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Shrinkage and Expansion of Blastocoel affect the Degree
of Invagination in Sea Urchin Embryos

Hiromi Takata™ and Tetsuya Kominami

Department of Biology and Earth Sciences, Faculty of Science, Ehime University,
2-5 Bunkyo-cho, Matsuyama, 790-8577, Japan

ABSTRACT—By immersing sea urchin embryos in seawater containing various concentrations of sucrose,
we found that the level of osmotic pressure of blastocoel changed during gastrulation; the level was low
around the onset of gastrulation and higher during secondary invagination. To learn how such changes in
osmotic pressure related to invagination processes, embryos were shrunken or expanded by means of
sucrose treatments, and the degree of invagination was monitored using Nile blue staining. The method
elucidated that the cells invaginated during primary invagination occupied only top one third of archenteron
at the end of secondary invagination, and that the cells constituting intestine and the posterior half of stom-
ach were recruited into the archenteron after secondary invagination. When embryos were expanded, the
degree of invagination was remarkably decreased, indicating that a higher level of expanding force hindered
the fulfillment of invagination. On the other hand, shrinkage of blastocoel during secondary invagination
increased the degree of invagination. Cell tracing experiments showed that the change in the degree of
invagination estimated with Nile blue staining was accompanied with the change in the number of cells
incorporated into the archenteron. When embryos were expanded, only the descendants of veg2 constituted
the gut rudiment, while a considerable amount of the veg? descendants were recruited into archenteron
when embryos were shrunken. Obtained results suggest that change in the level of osmotic pressure of

blastocoel would be necessary for the progress of gastrulation.
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INTRODUCTION

Gastrulation in sea urchin embryos has been intensively
studied as a model system for morphogenesis of a mono-
layered cell sheet (Gustafson and Wolpert, 1963, 1967), and
several important factors involved in the processes of gastru-
lation have been elucidated. Bottle cells appearing at the center
of the vegetal plate triggers the initiation of primary invagina-
tion (Nakajima and Burke, 1996; Kimberly and Hardin, 1998)
and a thickened vegetal plate bends toward the blastocoel,
resulting in a short stub-like gut rudiment. Extracellular matri-
ces are necessary for the concerted movement of presump-
tive endodermal cells (Kinoshita and Saiga, 1979; Wessel
and McClay 1987; Burke et al., 1991; Lane et al., 1993; Berg
et al., 1996). After the primary invagination, secondary mes-
enchyme cells (SMCs) appear at the tip of the gut rudiment
and form long filopodia that reached the inner surface of the
apical plate. SMCs pull up the gut rudiment by means of long
filopodia during secondary invagination (Dan and Okazaki,
1956; Gustafson and Kinnander, 1956; Hardin, 1988; Hardin
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and McClay, 1990). Rearrangement of cells in the gut rudi-
ment is another important factor in forming the elongated arch-
enteron (Ettensohn, 1985; Hardin and Cheng, 1986; Hardin,
1989).

Once, the notion was proposed that negative pressure of
blastocoel triggers the initiation of invagination (Rhumbler,
1902, cited in Davidson et al., 1995). The proposed mecha-
nism was not accepted, because the excised vegetal plate
could undergo a morphological change similar to normal em-
bryos (Moore and Burt 1939; Ettensohn, 1984). Due to such
circumstances, the factor, “osmotic pressure of blastocoel”,
has been excluded in the analysis of the mechanisms of sea
urchin gastrulation. However, morphology of sea urchin em-
bryos implies the existence of some kind of expanding force
in the blastocoel. Newly hatched swimming blastulae of
Mespilia globulus are completely spherical in shape with an
extremely thinned blastocoel wall (see review, Okazaki, 1975).
It is naturally supposed that such a balloon-like configuration
is maintained with an expanding force, i.e., osmotic pressure
of blastocoel.

In a previous study, we showed that the archenteron did
not elongate to full length if blastocoel was expanded before
the onset of primary invagination (Takata and Kominami,
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2001). When blastocoel was expanded after primary invagi-
nation, the archenteron elongated to full length but became
more slender than that of control embryo. Thus, it is likely that
the level of osmotic pressure is controlled during the processes
of gastrulation. In the present study, level of the innate
osmotic pressure was altered with sucrose treatment at vari-
ous timing during gastrulation, and morphology of the resulted
embryos was examined.

