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Ooplasmic Segregation in the Zebrafish Zygote
and Early Embryo: Pattern of Ooplasmic
Movements and Transport Pathways
Ricardo Fuentes and Juan Fernández*

Patterns of cytoplasmic movements and organization of transport pathways were examined in live or
fixed zygotes and early zebrafish embryos using a variety of techniques. The zygote blastodisc grows by
accumulation of ooplasm, transported to the animal pole from distinct sectors of ecto- and endoplasm at
different speeds and developmental periods, using specific pathways or streamers. Slow transport (5 mm/
min) occurs during the first interphase along short streamers, whereas fast transport (9.6–40 mm/min)
takes place during the first cleavage division along axial and meridional streamers. Interconnections
between streamers allow cargoes to change their speed and final destination. A similar sequence of events
occurs during the following divisions. A complex network of microtubules and actin filaments in the
endo- and ectoplasm appears to be involved in the transport of inclusions and mRNAs. Actin-dependent
intermittent pulsations provoked high-speed back-and-forth movements of cytoplasm that may contribute
to redistribution of organelles and maternal determinants. Developmental Dynamics 239:2172–2189, 2010.
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INTRODUCTION

Ooplasmic domains are sectors of the

egg cytoplasm that enclose organelles,
cytoplasmic determinants, and cyto-
skeleton (Fernández and Olea, 1982,
1995; Bally-Cuif et al., 1998; Fernán-
dez et al., 1998, 2006). In many eggs,

formation of these domains involves
separation of yolk from the rest of the
cytoplasmic components by a process
called ooplasmic segregation. This
process is essential to ensure normal

embryonic development and occurs in
the eggs of invertebrate and verte-
brate organisms that exhibit mosaic
or regulative development, respec-

tively. In invertebrates, examples of
such a segregation process are seen in
the oligochaetes, which form conspic-
uous polar domains (Penners, 1922;
Shimizu, 1982); leeches, which origi-
nate bizarre teloplasms (Whitman,
1878; Fernández and Olea, 1982);
ascidians, which give rise to crescent-
shaped domains (Conklin, 1905; Jeff-
ery and Meier, 1983); nematodes and
insects, which form germ plasm
(Mahowald, 1962; Strome and Wood,
1983); as well as polychaetes and
some molluscs, which form volumi-
nous polar lobes (Wilson, 1904; Lillie,
1906). In vertebrates, an example is
the formation of the embryonic disc,

or blastodisc, that gives rise to most of
the embryo in fishes, reptiles, and
birds (Nelsen, 1953).
The zebrafish zygote is about 700 mm

in diameter and consists of vitello-
plasm, which contains yolk globules,
and ooplasm. The ooplasm contains
numerous organelles and forms three
interconnected domains: a blastodisc at
the top of the animal hemisphere, a
layer of ectoplasm at the yolk cell pe-
riphery, and a network of endoplasmic
lacunae in the yolk cell. Formation of
these domains is initiated during
oogenesis (Fernández et al., 2006; Less-
man, 2009). The structure of this egg
contrasts with that of other fishes such
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as Medaka (reviewed by Hart and
Fluck, 1995), in which the yolk forms a
large body and endoplasm is not
present.

The zebrafish zygote is a convenient
cell model for the study of the mecha-
nisms involved in several processes
including fertilization, cytoplasmic
movements driving ooplasmic segrega-
tion, localization and transit of mater-
nal determinants, generation of
calcium transients, and the establish-
ment of cell polarity. Large amounts of
ooplasm become segregated from yolk
and translocate from one part of the
zygote to another and finally accumu-
late in the blastodisc (Roosen-Runge,
1938; Katow, 1983; Leung et al., 2000).
Concomitantly, numerous maternal
mRNA transcripts travel across the
ecto-or endoplasm and then accumu-
late in the blastodisc (Bally-Cuif et al.,
1998; Howley and Ho, 2000; Hashi-
moto et al., 2004; Theusch et al.,
2006). In this manner, the zygote
becomes a polarized cell. The products
of these transcripts are involved in the
control of important events in early de-
velopment such as egg activation (Mei
et al., 2009), determination of the ani-
mal/vegetal axis (Marlow and Mullins,
2008), pronuclear fusion (Dekens
et al., 2003), ooplasmic segregation
(Dosch et al., 2004), cleavage (Jesutha-
san and Strähle, 1996; Urven et al.,
2006; Kishimoto et al., 2004), forma-
tion of the germ plasm (Knaut et al,
2000; Theusch et al., 2006; Kosaka
et al., 2007; Bontems et al., 2009), and
body axis formation (Mizuno et al.,
1999; Ober and Schulte-Merker, 1999;
Howley and Ho, 2000; reviewed by
Bashirulla et al., 1998; Pelegri, 2003;
Lindeman and Pelegri, 2009). Calcium
transients are known to be generated
during contraction of the actin ring
and cleavage (Webb et al., 1997; Cré-
ton et al., 1998; Leung et al., 1998; Lee
et al., 2006).

An advantage of live zygotes for mi-
croscopic observation is that they are
translucent. Moreover, the differences
in the refractive index of its compo-
nents allows the tracking of yolk and
ooplasmic inclusions (Iwamatzu,
1973; Leung et al., 2000). The visual-
ization of ooplasmic movements is fur-
ther improved by microinjection of a
variety of probes such as labeled dex-
trans and beads (Jesuthasan and
Strähle, 1996; Leung et al., 2000; Fer-

nández et al., 2006) or carbon par-
ticles (Ivanenkov et al., 1990).

Ooplasmic segregation has been
studied extensively in the zebrafish zy-
gote since the pioneer work of Roosen-
Runge (1938) and more recently by
Leung et al. (1998, 2000) and Fernán-
dez et al. (2006). In the zebrafish and
other fishes, the cytoskeleton has been
considered to play an important role in
ooplasmic segregation (reviewed by
Hart and Fluck, 1995). Cortical micro-
tubules are reported to be involved in
the transport of foreign labeled par-
ticles and cytoplasmic determinants
(Jesuthasan and Strähle, 1996; Gore
and Sampath, 2002). Cortical actin fila-
ments are known to assemble into a
ring whose contraction is considered to
be the motor driving ooplasmic segre-
gation (Katow, 1983; Leung et al.,
2000). Peripheral actin filaments are
also claimed to participate in sperm
penetration (Hart et al., 1992), cortical
reaction (Becker and Hart, 1996), and
transport of determinants involved in
the formation of the germ plasm (The-
usch et al., 2006). The presence of an
internal or endoplasmic cytoskeleton in
the zebrafish egg was suggested by
Beams et al. (1985), who used scanning
electron microscopy, and later demon-
strated in oocytes and eggs by Fernán-
dez et al. (2006) using transmission
electron microscopy.

In this report, we extend observa-
tions on the first steps of ooplasmic
segregation in the stage V oocyte and
egg (Fernández et al., 2006) to later
events that take place in the zygote
and early embryo, with emphasis on
the structure of the cytoskeleton and
the organization of pathways for the
transport of cytoplasmic inclusions,
fluorescent tracers, and maternal
transcripts. The speed and direction
of transport at different developmen-
tal stages were determined.

RESULTS

Ooplasmic Segregation in the

Zebrafish Zygote Occurred in

Three Stages That Correlated

With Completion of Meiosis

and Phases of the First Cell

Cycle

We have subdivided development of
the uncleaved embryo (total n¼30)

into three stages indicated here as
stages 1a, 1b, and 1c. Stage 1a (com-
pletion of meiosis) extended from egg
laying to the discharge of the second
polar body. During this stage, the egg
became turgid, released the second
polar body, and the preblastodisc
grew slightly to become the blastodisc
(not shown; for details see Fernández
et al., 2006). Stage 1b (first inter-
phase) extended from discharge of the
second polar body to the time at
which the blastodisc adopted a bicon-
vex shape and the contraction of the
actin ring became evident at the mar-
gin of the blastodisc. At this stage, the
egg flattened along the animal/vege-
tal axis and then recovered its spheri-
cal shape. The blastodisc underwent
moderate growth (Fig. 1A–C). Stage
1c (first cleavage division) started
with the onset of the actin ring con-
traction at the margin of the blasto-
disc and ended with the formation of
the two first blastomeres. During
early stage 1c, the long axial stream-
ers were assembled and the blastodisc
grew considerably due to the accumu-
lation of ooplasm and yolk globules
(Fig. 1D,E). During late stage 1c, the
actin ring relaxed, the long axial
streamers became less visible, and
the blastodisc completed its first divi-
sion (Fig. 1F). At 20–22�C, stage 1a
was completed at 10–15 min, stage 1b
at 45–60 min, and stage 1c at 60–75
min of development. At 25�C, stage 1a
was completed at 5–10 min, stage 1b
at 25–35 min, and stage 1c at 40–45
min of development. At 28�C, stage 1a
was completed at about 5 min, stage
1b at 25–30 min, and stage 1c at 30–
35 min. Accordingly, zygote develop-
ment was completed at the following
normalized time: 0.1–0.2, for stage 1a;
0.6–0.8, for stage 1b, and 0.8–1, for
stage 1c.
To correlate staging of the one-cell

embryo with periods of the first cell
cycle, we studied DAPI-stained nu-
clear DNA in whole-mounted acid-
fixed blastodiscs (total n¼65). Results
appear as insets to Figure 1. During
stage 1a, the meiotic spindle, arrested
in metaphase II, resumed develop-
ment and in a few minutes discharged
the second polar body (Fernández
et al., 2006). Acid fixation often
destroyed the polar body leaving
DAPI-stained material attached to
the blastodisc. This is considered to
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be condensed chromatin that consti-
tutes a reference point for the position
of the animal pole. During stage 1b,
pronuclei approached each other
(inset in Fig. 1A,B) and their coales-
cence occurred close to the DAPI-
stained spot leading to the formation
of the zygote nucleus (inset in Fig.
1C). During stage 1c, the first mitosis
was completed (inset in Fig. 1D–F).
Our results confirmed and comple-
mented observations of Streisinger
et al. (1981) and Dekens et al. (2003).

