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Characterization of novel F-actin envelopes surrounding
nuclei during cleavage of a polychaete worm

 SABINE JACOBSOHN*

Institut für Zoologie, Fachbereich Biologie, FU Berlin, Germany

ABSTRACT F-actin accumulations and their possible functions were investigated during cleavage
of the polychaete Ophryotrocha puerilis. Unusual cytoplasmic accumulations of F-actin were
detected which have never been described before in animal embryos. As shown by TRITC-phalloidin
labeling, envelopes of F-actin surrounded late prophase nuclei for a short period of time. DTAF-
immunofluorescence of β-tubulin showed that the F-actin envelope was closely associated with
microtubules of the developing spindle apparatus. However, experimental disassembly of
microtubules by nocodazole did not prevent the assembly of the F-actin envelope. Disturbance of
F-actin envelope formation by cytochalasin B did not alter the course of mitotic events, i.e. position
of the nuclei and orientation of the spindle apparatus were not affected, although the respective
blastomeres remained uncleaved. However, disassembly of the F-actin envelope correlated tempo-
rally with breakdown of the nuclear envelope. Therefore, it is suggested that this new structure
plays a role in fragmentation of the nuclear envelope during cleavage of Ophryotrocha puerilis.
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Introduction

In the course of fast embryonic cell divisions, proper functions of
the cytoskeleton during mitosis and cytokinesis are essential
(Strome, 1993). Microtubules are especially involved in mitosis,
whereas microfilaments primarily contribute to cytokinesis. Much
interest has been focused on the cortical distribution of microfilaments
during cytokinesis, e.g., contractile ring formation (Schroeder,
1973; Mabuchi, 1990, 1994). In contrast, little is known about the
cytoplasmic distribution of microfilaments during cleavage.

In this study, the cytoplasmic distribution of microfilaments and
their possible functions during cleavage of the polychaete
Ophryotrocha puerilis are investigated using fluorescence
microscopy techniques. Whole-mount embryos of O. puerilis are
very well suited for fluorescence microscopy studies because of
their low background staining which results in transparent prepara-
tions in which the mitotic stage of each blastomere can be easily
determined. Moreover, laboratory cultures of O. puerilis are very
easy to maintain and embryos can be obtained throughout the year.
O. puerilis is a protandric hermaphrodite and much interest has
been focused on its sex determination and differentiation
(Pfannenstiel, 1973a; Grothe and Pfannenstiel, 1986; Pfannenstiel
et al., 1990). Insemination occurs via simultaneous release of
oocytes and sperm from the body cavities of females and males,
respectively. Fertilization takes place in the egg mass in the

seawater. Newly shed oocytes are arrested in met-anaphase of the
first meiotic division (Ruthmann, 1964). Embryos are deposited in
egg masses each containing about 50 to 150 eggs. Spiral cleavage
of O. puerilis is unequal, i.e., the blastomeres of the 4-cell-stage
can be distinguished by their size, the D-quadrant containing most
of the cytoplasm of the embryo (for review of spiral cleavage:
Dorresteijn, 1998).

In polychaete oocytes actin was described to be a structural
component of the egg cortex (Eckberg and Anderson, 1995).
Furthermore, microfilaments were shown to contribute to the
cortical reaction following fertilization (Kluge et al., 1995; Dondua
et al., 1997). However, there does not exist any information on the
distribution and function of cytoplasmic actin during the early
development of polychaetes.

In the present study, the cytoplasmic distribution of F-actin was
determined by specific labeling with tetramethylrhodamine B
isothiocyanate-conjugated phalloidin (TRITC-Phall; Wulf et al.,

Abbreviations used in this paper: ASW, artificial seawater; BSA, bovine serum
albumin; CB, cytochalasin B; CD, cytochalasin D; DAPI, 4’6 diamidino-2-
phenylindole; DMSO, dimethylsulfoxid; DTAF, 5-([4,6-dichlorotriazin-2-
yl]amino)fluorescein; Noc, nocodazole; PFA, paraformaldehyde; PB, phos-
phate buffer; PBS, phosphate buffer saline, TRITC-Phall,
tetramethylrhodamine B isothiocyanate-conjugated phalloidin.
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1979; Faulstich et al., 1988). The spatial relationship between the
detected F-actin structures and the developing spindle apparatus
was studied by indirect immunofluorescence staining of microtubules
(anti-β-tubulin/DTAF). The mitotic stages of the blastomeres were
demonstrated using 4’6 diamidino-2-phenylindol (DAPI)-staining.
Furthermore, experiments were performed to investigate the role
of the detected F-actin structures during early development of O.
puerilis by the use of the cytoskeleton inhibitors cytochalasin B
(CB), cytochalasin D (CD) and nocodazole (Noc).