MATERIALS AND METHODS

Animals and gametes

Adults of the sea urchin Hemicentrotus pulcherrimus were col-
lected and kept in aquaria supplied with circulating seawater (15°C).
Gametes were handled as described before (Kominami and Masui,
1996). Milli-pore filtered seawater (MFSW) supplemented with 100
units/ml penicillin and 50 pg/ml streptomycin (Meiji Seika, Tokyo) was
used throughout experiments. Embryos were cultured at 18+1°C.

Evaluation of osmotic pressure of blastocoel

By mixing MFSW and 1 M sucrose dissolved in distilled water,
sucrose-containing seawater was made. Since the mixture was iso-
tonic to normal seawater, the solution did not cause the shrinkage of
embryonic cells, but caused the reduction in the size of blastocoel.

Gastrulating embryos were collected and immersed in MFSW
containing various concentration of sucrose. After 20 min, embryos
were treated with 0.1% formalin to stop ciliary movement and photo-
graphed. The height and width of the treated embryos were mea-
sured on photographic prints and averaged.

Shrinkage and expansion of blastocoel

To shrink the blastocoel transiently, embryos were transferred to
sucrose-containing seawater (40 mM) and returned to MFSW four hr
later. The treatment was done every two hr during gastrulation. On
the other hand, expansion of blastocoel was carried out after the
method of Dan (1952). Briefly, fertilized eggs were deprived of fertili-
zation envelope (Showman and Foerder, 1979), and were transferred
to sucrose-containing seawater (100 mM) at an early cleavage stage.
An aliquot of the treated embryos were returned to MFSW every two
hours during gastrulation.

Nile blue staining

Gastrulating embryos were vitally stained with 0.001% Nile blue
sulfate (Chroma Gesellschaft Schmidt & Co., Germany) dissolved in
MFSW for 5 min. After staining, the embryos were rinsed three times
with MFSW and cultured until the desired stages. Because the dye
bound to only the cells positioned outside at staining, the further
recruitment of presumptive endodermal cells into the archenteron could
be detected by examining the distribution of labeled cells (Kuraishi
and Osanai, 1992). After staining, embryos were mounted on a glass
slide and covered with a piece of cover slip. To make the observation
easier, embryos were slightly squashed by absorbing excess seawa-
ter between a glass slide and cover slip with a piece of blotting paper.

Detection of alkaline phosphatase activity

Embryos were fixed with 3% formalin and were rinsed twice with
MFSW. Activity of alkaline phosphatase was detected with the method
of simultaneous coupling with substituted Naphthols. Naphthol AS-BI
phosphate (Sigma, MO) was dissolved in DW at 50 ug/ml and its pH
was adjusted to 8.3. The reaction mixture was prepared by dissolving
10 mg Fast red TR (Sigma) in 10 ml Naphthol stock solution immedi-
ately before use. Specimens were incubated in the reaction mixture
at room temperature for 6 hr.
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Labeling of a vegetal blastomere at the 8-cell stage

One of the vegetal blastomeres of the 8-cell stage embryo was
injected with a fluorescent dye Lucifer Yellow CH (Sigma) as described
previously (Kominami, 1988). For staining of the nuclei of embryonic
cells, the dye-injected embryos reaching the early prism stage were
immersed in MFSW containing 1 uM DAPI (Sigma) for 30 min. The
embryos were then fixed with 1% formalin dissolved in MFSW and
examined under an epifluorescence microscope (Olympus, BX50-FLA,
Tokyo). The number of nuclei of the Lucifer Yellow-labeled cells left
in the vegetal ectoderm was obtained by comparing two photographic
prints taken under ultraviolet and blue light excitation. In this mea-
surement, only the embryos that showed ventral or ventro-lateral la-
beling (Kominami, 1988) were used, because counting of nuclei was
difficult due to the piling up of nuclei in other labeling patterns.