Complex cytoplasmic movements, to
be described in detail later, occurred
during development of the zebrafish zy-
gote. The direction and relative speed
of these movements in different regions
of the zygote and the contraction/relax-
ation cycle of the actin ring are sum-
marized in Figure 2.

Time-Lapse Video Imaging

Showed That the Egg, Zygote,

and Early Embryo Displayed

Numerous Deformation

Movements

Animated sequences prepared at
short intervals of 10–30 sec (total
n¼35) revealed that development of

the zebrafish egg was accompanied by
numerous deformations. During stage
1a, the egg became turgid and
released the second polar body. Dur-
ing stage 1b, the zygote exhibited an
initial animal/vegetal flattening and
exhibited intermittent deformations
called pulsations. These were mani-
fested by shortening and stretching of
the embryo along its animal/vegetal
axis. This phenomenon has not been
described before. During stage 1c,
there were further pulsations and a
third type of deformation provoked by
the contraction/relaxation of the actin
ring. This was a cyclic phenomenon
that also took place at the margin of
the cleaving blastoderm and in water-
activated zebrafish eggs (Kane and
Kimmel, 1993). Pulsations also con-
tinued during early cleavage and
their number and extension varied
from zygote to zygote. At tempera-
tures of 22–25�C, high-frequency pul-
sations extended from less than a mi-
nute to 2–3 min (see Supp. Video S1,
which is available online), whereas
low-frequency pulsations extended for
several minutes. We have counted up
to 19 episodes of pulsation in a zygote.
The extent and number of pulsations
increased with the age of the embryo.

High-frequency pulsations, similar to
those described above, also occurred
at higher temperatures (25–28�C).
Discharge of the second polar body,

pulsations, contraction/relaxation of
the actin ring, ooplasmic segregation,
blastodisc growth, and pseudo cleav-
age also took place in the unfertilized
egg (see also Kane and Kimmel,
1993), indicating that these processes
do not depend on the formation of the
zygote nucleus and the establishment
of a normal cell cycle.

Reorganization of the

Endoplasm Studied in

Acid-Fixed Embryos

The blastodisc grows mostly at the
expense of endoplasm transported
pole-ward from the yolk cell. There-
fore, changes in the organization of
the endoplasm during blastodisc
enlargement provide important infor-
mation on how this process progresses
during early development. To this
end, numerous eggs (n¼10), zygotes
(n¼50), and early embryos (n¼30)
were examined after acid fixation at
different time intervals. This tech-
nique allowed detailed visualization
of the endoplasm, particularly after
application of the inverse contrast fa-
cility of Metamorph software. Use of
low concentrations of acetic or isobu-
tyric acid (see Experimental Proce-
dures section) minimized retraction of
the lacunae from the vegetal ecto-
plasm. In the freshly laid egg, the
interconnected endoplasmic lacunae
appeared scattered throughout the
entire yolk cell. Fine channels were
seen linking the lacunae with one
another, with the peripheral ecto-
plasm and the animally located blas-
todisc. Reorganization of the endo-
plasm advanced at different rates in
different activated eggs and exhibited
four main features: (1) fusion of the
animal-most endoplasmic lacunae
with the blastodisc to form short
streamers (Fig. 3A), (2) coalescence
and remodeling of animal and some
equatorially located lacunae to form
sinuous channels or long axial
streamers connected to the blastodisc
(Fig. 3B), (3) coalescence and remodel-
ing of lacunae lying under the periph-
eral palisade of yolk globules to form
the long meridional streamers, also

Fig. 1. Light microscope images showing the stages in the development of a live zygote (lat-
eral view). A: Early stage 1b. B: Mid stage 1b. C: Late stage 1b. D,E: Early stage 1c. F: Late
stage 1c. Insets show the organization of the DAPI-stained nuclear DNA. During early first inter-
phase (A–C), the zygote nucleus formed close to the DAPI-stained spot (white arrow in C). Chro-
mosomes are shown during the first cleavage division: metaphase (D), anaphase (E), and
telophase (F). Inner-directed and outer-directed black arrows indicate contraction and relaxation
of the actin ring, respectively. as, axial streamers; bd, blastodisc; cf, cleavage furrow; yc, yolk
cell; yg, yolk globules. Development at 21�C. Scale bar ¼ 70 mm.
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connected to the blastodisc (Fig. 3C).
Both types of long streamers formed
by the time the animal actin ring
started contracting and (4) pole-ward
displacement of the vegetal endoplas-
mic lacunae that coalesced and joined
the axial streamers. In some eggs,
pole-ward displacement of the vegetal
lacunae was initiated soon after egg
activation, but usually this process
started during the first cleavage divi-
sion. In a few zygotes (less than 1%),
vegetal lacunae fused at the center of
the yolk cell to form a fenestrated
body. In spite of differences in the
rate of animal-ward movement of the
vegetal lacunae, the pattern of endo-
plasm reorganization was similar in
different embryos. Emptying of lacu-
nae into the blastodisc was completed
after several cleavage divisions.

Reorganization of the

Endoplasm Studied in Live

Non-Injected Embryos

To complement observations on acid
fixed cells, animations of live zygotes
and embryos, up to the fourth or fifth
cleavage division, were prepared
using the inverted contrast facility of
Metamorph (total n¼18). Under these
conditions, lacunae and streamers
were visualized with less resolution
than in acid-fixed cells, but it allowed
us to follow the reorganization of the
endoplasm in the living cell. The
results confirmed observation on acid-
fixed cells and also provided addi-
tional information. First, during the
first interphase, vegetal lacunae suf-
fered local displacements, remaining
in similar regions of the vegetal yolk

cell. At the same time, the animal-
most lacunae were seen joining the
blastodisc and forming short stream-
ers (Fig. 3D). Second, the long axial
and meridional streamers were
formed at the beginning of each cell
division, in synchrony with the con-
traction of the actin ring, and moved
endoplasm toward the animal pole
(see Supp. Videos S2, S3). Vegetal
lacunae emptied their endoplasm into
the axial streamers in an ordered
sequence, starting with the equatori-
ally located lacunae (Fig. 3E) and end-
ing with the central most vegetally
located ones (Fig. 3F). Third, during
relaxation of the actin ring, streamers
were less visible (Fig. 3G) and endo-
plasmic lacunae that remained in the
yolk cell moved toward the animal
pole. As expected, during cleavage divi-
sions endoplasmic lacunae gradually
diminished in number and streamers
became thinner (Fig. 3H,I). Beyond the
fourth or fifth cleavage division, many
embryos lacked visible endoplasmic
lacunae.

Organization of the

Cytoskeleton in the

Endoplasmic Lacunae and

Streamers

Immunofluorescence staining of the
cytoskeleton was performed in whole-
mount or frozen-sectioned zygotes
and examined by confocal (n¼16), flu-
orescence (n¼27), or regular video
light microscopy (n¼5). Low-magnifi-
cation confocal images of the yolk cell,
selected from individual slices of a
stack of images, showed that the
endoplasmic lacunae include a cyto-
skeleton of actin filaments (Fig. 4A)
and microtubules (Fig. 4B). Rotation
of the stack of images revealed that
the endoplasmic lacunae were irregu-
larly shaped cytoskeleton-rich inter-
connected narrow spaces between the
yolk globules. Higher magnification
confocal images, taken from similar
stacks, revealed two important fea-
tures of the lacunae. First, that micro-
tubules and actin filaments assembled
into thin bundles that form a tight net-
work and, second, that the network
was three-dimensional because it occu-
pied the entire volume of the lacuna
(Fig. 4C–E). Large bundles of microtu-
bules or microfilaments, such as those

Fig. 2. Diagram that illustrates the contraction/relaxation cycle (inner-directed and outer-
directed black arrows, respectively) of the actin ring and the movement of cytoplasmic inclu-
sions, toward or away from the blastodisc (bd), across the ectoplasm (ec) and endoplasm (en)
of early/mid stage 1b (A), late stage 1b (B), early stage 1c (C), and late stage 1c (D) zygotes.
Lateral views. Small green arrows indicate the direction of low-speed movements, along the ec-
toplasm or short streamers in the endoplasm; mid-size blue arrows indicate the direction of
high-speed movements, along the ectoplasm or long axial streamers in the endoplasm; and
large red arrows indicate the direction of ultra-high-speed movements, along meridional stream-
ers in the peripheral endoplasm. Black dots indicate the presence of numerous stationary
inclusions.
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formed in the vegetal pole of early
zygotes (Jesuthasan and Strähle, 1996),
were not visualized across the endoplasm.