Results

Distribution of F-actin and microtubules in zygotes and early
embryos of O. puerilis

After fertilization and completion of meiosis, male and female
pronuclei meet in early prophase. In late prophase each pronu-
cleus is surrounded by F-actin accumulations which form an
envelope-like structure (Fig. 1A,B,D,E). Thin sections of these
pronuclei stages show indentations of the nuclear envelope at the
respective sides of the centrosomes (Fig. 1C). Usually fusion of the
pronuclei does not occur before metaphase chromosomes have
been formed.

One embryonic cell cycle lasts about 90 min. Cleavage is
unequal and results in blastomeres of different size (Fig. 2A,B). In
one embryo, duration of the cell cycle differs among blastomeres
of different size. The larger blastomeres exhibit relatively shorter

cell cycle durations, while the smaller blastomeres show relatively
extended cell cycles. Therefore, the larger blastomeres of an
embryo are always in advanced mitotic stage (Fig. 2C-F). Embryos
of one egg mass do not always develop synchronously. Asynchro-
nous development is thought to be due to asynchronous fertiliza-
tion of the shed eggs.

During cleavage, the spatial accumulations of F-actin are also
formed around late prophase nuclei of the blastomeres. Figure 2
(A,B) shows an 8-cell-stage embryo with F-actin envelopes in the
blastomeres 1a, 1b and 1C. In each cell cycle, the F-actin envelope
exists only for a short period of time. It is present in late prophase
(Figs. 2A,E; 3E-G) and exists for approximately 10 min before it
suddenly disappears. Exact determination of the duration of this
stage is not possible, because 1) the embryos of one egg mass do
not always develop synchronously and 2) fixed material had to be
used in this investigation. Consequently, the observed states only
represent the appearance of an embryo at the time of fixation.

The F-actin envelopes are easy to detect in blastomeres up to
the 16-cell-stage. In advanced embryos, detection of the accumu-
lations is more difficult because of decreasing cell size (and
increasing cell cycle duration). Therefore, 8-cell-stages were used
to show the spatial and temporal correlation of microtubules and F-
actin during the embryonic cell cycle. Formation of the mitotic
spindle started in interphase. The centrosomes divided and mi-
grated to the prospective mitotic plane (Fig. 3A,B). Focal accumu-
lations of F-actin were detected in the area around the interphase

Fig. 1. F-actin envelopes surround-
ing juxtaposed male and female late
prophase pronuclei in zygotes of
Ophryotrocha puerilis. (A) Mallory
Azur II-stained semithin section. During
juxtaposition of the pronuclei, the
female pronucleus is always located in
the animal region, whereas the male
pronucleus is always found in the
vegetal region of the zygote. The two
pronuclei are indicated by female and
male symbols respectively. The animal
pole is indicated by an arrowhead. (B)
TRITC-Phall-staining to locate F-actin.
Each pronucleus is surrounded by an F-
actin envelope. The animal pole is
indicated by an arrowhead. (C) Thin
section of the pronuclei (pn). There are
nuclear indentations at the respective
centrosomal side of one pronucleus
(arrows). (D) TRITC-Phall-staining to
locate F-actin. Each pronucleus is sur-
rounded by an F-actin envelope. F-actin
protrusions (arrows) extend towards
the centrosomal region. (E) DAPI- and
TRITC-Phall-staining to locate DNA and
F-actin. The pronuclei are in late
prophase. Bars, 12,5 µm (A, B); 1.4 µm
(C); 6 µm (D,E).
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nucleus (Fig. 3C). In early prophase, when the chromatin was
organized in thin threads, the centrosomes were located opposite
to each other and lay in the respective mitotic plane (Fig. 3D). Each
centrosome built up an aster with microtubules growing in the
direction of the cortex. In late prophase, when the F-actin envelope
surrounded the nucleus, polar microtubules extended from one
spindle pole to the other forming a basket-like scaffold that
enclosed the F-actin envelope (Fig. 3E-G). At this stage, there
were more or less prominent protrusions of microfilaments extend-
ing from either side of the envelope to the centrosomes (Figs.
1B,D; 2A,C,E). The F-actin envelope disappeared at prophase-
metaphase transition, at the time when breakdown of the nuclear
envelope normally occurs. Occasionally, some microfilaments
could be detected in the vicinity of the chromosomes (Fig. 3H,I).
They are thought to be remnants of the disrupted F-actin envelope.