Immunofluorescence

For immuno-staining, gastrulating embryos were fixed succes-
sively with cold methanol and ethanol (—20°C, 20 min each). Fixed
embryos were embedded in polyester wax (BDH Laboratory Sup-
plies, Poole, England) and were sectioned at 6 um. After removal of
the wax, specimens were rinsed twice with phosphate-buffered
saline (PBS) and reacted with a monoclonal antibody VE10 (Kominami
and Takata, 2000) to make clear cell boundaries. After the primary
reaction, specimens were rinsed twice with PBS, and then reacted
with FITC-conjugated goat anti-mouse IgG (Fab fragment) antibody
(Sigma). After one hr, specimens were rinsed twice with PBS. The
immuno-stained sections were mounted on a glass slide with a small
amount of glycerol and examined under an epifluorescence micro-
scope.

RESULTS

Evaluation of the osmotic pressure of blastocoel

To evaluate the osmotic pressure of blastocoel, embryos
were transferred to the isotonic seawater containing various
concentrations of sucrose, and the change in the size of them
was examined. Fig. 1A shows the time course of shrinkage of
embryos (18 hr postfertilization) immersed in sucrose-contain-
ing seawater (40 mM). Embryos shrank rapidly and reached
a minimum level within 6 min. After this, the size of embryos
did not change significantly. On the other hand, the shrunken
embryos (immersed in sucrose-containing seawater for 20 min)
restored the normal size within 8 min after they were returned
to MFSW (Fig. 1B). Thus, the gastrulating embryos can be
regarded as a simple sphere surrounded with a semi-perme-
able membrane.

Using this property of embryos, we tried to evaluate the
osmotic pressure of blastocoel (Fig. 2). As clearly shown in
Fig. 2A, the blastocoel fluid of embryos during primary
invagination (18.5 hr) was isotonic to MFSW containing 10
mM sucrose. During secondary invagination (22.5 hr), the mini-
mal concentration of sucrose that did not cause any shrink-
age of embryos increased to 14 mM (Fig. 2B).

Involution of presumptive endodermal cells during gas-
trulation

To know how the change in the level of osmotic pressure
of blastocoel related the invagination processes, we first tried
to monitor the degree of invagination with Nile blue staining.
Embryos shown in Fig. 3A—-C were stained with the dye at 18
hr postfertilization. All the cells that faced to the outside were
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Fig. 1. Time course of change in the size of embryos upon sucrose
treatment. A: Time course of shrinkage with sucrose treatment (40
mM). B: Time course of restoration from shrinkage. Broken lines in A
and B indicate the change in the size of control embryos during ob-
servation. Dotted line in B indicates the change in the size of em-
bryos treated continuously with sucrose. At each observation points,
30 embryos were examined. Embryos around the onset of gastrula-
tion (18 hr postfertilization) were used. Vertical bars indicate S. D.

stained (Fig. 3A). PMCs were not labeled. At the 22nd hr of
development, when secondary invagination almost finished,
the label was observed throughout the archenteron (Fig. 3B).
SMCs observed at the space between the archenteron tip and
the apical plate were also labeled (Fig. 3B, arrow). At the early
prism stage (30 hr), whole digestive tract was populated with
Nile blue-stained granules (Fig. 3C). The label was also ob-
served at bulging coelomic pouches (Fig. 3C, arrow). On the
other hand, embryos in Fig. 3D—F were stained with Nile blue
at the 22nd hr of development. Label was not observed at
spicule forming PMCs, detaching SMCs (Fig. 3D) and the in-
vaginated archenterons (Fig. 3G). At the 26th hr of develop-
ment, Nile blue labeling was observed at the bottom half of
the archenteron (Fig. 3E), and the bottom two thirds of the
archenteron was labeled at 30 hr postfertilization (Fig. 3F).
Around this stage, the top region of the archenteron formed
coelomic pouches. Thus, relative position of the boundary of
Nile blue staining shifts upward to some extent. Fig. 3H show
the enlarged images near the boundary between Nile blue-
stained and non-stained regions at 30 hr postfertilization. Nile
blue-stained granules were observed at presumptive stom-
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Fig. 2. Evaluation of the osmotic pressure of blastocoel fluid. Gas-
trula-stage embryos were immersed in MFSW containing different
concentration of sucrose, and the size of them was examined 20 min
later. A: early gastrula stage (18.5 hr postfertilization). B: late gastrula
stage (22.5 hr). Abscissa: concentration of sucrose. Ordinate: size of
embryos. At each observation points, 15 embryos were examined.
Vertical bars indicate S. D.

ach-intestine region. Even at the 48th hr of development, the
boundary could be noticed (Fig. 3lI).

