL and
the deep cells separate from the YC (Figs. 5I and 5J) and a
cell suspension is formed (Fig. 5K and 5L). EVLD occurs at
28.5°C and is slower at room temperature (22–24°C). YCH
occurs 10–20 min after exposure (Tables 1 and 2) and starts
as a small protrusion of cytoplasm formed usually at the vegetal pole of the YC. (Fig. 5M). This protrusion can retract
into the yolk cell and heal or can eventually become the site
at which the extrusion of cytoplasmic contents of the YC begins. The latter results in the leakage of cytoplasm and ac-

companying yolk from the YC. In cytochalasin-treated embryos, YCH occurs at 28.5°C but is not frequent in embryos
treated at room temperature. EVLD and YC herniation can
occur independently from each other in embryos subjected to
cytochalasin treatment. EVLD plus YC herniation can also be
detected 10–20 min after cytochalasin treatment, but is more
frequently seen following longer exposure (Tables 1 and 2).
Eventually, embryo dissolution characterized by disintegration of the YC accompanied by complete dissociation of the
cells of the embryo proper occurs (Figs. 5J–5L)
We tested the concentration dependence of the cyto© 1999 NRC Canada
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Table 1. Effects of cytochalasin D on zebrafish embryos incubated at 28.5°C.
Effects of cytochalasin D (4 µg/mL) on zebrafish embryos
Time (min)

Normal (%)

EVLD (%)

YCH (%)

EVLD+YCH (%)

Emb. Diss. (%)

10
20
40
60
90
120

66.66
50
50
25
16.67
8.34

0
0
0
0
0
0

33.34
41.67
0
8.33
0
0

0
8.33
8.33
16.67
16.67
25

0
0
41.67
50
66.66
66.66

Control DMSO
80
20
0

Cytochalasin D
0
0
100

Viability after 20 h of treatment (%)
Stage
Control EM
Primordium
70
Somite
0
Emb. Diss.
30

Notes: The frequency (%) of embryos undergoing particular transformations in the EVL and yolk cell are shown. Viability after 20 h represents the
survival of embryos from the same clutch. Control EM, embryos developing in embryo medium; Control DMSO, embryos incubated in EM containing the
same concentrations of DMSO as the cytochalasin-treated embryos; EVLD, EVL dissociation; Emb. Diss., embryos undergoing embryo dissolution; YCH,
yolk cell herniation; EVLD+YCH, EVL dissociation and yolk cell herniation; primordium, living embryos that developed up to the primordium stage of
pharyngula; Somite, embryos that died at somite stages of segmentation. At 20 h of incubation, the percentage of embryos that had undergone embryo
dissolution was estimated by subtraction. For each of the control treatments, 10 embryos were used and for the cytochalasin D treatment, 12 embryos
were used. A representative experiment is shown. Eight experiments were conducted in which the effects of this compound were examined.

Table 2. Effects of dihydrocytochalasin B on zebrafish embryos incubated at 28.5°C.
Effects of dihydrocytochalasin B (2 µg/mL) on zebrafish embryos
Time (min)

Normal (%)

EVLD (%)

YCH (%)

EVLD+YCH (%)

Emb. Diss. (%)

10
20
40
60
90
120

82.35
64.71
58.82
47.06
41.18
41.18

11.77
23.53
23.53
5.88
17.65
0

5.88
11.76
5.88
5.88
5.88
5.88

0
0
11.77
11.77
0
8.00

0
0
0
24.91
35.29
52.94

Control DMSO
86.67
0
13.33

DHCB
17.64
0
82.36

Viability after 20 h of treatment (%)
Stage
Control EM
Primordium
80
Somite
0
Emb. Diss.
20

Notes: The frequency (%) of embryos undergoing particular transformations in the EVL and in the yolk cell are shown. Viability after 20 h represents
the survival of embryos from the same clutch. Control EM, embryos developing in embryo medium; Control DMSO, embryos incubated in embryo
medium containing the same concentrations of DMSO as the cytochalasin-treated embryos; DHCB, dihydrocytochalasin B; EVLD, EVL dissociation;
YCH, yolk cell herniation; EVLD+YCH, embryos undergoing EVL dissociation and yolk cell herniation; Emb. Diss, embryos undergoing embryo
dissolution. Primordium, living embryos that developed up to primordium stages of pharyngula; somite, represents embryos that died at somite stages of
segmentation. At 20 h of incubation, the percentage of embryos that had undergone embryo dissolution was estimated by subtraction. For each of the
control treatments 15 embryos were used; for the DHCB treatment, 17 embryos were used. A representative experiment is shown. Thirteen experiments
were conducted in which the effects of this drug were examined.