Fluorescence images show that in
some lacunae, cytoskeletal bundles
appear disorganized (Fig. 4F), dis-
persed (Fig. 4G), or forming a loosely
arranged network (Fig. 4K–M).
These results indicate that the cyto-
skeleton in the lacunae exhibit dif-
ferent types of organization that may
be related to the functional state of
the cytoskeleton or its preservation.
Differences in the structure of the
cytoskeleton may explain the pres-
ence of different types of lacunae in
sectioned early unfertilized eggs
(Fernández et al., 2006). Mid-magni-
fication confocal deconvolved images
of double-immunostained lacunae
selected from a stack of images
showed that actin filaments and
microtubules appeared to co-localize
(compare Fig. 4H and I). However,

analysis of merge images (Fig. 4J)
indicated that actin filaments and
microtubules formed separated or
mixed bundles. This was confirmed
by high-magnification confocal decon-
volved images of double-immuno-
stained lacunae selected from a simi-
lar stack of optical slices, revealing
that in merged images microtubules
and actin filaments formed separated
bundles 0.5–1.5 mm in thickness. In
several places, however, cytoskeletal
bundles appeared yellow to orange,
suggesting that in this case microtu-
bules and actin filaments were inter-
mixed and hence co-localized within
the bundle. The three type of bun-
dles appeared intercalated within
the cytoskeletal network (Fig. 4K–
M). In conclusion, the available evi-
dence suggests that the cytoskeleton
network in the endoplasmic lacunae
consists of both ‘‘pure’’ and inter-
mixed bundles of microtubules and

actin filaments. The peripheral
meshwork of microtubules and actin
filaments observed under the fluores-
cence microscope (Fig. 4N) is similar
to that seen in the internal cytoskel-
eton (lacunae and streamers) and
resembles that described in the cor-
tex of zebrafish (Hart et al., 1992;
Becker and Hart, 1996, 1999) and
other teleost eggs (reviewed by Hart
and Fluck, 1995). Neither microtu-
bules nor actin filaments were
detected in controls incubated only
with the second antibody (Fig. 4O).
We have on occasion detected large
ectoplasmic bundles of microtubules
in the vegetal ectoplasm (Fig. 4P) of
early stage-1b zygotes that resemble
those described in the same region
by Jesuthasan and Strähle (1996).
As shown in Figure 4Q, microtubules
can also be seen in endoplasmic lacu-
nae of fragmented zygotes immuno-
stained by a routine procedure such
as that utilized by Jesuthasan and
Strähle (1996). Filamentous struc-
tures, suggesting cytoskeletal compo-
nents, were undetected in fluores-
cent-dextran microinjected control
zygotes (Fig. 4R).

Slow Movement of Endoplasm

and Ectoplasm During the

First Interphase (Stage 1b)

Animal-Ward Movement of

Endogenous and Exogenous

Markers Along the Ecto and

Endoplasm During Early and

Mid First Interphase (Early and

Mid Stage 1b).

The dynamic behavior of ectoplasmic
and endoplasmic inclusions (n¼25),
microinjected-labeled beads (n¼15),
and dextran (n¼7) was studied in ani-
mations prepared at 10–30-sec inter-
vals. Ooplasmic inclusions were
rounded or oval-shaped bodies that
had a low-density interior and a re-
fractive periphery. The smallest (1–3
mm in diameter) may correspond to
vacuoles, whereas the largest (up to
20 mm in diameter) may be yolk glob-
ules. Vacuoles and small yolk globules
are present in the egg ooplasm (Fer-
nández et al., 2006). In the animal-
most ecto- and endoplasm, inclusions
and fluorescent beads preferentially
moved toward the animal pole and

Fig. 3. Light microscope images showing the reorganization of the endoplasm (en) in inverted
contrast acid-fixed (A–C) and live whole-mounted zygotes and embryos (D–I) during the first 3
cell cycles. A: Early first interphase, lateral view. B: Early first cleavage division, lateral view.
C: Early first cleavage division, animal pole view. The arrow in C points to the peripheral local-
ization of a meridional streamer (ms). Lateral views of: D: Early first interphase. E,F: Early first
cleavage division. G: Two-cell embryo. H: Four-cell embryo. I: Eight-cell embryo. as, long axial
streamers; bd, blastodisc; ss, short streamers. Scale bars ¼ 80 mm (A–C), 160 mm (D–I).
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frequently entered the blastodisc (Fig.
5A,B; see Supp. Video S4). Fluores-
cent beads were seen moving directly
from animal endoplasmic lacunae
into the blastodisc (Fig. 5C) or to the
neighboring ectoplasm and from here
to the blastodisc (Figs. 5D–F; see
Supp. Video S5). Movement of inclu-
sions or fluorescent beads was irregu-
lar with zigzagged trajectories, back-
and-forth displacements, and pauses.
Intermittent or saltatory motions
were also observed (Fig. 5G–H).
Inclusions moved at an average low

speed of 5.0 mm/min and fluorescent
beads at 9.1 mm/min. Statistical anal-
ysis of these movements is shown in
Figure 5I and J. In the rest of the
endoplasm, objects were seen moving
slowly and in several directions.
Something similar occurred across
the vegetal ectoplasm. Fluorescent
dextran (not shown) confirmed obser-
vations described above in that endo-
plasm in the animal-most lacunae
moved slowly and poured their con-
tent into the blastodisc. Endoplasm in
the remaining lacunae showed local

displacements or remained more or
less in place. Unfertilized eggs behave
similarly.

Vegetal-Ward Movement of

Endogenous and Exogenous

Markers Along the Ecto- and

Endoplasm During Late First

Interphase (Late Stage 1b)

(n¼14).

During this stage, inclusions and fluo-
rescent markers were seen moving
slowly (average speed 5.0 mm/min for

Fig. 4. Organization of the cytoskeleton in whole-mounted early stage 1b zygotes immunostained for actin filaments (act) and/or microtubules
(mts) viewed under the confocal (A–E, H–J, K–M) or fluorescent (F, G, N–R) microscope. A,B: Confocal low-magnification images of the endoplas-
mic lacunae (en) stained for actin filaments (act) and microtubules (mts). C–E: Deconvolved confocal images selected from a z-stack containing
15� 1 mm-thick optical sections across an endoplasmic lacuna stained for microtubules. The position of the section within the stack is indicated.
F: Lacuna showing a disorganized network of actin filaments. G: Lacuna showing dispersed bundles of microtubules (arrows). H–J: Deconvolved
confocal intermediate magnification images of double immunostained lacuna selected from a z-stack of 15� 1-mm-thick optical sections. Shown
is the network of actin filaments (H) and microtubule bundles (I) and the merged image of them (J). In the latter image, cytoskeletal bundles are
seen as green dots (actin), red dots (microtubules), or yellow to orange dots (mixed actin and microtubules). K–M: Deconvolved confocal high-
magnification images of double-stained lacuna, taken from a z-stack of 18� 1-mm-thick optical sections. It shows a loosely arranged cytoskeletal
network built upon intercalated bundles of actin filaments (arrowheads), bundles of microtubules (arrows), and mixed bundles of actin filaments
and microtubules (double-headed arrows). This condition is also illustrated in the optical cut along the X axis shown in the inset of M. N: Network
of microtubules in the ectoplasm. O: Control incubated in the second antibody only. Lacunae are barely seen after a 20-second exposure. P: Bun-
dles of oriented microtubules in the ectoplasm of the vegetal pole (vp). Q: Weakly stained microtubules in a lacuna immunostained according to
Jesuthasan and Strähle (1996). R: Control showing an endoplasmic lacuna filled with rhodamine-labeled dextran. Notice the absence of fibrilar
profiles. Scale bars ¼ 10 mm (A–E), 6 mm (F), 5.5 mm (G), 5 mm (H–J), 2 mm (K–M), 5.6 mm (N), 10.5 mm (O), 15 mm (P), 4 mm (Q), 2 mm (R).
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the inclusions and 9.1 mm/min for the
fluorescent beads) toward the vegetal
pole. This movement included objects
in the blastodisc and adjacent regions
of the ectoplasm and it was accompa-
nied by a change in the blastodisc to
form a biconvex-shaped structure.
This phenomenon was produced by
vegetal-ward displacement of the

blastodisc floor, presumably triggered
by contraction of the endoplasmic
actin cytoskeleton (Fig. 1C).

Blastodisc Growth During the

First Interphase (n¼10).