Fig. 4 illustrates the rate of invagination estimated with
Nile blue staining. Embryos were stained every two hours
during gastrulation and examined four hr later. The rate is
higher during primary and secondary invagination (before 22
hr). Even after the archenteron tip reached the apical plate, a
considerable amount of endodermal cells were incorporated
into the archenteron, although the rate became smaller.

Fig. 5 shows the pluteus-stage embryos stained with Nile
blue at different timing during gastrulation. At the pluteus stage,
the archenteron differentiates into esophagus, stomach and
intestine, and each part gains its characteristic configuration.
Thus, length ratio of Nile blue-stained region to the whole
length of digestive tract does not reflect the degree of invagi-
nation. Here, scores (0—4) are given to embryos according to
the position of the front of Nile blue-stained region. In the
embryo stained at the onset of primary invagination (Fig. 5A),
the label was observed throughout the digestive tract (score
4). If the embryos were stained slightly before the end of sec-
ondary invagination (22 hr), the label was observed both in
stomach and intestine (Fig. 5B, score 3). When the embryos
were stained with Nile blue at the 24th hr of development, the
label occupied the post-half of stomach and intestine (Fig.
5C, score 2). In the embryo stained at the early prism stage
(30 hr), the label was observed at the posterior half of intes-
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Fig. 3. Process of invagination examined with Nile blue staining. A—C: stained with Nile blue at 18 hr (at the onset of primary invagination).
A:immediately after staining. B: 22 hr. C: 30 hr. D—F: stained at 22 hr (at the end of secondary invagination). D: immediately after staining. E: 26
hr. F: 30 hr. Arrowheads indicate the front of Nile blue-stained region. Difference in the size of embryos at the same stage of development (e.g.
C and F) is due to the difference in the degree of compression for observation. G—I: Enlarged images near the boundary between Nile blue-
stained and non-stained regions. G: immediately after staining (22 hr). The invaginated archenteron is not labeled. H: Nile blue-stained (22 hr)
embryo observed at 30 hr. Nile blue-stained granules are observed at the presumptive stomach and intestine region. I: Nile blue-stained (22 hr)
embryo at the 48th hr of development. Nile blue-stained granules are observed in stomach but not in esophagus. Scale bar in A is common to A—
F and indicates 50 um. Scale bar in G is common to G-I and indicates 25 um.
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Fig. 4. Length ratio of Nile blue-stained region to the whole arch-
enteron. Embryos were stained with Nile blue every two hr during
gastrulation and examined four hours later. Abscissa: time of Nile
blue staining (hr). Ordinate: ratio of the Nile blue-stained region to the
length of archenteron. Each point represents the averaged value of
10 embryos. Vertical bars indicate S. D.

tine (Fig. 5D, score 1). If the label was not observed in the Fig. 5. Pluteus larvae stained with Nile blue during gastrulation.

digestive tract at all, score 0 was given to the larvae.

Fig. 6 shows the scores obtained in the pluteus-stage
embryos stained with Nile blue at different timing during gas-
trulation. If embryos were stained at the 18th hr of develop-
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Embryos shown in A, B, C and D were stained with Nile blue at 18,
22, 24 and 30 hr postfertilization, respectively. Arrowheads indicate
the front of Nile blue-stained region. Scale bar indicates 50 um.
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Fig. 6. Score of Nile blue staining examined at the pluteus stage.
Embryos were stained with Nile blue every two hours during gastrula-
tion and examined at the pluteus stage. Abscissa: time of Nile blue
staining (hr). Ordinate: score of Nile blue staining. Each point repre-
sents the averaged value of 100 embryos. Vertical bars indicate S. D.
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ment (initiation of primary invagination), the score was nearly
4.0. When embryos were stained at the 24th hr, the score
was about 2.0. ltis clear that the endodermal cells that consti-
tute intestine and the posterior half of stomach are recruited
into the archenteron after the completion of secondary invagi-
nation. Hereafter, this late recruitment of endodermal cells into
the archenteron will be termed as tertiary invagination. Fig.
5D and Fig. 6 indicate that tertiary invagination still continues
even after embryos reach the early prism stage.