chalasin effects in the embryo. For this purpose we incubated embryos up to 2 h in the presence of these actindisrupting agents. Representative experiments showing the
sequence and frequency of appearance of the alterations induced in the embryos by treatment with cytochalasin D and
dihydrocytochalasin B are shown in Tables 1 and 2, respectively. The data shown for cytochalasin D in Table 1, indicate that a concentration of 4 µg/mL induced 50% or more
embryo dissolution after 2 h of incubation; lower concentrations were less effective (data not shown). Dihydrocytochalasin B promoted a comparable frequency of embryo

dissolution at a lower concentration (2 µg/mL); a
concentration of (1 µg/mL) was less effective. For subsequent experiments we used dihydrocytochalasin B at a concentration of 2 µg/mL. Embryo viability after pronase
treatment, was examined 20 h after the onset of the experiment, in the embryos of the same clutch maintained in EM
or in EM with DMSO. We determined the percentage of embryos that developed to living primordium stages of the
pharyngula period, or that had died at somite stages of the
segmentation period (Tables 1 and 2). In general, embryonic
viability ranged from 70 to 90% and, in a few cases, reached
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Fig. 5. Effects of dihydrocytochalasin B (2 µg/mL) and EGTA (20 mM) on zebrafish embryos. (A) Embryo at the beginning of the
experiment. (B–D) Onset of EVL dissociation (*). (E–H) EVL dissociation continues until the EVL becomes a loose cell mass lying
over the yolk cell. (I) The loose EVL cap starts to separate from the yolk cell. (J) Separation of the loose EVL mass from the yolk
cell is complete. (K) After gentle shaking of the dish, the EVL cells are beginning to separate from each other. For this experiment
embryos were kept at room temperature; yolk cell herniation did not occur in this experiment and, in general, is infrequent when
cytochalasin treatment is performed at room temperature. (L) A cell suspension from embryos that were subjected to
dihydrocytochalasin B at the same concentration but were incubated at 28.5°C. EVL dissociation is much faster at the latter
temperature when compared to that occurring at room temperature. (M) Early yolk cell herniation in an EGTA-treated embryo. A small
amount of cytoplasm being extruded from the vegetal region of the yolk cell (arrowhead). Scale bar = 100 µm for Figs. 5A–5M.
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Fig. 6. Changes in the cellular organization of actin and cadherin in the EVL of zebrafish embryos during cell dissociation. (A–D)
Embryos treated with DHCB. (E and F) Embryos treated with EGTA. (G) Embryo treated with H-7. Actin staining is shown in
Figs. 6A–6C and 6E–6G; actin and DAPI staining is shown in Fig. 6C; cadherin staining is shown in Fig. 6D.(A) Embryo after
20 min of treatment with DHCB. A few cells show the presence of actin aggregates (*). (B and C) Embryos exposed to DHCB for
45 min; cells at the immediate vicinity of the area of dissociation are shown. Note in Fig. 6B that discontinuities appear in the cortical
actin belt in many of the EVL cells (arrowhead) and aggregates of clumped actin can be observed in the apical surface. In Fig. 6C, the
region where the EVL cells have rounded up and actin clumps are present at random in the dissociating cells; some of these are
indicated by an asterisk (*). Some cell nuclei are shown (white n). (D) Cadherin staining in dissociating embryos in cells adjacent to
the area of dissociation, which is located to the right and upper left; continuous cadherin staining is still evident in these cells. (E and
F) EGTA-exposed embryos in the process of dissociation, observe that no discernible discontinuities are present in the cortical actin of
dissociating cells. (G) H-7 exposed embryos. Many EVL cells have developed structures resembling ruffled membranes in which actin
seems to have accumulated; some of these cells are marked with an asterisk (*). Scale bar = 50 µm for Figs. 6A and 6E. Scale bar =
20 µm for Figs. 6B–6D, 6F, and 6G.
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100%. For cytochalasin D, 8 experiments were performed;
for dihydrocytochalasin B, 13 experiments were performed.
Effect of EGTA on embryos undergoing epiboly
Since cadherins are calcium-dependent adhesion molecules, we determined the effects of Ca2+ removal on embryo
integrity. Embryos were relatively resistant to EGTA treatment and concentrations of 20 mM were necessary to induce
a proportion of embryo dissolution comparable to that
caused by cytochalasin treatment (Table 3). There were,
however, differences between EGTA and cytochalasintreated embryos in that YCH was as prevalent in EGTAtreated embryos incubated at 28.5°C as in those maintained
at room temperature. Twelve experiments were performed.
Embryo viability was determined as in the cytochalasin experiments; it ranged between 70 and 100%.
Effect of cytochalasin treatment on actin and cadherin
organization in EVL cells
It was important to determine whether any changes in the
actin cytoskeleton, as well as in cadherin organization, were
associated with cytochalasin-induced cell dissociation. Embryos were incubated in dihydrocytochalasin B (2 µg/mL) at
28.5°C; when a significant number of embryos were undergoing EVL dissociation (40–60 min), embryos were fixed,
stained with phalloidin or anti-cadherin antibody, and examined for actin and cadherin distribution. EVL cells adjacent
to the area of EVL dissociation exhibited a focal fragmentation of the cortical actin belt and actin aggregates began to
appear at the apical surfaces of the cells (Figs. 6A and 6B).
The coalescence of actin into relatively large aggregates was
more evident in cells that were at more advanced stages of
dissociation and had rounded up (Fig. 6C). In contrast, in
EVL cells in the immediate neighborhood of the area of dissociation, cadherins remained homogeneously distributed
around the surfaces of EVL (Fig. 6D), as observed within
the limits of resolution of immunofluorescence microscopy.
Effect of EGTA treatment on actin organization
Embryos undergoing early EGTA-induced dissociation
(40 min after treatment) were examined for actin organization using phalloidin staining. In all treated embryos dissociating cells retained a cortical actin belt. Within the limits of
resolution of the immunofluorescence technique, we could
not detect any evidence of actin fragmentation or of formation of actin aggregates within the cells (Figs. 6E and 6F).
We tried to stain EGTA-disagregating embryos for
cadherins; however, these embryos were extremely fragile
and did not withstand the long and elaborate procedure required for double immunofluorescence staining.
Effect of H-7 on cytochalasin-induced EVL dissociation
In some cultured epithelial cell lines, the effects of
cytochalasins can be ameliorated by pretreatment with the
protein kinase inhibitor H-7 (Citi et al. 1994; Volberg et al.
1994). Groups of embryos were kept at 28.5°C, pretreated
for 30 min with H-7 at concentrations ranging from 7.5 to
900 µM prior to the addition of dihydrocytochalasin B
(2 µg/mL) and investigated for effects on EVL dissociation
as described for previous treatments. In all of the experi-
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ments pretreatment with H-7 potentiated the EVL dissociation effects of dihydrocytochalasin B (Fig. 7), and at very
high concentrations of (900 µM) induced EVL dissociation
after 60 min of incubation (Fig. 7C). A large percentage of
embryos maintained at H-7 concentrations of 7.5 µM developed up to the somite and primordium stages of pharyngula
(Fig. 7A); however, embryos incubated at higher concentrations of kinase inhibitor (300–900 µM) attained, respectively, the stages of 90% epiboly and germ ring during the
course of the experiment but did not develop to somite or
primordium stages of pharyngula (Figs. 7B and 7C). Embryos treated with H-7 were also fixed and subjected to
phalloidin staining to visualize actin configuration in the
EVL cells surrounding the area of the onset of dissociation.
In these cells actin was concentrated in numerous elaborate
lamellipodia that seemed to have emerged from the apical
surfaces of the EVL cells (Fig. 7G). We were not able to retrieve entire embryos treated with dihydrocytochalasin 6-B
and H-7 for examination by phalloidin staining.

