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Figure 6. Schematic drawing of the changes in the organization of 
the ER network and the myoplasm during ooplasmic segregation in 
the ascidian Phallusia mammillata, ooo,  myoplasm; ***, ER-rich 
microdomains; -% bulk movement of the ER domain. (A) animal 
pole; (V) vegetal pole; (C) vegetal-contraction pole. In the unfertil- 
ized egg (0'), the vegetal hemisphere is endowed with a subcortical 
myoplasmic domain as well as dense layer of cortical ER. The cyto- 
plasmic ER is organized in microdomains that increase in size 
toward the vegetal hemisphere. Sperm entry, which occurs prefer- 
entially in the animal hemisphere, triggers a wave of cortical 
contraction that carries the subcortical myoplasm to a vegetal- 
contraction pole (C) during the first phase of ooplasmic segrega- 
tion. At 5-10 min after fertilization, ER is accumulated between the 
plasma membrane and the segregated myoplasm, and in the 
cytoplasm, the ER-rich microdomains have increased in size. At 
25-30 min after fertilization, during the second phase of ooplasmic 
segregation, the ER domain moves with the bulk of the myoplasm 
as a fan-shaped mass toward the male centrosomal area, and be- 
comes located at the future posterior pole of the embryo (P). 

of earlier studies using thin-section electron microscopy and 
immunolocalization (for review, see Hepler, 1989). This, as 
well as the concentration of the ER observed in the sperm 
aster and the mitotic spindle after fertilization, is possibly 
mediated by molecular motors capable of moving ER along 
microtubules towards their minus ends (Allan and Vale, 
1991). The nonrandom distribution of other cytoplasmic ER 
into clearly delineated microdomains that increase in size to- 
ward the vegetal pole is a new and unexpected finding. The 
mechanism of such domain formation is not known but may 
similarly involve motor molecules that promote movement 
and growth of ER along cytoskeletal components (Kachar 
and Reese, 1988; Dabora and Sheetz, 1988; Vale and 
Hotani, 1988; Allen and Vale, 1991). 

The polarity in the ER network is most prominent in the 
egg cortex. In the vegetal part underlying the mitochondria- 
rich myoplasm, a layer of tightly knit tubules and sheets is 
found, whereas the cortical ER in the animal hemisphere is 
much less dense and consists of tubules mainly. Our previous 
work (Sardet et al., 1992) has shown that this ER polarity 
corresponds to a polarized distribution of cytoskeletal ele- 
ments in the isolated cortex. In the ER-rich vegetal area, ac- 
tin filaments are numerous, whereas microtubules are rare. 
The opposite is found in the animal cortex where only sparse 
ER tubules are present. Double-labeling studies show that 
microtubules often run along ER tubules over considerable 
distances. We found, however, that colchicin does not dis- 
rupt the polarity of the ER cortical network, whereas 
cytochalasin does (Sardet et al., 1992), which suggests that 
actin filaments are instrumental in maintaining the polarity 
of the cortical ER network as they are in maintaining the 
polarity of sperm entry in the egg at fertilization (Speksnijder 
et. al., 1989b). 

ER Accumulates at the Vegetal-contraction Pole 
during the First phase of  Ooplasmic Segregation 

Actin filaments also play an important role in the rapid and 
dramatic reorganization of the egg that follows fertilization. 
Sperm entry results in a wave of calcium release which, in 
turn, triggers the first phase of ooplasmic segregation. A cor- 
tical contraction wave originating from the animal pole 
propagates toward the vegetal pole region, and ends in a con- 
stricted region close to but not necessarily coincident with 
the vegetal pole. We have named this region the vegetal-con- 
traction pole area (Speksnijder et al., 1990a). During this 
contraction wave, which lasts ,~2-3 rain, the subcortical 
myoplasmic layer becomes concentrated in the vegetal-con- 
traction pole region. The driving force for this contraction 
is provided by actin filaments, because it can be blocked by 
treatment with cytochalasin, but not with colchicin (Zalokar, 
1974; Sawada, 1988; Jeffery and Bates, 1989; Sawada and 
Schatten, 1989; Speksnijder et al., 1990a,b). The present 
study shows that concomitantly with this actin-driven con- 
centration of the myoplasm at the vegetal-contraction pole, 
ER accumulates into a subcortical domain between the myo- 
plasm and the plasma membrane. The role of actin in this 
ER movement appears to be quite different from the one de- 
scribed in characean algae (Kachar and Reese, 1988), where 
ER is thought to move across polarized actin filaments at- 
tached to the plasma membrane. In the PhaUusia egg, how- 
ever, the cortical actin network accumulates with the ER at 
the vegetal-contraction pole. Because actin filaments in the 
Phallusia egg cortex interact extensively with the ER net- 
work (Sardet et al., 1992), we would suggest that the ER ac- 
cumulation may be the result of an actino-myosin driven con- 
centration of the ER network. Alternatively, this newly 
formed vegetal ER domain may be recruited in part from the 
deeper cytoplasmic ER, to which it is connected by single 
strands and occasional bundles of ER tubules and cisternae. 