Shrinkage and expansion of blastocoel during gastrulation

To learn how the innate expanding force of blastocoel
related to the invagination processes, embryos were stained
with Nile blue every two hours during gastrulation, and they
were shrunken or expanded immediately after staining. All
embryos shown in Fig. 7 were stained with Nile blue at the
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end of primary invagination (20 hr), and examined at the 24th
(A—C) and 30th hr of development (D—F). In control embryos,
the label was observed at the bottom two thirds (Fig. 7A) and
almost all region of the archenteron (Fig. 7D) at 24 and 30 hr
postfertilization, respectively. In the shrunken embryos, the
label in the archenteron was almost similar to control embryos
(Fig. 7B, E). In contrast, further involution was scarcely
noticed at 24th hr, if the embryos were expanded (Fig. 7C). At
the early prism stage, the label was observed only at the bot-
tom one third of the archenteron (Fig. 7F).

In these embryos, ratio of Nile blue-stained region to the
whole length of the archenteron was examined four hr later
after staining (Fig. 8). Generally, shrinkage of embryos did
not change the degree of invagination significantly. On the
other hand, the degree became remarkably smaller in the
expanded embryos. Interestingly, the effects of shrinkage and
expansion of blastocoel were quite different in the embryos
treated from 24 hr postfertilization; the ratio considerably in-
creased when the embryos were shrunken, while the ratio did
not change when they were expanded from the 24th hr
onward. Further involution of endodermal cells into the arch-
enteron was not observed at all when embryos were expanded
from 26th hr of development onward.

Changes in the degrees of invagination in the shrunken
and expanded embryos were also examined at the pluteus
stage (Fig. 9). In the shrunken embryos, the scores were larger
than those of control, especially when they were shrunken
after the completion of secondary invagination. On the other
hand, the degree of invagination was decreased when
embryos were expanded. In both shrunken and expanded
embryos, the score of invagination observed at the pluteus
stage roughly coincided with the amount of endodermal cells
incorporated into the archenteron during gastrulation (Com-
pare Fig. 9 with Fig. 8). In another words, conspicuous regu-
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Fig. 7. Shrinkage and expansion of blastocoel. All embryos were stained with Nile blue at the end of primary invagination (20 hr). A-C:
observed at 24 hr. D—F: observed at 30 hr. A, D: control embryos. B, E: shrunken embryos. C, F: expanded embryos. Arrowheads indicate the

front of Nile blue-stained region. Scale bar indicates 50 um.
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Fig. 8. Effect of shrinkage and expansion on the length ratio of Nile
blue-stained region to the whole archenteron. Abscissa: time of Nile
blue staining (hr). Ordinate: ratio of the Nile blue-stained region to the
length of archenteron. Embryos were shrunken or expanded with
sucrose treatment at the indicated time and examined at 30 hr
postfertilization. Each point represents the averaged value of 10
embryos. Vertical bars indicate S. D.
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Fig. 9. Effect of shrinkage and expansion on the score of Nile blue
staining. Abscissa: time of Nile blue staining (hr). Ordinate: score of
labeling. Embryos were shrunken or expanded with sucrose treat-
ment at the indicated time and examined at 48 hr postfertilization.
Each point represents the averaged value of 100 embryos. Vertical
bars indicate S. D.
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Fig. 10. Alkaline phosphatase activity detected at the early pluteus stage. A: a control embryo. B: an embryo shrunken during 23-27 hr. C: an
embryo expanded at 20 hr. Alkaline phosphatase activity is detected only in stomach and intestine in all types of embryos. Scale bar indicates

100 um.
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Fig. 11. Early prism-stage embryos labeled with Lucifer yellow
A-C: a control embryo. D-F: a shrunken embryo (from 24 hr). G-I:
an expanded embryo (from 20 hr). All embryos were observed at
the 28th hr of development. A, D, G: bright field, B, E, H: fluores-
cence images obtained with B (blue light) excitation. Descendants
of a vegetal blastomere of the 8-cell stage are fluorescent. C, F, I:
fluorescence images obtained with UV excitation. DAPI-stained
nuclei are fluorescent. White lines encircle the distributed region
of cells labeled with Lucifer yellow. Scale bar indicates 50 um.
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Fig. 12. Histological sections of the early prism-stage embryos. A,
B: control embryos. C, D: shrunken embryos (from 24 hr). A, C: fron-
tal section. B, D: transverse section. Specimens were immuno-stained
with a monoclonal antibody VE10 that binds to the cell surface of all
blastoderm. Scale bar indicates 50 um.

lation of the amount of archenteron cells does not occur
during successive stages.