Table 1 shows that during the first
interphase there is an increase in

the volume of the blastodisc and a
decrease in the volume of the yolk
sphere, confirming that the slow
animal-ward flow of ecto- and endo-
plasm contributed to the blastodisc
growth. There were differences
between the initial and final volume,
as well as in the percentage of vol-
ume growth of the individual

TABLE 1. Changes in the Volume of the Blastodisc and Yolk Sphere, Expressed in Nanoliters, During

the First Interphase (Stage 1b)a

Zygote

Blastodisc Yolk cell

iV (nl) fV (nl) % of volume increase iV (nl) fV (nl) % of volume decrease

1 6.4 13.6 110.6 138.9 116.1 16.5
2 10.7 17.7 66.4 122.7 120.6 1.7
3 6.9 16.8 143.3 145.2 124.8 14.1
4 7.6 10.0 31.6 141.2 133.4 5.5
5 7.5 13.2 76.1 139.5 130.6 6.3
6 6.2 8.8 41.5 142.4 128.5 9.7
7 5.6 11.6 108.3 134.5 123.2 8.4
8 8.2 9.9 20.4 136.7 126.4 7.6
9 8.1 12.2 50.9 130.6 128.5 1.6
10 8.0 9.2 15.2 136.1 126.9 6.8
% of average volume change þ63.6 �8.0

aThe initial (iV) and final (fV) volume of the blastodiscs and yolk spheres were determined from measurements performed on
imaged live zygotes. Increases in the final volume of the blastodisc and decreases in that of the yolk sphere were variable but
the values, calculated by the one-way ANOVA test, appeared significant (P ¼ 0.0003085, for the blastodisc and P ¼ 0.0005245,
for the yolk cell), indicating that the slow flow of ecto- and endoplasm contributed to the blastodisc growth. For more details, see
Experimental Procedures section.

Fig. 5. Lateral view of whole-mounted mid stage 1b zygotes and graphs illustrating the slow movement of endoplasm during the first interphase.
A,B: Still frames from a light microscope time-lapse video animation, taken at 10-sec intervals, showing that enlargement of the blastodisc (bd) is
accompanied by the slow incorporation of endoplasmic inclusions (marked by yellow dots). Time elapsed between the images is indicated. Devel-
opment at 24�C. C: Still frame from a time-lapse video animation taken every 10 sec showing the slow transport (arrow) of fluorescent beads (fb)
from two endoplasmic lacunae (en) into the blastodisc (bd) by short streamers (ss). The probe was microinjected in the medial region of the yolk
cell close to the blastodisc. D–F: Still frames from a time-lapse video animation taken at 30-sec intervals, showing the slow transport of fluores-
cent beads from the endoplasm to the ectoplasm (ec) and from here to the blastodisc (arrows). In this case, the probe was microinjected laterally
close to the ectoplasm. Development at 20�C. Time in minutes between the images is indicated. G, H: Mid stage 1b zygote showing the irregular
animal-ward trajectory of inclusions across the endoplasm (G) and ectoplasm (H). The consecutive positions of the inclusion, at 30-sec intervals,
are marked with a red circle and the entire trajectory with a straight line linking the circles. Arrowheads indicate the direction of movement. The
entire trajectory of the inclusion was saved in the first image of the respective stack. Development at 24–25�C. yc, yolk cell. I,J: Graphs showing
the distribution of speeds of slow-moving ooplasmic inclusions (I) and fluorescent beads (J) in whole-mounted stage-1b zygotes. The black line is
a Gaussian curve fitted to the experimental data. The central value and standard deviations are 5.0 6 0.4 mm/min, for the inclusions, and 9.1 6
0.9 mm/min, for the fluorescent beads. Scale bars ¼ 55 mm (A, B), 40 mm (C–F), 8 mm (G, H).

Fig. 6. Lateral view of whole-mounted zygotes and graphs illustrating the fast movement of endoplasm during the first cleavage division. A,B:
Still frames from a time-lapse video animation of light microscope images, taken at 10-sec intervals, of an early stage 1c zygote. Contraction of
the actin ring has been initiated with fast movement of endoplasm and yolk globules (arrowhead) into the blastodisc (bd). Time in minutes between
the images is indicated. C–E: Still frames from a time-lapse video animation, taken at 2-min intervals, of a zygote microinjected at the center of
the yolk cell with rhodamine-labeled beads at early stage 1b. C: Mid stage 1b zygote showing fluorescent beads (fb) remaining at the site of injec-
tion. D: Early stage 1c zygote showing the animal-ward movement of the fluorescent beads along the axial streamers (as). E: Two-cell embryo
with a relaxed actin ring and beads accumulated at the blastoderm/yolk cell boundary zone. Time elapsed between the images is indicated. De-
velopment at 20�C. F,G: Still frames from a time-lapse video animation taken at 10-sec intervals showing the transient connection (arrows)
between a meridional streamer (ms) and the vegetal ectoplasm (ec). Time elapsed between the images is indicated. Development at 24�C. H,I:
Fast straight movement of an ooplasmic inclusion along an axial streamer (H) and of a fluorescent bead along a meridional streamer (I). The posi-
tion of the inclusion or bead was marked at each time interval (10 sec) with a red circle and the whole trajectory with a straight line linking the
circles. These were saved in the first image of each stack. Arrowheads indicate the direction of movement. Development at 24–25�C. J,K: Graphs
showing the distribution of speeds of fast-moving ooplasmic inclusions and fluorescent beads in whole-mounted early stage 1c zygotes. The black
lines are the sum of two Gaussian curves fitted to the experimental data. The central values of the curves are: 9.6 6 3.3 mm/min and 40.0 6 2.8
mm/min, for the fast and ultra-fast movement of inclusions (J), and 39 6 1.3 mm/min and 73.0 6 3.9 mm/min, for the fast and ultra-fast movement
of fluorescent beads (K). High speeds were less represented in the graphs (compare with the slow speeds in the graphs of Fig. 5) because fast-
moving objects were difficult to track. oi, ooplasmic inclusion. Scale bars ¼ 120 mm (A,B), 60 mm (C–E), 15 mm (F–I).
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blastodiscs (average 63.6%). Similar
changes occurred in the initial and
final volume and in the percentage
of volume decrease of the individual
yolk cells (average 8%). These differ-
ences may be due to idiosyncratic
variations in the speed at which
zygotes developed and ooplasm
moved to the blastodisc. In addition,
the initial and final volume of the
blastodiscs and yolk spheres were
difficult to determine at exactly the
same developmental stage. It may
be argued that measurements could
be initiated earlier, perhaps reduc-
ing the range of differences. How-
ever, deformation of the nascent zy-
gote made it difficult to determine
the blastodisc area at early develop-
mental stages.

Fast Movement of Ooplasm

During the Early First

Cleavage Division (Early

Stage 1c)

Animal-Ward Movement of

Endogenous and Exogenous

Markers Along the Endoplasm.

For this purpose, animations were
prepared shortly before or by the time
the actin ring started contracting.
Phalloidin and actin immunostaining
(n¼12) showed that the referred ring
formed by the accumulation of actin
filaments at the margin of the blasto-
disc (not shown). Both the structure
and contraction of the actin ring,
associated with the arrival of a slow
Ca2þ wave from the animal pole, have
been well documented by Leung et al.
(1998, 2000). The contraction phase of
the actin ring was accompanied by
fast movement of animal and some
vegetal endoplasmic inclusions, as
well as yolk globules to the blastodisc
(Fig. 6A,B; n¼35). While inclusions
moved along the interior of the axial
and meridional streamers, large yolk
globules did so along their surface.
Tracking of fluorescent beads (n¼20),
microinjected in different regions of
the yolk cell, made it possible to deter-
mine the existence of secondary path-
ways for endoplasm movement. The
pattern of fast movement of inclusions
and beads was similar in that, during
the early first cleavage division, those

Fig. 5.

Fig. 6.



present in the streamers and lacunae
at the animal hemisphere and upper
sectors of the vegetal hemisphere
moved first to the blastodisc (Fig. 6C–
E). These results confirmed the
orderly displacement of the endo-
plasm during the fast phase of move-
ment. In the case of the meridional
streamers, they transported inclu-
sions and exogenous markers coming
from peripheral lacunae, the inter-
stice between the yolk globules or the
neighbor ectoplasm. In the latter
case, there were transient connec-
tions (Fig. 6F,G; see Supp. Video S6).
During early stage 1c, inclusions in
the axial streamers and emptying
vegetal lacunae moved toward the
blastodisc at high speeds (average 9.6
mm/min) following straight trajecto-
ries (Fig. 6H). Fluorescent beads
moved similarly (Fig. 6I) but faster
(average speed 39 mm/min). Inclu-
sions and fluorescent beads in the
meridional streamers moved to the
blastodisc even faster, reaching an av-
erage speed of 40 and 73 mm/min,
respectively. Meridional streamers
thus constitute ultra-fast pathways
for the animal-ward transport of the
endoplasm. For statistical representa-
tion of the collected data, see Figure
6J and K. Differences in the speed of
transport of inclusions and fluores-
cent beads across the cytoplasm have
not yet been explained but may be
related to the different mechanisms
involved in their transport (see Beck-
erle, 1984).

Taking together the results of endo-
plasm movement during the slow and
fast transport phases, we conclude
that most of the animal endoplasm
and part of the vegetal endoplasm are
incorporated into the blastodisc dur-
ing the first cell cycle.

Animal-Ward Movement of

Endogenous and Exogenous

Markers Along the Ectoplasm

(n¼7).