Discussion
Actin and cadherin organization in cleaving and early
blastula embryos
Our results, using labeled phalloidin, show that in cleaving embryos F-actin is detectable mainly in the contractile
ring of the dividing blastomeres. As cleavage proceeds, there
is a gradual assembly of F-actin into the membraneassociated cortical cytoplasm that becomes prominent at the
128-cell stage. The early cleavage planes of cell division of
the egg are vertical or oblique creating only superficial
blastomeres. At the 64-cell stage horizontal cleavage planes
arise in the embryo giving rise to the deep internal cells and
the superficial epithelial cells; the latter cells are the precursors of the first extraembryonic cell line of the embryo, the
EVL (Kimmel et al. l995). In the zebrafish embryo, the
gradual reorganization of the cortical actin belt as cleavage
proceeds could be a reflection of the gradual acquisition of
polarity in the dividing blastomeres in preparation for the
horizontal cell division resulting in the first divergence in
cell lines, a situation comparable to that occurring in the
mammalian embryo (Fleming and Johnson 1988; Fleming
1992). The fact that at the 32-cell stage organized cadherins
are detectable at the apical region of the blastomeres suggests that these adhesive molecules may be inserted into the
membrane in a polarized fashion. In the present investigation, we were only able to look at the apical surface of the
cells and were not able to visualize the basolateral region of
the blastomeres. Studies using embryonic sections should
give information on the polarization of actin and cadherin at
these stages.
Using antibody CH-19, we detected some intercellular
boundary cadherin(s) in the most central cells of the 8-cell
embryo. It is probable that some cadherins are produced earlier in development since Jesuthasan (1998), using a
Xenopus anti-EP cadherin antibody, has recently reported
some cadherin staining in the 2-cell embryo. In the cells of
the 32-cell embryo definite cadherin staining can be distinguished in the apical intercellular boundaries. Cadherins are
usually concentrated in the adherens-type junctions where
© 1999 NRC Canada
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Fig. 7. Effect of H-7 on cytochalasin-induced EVL dissociation. The concentration of DHCB was 2 µg/mL. Here, the values for EVL
dissociation represent the sum of EVLD, EVLD+YCH, and embryo dissolution. The extent of EVL dissociation at different time
intervals after the onset of the experiment is depicted in the graphs shown to the left. The graphs to the right show the survival of that
particular batch of embryos after 20 h of treatment. Prim St., living embryos that developed up to primordium stages of pharyngula;
Somite St., embryos that died at somite stages of segmentation. (A) The concentration of H-7 was 7.5 µM. There were 15
embryos/treatment with the exception of embryos treated with DMSO+H7 where there were 16 embryos/treatment. (B) H-7
concentration was 300 µM. Eight embryos were treated with DMSO, 11 embryos with H-7, 13 embryos with DHCB, 13 embryos with
DHCB+H7. (C) H-7 concentration was 900 µM. Eleven embryos were treated with DMSO, 10 embryos with H-7, 12 embryos with
DHCB, and 12 embryos with DHCB+H7.
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Table 3. Effects of EGTA on zebrafish embryos.
Effects of EGTA (20 mM) on zebrafish embryos
Time (min)