In sea urchin embryos, endogenous alkaline phosphatase
activity is seen only in stomach and intestine. As described
above, the amount of presumptive endodermal cells was
altered with shrinkage and expansion of blastocoel. Do the
excess cells incorporated into the archenteron in the shrunken
embryos differentiate into the endodermal cells? Do the pre-
sumptive endodermal cells express alkaline phosphatase ac-
tivity, even if they are not recruited into the archenteron? As
shown in Fig. 10, only the cells incorporated into the stomach
and intestine developed the activity. This indicates that the
blastoderm cells remain to be unspecified until rather later
stage of development, and that the fate of cells around the
blastopore depends solely on their position.

Cell-tracing and histological observation

Cell-tracing experiment was undertaken, to make sure
that the change in the amount of invagination detected with
Nile blue staining was accompanied with the change in the
number of cells incorporated into the archenteron (Fig. 11). In
control early prism-stage embryo (28 hr), about 60 (59.9+9.6,
n=7) cells derived from a vegetal blastomere of the 8-cell stage
embryo were observed in the vegetal ectoderm (Fig. 11A-C).
If embryos were shrunken at the 24th hr of development, a
smaller number of labeled cells (45.9+9.2, n=9) were left in
the ectoderm (Fig. 11D—F). Difference in the numbers of la-
beled cells between control and the treated embryos is statis-
tically significant (t.4=2.76). On the other hand, the number of
labeled cells left in the ectoderm increased slightly (66.8+12.0,
n=10, t,y=1.19), when the embryos were expanded from the
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20th hr onward (Fig. 11G—l). These results show that Nile blue
staining detects the change in the number of archenteron cells.

Further, the number of cells constituting the archenteron
was estimated on histological sections of control and the
shrunken embryos (Fig. 12). In control embryos, 11.6+1.0 (n
=14) cells were observed along the axis of archenteron, while
11.0+1.5 (n=11) cells were observed in cross section of it (Fig.
12A, B). On the other hand, 12.8+1.3 (n=21) and 13.2+1.6 (n
=17) cells were observed in frontal and cross section of arch-
enteron in the shrunken embryos treated with sucrose at the
24th hr of development (Fig. 12C, D). The observed numbers
of cells in control and the treated embryos are statistically sig-
nificant (t.a=2.79 and 3.25 for frontal and cross sections,
respectively). From these values, the numbers of cells in the
archenteron of control and the treated embryos were estimated
to be 128 and 169, respectively.

DISCUSSION

Osmotic pressure of blastocoel

In terms of mechanics, sea urchin gastrula might be
viewed as a thin elastic shell filled with liquid, and the elastic
tension of the shell counterbalances the osmotic pressure of
the liquid. This point of view may explain why newly hatched
blastulae are almost spherical and why the blastocoel wall
becomes thinner during gastrulation. This study first estimated
the level of osmotic pressure of blastocoel of sea urchin
gastrula and suggests that the level of it changes during gas-
trulation; osmotic pressure of the blastocoel fluid rises during
secondary invagination by 4 mM compared with that during
primary invagination (Fig. 2). This rise (equivalent to 0.08
atmospheric pressure) seems to be enough to maintain the
spherical shape and to expand the blastocoel wall gradually,
although mechanical properties of blastocoel wall remain to
be solved (Davidson et al., 1999).

In the present study, expanding force of blastocoel was
canceled by immersing embryos in sucrose-containing sea-
water. The timing of this treatment could be precisely con-
trolled as shown Fig. 1. On the other hand, expanding force
was increased with pre-loading of sucrose in the blastocoel.
The concentration of sucrose used to load sucrose in the blas-
tocoel was 100 mM. This concentration seems to be much
higher than the physiological one, because the innate osmotic
pressure of blastocoel ranges 10—14 mM so far as examined
(Fig. 2). It should be noted, however, that the blastocoel is
small when sucrose is enclosed in the blastocoel (before hatch-
ing). During swimming and mesenchyme blastula stages,
embryos become considerably expanded. The volume of blas-
tocoel of early gastrula was about four times larger than that
of newly hatched blastulae. Hence, the concentration of su-
crose entrapped in the blastocoel is calculated to be less than
25 mM. Thus, the force operating in the experimentally
expanded embryos seems to be within the physiological level.
In fact, the morphology of the treated embryos did not differ
so much from control embryos, although the treated embryos
were certainly expanded (compare Fig. 7A and C). Unlike the
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shrinkage experiment, the duration of the expansion could not
be controlled. In most cases, however, the effect was noticed
during 3—4 hr, judging from the external morphology and the
size of the expanded embryos.