During early stage 1c, inclusions and
fluorescent beads in the animal ecto-
plasm and upper sectors of the vege-
tal ectoplasm preferentially moved to-
ward the blastodisc at low (average
5.0 mm/min) or high (average 9.1 mm/
min) speeds, respectively. Movement
of inclusions in the rest of the vegetal

ectoplasm exhibited great variations
from zygote to zygote: they moved to-
ward the vegetal pole, back and forth
in different directions, or remained sta-
tionary (Fig. 7A–D). Hence, a steady
flow of ectoplasm from vegetal to ani-
mal has not been visualized.

Slow Movement of Ooplasm

During the Late First

Cleavage Division (Late

Stage 1c, n511)

Relaxation of the actin ring was
accompanied by reverse movement
(vegetal-ward) of animal ecto- and
endoplasmic inclusions, including
those that were already incorporated
into the blastodisc. Yolk globules that
invaded the blastodisc during the fast
movement also returned to the yolk
cell (Fig. 8A). The movement of these
objects was slow (average speeds of
5.0 mm/min). Meanwhile, inclusions
in the vegetal ecto and endoplasm
moved in different directions or
remained stationary.

Movement of Endoplasm in

the Parthenogenetic Egg and

During Cleavage

Slow and fast movements of the ecto-
and endoplasm, contraction/relaxa-
tion of the actin ring, formation of
streamers and pseudo-cleavage took
place in the unfertilized egg (n¼25).
These findings confirmed and comple-
mented the observation of other
investigators concerning with the
properties of the activated non-fertil-
ized egg (Kane and Kimmel, 1993;
Webb et al., 1997).

The contraction/relaxation cycle of
the actin ring also continued during
cleavage (n¼22) (see Kane and Kim-
mel, 1993) with inclusions and yolk
globules slowly returning to the yolk
cell during the relaxation phase and
rapidly entering the blastodisc during
the contraction phase (Fig. 8B,C).
The speed of these movements was
not determined. After a number of
cleavage divisions, endoplasm was no
longer visible in the yolk cell and
large yolk globules in the blastodisc.
By this time, separation of discernible
yolk and ooplasm may be considered

to have been completed. Gradually,
thinner axial and meridional stream-
ers formed during successive cycles of
contraction/relaxation. Movement of
inclusions across the ectoplasm of the
cleaving embryo was not determined
and, hence, it is not known whether
its animal and vegetal sectors became
functionally connected.

Pulsations Are Blocked by

Actin Toxins

Tracking of cytoplasmic inclusions
(n¼12), labeled beads, or dextran
(n¼8) by time-lapse video microscopy
showed that during pulsations endo-
plasm moved back and forth along the
animal/vegetal axis. Accordingly, ani-
mal-most endoplasm entered and
exited the blastodisc after each pulsa-
tion. During low-frequency pulsa-
tions, endoplasmic inclusions moved
slowly back and forth (average speed
5.0 mm/min), whereas during high-
frequency pulsations they traveled
back and forth faster (average speed
9.1 mm/min). Both types of pulsations
were observed during the slow and
fast phase of endoplasmic movements.
The shortening and lengthening
phase of each pulsation could take
similar or different times. Hence, if
the shortening phase of the pulsation
was longer than the lengthening
phase, more endoplasm entered than
exited the blastodisc, and vice versa
(Fig. 9A). Thus, pulsations may or
may not contribute visible endoplas-
mic components to the blastodisc
growth. In some cases, as that illus-
trated by the zygote of Supp. Video
S5, generation of high-frequency pul-
sations was accompanied by changes
in the direction of ooplasm movement.
High-frequency pulsations could be
asymmetric in that the two meridio-
nal halves of the zygote or embryo
stretched and shortened out of
phase. Accordingly, while endoplasm
moved toward the animal pole in
one half of the embryo, it moved
away from the animal pole in
the other half. This provoked
marked deformations of the zygote
or embryo. Pulsations are actin-de-
pendent deformations because they
were blocked after incubation in Cyto-
chalasin B or Latrunculin B, but not
in microtubule inhibitors such as
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Colchicine or Colcemide. As shown in
Figure 9B and C, Cytochalasin B- and
Latrunculin B-incubated zygotes
(n¼22) became flattened. They nei-
ther formed streamers nor contracted
the actin ring (see also Leung et al.,
2000), the blastodisc was smaller, and
some endoplasmic lacunae became
much larger than in the controls (Fig.
9D). Acid-fixed zygotes (n¼25) also
showed that the yolk cell contained
fewer and larger endoplasmic lacunae
that appeared greatly disconnected
from one another (Fig. 9E). Acid-fixed
controls incubated in 2% DMSO for
the same time developed normally

(Fig. 9F). Immunofluorescence stain-
ing for F-actin (n¼18) in drug-treated
zygotes showed that the actin net-
work of endoplasmic lacunae (Fig.
9G,H) and that of the ectoplasm (Fig.
9J,K) broke into numerous rounded
or irregularly shaped fluorescent
aggregates, 1–5 mm in diameter, con-
sidered to be fragments of the actin
network. Immunofluorescence stain-
ing of controls incubated in 2% DMSO
revealed that the actin network in the
endoplasm (Fig. 9I) and ectoplasm
(Fig. 9L) remained unchanged. Actin
fragments are considered equivalent
to those described by Katow (1983) in

Cytochalasin B–treated zebrafish
eggs studied under the transmission
electron microscope. Hence, the drugs
provoked a severe disorganization of
both the ectoplasmic (peripheral) and
endoplasmic (internal) actin cytoske-
letons. From these results, we con-
clude that the internal actin filaments
may play a role in the generation of
pulsations and contribute to maintain
the organization of the endoplasmic
lacunae.

Maternal mRNAs Were

Present in Endoplasmic

Lacunae and Streamers

To ascertain the distribution of mater-
nal gene products, in respect to differ-
ent ooplasmic pathways, as well as
the manner in which they could be
transported to the blastodisc, whole-
mount in situ hybridization was per-
formed on the following mRNAs: gsc,
sqt, and vas. The first two messengers
move across the interior of the zygote
(Bally-Cuif et al., 1998; Howley and
Ho, 2000; Gore and Sampath, 2002),
whereas vas moves along the periph-
ery of the cell (Howley and Ho, 2000;
Knaut et al., 2000). In situ hybridiza-
tion of these messengers provided sig-
nals of different intensity. Strong sig-
nals are considered to suggest high
concentration of the transcript,
whereas weak signals indicate ab-
sence or lesser accumulation of the
transcript.

Distribution of gsc and sqt.

In the early first interphase zygote,
gsc (n¼42) and sqt (n¼60) transcripts
were present in the blastodisc, short
streamers, and animal and vegetal
endoplasmic lacunae (Fig. 10A,D),
while at the beginning of the first
cleavage division they were seen
along the axial streamers (Fig. 10B,
E). Hence, gsc and sqt transcripts
probably reached the blastodisc along
short and long axial streamers using
slow and fast mechanisms of ani-
mal-ward transport. In the 2-cell
embryo, sqt but not gsc transcripts
were seen in the second-generation
axial streamers (Fig. 10C,F). Differ-
ences in the distribution of these
two mRNAs at similar periods of the

Fig. 7. Lateral view of a whole-mounted early stage 1c zygote that shows the movement of
ectoplasmic inclusions. A: First image of a stack of 18 images, taken at intervals of 10 sec,
showing the movement of inclusions across the animal (an) and vegetal (vg) ectoplasm. Num-
bers indicate the position of the inclusions at the time they initiated a run, which was marked
with a straight line between the red circles. The outline of the peripheral yolk globules (arrow-
heads) and the silhouette of the meridional streamers (ms) are indicated. B–D: Higher magnifica-
tion of regions of the same figure showing the behavior of inclusions in the vegetal ectoplasm:
(B) back-and-forth movements, (C) change of direction, (D) lack of movement. The starting point
is marked by an arrowhead. Scale bars ¼ 80 mm (A), 15 mm (B–D).
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second cell cycle suggest that gsc
tends to move toward the animal pole
during the first cell cycle, while sqt
transcripts are still moving to the
blastodisc during the second cell
cycle. This may depend on factors
such as amount of transcript avail-
able for transport in the zygote and/or
the relative speeds at which tran-
scripts moved.

Distribution of vas.

In the first interphase zygote (Fig.
10G), vas (n¼48) was found along the
ectoplasm and blastodisc, while in the
first cleavage division (Fig. 10H,I) it
also appeared along the meridional
streamers. Three conclusions may be
drawn from these results. First, that
vas moved animal-ward and accumu-
lated at the blastodisc during the first
interphase using the ectoplasmic
pathway (see Theusch et al., 2006).
Second, that during the first cleavage
division meridional streamers may
represent additional pathways for the
animal-ward peripheral transport of
the transcript. This conclusion is sup-
ported by the work of Howley and Ho
(2000; see their fig. 3F) who visual-
ized streaming lines (likely to be me-
ridional streamers) of mRNA expres-
sion along the periphery of first
cleavage embryos. Third, that discon-
tinuity of the cytoplasmic flow
between the vegetal and animal ecto-
plasms may have been solved by
directing the animal-ward transport
of vegetal vas, and perhaps of other
transcripts, such as dazl-like (dazl)
(Theusch et al., 2006), along the me-
ridional streamers. In the 2-cell
embryo (not shown), vas was present
in the cleavage furrow (see also Pele-
gri et al., 1999).

