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REVIEW

Response of the Cortex to the Mitotic Apparatus during Polar Body Formation in
the Starfish Oocyte of Asterina pectinifera

Yukihisa Hamaguchi*, Setsuko K. Satoh, Taketoshi Numata, and Miyako S. Hamaguchi

Department of Bioengineering, Graduate School of Bioscience and Biotechnology, Tokyo Institute of Tech-
nology, O-okayama, Meguro-ku, Tokyo 152-8551, Japan

ABSTRACT. In order to understand the mechanism of unequal division, polar body formation was investigated
using the oocytes of the starfish, Asterina pectinifera. Cortical actin filaments were quantitatively measured after
staining the maturing oocytes with fluorescently labeled phalloidin using a computer and image-processing
software. Before polar body formation, at first the actin filaments at the animal pole decreased and subsequently
the animal pole bulged. On the other hand, actin filaments surrounding the animal pole increased gradually and
made a cleavage furrow around the animal pole as the bulge grew. Then the furrow ingressed and finally a polar
body formed. When the surface for ce was cal culated accor ding to the cell shape, the surface force decreased at the
animal pole but the force at the contractilering increased. When by micromanipulation the mitotic apparatus was
detached and translocated to the cortex other than the animal pole, polar body formation occurred all over the
cortex of the oocyte, which indicates that the response of the whole cortex to the mitotic apparatusis equal. These
results indicate that the decrease in the actin filaments and surface force near the centrosome of the mitotic
apparatus as well as the increase in the actin filaments and surface force at some distance of the centrosome is

important for cytokinesis.
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The position where the contractile ring forms depends on
the position of the mitotic apparatus (MA) (Inoue, 1990;
Rappaport, 1971, 1996; Schaerer-Brodbeck and Riezman,
2000). In equal division, MA is at the center of the cell or
away from the center of the cell but its axisis parallél to the
cortex (Fig. 1€). In this case the contractile ring forms on
the cortex at the same distance from the two centrosomes
(Fig. 1f). On the other hand, in unequal division, MA is
shifted away from the center of the cell and its axis is tan-
gential to the cortex (Fig. 1a). In this case, however, the
contractile ring forms on the cortex at the different distances
from the two centrosomes (Fig. 1b).

In oogenesis of multicellular animals, an egg is formed
through two serial unequa divisions (meiosis | and I1). In
starfish oocytes, MA for the first maturation division is or-
ganized shortly after germinal vesicle breakdown (Schroed-
er, 1985; Satoh et al., 1994, 1996). Polar body formation is
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an extreme case of unegual division because the diameter of
the polar bodiesisless than 1/10th that of the oocyte.

In the present study, the distribution of actin filamentsin
the cortex has been investigated quantitatively during the
first polar body formation in the oocytes of the starfish. The
surface force was also estimated. Further the cortical re-
sponse of the oocyte was investigated after detaching MA
away from the cortex of the animal pole.

Materials and Methods

Oocytes were obtained from ovaries of the starfish, Asterina
pectinifera and treated with 1-methyladenine to induce meiotic
division. Maturing oocytes were inseminated or treated with the
ionophore, A23187, shortly after germinal vesicle breakdown to
elevate the fertilization envelope.

The fertilized eggs at appropriate time after nuclear envelope
breakdown were fixed for 30 min with glucose F-buffer supple-
mented with 3.0% formaldehyde according to Mabuchi (1994)
with a slight modification. Glucose F-buffer contained 0.1 M KCl,
2 mM MgCl,, 1 mM EGTA, 10 mM MOPS (pH 7.4), and 0.5 M
glucose. They were stained for 30 min with rhodamine-phalloidin
or BODIPY FL-phallacidin for actin filament observation and the
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Fig. 1. Schematic representation of the relationship between the centrosome and the contractile ring in the cases of equal and unequal divisions. The upper
row shows from metaphase to divided stage at unequal division (a—d) and the lower row shows from metaphase to divided stage at equal division (e-h). D1,
D2, and Du are distances between the centrosome and the contractile ring. Thickness of the outline of the cells indicates the extent of actin accumulation in

the cortex.