Normal (%)

EVLD (%)

YCH (%)

EVLD+YCH (%)

Emb. Diss. (%)

10
20
40
60
90
120

20
10
10
10
10
10

70
80
0
0
0
0

10
0
0
0
0
0

0
10
0
0
0
0

0
0
90
90
90
90

Control CMF
90
10
0

EGTA
0
0
100

Viability after 20 h of treatment (%)
Stage
Control EM
Primordium
100
Somite
0
Emb. Diss.
0

Notes: The frequency (%) of embryos undergoing particular transformations in the EVL or in the yolk cell is shown at different time intervals after the
onset of treatment. Viability after 20 h represents the survival of embryos from the same clutch. Control CMF, embryos incubated in Ca2+–Mg2+-free
embryo medium; Control EM, embryos developing in embryo medium; EVLD, EVL dissociation; YCH, yolk cell herniation; EVLD+YCH, embryos
undergoing EVL dissociation and yolk cell herniation; Emb. Diss., embryos undergoing embryo dissolution. Primordium, living embryos that developed up
to primordium stages of pharyngula; somite, embryos that died at somite stages of segmentation. At 20 h of incubation the percentage of embryos that
had undergone embryo dissolution was estimated by subtraction. For the Control EM treatment, 13 embryos were used and for the Control CMF and the
EGTA treatments, 10 embryos were used. A representative experiment is shown. Twelve experiments were conducted to evaluate the effects of this
compound.

they are also associated with the actin cytoskeleton (Volk
and Geiger 1986a, 1986b; Hirano et al. 1987); it is likely
that the coincidence of cadherin and phalloidin staining reflects the presence of adherens junctions at this stage. In the
embryo of the killfish Fundulus adherens junctions have
been reported at comparable developmental stages
(Armstrong and Child 1965; Lentz and Trinkaus 1971;
Oppenheimer 1937).
Actin and cadherin in embryos during epiboly
In embryos at stages corresponding to 30–50% epiboly,
the EVL cells contain a cortical actin belt coinciding with
cell surface cadherins. As previously mentioned one of the
adhesive structures with which the cortical actin belt and the
cadherins are associated are the adherens junctions (Volk
and Geiger 1986a, 1986b; Geiger and Ayalon 1992). With
the exception of one communication describing the presence
of gap junctions at the high stage of blastula (Dasgupta and
Singh 1982), there are no published data available on the
ultrastructure of the junctional complexes in the EVL and
deep cells in the early zebrafish embryo. However, in
Fundulus, at comparable stages, adherens-type junctional
complexes associated with 10-nm microfilaments in the cytoplasmic side of the plasma membrane have been described
between the EVL cells (Betchaku and Trinkaus 1978). It is
probable that in the zebrafish embryo, the coincident actin
and cadherin staining that we visualize is associated with
these adherens- type junctions. In the EVL-YSL boundary a
similar colocalization of the cortical actin belt and cell surface cadherins is found at the marginal EVL cells. Electron
microscopy observations in Fundulus indicate that the marginal EVL cells contact the underlying YSL via areas of
membrane apposition separated by an extracellular space of
4–10 nm. These junctions are associated on the cytoplasmic
side with abundant cortical microfilaments (Betchaku and