DISCUSSION

Role of the Internal

Cytoskeleton in the Orderly

Animal-Ward Movement of

Animal and Vegetal

Endoplasm at Different

Speeds

We have shown that endoplasm in dif-
ferent regions of the yolk cell reach the
blastodisc along interconnected lacu-
nae and streamers (see also Roosen-
Runge, 1938; Lewis and Roosen-Runge,
1943; Hisaoka and Battle, 1958;
Hisaoka and Firlit, 1960; Beams et al.,
1985; Abraham et al., 1993; Leung
et al., 2000). These structures are nar-
row spaces between the yolk globules,
lack proper walls, and enclose numer-
ous organelles (Hisaoka and Firlit,
1960; Katow, 1983: Fernández et al.,
2006). In this report, we have shown
that lacunae and streamers enclose a
ubiquitous cytoskeleton of microtu-
bules and actin filaments. This conclu-
sion is supported by our previous work
on transmission electron microscopy of
zebrafish oocyte and eggs subjected to
an improved fixation procedure using
cytoskeleton stabilizers (Fernández
et al., 2006). The use of stabilizers is
needed because the endoplasmic cyto-
skeleton is delicate and hard to pre-
serve. This probably explains why
Katow (1983) failed to find microtu-
bules and actin filaments in his elec-
tron microscope study of zebrafish axial
streamers of routinely fixed zebrafish
eggs. The fact that during different de-
velopmental periods ooplasmic inclu-
sions and foreign markers move at dif-
ferent speeds and directions suggests
the participation of various microtu-
bule- and actin-based molecular
motors. Since different transport path-
ways exhibit a similarly structured cy-

toskeleton, differences in speed may
depend on the molecular motors avail-
able for transport at any given time.
Our unpublished work, and that of
Becker and Hart (1999), indicate that
microtubule- and actin-based motors
are present in the transport pathways,
but their functional status is unknown.
Information on this matter, and on the
polarity of microtubules and actin fila-
ments across different transport path-
ways, is needed. Animal/vegetal se-
quential emptying of endoplasmic
lacunae by slow or fast streaming sug-
gests that there may be an actin-based
system of floodgates controlling the
orderly mobilization of endoplasm.
Fast animal-ward endoplasmic and
slow vegetal-ward ectoplasmic stream-
ing have been described in the zebra-
fish zygote by Leung et al. (2000). How-
ever, our findings on similar regions of
the zygote at equivalent developmental
periods show important differences.
First, slow and fast streaming occurred
both in the ecto- and endoplasm. Sec-
ond, movement of the animal ecto-
plasm is preferentially directed toward
the animal pole, whereas movement of
the vegetal ectoplasm is multidirec-
tional or negligible.
Differences in the speeds of move-

ment reported by Leung et al (2000)
may be explained by their use of
higher temperatures compared to
ours, and the fact that in the case of
the endoplasm they tracked fluores-
cent beads instead of inclusions. We
have shown that the beads move
much faster. Slow and fast movement
of ooplasmic inclusions have also been
reported in the Medaka egg by Abra-
ham et al. (1993). A better under-
standing of how microtubules and
actin filaments engage in the slow
and fast transport of different organ-
elles and mRNA in live zygotes and
early embryos requires the combined
use of labeled organelles, tagged
cytoskeletal components, and marked
mRNAs.

Fast Transport of Endoplasm

Is Associated With Actin

Contraction and Formation

of Long Axial and Meridional

Streamers

The zebrafish zygote and early
embryo develop two pathways for the

Fig. 8. Still frames from the time-lapse video animation of Figure 6A and B, taken at 10-sec
intervals. A: Relaxation of the actin ring after formation of the 2-cell embryo. B: Contraction of
the actin ring during the second cleavage division. C: Entry of endoplasm and yolk globules
(arrowheads) into the two blastomeres. Time elapsed between the images is indicated. Develop-
ment at 25�C. Scale bar ¼ 115 mm (A–C).
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Fig. 9. Lateral view of whole-mounted zygotes showing the movement of inclusions during pulsations and the effect of actin poisons. A: Move-
ment of 5 inclusions during a high-frequency pulsation in a stage 1b zygote. The time-lapse for each inclusion was taken independently at 10-sec
intervals, marking the successive position of the inclusion with red dots and the path with straight lines linking the dots. Numbers indicate the ini-
tial position of the inclusion. The movement pattern of the inclusions was saved in the last image of the stack. Inverted contrast live (B–D) and
acid-fixed (E, F) whole-mounted zygotes showing that blockade of pulsations after drug incubation was accompanied by disorganization of the
endoplasmic lacunae. B: Incubation in Cytochalasin B for 45 min. C: Incubation in Latrunculin B for 2 hr. D: Control (ctr) incubated for 45 min in
aquarium water with DMSO, showing that in this case the actin ring contracted and the axial streamers formed (as). E: Latrunculin B–treated zy-
gote showing disruption and enlargement of the endoplasmic lacunae after 80-min incubation in the drug. F: Control zygote incubated for the
same amount of time in 2% DMSO. Notice the absence of endoplasmic lacunae and the division of the blastodisc. G,H: Low- and high-magnifica-
tion images of fragmented actin (fa) in endoplasmic lacunae of a zygote incubated in Cytochalasin B for 80 min. I: Actin network (act) in a lacuna
of a control zygote incubated in 2% DMSO for the same amount of time. J,K: Low- and high-magnification images of fragmented actin in the ec-
toplasm (ec) of a zygote incubated in Latranculin B for 1 h. L: Actin network of a control zygote incubated for the same amount of time in 2%
DMSO. Development at 25�C. bd, blastodisc. Scale bars ¼ 16 mm (A), 60 mm (B–F), 45 mm (G ), 25 mm (H), 7 mm (I), 12 mm (J), 20 mm (K), 7 mm
(L).
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fast transport of endoplasm: long
axial and long meridional streamers.
The long axial streamers were first
described by Roosen-Runge (1938) in
the zebrafish zygote, and later consid-
ered by other authors as the main
pathway for endoplasmic movement
(Leung et al., 2000). The long meridio-
nal streamers are described for the
first time in this report. They consti-
tute high-speed pathways for the
transport of both endogenous and
exogenous markers. According to data
presented in this report, vas tran-
scripts may also reach the blastodisc
along the meridional streamers. Fluo-
rescent beads in meridional streamers
may reach speeds comparable to that
of the fast axoplasmic flow (Grafstein
and Forman, 1980).

Incubation of zygotes in Cytochala-
sin B (Katow, 1983; Leung et al.,
2000) prevents contraction of the

actin ring, formation of the long
streamers, and blockade of the fast
ooplasmic flow. Based on these
results, Leung et al (2000) proposed
that contraction of the cortical actin
provides the power to drive the fast
flow of endoplasm. However, our
results indicate that Cytochalasin B
and Latrunculin B also affect the in-
tegrity of the internal actin filaments,
a situation that probably provokes
interruption of streamer formation
and blocks the flow of endoplasm.
Hence, in addition to supporting the
network of endoplasmic lacunae, in-
ternal actin filaments may also play
an important role in ooplasmic flow.
The signal that triggers contraction of
the actin ring is associated with a rise
of free cytosolic calcium, initiated at
the sperm entry site and moving vege-
tal-ward peripherally, phenomenon
that would presumably activate a my-

osin light chain kinase (Leung et al.,
1998). A similar mechanism may be
involved in the contraction of the in-
ternal actin cytoskeleton, a proposal
that is supported by recent findings
indicating that a wave of free calcium
slowly moves vegetal-ward across the
zygote central cytoplasm after activa-
tion (Sharma and Kinsey, 2008).
Other evidence on the role of calcium
in endoplasmic flow comes from the
study of maternal-effect mutants such
as brom bones (Mei et al., 2009). IP3-
mediated Ca2þ release is impaired in
the mutant, provoking alterations in
the exocytosis of the cortical granules
and cytoplasmic segregation. In con-
clusion, both peripheral and internal
actin networks may participate in
fast ooplasmic movements. Although
movement of cortical (indeed ectoplas-
mic) fluorescent beads and dorsal
determinants is claimed to depend
on microtubules (Jesuthasan and
Strähle, 1996), the overall function
and properties of this cytoskeleton
component in the zebrafish zygote are
not fully understood.