DAPI for chromosome observation. The living oocytes were ob-
served mainly with a differential interference contrast (DIC) and
polarization microscope.

The surface force was calculated according to the method of
Hiramoto (1968), and Timoshenko and Woinowsky-Krieger
(1959). Two principal curvatures R1 and R2 of the surface of the
oocyte are calculated from the shape of the oocyte, which is as-
sumed to be the shape of revolution along the axis of the animal
and vegetal poles. The surface force along this shape, T2, and the
surface force along the cross section tangentia to this shape, T1,
are calculated from these equations as follows. P is internal pres-
sure. At the animal and vegetal poles T1isequal to T2.

T1=PxR2/2,T2=[PxR2(2-R2/R1)] /2
Displacement of MA was carried out according to Lutz et al.
(1988) with modifications (Hamaguchi, 2001). The tip of a
micropipette was inserted into the oocyte through the fertilization
envelope and the cortex, and then inserted into the spindle of the
meiotic MA. Moving the pipette in the direction of MA axis, MA
was detached from the animal pole and translocated elsewhere in
the oocyte.

Results and Discussion

1. Distribution of actin filaments in the cortex during
thefirst polar body formation

In order to measure the actin distribution at the cortical
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region of the animal pole during polar body formation pre-
cisely, the oocytes were stained fluorescently and observed
with a confocal microscope in accordance with Satoh and
Hamaguchi (2000). The cortex of the animal pole region
was dissected from the image and the mean values of the in-
tensity in the cortex were calculated along the animal-vege-
tal axis and perpendicular to the axis. In the measurement
along the animal-vegetal axis, one peak was obtained at the
furrow. In the measurement perpendicular to the animal-
vegetal axis, two peaks were obtained and the distance be-
tween the peaks was designated as the furrow diameter.
Relation between the ratio of cortical fluorescence at the
animal pole and the height of the animal pole was investi-
gated. The fluorescence intensity of the cortex at the animal
pole decreased with the increase of the height of the animal
pole and finally the intensity at the cortex of the polar body
became 0.5. Relation between the peak fluorescence intensi-
ty at the furrow and the diameter of the furrow was aso in-
vestigated. Before the bulge formation for the first polar
body, in some oocytes an actin accumulation was observed
and the peak fluorescence ratio was about 1.1. After bulge
formation the ratio gradually increased to twofold compared
to that of the control cortex. Actin accumulation in the con-
tractile ring is well-known (Mabuchi, 1994; Schroeder,
1968, 1970, 1972; Yonemura and Kinoshita, 1986). Actin
distribution during polar body formation similar to this
study was reported by Shimizu (1990) using Tubifex oo-
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cytes. Actin decrease in the polar region may induce weak-
ening of the region, and, therefore, polar relaxation was
suggested according to polar weakening (Hamaguchi and
Hiramoto, 1978; Wolpert, 1960), although Rappaport and
Rappaport (1985) suggested that the bulge at polar body
formation may not result from local surface weakening.

2. Estimation of the surface force around the animal
pole

Surface forces were calculated at polar body formation.
The surface forces at the animal pole decreased gradualy.
On the other hand, T2, the surface force along the presump-
tive contractile ring increased greatly and, however, T1, the
surface force tangential to the contractile ring increased
dightly.

Surface force to time relation was also investigated. The
surface force at the animal pole decreased during polar body
formation but the surface force at the vegetal pole did not
change. The surface force at the contractile ring increased
greatly and then decreased.

The surface force near the animal pole was measured by
Ohtsubo and Hiramoto (1985), who reported that the force
surrounding the animal pole increased during polar body
formation, although they did not measure the force at the
animal pole.

3. Cortical response of the oocyte after detaching MA
away from the cortex of the animal pole

A polar body forms naturaly at the animal pole; after
germinal vesicle breakdown, MA a meiosis | forms and
takes up an asymmetric position, being oriented perpendicu-
lar to the cell cortex and attached at the embryonic animal
pole. By DIC microscopy this region was transparent with-
out yolk granules (Fig. 2), although by polarization micro-
scopy the birefringent spindle was clearly observed (Satoh
et al., 1994).