Trinkaus 1978). Cadherins and the cortical actin belt could
be localized in similar adhesive junctions in the zebrafish
embryo.
The EVL cells in the EVL-YSL boundary emit actin-rich
microspike-like filopodial extensions with no detectable
cadherin staining. This strongly suggests that these structures do not participate in junction formation with the YSL.
Microspike-like projections are involved in cell locomotion
(Bray 1992). The marginal EVL cells bearing these actinrich filopodial protrusions could be involved in migratory
activity of the EVL marginal cells over the YSL.
The surfaces of the deep cells of the embryo were stained
with the anti-cadherin antibody and did not display an Factin-rich cell cortex when reacted with labeled phalloidin.
These two findings are not surprising since the deep cells are
involved in gastrulation, the latter involving cellular movements in which actin polymerization and depolymerization
should take place without cells forming permanent adhesions. Migratory cells in embryos display cell surface
cadherins which are thought to function either as directional
cues within the embryo or to provide loose association between groups of migrating cells (Nakagawa and Takeichi
1995; Kimura et. al. 1995); the cadherins of the deep of the
zebrafish embryo could perform similar functions. The identity of these cadherins as well as that of EVL cadherins is
not clear since the anti-cadherin antibody used in the present
experiments reacts with a conserved cytoplasmic sequence
common to many cadherins. The cadherins expressed by the
deep cells in the embryo may correspond to the ZN
cadherins reported by Bitzur et al. (1994). Since the EVL
cells are epithelioid resembling a squamous epithelium,
some of the cadherins detectable in this layer could presumably correspond to the E-cadherin group. Immunoblot analysis carried in the present studies as well as by Bitzur et al.
(1994) indicate that polyclonal pan-cadherin antibodies rec© 1999 NRC Canada
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ognize cadherin bands in extracts from embryos at the 1000
cell stage and onwards.
Possible roles of actin integrity and contractility and
extracellular calcium in EVL integrity
Cadherins contain five cadherin extracellular repeats (EC),
the N-terminal (EC1) of which is involved in the
homophylic interaction. Calcium is necessary for bridging
the extracellular domains and stabilizing the homophylic
pair. The cadherin cytoplasmic tail interacts with the actin
cytoskeleton via the β or plakoglobulin catenins and the
actin-binding protein α catenin (Rimm et al. 1995; Adams et
al. 1996; Angres et al. 1996; Yap et al. 1997). These cytoplasmic interactions play an important role in stabilizing
cadherin-mediated cell–cell adhesion. Cytochalasins cause
the rounding up of cultured fibroblastic cells (Yahara et al.
1982), and inhibit the formation of cadherin mediated adhesive bonds (Jaffe et al.1990; Angres et al. 1996); the latter
presumably by perturbing cadherin recruitment and interfering with the formation of cadherin-enriched membrane domains (Adams et al. 1996). Cytochalasins bind to the barbed
end of the actin filament inhibiting its elongation, disrupting
its supramolecular organization (Cooper 1987) and promoting the formation of foci of filamentous actin aggregates
(Yahara et al. 1982; Schliwa 1982). In the zebrafish embryo
undergoing epiboly, cytochalasins induce blastoderm cell
dissociation. We suggest that this cell dissociation results
from the destabilization of the firm adhesion brought about
by the fragmentation of cortical actin bundles leaving only
labile adhesive bonds which are subsequently broken down.
The deep cells express cell surface cadherins not typically
associated with a cortical actin belt; however, in non epithelial cells, these adhesive molecules are also associated with
actin bundles, (Yonemura et al. 1995). It is likely that
cadherin associated actin bundles are present in the deep
cells of the embryo but can not be visualized clearly in
whole embryo mounts as in the case of cell monolayers
(Yonemura et al. 1995).
In zebrafish embryos undergoing epiboly, the ectodomain
portion of the cadherins is functional as evidenced by the
promotion of cell dissociation by EGTA. We were not able
to detect the gross alterations in the cortical actin belt and
the formation of actin aggregates observed by others in cultured cells. In these cells, centripetal retraction of the actin
belt and associated cytoplasm induces separation of adherens
junctions and cell deadhesion (Volberg et al. 1994; Citi et al.
1994). Calcium is involved in the dimerization and
rigidization required for the cadherin stabilization (Nagar
et al. 1996), and substantial adhesion occurs in beads and
transfected cells provided only with the cadherin extracellular domain (Brieher et al. 1996). It is possible that in
the zebrafish embryonic cells, the ectodomains of the
cadherins are functionally as important as the actin cytoskeleton for the maintenance of cell cohesion. Disturbance
of the configuration of the extracellular cadherin segment by