Role of F-actin envelope formation in cleavage of O. puerilis
Embryos were incubated in artificial seawater (ASW) contain-

ing either CB, CD or Noc. Cytochalasins are commonly used in
investigating cellular actin dynamics. They act by either inhibiting
actin polymerization or severing polymers (Cooper, 1987; Sampath
and Pollard, 1991). Noc is known to inhibit microtubule polymeri-
zation as described by Samson et al. (1979) and Vasquez et al.
(1997).

After inhibitor-treatment, the embryos were fixed and stained.
For each set of experiments a control group of embryos developed
untreated. During the experiment, the mitotic stages of the control
embryos and of the inhibitor treated embryos were determined in
vivo using DAPI-staining. Embryos that were stained in vivo with
DAPI were discarded after examination.

Incubation in 10 µg CB/ml ASW or 30 µg CD/ml ASW respec-
tively resulted in disturbed formation of the F-actin envelope and
in a total block of cytokinesis. In rare cases, the F-actin envelope
did not form, but rather aberrant F-actin accumulations in the
centrosomal regions of late prophase nuclei were seen (Table 1,
Fig. 4C,D). Due to the comparatively high concentration of CD, CB
was used for the following investigations. Two series of experi-
ments were performed. In the first series, zygotes (pronuclei in late
prophase) were placed in 10 µg CB/ml ASW for 2 h. Both controls
and experimental embryos were fixed when the controls had
reached the 2-cell-stage with mitotic phases ranging from prophase
to metaphase (Fig. 4A). In all control embryos, F-actin envelopes
developed around late prophase nuclei (Table 1). Embryos, treated
with CB showed the same mitotic phases, but no formation of F-
actin envelopes around their late prophase nuclei was observed.
In the second series of experiments, 2-cell-stages were incubated
in metaphase for 1.5 h in 10 µg CB/ml ASW. Both controls and
experimental embryos were fixed when the controls had reached
the 4-cell-stage (Fig. 4B). At that time the control embryos showed
mitotic phases from prophase to metaphase. In all control embryos
F-actin envelopes developed around late prophase nuclei (Table
1). Embryos, treated with CB showed the same mitotic stages, but
again no F-actin envelopes were formed. However, in 3 cases
aberrant F-actin accumulations were detected in the centrosomal
regions (Table 1, Fig. 4C,D). In both sets of experiments, the
expected F-actin envelopes normally developing round late
prophase nuclei were not observed following CB-treatment.

As shown by immunofluorescence, the F-actin envelope is
closely associated with microtubules of the developing spindle

apparatus (Figs. 2A-D; 3E-G). Thus, it was assumed that the F-
actin envelope plays a role in mitotic plane formation during early
cleavage. To test this hypothesis, zygotes (after polar body forma-
tion) were incubated in 10 µg CB/ml ASW until the first three cell