Animal, But Not Vegetal,

Ectoplasm Appears to Move

to the Blastodisc

Since one rarely finds animal and veg-
etal ectoplasmic inclusions moving in
the same direction, the existence of a
steady flow of ectoplasm from the ani-
mal to the vegetal pole, or vice versa,
seems unlikely. This contradicts find-
ings by Leung et al. (2000), who pro-
posed the existence of an animal to
vegetal flow of ectoplasm during the
fast phase of ooplasmic segregation in
the zebrafish zygote. According to
these authors, the vegetally moving
ectoplasm would return to the blasto-
disc via axial streamers, thus forming
a counter-streaming system of ooplas-
mic flow. We have not found evidence
of such an ooplasmic circuit. Instead,
we have seen movement of fluorescent
beads or ooplasmic inclusions from
the endoplasmic lacunae to the ani-
mal ectoplasm or from the vegetal ec-
toplasm to the meridional streamers.
In this report, we provide evidence that
peripheral (sometimes called cortical)
animally directed movement of fluores-
cent beads (see also Jesuthasan and
Strähle, 1996), ooplasmic inclusions,

Fig. 10. Lateral (A–H) and animal pole (I) view of whole-mounted mid stage 1b zygotes (A, D,
G), early stage 1c zygotes (B, E, H, I), and early two-cell embryos (C, F) showing the distribution
of gsc, sqt, and vas mRNAs by in situ hybridization. The stage of development was determined
by the size of the blastodisc, distribution of endoplasmic lacunae (when visible), contraction of
the actin ring, and presence of streamers. Notice the distribution of the transcripts in different
ooplasmic domains. Chromogenic substrate: BM purple (A–C and G–I) or NBT/BCIP (D–F). Scale
bars ¼ 90 mm (A–C, G–I), 70 mm (D–F).D
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and maternal determinants, such as
vas (Howley and Ho, 2000; Knaut
et al., 2000; Pelegri, 2003), may occur
along the meridional streamers.

Pole-ward movement of animal ec-
toplasm raises a question: how is ani-
mal ectoplasm replenished to provide
continuous animal-ward movement
during early and mid first interphase
and early cleavage? One possibility is
that components of the animal ecto-
plasm, such as organelles, are pro-
duced in situ by a replication machin-
ery, as in leech eggs (Fernández et al.,
1998). Alternatively, animal ecto-
plasm may be replenished by transfer
of endoplasm from the neighbor yolk
cell. The latter possibility is sup-
ported by results reported in this
report and by Fernández et al. (2006).
Interconnections between the ecto-
and endoplasm would allow organ-
elles and ribonucleoproteins to
change pathways during their pole-
ward journey. This matter is of impor-
tance for understanding how mater-
nal transcripts and organelles reach
the right place at the right time in the
developing blastodisc or blastoderm.
Intermittency of these interconnec-
tions suggests the existence of mecha-
nisms regulating the flow of ooplasm
between different speed pathways. It
has been suggested that fluorescent
beads moving along the ectoplasm
end up in marginal blastomeres
whereas those moving along the endo-
plasm are incorporated in central
blastomeres (Jesuthasan and Strähle,
1996).

Streamers Probably

Constitute the Main

Pathways for mRNAs to

Reach the Blastodisc

Results on gsc distribution suggests
that this transcript not only moves to
the animal pole in the stage V oocyte
(Bally-Cuif et al., 1998) but also
moves animal-ward in the early zy-
gote along short streamers and in the
late zygote by means of long axial
streamers. The distribution of sqt
transcripts is similar and, hence,
short and long axial streamers may
also constitute their animal-ward
transport pathways. Based on drug
treatment, Gore and Sampath (2002)
concluded that sqt transport is a micro-

filament-independent microtubule-de-
pendent process. Since Latrunculin-
treated zygotes do not form axial
streamers and disrupt the endoplasm,
sqt transcripts would move animal-
ward by microtubules present along
disorganized, probably less efficient,
endoplasmic lacunae. This may explain
why in Latrunculin-treated zygotes sqt
accumulation in the blastodisc is
reduced (Gore and Sampath, 2002).
The distribution of vas suggests that
this transcript moves animal-ward not
only along the ectoplasm (Pelegri,
2003) but also by the meridional
streamers. During slow transport, vas
would move to the blastodisc along the
ectoplasm. However, during fast trans-
port our results suggest that localiza-
tion of the transcripts along the ecto-
plasm and meridional streamers may
be indicative that vas may be trans-
ported simultaneously along two differ-
ent speed pathways. This may be also
possible for other germ plasm compo-
nents such as the dazl mRNA. This
transcript has been reported to translo-
cate toward the animal pole along the
cortex (Theusch et al., 2006) during
early embryogenesis (see also Kosaka
et al., 2007), when meridional stream-
ers still form. Meanwhile, other tran-
scripts involved in germ plasm forma-
tion, such as dnd and nos 1, segregate
during oogenesis and have already
reached the blastodisc cortex in the
freshly laid egg (Theusch et al., 2006).
Animal-ward transportation of the buc
mRNA also occurs during zebrafish
oogenesis (Bontems et al., 2009). A bet-
ter understanding of the routes for
transcripts and protein translocation
in the zygote and early embryo awaits
further studies based on the tracking
of labeled mRNA (Gore et al., 2005;
Clark et al., 2007) and proteins (Bon-
tems et al., 2009).

Pulsations Are Striking

Deformations of the Zygote

and Early Embryo Whose

Function Remains Unknown

Pulsations have not been reported
before in the zebrafish zygote and
early embryo. The great majority of
the pulsations are fast and blocked by
Cytochalasin B or Latrunculin B incu-
bation, procedures that break the
actin network in both the ecto- and

endoplasm (see also Katow, 1983).
Our results suggest that actin fila-
ments participate in the generation of
pulsations. The fact that pulsations
may take place before one sees assem-
bly of the actin ring, and the fact that
this process also occurs during its
relaxation phase, are taken as indica-
tive that it is not the actin ring that
participates in their occurrence and
that it is the internal actin cytoskele-
ton that is involved. In addition, the
appearance of asymmetric pulsations
indicates that these may be generated
by the alternate contraction of oppo-
site sets of internal actin filaments,
running along the endoplasmic lacu-
nae and long streamers. Although
pulsations constitute a striking phe-
nomenon of cell deformation, their
function in ooplasmic segregation is
uncertain. It is possible that pulsa-
tions allow entry of very small non-
detectable ooplasmic components,
such as ribonucleoproteins, into the
blastodisc or that they participate in
their redistribution throughout the
ooplasmic domains. In addition, pul-
sations may be involved in the closing
or opening of the interconnections
between lacunae or streamers and the
ectoplasm. Pulsations may be trig-
gered by weak calcium waves, some of
which have been detected in the
zebrafish endoplasm (Sharma and
Kinsey, 2008).

EXPERIMENTAL

PROCEDURES

Collection and Handling of

Eggs and Zygotes

Adult zebrafish (Danio rerio) were
maintained for a 14-hr light/10-hr
dark photoperiod at 28�C in aquaria
with circulating aerated water. Males
and females were separated a day
before and crossed the next day. To re-
cord developmental time, two females
and one male were crossed at a time
within the first 2 hr after the light
turned on. Observations were per-
formed at normal 28�C or lower 20–
25�C. In the latter case, slower devel-
opmental rates allowed for studying
quick events without affecting the
normal progression of the cell cycle
and the early events of ooplasmic seg-
regation (see Fernández et al., 2006).
Unfertilized eggs were obtained by
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laparotomy of gravid mothers anes-
thetized with tricaine and activated
in filtered aquarium water. About
1,000 eggs were used in this study.

Preparation of Whole-

Mounted Acid-Fixed Zygotes

and Embryos

Mechanically dechorionated zygotes
and early embryos were fixed in
freshly prepared formaldehyde to
which glacial acetic or iso-butyric acid
(Merck pro analysis) were added. As a
result of the acid fixation, the ooplasm
became opaque while the yolk
remained transparent. This result
was much more pronounced with ace-
tic than with iso-butyric acid. For
eggs and early zygotes, 30–40 ml of
acetic or 1 ml of iso-butyric acid was
added to 3 ml of 5% freshly prepared
formaldehyde. For late zygotes and
embryos, 3–5 droplets of acetic or 5
droplets of isobutyric acid were added
to the same amount of formaldehyde.
Use of the invert contrast facility of
the Metamorph program transformed
the dark ooplasm into a whitish mate-
rial and the transparent yolk into a
dark background. Cells could be
observed in the acid fixative or after 2
hr fixation followed by three 30-min
rinses in 1� PBS. For more details,
see Fernández et al. (2006).

Drug Treatment

To determine the role of the cytoskele-
ton in the generation of pulsations,
dechorionated early zygotes were
incubated for 45 min, 80 min, or 2 hr
in actin or microtubule poisons. In
the first case, zygotes were incubated
in Cytochalasin B (Sigma, St. Louis,
MO) at a concentration of 0.02–0.03
mg/ml or in 0.1 mM Latrunculin B
(Calbiochem, San Diego, CA), both
diluted in aquarium water. In the
second case, zygotes were incubated
in Colchicine (Sigma) or Colcemide
(Life Technologies, Norwalk, CT) at
a concentration of 0.6 mg/ml in aquar-
ium water. For the preparation of
the stock solutions, the four drugs
were diluted in DMSO (Sigma). Con-
trols were incubated for the same
amount of time in 0.75–2% DMSO in
aquarium water. Drug-treated and
control zygotes were studied in ani-
mations taken at 2-min intervals,

after acid fixation or immunostaining
for F-actin.