removal of calcium could induce deadhesion in the absence
of actomyosin-mediated cytoplasmic retraction.
In some instances where cell dissociation involves cortical
actin fragmentation with centripetal retraction, the protein
kinase inhibitor H-7 protects cell monolayers from chelatorinduced dissociation. This apparently is due to its inhibitory
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effect on myosin light chain kinase (MLK) activity which, in
turn, is necessary for actomyosin contractility and cell retraction (Citi et al. 1994; Volberg et al. 1994; Bershadsky, et
al. 1996). We checked whether H-7 could ameliorate
cytochalasin-induced dissociation by repressing contractility.
H-7 is a serine/threonine kinase inhibitor which affects a
broad spectrum of phosphorylation events involving MLK,
Rho kinase, cyclic AMP, and cyclic GMP dependent kinases, and to a certain extent casein kinases I and II (Hidaka
et al. 1984; Quick, et al. 1992). The mechanism of action of
this compound is not clear, yet most relevant to our present
results seems to be its effect on cell contractility, which is
mediated by a variety of components (MLK, Rho kinase,
and other enzymes) (Citi et al. 1994; Volberg et al. 1994;
Kolodney and Elson 1995; Kimura et al. 1996; Bershadsky
et al. 1996). In the zebrafish, H-7 has no apparent effect on
actin polymerization since lamellipodial activity is enhanced. Stimulation of lamellipodial activity has been reported for cultured cells treated with this drug (Volberg et
al. 1994; Bershadsky et al. 1996). However, in the embryo,
this inhibitor rather enhanced the cytochalasin induced cell
dissociation. The potentiation of cytochalasin-induced cell
dissociation by H-7 could be the consequence of the fragmentation of the cortical actin belt in cells in which
lamellipodial activity has been stimulated. Alternatively, the
enhancement of cytochalasin induced dissociation by H-7
could either be owing to its inhibitory effect on protein
kinase C or on casein kinases. In the mammalian early embryo the increase in E-cadherin-mediated adhesion that occurs during compaction is stimulated by activators of protein
kinase C and inhibitors of the latter enzyme cause
decompaction (Winkel et al. 1990). H-7 treatment could also
affect the phosphorylation state of the catenin binding domain of the cadherin molecule, a site that has been suggested as a potential target for casein kinase II (Stappert and
Kemler 1994). Phosphorylation of the catenin-binding domain of the cadherin molecule is essential for catenin recruitment and loss of phosphorylation in this domain results
in loss of cadherin mediated adhesion (Stappert and Kemler
1994). The embryos used in these experiments are composed
of cells involved in morphogenetic movements of gastrulation as opposed to substrate attached cells which are relatively immobile. The spectrum of mechanisms by which
cells modulate their cadherin function probably varies between cell populations; this could in turn determine the cellular response to drugs and Ca2+ chelating agents.
Evidence in the zebrafish embryo suggests that microtubules
play a role in the epiboly of the YSL and the EVL (Strahle and
Jesuthasan 1993; Solnika-Krezel and Driever 1994). Strahle
and Jesuthasan (1993) have proposed that epiboly is driven by
a microtubule-dependent pulling force associated with contraction at the margin of the yolk cytoplasmic layer. In the yolk
cell of the zebrafish embryo, we have also observed by
phalloidin staining an actin-rich band in the YSL at the EVL–
YSL margin. The fact that cytochalasin treatment induces yolk
cell herniation and yolk leakage strongly suggests that F-actin
mediated contractility may play a part in the cytoplasmic organization of the yolk cell. However, we have not been able to
study the structure of this actin-rich band in detail because of
the a poor preservation of the integrity of the yolk cell using
the current methodology.
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The embryo of Fundulus has been used as a model system
for the study of the biology of epiboly (Trinkaus 1984). It is
generally assumed that what has been learned about EVL
epiboly in Fundulus applies to the zebrafish embryo. In
Fundulus, a microfilament-rich cortex has been described in
the embryo and treatment of isolated yolk cells or
blastoderms with cytochalasin B (10 µg/mL) induces bursting in the region of the animal pole of the yolk cell or an inhibition of the contraction of the entire isolated blastoderm
(Betchaku and Trinkaus 1978, pp. 404 and 420). On the
other hand, the Fundulus embryo undergoes full normal
epiboly in cytochalasin B (Trinkaus 1984, p. 681). Our findings indicate that differences exist between Fundulus and
zebrafish embryos and that concepts obtained in Fundulus
may not be entirely applicable to the zebrafish. The experiments reported herein for the zebrafish embryo, suggest an
involvement of the actin cytoskeleton in the support of
filopodial and lamellipodial activity, and in the maintenance
of functional adhesive bonds between cells, as the EVL
stretches over the yolk cell to surround the embryo.