Fig. 2. Eight-cell-stage embryo with F-actin envelopes around late
prophase nuclei. Triple staining of one embryo with TRITC-Phall for F-actin
(A,B), anti-β-tubulin/DTAF for microtubules (C,D) and DAPI for DNA (E,F).
(A), (C) and (E) upper focus plane. (B), (D) and (F) lower focus plane. The
animal pole is indicated by an arrowhead. (A,B) The micromeres (1a,1b,1c,1d)
and the macromeres (1A,1B,1C,1D) can be distinguished. F-actin enve-
lopes are formed around the nuclei of the blastomeres 1a, 1b and 1C. In 1B,
F-actin envelope formation is not complete. (C,D) In blastomeres with F-
actin envelopes (1a,1b,1C) and in blastomere 1B, the centrosomes have
already divided and are oriented on either side of the following mitotic
planes. The large 1d and 1D blastomeres exhibit metaphase spindles. The
cell membranes of the blastomeres show immunostaining of β-tubulin.
Thus, β-tubulin is also closely associated with the cell borders. (E,F) Mitotic
stage of each blastomere can be distinguished. The blastomeres with F-
actin envelopes (1a,1b,1C) are in late prophase. 1A (out of focus) is at the
transition from interphase to prophase. 1B is at the transition from early to
late prophase. The blastomeres 1c, 1d and 1D are in metaphase. Thus, the
largest blastomeres are in advanced mitotic stage. Due to the strong
immunostaining of β-tubulin, DTAF-fluorescence is also visible under UV-
excitation for DAPI. Bar, 25 µm.
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divisions had been completed in controls (Fig. 5A). Pronuclear
migration and karyogamy occurred as in untreated zygotes. Cyto-
kinesis was blocked totally, but mitoses occurred in regular mitotic
planes. In the uncleaved embryos the four anaphase planes of the
third cell cycle were oriented obliquely to the animal-vegetal axis as
in untreated embryos (Fig. 5B). Moreover, after completion of
these anaphases, the uncleaved embryos developed four nuclei in
the animal half and four nuclei in the vegetal half (Fig. 5C). The
position of the nuclei in the uncleaved embryos was similar to that

in the 8-cell-stage control group which had developed in ASW (Fig.
2). Comparable results were obtained in an experiment where
zygotes were exposed to 20 µg CB/ml ASW. In summary, these
results show that the F-actin envelope is neither necessary for
positioning the nuclei in the prospective compartments of the
embryo nor for maintaining the mitotic planes.

In order to test whether the microtubules are a prerequisite for
formation of the F-actin envelope, embryos were incubated in 1 µg
Noc/ml ASW. To this end, an egg mass containing 2-cell-stage

TABLE 1

EFFECTS OF CB AND NOC ON FORMATION OF THE F-ACTIN ENVELOPE AROUND LATE PROPHASE NUCLEI IN EMBRYOS OF O.PUERILIS

Set of experiment Embryos in late prophase Embryos in other Observed embryos
with F-actin without F-actin Aberrant F-actin mitotic stage
envelope envelope accumulations

Fig. 4A CB (10 µg/ml) - 6 - 22 28
controls 9 - - 17 26

Fig. 4B CB (10 µg/ml) - 8 3 25 36
controls 7 - - 15 22

Fig. 6A Noc (1 µg/ml, 45 min) 12 - - 8 20
Noc (1 µg/ml, 1.5 h) 12 - - 12 24
controls (1.5 h) 4-cell-stages with mitotic phases from ep to lp, lp with F-actin envelope 13

Fig. 3. Distribution of F-actin and
microtubules around nuclei from
interphase to pro-metaphase in
8-cell-stage embryos. (A,B) Inter-
phase blastomere double-stained
with DAPI for DNA (A) and anti-β-
tubulin/DTAF for microtubules (B).
The centrosomal region has divided.
A small aster-like accumulation of β-
tubulin (arrow) marks each single
centrosomal area. (C) Interphase
blastomere double-stained with
DAPI to locate DNA and TRITC-Phall
to locate F-actin. The nucleus is
surrounded by focal accumulations
of F-actin (arrow). (D) Early prophase
blastomere double-stained with
DAPI for DNA and anti-β-tubulin/
DTAF for microtubules. Around the
nucleus the centrosomes are ori-
ented opposite to each other on
either side of the prospective mi-
totic plane. The centrosomal regions
(asterisks) are enriched with
microtubules and building up aster-
like structures. The chromatin has
condensed into thin threads. (E-G)
Late prophase blastomere with F-

actin envelope formation, triple-stained with DAPI for DNA (E), anti-β-tubulin/DTAF for microtubules (F) and TRITC-Phall for F-actin (G). (F) and (G) are in the
same focus plane. Extended centrosomal regions are oriented opposite to each other. Polar microtubules (arrow) seem to enclose the nucleus and thereby
form a basket-like structure. The polar microtubules are closely associated with the F-actin envelope. Single chromosomal threads can be distinguished in
the nucleus. Due to the strong immunostaining of β-tubulin, DTAF-fluorescence is also visible under UV-excitation for DAPI. (H,I) Pro-metaphase blastomere
double-stained with DAPI for DNA (H) and TRITC-Phall for F-actin (I). Remnants of the F-actin envelope are located in the region of the developing metaphase
plate. Bar, 10 µm.