Invagination processes elucidated with Nile blue staining

Processes of invagination in sea urchin embryos have
long been divided into two phases, primary and secondary
invagination. In these years, however, several studies have
shown that the presumptive endodermal cells are recruited
into the archenteron even after the completion of secondary
invagination (McClay and Logan, 1996; Logan and McClay,
1997; Martins et al., 1998; Ransick and Davidson, 1998). Such
late invagination of presumptive endodermal cells was first
found in starfish embryos using Nile blue staining (Kuraishi
and Osanai, 1992).

In the present study, the same method was employed to
examine the degree of invagination in sea urchin embryos,
and several aspects of invagination processes were elucidated
(Fig. 4, 6). (1) The cells invaginated during primary invagina-
tion occupy only top one third of the archenteron at the end of
secondary invagination. (2) The presumptive endodermal cells
are continuously convoluted during secondary invagination.
(3) The cells constituting intestine and the posterior half of
stomach are recruited into the archenteron after the comple-
tion of secondary invagination.

Cell-tracing

As described above, Nile blue staining is a useful method
to know the relative amount of invagination. However, we could
not know the actual number of cells recruited into or excluded
from the archenteron upon shrinkage or expansion of embryos.
By the early prism stage, most of blastomeres have under-
gone 11 cycles of cell divisions in Hemicentrotus pulcherrimus
embryos (Kominami, 2000). As a result, one vegetal blas-
tomere formed at the 3rd cleavage gives rise to 128 cells.
Among these, 64 cells are derived from blastomeres of veg1
layer. As shown in Fig. 11A—C, about 60 cells were left in the
ectoderm after the completion of secondary invagination in
control embryos. This indicates that the archenteron was
mostly composed of veg2-derived cells. On the other hand, a
considerable amount of veg1-derived cells were incorporated
into the archenteron in the shrunken embryos, because only
46 cells were left in the ectoderm (Fig. 11D-F). The differ-
ence was about 14. From this value, the number of archenteron
cells in sucrose-treated embryos is supposed to be larger than
control embryos by 56 (there are 4 vegetal blastomeres in the
8-cell stage embryo). The numbers of archenteron cells in
control and the sucrose-treated embryos obtained on histo-
logical sections were 128 and 169, respectively (Fig. 12). The
difference in the numbers of cells (45) is somewhat smaller
than the value calculated above. This is probably due to the
fact that the number of descendent cells recruited into the
archenteron differs among four vegetal blastomeres of the
8-cell stage embryo, as has been reported in other sea urchin
species (Logan and McClay, 1997). Thus, change in the
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degree of invagination estimated with Nile blue staining
reflects the change in the number of cells recruited into the
archenteron upon expansion and shrinkage of blastocoel dur-
ing gastrulation.

Osmotic pressure and invagination processes

Around the onset of primary invagination, the expanding
force of blastocoel seems to become weak, because only a
short archenteron was formed when the blastocoel was
expanded from the beginning of primary invagination (Takata
and Kominami, 2001). In the present study, this was ascer-
tained with Nile blue staining. The degree of invagination was
considerably decreased when the embryos were expanded
during primary invagination (Fig. 8, 9). A low level of osmotic
pressure may enable the inward bending of the thickened
vegetal plate. In M. globulus, only a small gut rudiment is
formed during primary invagination. It is of interest that M.
globulus embryos remain to be completely spherical even
after the occurrence of primary invagination, suggesting that
the level of osmotic pressure is rather high.