Staining of Nuclear DNA

With DAPI

Dechorionated zygotes were acid-fixed
and their blastodiscs dissected out
with fine scissors. After 2-hr fixation,
the blastodiscs were rinsed in 3
changes of 1� PBS and then stained
overnight at room temperature and
continuous agitation in a 1 mg/ml so-
lution of DAPI (Sigma) in 1� PBS. Af-
ter 3� 1 hr rinse in 1� PBS, blasto-
discs were mounted with glycerol/
PBS between two cover slips sepa-
rated by small plasticine stoppers.
Samples were examined by combining
DIC with fluorescence microscopy.

Immunofluorescence Staining

of Microtubules and Actin

Filaments in Whole-Mounted

and Frozen-Sectioned Zygotes

Zygotes at different stages of develop-
ment were permeabilized for 30–45
min at room temperature in PHEM
buffer (Schliwa, 1980; Schliwa and
van Blerkom, 1981) containing 0.15%
Triton X-100, anti-proteases, Taxol
and Phalloidin (1 mg/ml) (all from
Sigma). After 2-hr fixation in 4%
freshly prepared paraformaldehyde or
formaldehyde in 1� PBS, with the
same concentration of Taxol and Phal-
loidin, zygotes were rinsed in several
changes of 1� PBS for the same
amount of time and blocked for 2 hr
in 2% bovine serum albumin (BSA;
Merck Research Laboratories, Rah-
way, NJ). For double staining of
microtubules and actin filaments,
zygotes were incubated in monoclonal
IgG anti-a-tubulin (Calbiochem) and
monoclonal IgM antiactin (Calbio-
chem) 1:100 in 1� PBS/Triton/BSA
for 24 hr at room temperature. After
several rinses in 1� PBS for 2–4 hr,
zygotes were incubated in 1:100 Alexa
Fluor 594 goat antimouse IgG (Molec-
ular Probes, Eugene, OR) and 1:100
Cy2 goat antimouse IgM (Jackson,
West Grove, PA) in 1� PBS/Triton/
BSA for another 24 hr at room tem-
perature. Antiactin was sometimes
replaced by labeled Phalloidin (1 mg/
ml; Molecular Probes). After rinsing
in 1� PBS, zygotes were either whole-

mounted between coverslips sepa-
rated by plasticine stoppers or soaked
in 30% sucrose until they reached the
bottom of an Eppendorf tube. Then,
15–20-mm-thick frozen sections were
mounted between coverslips. In both
cases, 9:1 glycerol/PBS was used as
mounting medium. Control zygotes
were only incubated in the second
antibody at a concentration of 1:100.
We also prepared control zygotes
microinjected with labeled dextran
and examined them under the
fluorescence microscope. For more
details, see Fernández and Olea
(1995). To determine whether micro-
tubules of the endoplasmic cytoskele-
ton could be revealed by immunofluo-
rescence methods used by others in
the zebrafish embryo, zygotes were
prepared according to Jesuthasan
and Strähle (1996). To ensure that the
antibodies would penetrate suffi-
ciently into the zygote, cells were
fragmented after fixation.

In Situ Hybridization of

Whole-Mounted Zygotes

In situ hybridization was performed
in early stage-1b and -1c zygotes and
two-cell embryos. The following tran-
scripts were detected using the corre-
sponding anti-sense mRNA: squint
(sqt), goosecoid (gsc), and vasa (vas).
They were prepared from plasmids
kindly donated by L. Valdivia (gsc), V.
Gallardo (sqt), and F. Pelegri (vas).
The purified plasmidial DNAs were
linearized with appropriate restric-
tion enzymes and used as templates
for the synthesis of the antisense
mRNA using digoxigenin-bound
nucleotides.
For hybridization, cells were first

permeabilized-fixed as for immunoflu-
orescence, rinsed in PBST (1� PBS þ
0.1% Tween 20, Sigma) for 2 hr,
digested with proteinase K (Roche,
Nutley, NJ), postfixed, and rinsed
again in PBST. Zygotes and embryos
were then treated with hybridization
buffer for 4 hr at 65�C, and hybridized
overnight at 65�C in hybridization
buffer containing 0.5–1 mg/ml of the
marked synthetic antisense mRNA.
After hybridization, zygotes were
rinsed at the same temperature in
decreasing concentrations of formam-
ide (Carlo Erba, Milan, Italy) in so-
dium chloride/sodium citrate (SSC)
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and finally in pure SSC. Cells were
then blocked, incubated for 8 hr in
anti-digoxigenin conjugated with
alkaline phosphatase (Roche) 1:2,000,
and rinsed in PBST. Released phos-
phate was revealed with a chromo-
genic substrate, either NBT/BCIP
(Sigma) or BM Purple (Roche), rinsed
in 1� PBS, and mounted in 9:1 glyc-
erol 1� PBS. For more details see
Thisse and Thisse (2008).

Tracking of Cytoplasmic

Inclusions, Microinjected

Fluorescent Dextran, and

Latex Beads

To trace cytoplasmic movements and
determine the speed and direction at
which ooplasm is transported across
the zygote, the movement of cytoplas-
mic inclusions, 10-kDa fluorescent
dextran, or 1 mm in diameter fluores-
cent beads (Molecular Probes) were
used. The probes were dissolved in
glutamate buffer (Hyman et al., 1991)
to a final dextran concentration at the
pipette of 25–50 mM, and 0.2%, for
the beads. A total of 4 nl of each probe
was microinjected in the yolk cell, an
amount that represented less than
5% of the zygote volume (about 200
nl). A Narishige IM 300 microinjector
was used. For more details, see Fer-
nández et al. (2006). Zygotes were
microinjected at early stage 1b. La-
beled dextran rapidly diffused from
the injection site and in a short time
filled all the ooplasmic domains. For
that reason, labeled dextran was
microinjected at the center of the yolk
cell. Labeled beads, on the contrary,
filled lacunae at the injection site and
moved with the ooplasm. Therefore,
in this case microinjections had to be
placed close to the region under study.
Tracking of labeled probes was per-
formed in time-lapse animations
taken at 10–30-sec intervals. Objects
were tracked until they became out of
focus, marking their position at each
time interval. The point track option
of Metamorph traced a line along the
successive time-point intervals recre-
ating the path of the object. The soft-
ware indicated the speed of the object
during each time interval as well as
its total speed during the run. Back-
and-forth movements may be fast and
tracking of the objects in this case

was reduced to a minimal time inter-
val of 5 sec.

Video and Confocal

Microscopy and Image

Processing

Whole-mounted uninjected live, acid-
fixed, immunostained, or microin-
jected zygotes and embryos were
examined in a Zeiss 135 inverted
light, DIC and fluorescence micro-
scope equipped with a Z motor (Prior)
and a Hamamatsu chilled CCD cam-
era (model C5985). For lower magnifi-
cation, Achroplan objectives (�10–40)
were used. For higher magnification,
a Plan Neofluar objective (�100, NA
1.4) and the Optovar (�1.6–2.5)
allowed the projection of images onto
the camera chip at 160–250 magnifi-
cation. Image grabbing and process-
ing were performed on a PC computer
using the Metamorph 6.1 version. Im-
munostained whole-mounted zygotes
were also examined in a confocal Zeiss
LSM 510 META laser scanning micro-
scope equipped with argon and He-Ne
lasers; 20/0.5, 40/0.75, and 63/1.4
objectives were used. Optical sections
every 1–2 mm allowed the preparation
of Z-stacks utilized in the manufac-
ture of projections and cuts in the x
and y axes. Confocal images were
deconvolved with the Huygens Profes-
sional software version 3.5.

Statistical Analysis of Data

on the Speed of Ooplasmic

Inclusions

A total of 674 speed determinations
(runs) of ooplasmic inclusions and 145
runs of fluorescent beads, moving
preferentially to the animal pole,
were collected from 30 zygotes devel-
oping at 23–25�C. A frequency histo-
gram of the determined speeds was
constructed using 2 mm per second
bins. The distribution of the speeds
was described in the form of Gaussian
curves. Central values and standard
deviations of the Gaussian functions
were found using the Regression Wiz-
ard of Sigmaplot 10.0. With this infor-
mation, three Gaussian curves repre-
senting slow, fast, and ultrafast
speed-moving inclusions or fluores-
cent beads were prepared.

Determination of the

Blastodisc and Yolk Cell

Volumes During the First

Interphase

To quantify the slow animal-ward
movement of ooplasm, changes in the
volume of the blastodisc and yolk cell
were determined in 10 live chorio-
nated whole-mounted zygotes devel-
oping at 25�C. Zygotes with the ani-
mal/vegetal axis oriented parallel to
the microscope stage were used. Each
zygote was video-imaged twice: first
5–15 min after activation (early stage
1b) and then close to the initiation of
the actin ring contraction (late stage
1b). Images acquired at 200� magnifi-
cation in the screen were printed on
squared paper at a final magnification
of 230�. The blastodisc area was out-
lined and subdivided in 4- or 2-mm-
wide (wi) intervals, the height (hi) and
radius (ri) of which were determined.
The volume of the blastodisc (V) was
finally calculated for each zygote at
the two time points referred to above,
using the formula V ¼ [2p/(230)3] Si

(ri hiwi). The volume of the yolk cell
was calculated by the formula 4/3 pr3.
Since the yolk cell is not a perfect
sphere, the final radius was deter-
mined as the average length of sev-
eral radii drawn on the squared
paper.
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