An embryo was counted as being in a late prophase stage when at least one of the nuclei was in late prophase; ep = early prophase, lp = late prophase
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Discussion

In this study, the formation of a novel envelope-like F-actin
structure associated with the dividing nucleus and with the devel-
oping spindle apparatus was shown in early embryos of the
polychaete O. puerilis. Although there exist reports of both G-actin
and F-actin being associated with the nucleus of diverse organ-
isms, to the author’s knowledge, an F-actin envelope surrounding
an animal nucleus has not yet been reported. Until know, spatial F-
actin accumulations that resemble the F-actin envelope described
here have only been shown in some plant cells (Seagull et al.,
1987; Meindl et al., 1994).

In animals, Maro et al. (1984) detected F-actin as a perinuclear
array during mouse pronuclear centration. Heil-Chapdelaine and
Otto (1996) demonstrated F-actin accumulations in whole-mounts
of maturating starfish oocytes around the germinal vesicle at the
onset of germinal vesicle breakdown. In certain embryonic cells of
the oligochaete Tubifex hattai, a diffuse accumulation of F-actin
was also found to be associated with the nucleus (Shimizu, 1988).
The function of all of these F-actin accumulations is still unclear.

In other animal cells actin was demonstrated to occur within the
nucleus (Clark and Merriam, 1977; Clark and Rosenbaum, 1979,
Milankov and De Boni, 1993). In addition, an isoform of actin has
been described in nuclear fractions of interphase cells (Bremer et
al., 1981). Finally, actin-binding proteins were also demonstrated
to occur in nuclei (Ankenbauer et al., 1989). There is much
speculation concerning the function of the nuclear actin, e.g.,
involvement in chromatin motion, nucleocytoplasmic transport, or
gene expression (De Boni, 1994).

In O. puerilis embryos the F-actin accumulations form an
envelope-like structure around late prophase nuclei. This F-actin
envelope exists for a short period of time and disappears immedi-
ately before the mitotic spindle is established. Thus, the first idea
was that the F-actin envelope interacts with microtubules of the
mitotic apparatus. It was assumed that the F-actin envelope was
involved in mitotic plane formation during cleavage of O. puerilis.
This view was supported by earlier observations in tobacco BY-2
cells, which showed, that cytoplasmic F-actin associated with the
nucleus plays a role in positioning the nucleus in the prospective
mitotic plane (Katsuta and Shibaoka, 1988; Katsuta et al., 1990).
Moreover, in rat kangaroo cells actin was demonstrated to be
closely associated with the mitotic spindle apparatus (Sanger,
1975).

In order to test this hypothesis, the formation of the F-actin
envelope was blocked with CB. Although no F-actin envelope was
formed after treatment with CB, in rare cases F-actin accumulated
in the centrosomal regions (Fig. 4C,D). Similar accumulations of
microfilaments have been observed after CD treatment of epider-
mal cells in allium seedlings (Mineyuki and Palevitz, 1990). In the
allium study, microfilaments that ramify throughout the cytoplasm
of the epidermal cells fragmented and accumulated as clusters at
each spindle pole similar to those which were observed here for O.
puerilis. In O. puerilis embryos, as in allium cells, these accumula-
tions of microfilaments are possibly due to interaction of microtubules
and microfilaments, the latter being severed by cytochalasin.