Several experimental observations suggest that this ER do- 
main at the vegetal-contraction pole may be the source of the 
repetitive calcium waves that sweep through the egg after the 
first phase of ooplasmic segregation and originate mainly 
from this region (Speksnijder et al., 1990b). When the corti- 
cal contraction that concentrates the ER network and the 
myoplasm at the vegetal-contraction pole is blocked with 
cytochalasin, the repetitive calcium waves no longer start in 
this region, but instead tend to originate from the region of 
sperm entry, usually in the animal hemisphere of the egg 
(Speksnijder et al., 1990b). This suggests that during the 
cortical contraction some component necessary for the initi- 
ation of the repetitive calcium waves becomes localized in 
the vegetal-contraction pole area. The nature of this compo- 
nent was investigated by centrifuging unfertilized eggs such 
that their cytoplasmic components, including the myoplasm, 
are displaced. Such treatment, which does not affect the po- 
lar distribution of cortical components such as the ER net- 
work, does not alter the starting position of the calcium 
waves (Speksnijder, 1992), suggesting that a component that 
is initially localized in the egg cortex and subsequently be- 
comes concentrated in the vegetal-contraction pole region 
after the first phase of ooplasmic segregation, is involved in 
initiating the repetitive calcium waves. We thus suggest that 
the ER domain at the vegetal-contraction pole is a likely can- 
didate for this calcium wave pacemaker, in which case the 
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ER is instrumental in creating an oscillating gradient of cal- 
cium in the egg, with calcium periodically increased in the 
vegetal-contraction pole region (Speksnijder et al., 1990b). 

Accumulated ER is Relocalized during the Second 
Phase of Ooplasmic Segregation 
The second phase of ooplasmic segregation takes place after 
meiosis and the repetitive calcium waves have ceased. This 
phase is slower than the first one, lasting ~20 rain, and can 
be blocked with colchicin (but not with cytochalasin), sug- 
gesting that unlike the first phase it is a microtubule- 
dependent movement (Sawada and Schatten, 1988, 1989). 
During this movement, the bulk of the myoplasm relocates 
from the vegetal-contraction pole to a more equatorial posi- 
tion (Sardet et al., 1989). We now show that the ER domain 
that accumulated between the myoplasm and the plasma 
membrane during the first phase of ooplasmic segregation, 
moves simultaneously with the myoplasm and the sperm 
aster toward the equator, and then toward the center of the 
egg. 

This movement of the myoplasm and the ER domain in as- 
cidian eggs is reminiscent of the cortical rotation movement 
during the first cell cycle in fertilized frog eggs (reviewed in 
Houliston and Elinson, 1992). They both comprise a translo- 
cation of the egg surface with attached cortical actin layer 
relative to the inner cytoplasm, occur in the vegetal hemi- 
sphere of the fertilized egg, are involved in defining the em- 
bryonic axes, and are dependent on intact microtubules, but 
not actin filaments (Manes et al., 1978; Vincent et al., 1987; 
Jeffery and Bates, 1989; Sawada and Schatten, 1989; 
Houliston and Elinson, 1992). In frog eggs, the rotation in- 
volves the singular movement of the vegetal cortex contain- 
ing actin and ER along a parallel array of stationary microtu- 
bules in a plus-end directed fashion possibly using kinesin 
as a molecular motor (Houliston and Elinson, 1991). In 
ascidian eggs, however, the translocation movement is prob- 
ably more complex because it occurs in two steps with dis- 
tinctly different speeds, suggesting that different mechanisms 
may be at work. During the first step, myoplasm and ER 
move together with the sperm aster along the egg surface to- 
ward the equator at a speed of 3-6/zm/min (Sardet et al., 
1989). During this step, the ER domain becomes elongated 
in the direction of its movement and assumes the shape of 
a fan, which suggests that it may be pulled by the sperm aster. 
The force generating mechanism of this step may depend on 
microtubule-associated motor molecules such as kinesin that 
generate plus-directed movement between astral microtu- 
bules and the cortex. Alternatively, force may be generated 
by microtubule motors that promote sliding between two 
populations of microtubules (see Vallee and Shpetner, 1990), 
some of which would be part of the sperm aster while others 
would be anchored to the cortex. During the second step, the 
sperm aster moves at ~10/~m/min to its final location toward 
the center of the egg, whereas the myoplasm and the ER do- 
main move at ,,026 t~m/min in the same direction. During the 
latter step, the ER mass becomes narrower and thicker. This 
suggests that in addition to the pulling force exerted by the 
sperm aster, the ER could be concentrated toward the center 
of the aster via movement along astral microtubules using a 
minus-end directed motor molecule such as dynein (Vallee, 
1991). Clearly, the microtubule-mediated movement of the 

ER domain during the second phase of ooplasmic segregation 
is complex and probably involves multiple mechanisms and 
motors (see e.g., Allan and Vale, 1991; Schroer and Sheetz, 
1991; Gill et al., 1991). 

Developmental Function of the ER Domain 
With respect to the possible developmental consequences of 
our observations, we would point out that in addition to the 
mitochondria-rich myoplasm, the posterior blastomeres, 
which are the major precursors of the primary muscle cell 
lineage, will inherit most of the ER domain. This would 
probably endow them with a large intracellular store of 
releasable calcium. Furthermore, it has been shown that cel- 
lular factors involved in gastrulation and dorsal determina- 
tion are transiently localized in the vegetal pole area between 
the first and second phase of ooplasmic segregation, since 
gastrulation and axis formation are blocked when this region 
is deleted (Bates and Jeffery, 1987). Although the latter ex- 
periments were done on the eggs of a different ascidian spe- 
cies, it is likely that a large part of the ER domain and its 
associated molecules were removed. Recent research has 
identified a localized maternal mRNA encoding a cytoskele- 
tal protein that may be involved in axis determination 
(Jeffery, 1990a, b). Future research may elucidate if the ER 
accumulation in the vegetal-contraction pole region plays a 
role in this process. 
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