Acknowledgments
This work was initiated while one of us (S.E.Z.) was on
sabbatical leave at the Weizmann Institute of Science. We
thank the Natural Science and Engineering Research Council of Canada and the Medical Research Council of Canada
for their support. We are grateful to Mrs. I. Sabanay for her
help with the scanning electron microscopy.

References
Adams, C.L., Nelson, W.J., and Smith, S.J. 1996. Quantitative
analysis of cadherin-catenin-actin reorganization during development of cell-cell adhesion. J. Cell. Biol. 135: 1899–1911.
Angres, B., Barth, A., and Nelson, W.J. 1996. Mechanism for transition from initial to stable cell-cell adhesion: Kinetic analysis
of E-cadherin-mediated adhesion using a quantitative adhesion
assay. J. Cell. Biol. 134: 549–557.
Armstrong, P.B., and Child, J.S. 1965. Stages in the normal development of Fundulus heteroclytus. Biol. Bull. 126: 143–168.
Bershadsky, A., Chausovsky A., Becker, E., Lyubimova, A., and
Geiger, B. 1996. Involvement of microtubules in the control of
adhesion-dependent signal transduction. Curr. Biol. 6: 1279–
1289.
Betchaku, T., and Trinkaus, J.P. 1978. Contact relations, surface
activity and cortical microfilaments of the marginal cells of the
enveloping layer and of the yolk syncytial and yolk cytoplasmic
layers of Fundulus before and during epiboly. J. Exper. Zool.
206: 381–426.
Bitzur, S., Kam, S., and Geiger, B. 1994. Structure and distribution
of N-cadherin in developing zebrafish embryos: Morphogenetic
effects of ectopic over-expression. Dev. Dyn. 201: 121–136.
Bray, D. 1992. Cell Movements. Garland Publishing. Inc. New
York.
Brieher, W.M., Yap, A.S., and Gumbiner, B.M. 1996. Lateral
dimerization is required for the homophilic binding activity of
C-cadherin. J. Cell. Biol. 135: 487–496.
Citi, S., Volberg, T., Bershadsky, A.D., Denisenko, N and Geiger,
B. 1994. Cytoskeletal involvement in the modulation of cell-cell
junctions by the protein kinase inhibitor H-7. J. Cell Sci. 107:
683–692.

541
Cooper, J.A. 1987. Effects of cytochalasin and phalloidin on actin.
J. Cell Biol. 105: 1473–1478.
Dasgupta, J.D., and Singh, U.N. 1982. Spatio-temporal distribution
of gap junctions in the zebra fish embryo. Roux’s Arch. Develop. Biol. 190: 358–360.
Eaton, R.C., and Farley, R.D. 1974. Spawning cycle and egg production of zebrafish Brachydanio rerio in the laboratory. Copeia
1:195–203.
Fink, R.D., and Cooper, M.S. 1996. Apical membrane turnover is
accelerated near cell-cell contacts in an embryonic epithelium.
Dev. Biol. 174: 180–189.
Fleming, T.P. 1992. Trophoectoderm biogenesis in the
preimplantation mouse embryo. “ In Epithelial Organization and
Development.” p.p. 111–134 (T. P. Fleming Ed.) Chapman and
Hall London, UK
Fleming, T.P and Johnson, M.H. 1988. From egg to epithelium.
Ann. Rev. Cell. Biol. 4: 459–485
Geiger, B., and Ayalon, O. 1992. Cadherins. Ann. Rev. Cell. Biol.
8: 307–332.
Geiger, B., Volberg, T., Ginsberg, D., Bitzur, S., Sabanay, I., and
Hynes, R.O. 1990. Broad spectrum pan-cadherin antibodies, reactive with the C-terminal 24 amino acid residues of Ncadherin. J. Cell Sci. 97: 607–614.
Gumbiner B.M..1993. Proteins associated with the cytoplasmic
surface of adhesion molecules. Neuron 11:551–564.
Gumbiner, B.M. 1996. Cell adhesion: The molecular basis of tissue
architecture and morphogenesis. Cell 84: 345–357.
Hidaka, H., Inagaki, M., Kawamoto, S., and Sasaki, Y. 1984.
Isoquinolinesulfonamides, novel and potent inhibitors of cyclic
nucleotide dependent protein kinase and protein kinase C. Biochemistry 23: 5036–5041.
Hirano, S., Nose, A., Hatta, K., Kawakami, A., and Takeichi, M.
1987. Calcium-dependent cell-cell adhesion molecules
(cadherins): Subclass specificities and possible involvement of
actin bundles. J. Cell Biol. 105: 2505–2510.
Jaffe, S.H., Friedlander, D.R., Matsuzaki, F., Crossin, K.L.,
Cunningham, B.A., and Edelman, G.M. 1990. Differential effects of the cytoplasmic domains of cell adhesion molecules on
cell aggregation and sorting-out. Proc. Natl. Acad. Sci. U.S.A.
87: 3589–3593.
Jesuthasan, S. 1998 Furrow-associated microtubule arrays are required for the cohesion of zebrafish blastomeres following
cytokinesis. J. Cell Sci. 111: 3695–3703.
Keller, R.W., and Trinkaus, J.P. 1987. Rearrangement of enveloping layer cells without disruption of the epithelial permeability
barrier as a factor in Fundulus epiboly. Dev. Biol. 120: 12–24.
Kimmel, C.B., Ballard, W.W., Kimmel, S.R., Ullmann, B., and
Schilling, T.F. 1995. Stages of embryonic development of the
zebrafish. Dev. Dyn. 203: 253–310.
Kimura, Y., Hiraoka, M., Inoue, T., Shimamura, K., Uchida, N.,
Ueno, T., Miyazaki, T., and Takeichi, M. 1995. Cadherin-11 expressed in association with mesenchymal morphogenesis in the
head, somite and limb bud of early mouse embryos. Dev. Biol.
169: 347–358.
Kimura, K., Masaaki I., Amano, M., Kazuyasu C., Fukata, Y.,
Nakafuku, M., Yamamori, B., Feng, J., Nakano, T., Okawa, K.,
Iwamatsu, A., and Kaibuchi, K. 1996. Regulation of myosin
phosphatase by Rho and Rho-associated kinase (Rho-kinase).
Science 273:245–248.
Kolodney, M.S., and Elson E.L. 1995. Contraction due to
microtubule disruption is associated with increased phosphorylation of myosin regulatory light chain. Proc. Natl. Acad.
Sci. U.S.A. 92: 10252–10256.
© 1999 NRC Canada