However, disturbance of microfilament polymerization by CB in
O. puerilis embryos, did not alter orientation of the mitotic spindle.
Moreover, the orientation of the prospective mitotic plane is estab-
lished in early prophase, i.e., before the F-actin envelope has been

Fig. 4. Effects of CB on the F-actin envelope formation in zygotes and
2-cell-stages. (A,B) Schematic representation of the experiment. (A)
Zygotes of one egg mass with juxtaposed late prophase pronuclei (lp) were
incubated for 2 h in 10 µg CB/ml ASW. Controls developed for 2 h in ASW.
Controls developed in 2-cell-stage embryos. CB-treated zygotes remained
uncleaved, but mitoses occurred normal. (B) 2-cell-stages of one egg mass
incubated in metaphase (m) for 1.5 h in 10 µg CB/ml ASW. Controls
developed for 1.5 h in ASW. Controls developed in 4-cell-stages. CB-
treated embryos remained uncleaved, but mitoses occurred normal. (C,D)
Aberrant F-actin accumulations in the centrosomal regions of a blastomere
of a 2-cell-stage embryo. The embryo was incubated in 10 µg CB/ml ASW,
as described in (B). (C) DAPI-staining of DNA. (D) TRITC-Phall-staining of F-
actin. Bar, 10 µm.

embryos (blastomeres in interphase) was subdivided into three
portions (Fig. 6A). The first portion was incubated for 45 min in Noc,
the second for 1.5 h in Noc and the third for 1.5 h in 0,05%
dimethylsulfoxid (DMSO) in ASW (Fig. 6A). After Noc incubation,
microtubules in the embryos were not detected by immunofluores-
cence. The nuclei were displaced to the animal halves of the
blastomeres due to lack of the spindle apparatus. Cleavage was
arrested at the 2-cell-stage. However, Noc did not disturb the
formation of the F-actin envelope. All embryos that were incubated
either for 45 min or for 1.5 h in Noc formed F-actin envelopes
around their late prophase nuclei (Table 1, Fig. 6B). In summary,
the results show that the formation of the F-actin envelope is
independent of microtubule assembly.
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formed. Finally, inhibition of microtubule polymerization by Noc
showed that the F-actin envelope develops independently of the
spindle apparatus. In summary, the results show that the F-actin
envelope is not involved in establishing the mitotic plane in O.
puerilis embryos.

Conspicuously, disappearance of the F-actin envelope is cou-
pled temporally with nuclear envelope breakdown. Recently, it was
shown in mammalian cells, that cytoplasmic cytoskeletal proteins
push on the nuclear surface and thereby deform the nuclear
membrane during nuclear envelope breakdown (Georgatos et al.,
1997). In the present study, indentations of the pronuclei were
detected at the respective centrosomal side in O. puerilis zygotes
(Fig. 1C). Additionally, Stricker and Schatten (1991) have shown,
that inhibition of actin polymerization by CB results in a delay of the
germinal vesicle breakdown in starfish oocytes. Remarkably, CB
inhibited shape changes of the germinal vesicle normally occurring
prior to its breakdown. Furthermore, this study shows, that the
novel F-actin envelope is not a uniform structure (Fig. 1D). Protru-
sions of F-actin extend from either side of the F-actin envelope to
the centrosomes. Presumably, these protrusions are a result of
shape alterations of the F-actin envelope during nuclear envelope
breakdown.

In summary, it is likely that the novel F-actin envelope is involved
in fragmentation of the nuclear envelope in embryos of O. puerilis,
although its functional significance in this process remains to be
elucidated.

Materials and Methods

Animals and recovery of egg masses
Mass cultures of the polychaete O. puerilis were maintained in ASW as

described previously (Pfannenstiel, 1973b). For experimental use, 4 males
and 4 females each were transferred to small polystyrol beakers filled with
18 ml ASW and maintained under mass culture conditions. Newly produced
egg masses, which contained approximately 50 to 150 eggs, were col-
lected daily. Synchronous development of embryos in each egg mass was
determined by observation under the microscope and by in vivo DAPI-
staining (Sigma, Deisenhofen). In order to determine the mitotic stages in
an egg mass, 10 embryos of each egg mass were stained on a slide with
50 µl of 1 µg/ml DAPI in phosphate buffer (PB, 0.01 mol/l Na

2
HPO

4
/

NaH
2
PO

4
, pH 7.2) for about 15 sec. An egg mass was considered to be

homogeneous when 1) all embryos of the egg mass were in the same cell-
stage and when 2) the 10 embryos stained with DAPI were in the same
mitotic stage.

Fluorescent labeling of DNA and F-actin
Embryos were fixed in 4% paraformaldehyd in phosphate buffer saline

(PBS; 0.01 mol/l Na
2
HPO

4
/NaH

2
PO

4
, 0.15 NaCl, pH 7.2) for 1.5 h at 4°C.