MA at meiosis was displaced from the animal poleto var-
ious regions in the oocyte with a micropipette. When MA
was released near the cortex or pushed against the cortex
away from the animal pole, the polar body extruded at this
site (Fig. 2), which indicates that MA reattached to the cor-
tex of this site. As shown in Fig. 2, when the manipulation
was carried out during meiosis I, the first and second polar
bodies were extruded at the region where MA had been dis-
placed, but not at the original animal pole. Consequently, as
shown in Fig. 3, polar body formation occurred everywhere
on the cortex of the oocytes, although it was reported that
cortical polarity existed along the animal-vegetal axis
(Schroeder, 1985). When the displacement of MA was car-
ried out at meiosis 1, the second polar body also extruded.
In previous reports, displacement of the nucleus or nuclear
materials was carried out before MA formation and resulted
in ectopic polar body formation as described below. Cham-
bers (1917) reported that the second polar body was pro-
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Fig. 2. Releaseof MA at meiosis| at the cortical sites away from the ani-
mal pole resulted in ectopic polar body formation. (a) Before manipulation
in order to mark the animal pole at meiosis |, asmall paraffin oil drop (O),
formed at the tip of the micropipette was attached to the pole with a
micropipette. Beneath the drop, MA was in the transparent cytoplasmic
region. (b) After MA was displaced from the animal pole with a micropi-
pette and released near the cortex away from the animal pole, the polar
bodies extruded at this site (PBs). Scale bar is50 um.

duced some distance away from the first one in the oocyte
of anemertine, Cerebratulus, when the daughter nucleus of
the first meiotic division was pushed about elsewhere. Shi-
rai and Kanatani (1980) reported that the first polar body
formed at the vegeta pole of the oocytes of A. pectinifera
when the germinal vesicle was translocated from the animal
pole to the vegetal pole by centrifugation. Gard (1993) re-
ported that ectopic polar body formation occurred except
for the cortex around the vegetal pole of the oocytes of Xe-
nopus when the germinal vesicle was translocated by cool-
ing and inverting. In this study, however, it was found that,
even after the formation of the meiotic MA, its displace-
ment resulted in ectopic polar body formation, which indi-
cates that the site of polar body formation is determined af -
ter the formation of MA (Hamaguchi, 2001).

4. Conclusions

In this study, the conclusions are as follows.

1. The actin filaments at the animal pole decreased during
polar body formation, whereas the actin filaments surround-
ing the animal pole increased.

2. The surface force at the animal pole decreased, where-
as the surface force at the presumptive contractile ring in-
creased.

3. When the detached MA was released near the cortex,
ectopic polar body formation occurred everywhere on the
cortex of the oocytes.



Fig. 3. Summary of the site at polar body extrusion after MA displace-
ment near the cortex. Half of the circle shows the experiments in which
MA at meiosis | was displaced to other cortical sites. The pins on the circle
were the samples in which the polar body was extruded. The dotted pin
indicates two samples in which MA was displaced at the same angle. The
latitudinal angle at the polar body extrusion was measured from the animal
pole up to 180 degree because the left or right half of the oocyte could not
be discriminated at this stage. The arrow shows the animal pole.

Therefore, during unequal division these results indicate
that the actin filaments and the resultant generated forces
decrease near the centrosome of MA, but increase at some
distance from the centrosome. Thus, the different distances
from the two centrosome to the contractile ring become
equal after relaxation of the polar cortex owing to the con-
traction of the cortex other than the animal pole (Fig. 1c—d).
Moreover, the cortical relaxation occured wherever MA was
displaced near the cortex of the oocytes. Wolpert (1969) ex-
plained polar body formation by the local relaxation of the
surface at the animal pole, and Hamaguchi and Hiramoto
(1978) and Ohtsubo and Hiramoto (1985) suggested the lo-
cal relaxation of the cortex at the animal pole. This study
provides evidence of the decrease in both actin and surface
force at the animal pole for their explanation. Furthermore,
the increase in both actin and surface force at the region ad-
jacent to the animal pole, which results in contractile ring
formation, is also evidence essential to cytokinesis.
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