I:\bcb\bcb77\06\O99-058.vp
24-Nov-99 10:22:44 AM

Color profile: Disabled
Composite Default screen

542
Lentz, T.L., and Trinkaus, J.P. 1971. Differentiation of the
junctional complex of surface cells in the developing Fundulus
blastoderm. J. Cell Biol. 48: 455–472.
Nakagawa, S., and Takeichi, M. 1995. Neural crest cell-cell adhesion controlled by sequential and subpopulation-specific expression of novel cadherins. Development 121: 1321–1332.
Nagar, B., Overduin, M., Ikura, M., and Rini, J.W. 1996. Structural
bases of calcium-induced E-cadherin rigidification and
dimerization. Nature 380: 360–364.
Oppenheimer, J. M. 1937. The normal stages of Fundulus
heteroclytus. Anat. Rec. 68: 1–15.
Quick, J., Ware, J.A., and Drieger, P.E. 1992. The structure and biological activities of the widely used protein kinase inhibitor H7, differ depending on the commercial source. Biochem.
Biophys. Res. Commun. 187: 657–663.
Rimm, D.L., Doslov, E.R., Kebriae, P., Cianci, C.D., and Morrow
J.S. 1995. ⬀1(E)-Catenin is an actin-binding and-bundling protein mediating the attachment of F-actin to the membrane adhesion complex. Proc. Natl. Acad. Sci. U.S.A. 92: 8813–8817.
Schliwa, M. 1982. Action of cytochalasin D on cytoskeletal networks. J. Cell Biol. 92: 79–91.
Solnica-Krezel, L., and Driever, W. 1994. Microtubule arrays of
the zebrafish yolk cell: organization and function during epiboly.
Development 120: 2443–2455.
Stappert, J., and Kemler, R. 1994. A short core region of Ecadherin is essential for catenin binding and is highly
phosphorylated. Cell Adhs. Commun. 2: 319–327.
Strahle, W., and Jesuthasan, S. 1993. Ultraviolet irradiation impairs
epiboly in zebrafish embryos: evidence for a microtubuledependent mechanism of epiboly. Development 119: 909–919.

Biochem. Cell Biol. Vol. 77, 1999
Trinkaus, J.P. 1984. Mechanisms of Fundulus epiboly. A current
view. Amer. Zool. 24: 673–688.
Volk, T., and Geiger, B. 1986a. A-CAM: A 135-kD receptor for
intercellular adherens junctions. I. Immunoelectron microscopic
localization and biochemical studies. J. Cell. Biol. 103: 1441–
1450.
Volk, T., and Geiger, B. 1986b. A-CAM: A-135 kD receptor for
intercellular adherens junctions. II. Antibody mediated modulation of junction formation. J. Cell. Biol. 103: 1451–1464.
Volberg, T., Geiger, B., Citi, S., and Bershadsky, A.D. 1994. Effect
of protein kinase inhibitor H-7 on the contractility, integrity, and
membrane anchorage of the microfilament system. Cell Motil.
Cytoskel. 29: 321–338.
Westerfield, M. 1995. The zebrafish book. A guide for the laboratory use of zebrafish (Danio rerio). University of Oregon Press,
Eugene, Oregon.
Winkel, G.K., Ferguson, J.E., Takeichi, M., and Nuccitelli, R. 1990.
Activation of protein kinase C triggers premature compaction in
the four-cell stage mouse embryo. Dev. Biol. 138: 1–15.
Yahara, I., Harada, F., Sekita, S., Yoshihira, K., and Natori, S.
1982. Correlation between effects of 24 different cytochalasins
on cellular structures and cellular events and those of actin in vitro. J. Cell Biol. 92:69–78.
Yap, A.S., Brieher, W.M., and Gumbiner, B.M. 1997. Molecular
and functional analysis of cadherin-based adherens junctions.
Ann. Rev. Cell Dev. Biol. 13: 119–146.
Yonemura, S., Itoh, M., Nagafuchi, A., and Tsukita, S. 1995 Cell-tocell adherens junction formation and actin filament organization:
similarities and differences between non-polarized fibroblasts
and polarized epithelial cells. J. Cell Sci. 108:129–142.

© 1999 NRC Canada

I:\bcb\bcb77\06\O99-058.vp
24-Nov-99 10:22:44 AM