After repeated rinsing in PBS, embryos were incubated in 400 mM Glycin
(pH 7.2) for 1 h at room temperature, washed twice in PBS and then stained
in DAPI solution (1 µg/ml PB) for 20 min. After DAPI-staining, embryos were
washed briefly in PBS and stained with TRITC-Phall (Sigma, Deisenhofen)
for 10 min. TRITC-Phall was prepared as a 0.1 mg/ml stock solution in
methanol. Embryos were stained in 0.2 µg TRITC-Phall/ml PBS.

Immunofluorescence of microtubules
In order to visualize microtubules, embryos were fixed and washed as

described above. After rinsing in 0.25 % Triton-X-100 in PBS for 1 h
following the Glycin-treatment, they were incubated with monoclonal
mouse antibodies against β-tubulin of bovine brain (courtesy of U. Euteneuer
and M. Schliwa) diluted 1:30 in a solution of 0.25 % BSA in 0.25 % Triton-
X-100 in PBS for 12 h at 4°C. After repeated rinsing in 0.25 % Triton-X-100
in PBS, embryos were incubated in DTAF-conjugated goat-anti-mouse IgG
and IgM (Dianova, Hamburg) diluted 1:50 for 2 h. For triple staining of
microtubules, F-actin, and DNA the embryos were stained afterwards with
TRITC-Phall and DAPI. For triple staining, 0.1 µg DAPI/ml PB instead of 1
µg DAPI/ml PB was used to avoid quenching of the DTAF-fluorescence
under UV-excitation.

Electron microscopy
Embryos were fixed as described by Palade (1952) and modified by

Harris (1962). Then they were dehydrated in graded ethanol series, block
stained in saturated uranyl acetate in 70 % alcoholic solution and embedded
in araldite. Semithin sections and thin sections were cut on a Reichert OmU
3 microtome with a diamond knife. Semithin sections were stained with
Mallory Azur II (1:1 mixture of 1% azur in A. dest. and 1% methylenblue in 1%
borax) and sealed in araldite. Thin sections were stained with lead citrate.

Drug treatment
CB, CD and Noc were prepared as stock solutions (2 mg CB/ml DMSO,

3 mg CD/ml DMSO and 2 mg Noc/ml DMSO) and stored at - 20°C. Embryos
were incubated in concentrations from 1 to 30 µg inhibitor/ml ASW. The
highest concentration of DMSO was 1 % in ASW. Development of control
embryos in 1 % DMSO in ASW was normal.

Observation and documentation
Observations were carried out with a Zeiss Axiophot and with a Zeiss IM

35 equipped with epifluorescence optics. Filter combinations being recom-
mended by Zeiss for DAPI-, TRITC- and DTAF-fluorescence were used.
Photographs were taken on Kodak (Ektachrome) 400 ASA and Pan Ilford
50 ASA films. In some cases, slides were exposed twice to document DAPI-
and TRITC-Phall-fluorescence (Figs. 1E, 3C, 5C and 6B).

Fig. 5. Effects of experimentally blocked F-actin envelope formation
on early development. Zygotes were incubated at the time of pronuclear
migration in 10 µg CB/ml ASW for 3 h 45 min. (A) Schematic representation
of the experiment. After CB-incubation the cell remained uncleaved.
Pronuclear fusion and mitoses occurred as in untreated embryos (B)
Uncleaved embryo with four anaphases. DAPI-staining of DNA. The animal
pole is indicated (arrowhead). One anaphase is out of focus. The anaphases
are oriented obliquely to the animal-vegetal axis of the cell as in untreated
embryos. In untreated embryos this arrangement of spindle planes results
in a dextral cleavage (see Fig. 2). (C) Uncleaved embryo with eight
interphase nuclei. Double-staining of DAPI for DNA and TRITC-Phall for F-
actin. Four nuclei lie in the animal half, four nuclei are located in the vegetal
half of the cell. Four nuclei are out of focus. F-actin accumulated in the
cortex region (arrow) contributing to the contractile rings which have
begun to assemble rudimentarily. Bar, 25 µm.
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Sections prepared for electron microscopy were examined with a Zeiss
EM 10 transmission electron microscope.
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