At the end of secondary invagination (24 hr), effects of
shrinkage and expansion of blastocoel were different from
those during primary invagination (20 hr). The expansion did
not affect the degree of invagination. The shrinkage of
embryos increased the amount of endodermal cells (Fig. 8,
9). The level of osmotic pressure is supposed to be rather
high at the later phase of secondary invagination. Due to this,
cells around the blastopore cannot be pulled into the blasto-
coel, while the archenteron is stretched along the animal-veg-
etal axis. It is naturally supposed that a considerable amount
of cells are recruited into the base of archenteron if such
expanding force is canceled by shrinkage.

Why is the level of expanding force higher during sec-
ondary invagination? By this stage, the ectodermal layer
becomes thinned considerably. Nevertheless, such thinned
ectodermal layer should afford the scaffold with which filopo-
dia of SMCs exert the force that pulls up the archenteron tip
toward the apical plate. In fact, the constituent cells of the
archenteron are extremely stretched along the animal-veg-
etal axis at the later stage of secondary invagination (Kominami
and Takata, 2000). The ectodermal layer might mechanically
strengthen by the presence of a rather high level of expand-
ing force of blastocoel.

In Scaphechinus mirabilis, the archenteron continuously
elongate throughout the invagination processes (Kominami
and Masui, 1996). SMCs that connect the archenteron and
the inner surface of the apical plate are not observed. The
archenteron cells are not stretched along the animal-vegetal
axis and not rearranged (Kominami and Takata, 2000). Thus,
a higher level of expanding force of blastocoel seems to be
unnecessary. It is interesting to note that the S. mirabilis
embryos become flattened as early as gastrulation starts. This
indicates that the expanding force of blastocoel is rather weak
during gastrulation.

Our experiments clearly showed that tertiary invagina-
tion was considerably hindered in expanding embryos (Fig. 8,
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9). Further, the number of the vegetal blastomere-derived cells
left in the ectoderm was much smaller than in control
embryos when embryos had been shrunken from the 24th hr
of development (Fig. 11D—F). These indicate that decrease in
the level of expanding force is one of the prerequisites for
occurrence of tertiary invagination. As shown in Fig. 7A and
D, embryos become considerably expanded during invagina-
tion processes. The blastoderm cells around the blastopore
would be passively convoluted into the blastocoel when the
blastodermal layer expands due to the presence of low level
of expanding force.

The present study showed how the level of osmotic pres-
sure of blastocoel related invagination processes. However,
mechanical properties of blastocoel wall and more precise
change in the level of expanding force of blastocoel should be
elucidated for the further understanding of the mechanics and
mechanism of sea urchin gastrulation.

ACKNOWLEDGMENT

We thank the staff of Tateyama Marine Laboratory, Ochanomizu
University, for their help in collecting materials. Thanks are also due
to Dr. M. Yoneda for his valuable comments on the manuscript.

REFERENCES

Berg LK, Chen SW, Wessel GM (1996). An extracellular matrix mol-
ecule that is selectively expressed during development is impor-
tant for gastrulation in the sea urchin embryo. Development 122:
703-713

Burke RD, Myers RL. Sexton TL Jackson C (1991) Cell movements
during the initial phase of gastrulation in the sea urchin embryo.
Dev Biol 146, 542—-557

Dan K (1952) Cyto-embryological studies of sea urchins. Il. Blastula
stage. Biol Bull 102: 74—-89

Dan K, Okazaki K (1956) Cyto-embryological studies of sea urchins.
Ill. Role of the secondary mesenchyme cells in the formation of
the primitive gut in sea urchin larvae. Biol Bull 110: 29-42

Davidson LA, Koehl MAR, Keller R, Oster GF (1995) How do sea
urchins invaginate? Using biomechanics to distinguish between
mechanisms of primary invagination. Development 121: 2005—
2018

Davidson LA, Oster GF, Keller RE, Koehl MAR (1999) Measurements
of mechanical properties of the blastula wall reveal which
hypothesized mechanisms of primary invagination are physically
plausible in the sea urchin Strongyrocentrotus purpuratus. Dev
Biol 209: 221-238

Ettensohn CA (1984) Primary invagination of the vegetal plate during
sea urchin gastrulation. Amer Zool 24: 571-588

Ettensohn CA (1985) Gastrulation in the sea urchin embryo is
accompanied by the rearrangement of invaginating epithelial cells.
Dev Biol 112: 383—-390

Gustafson T, Kinnander H (1956) Microaquaria for time-lapse cin-
ematographic studies of morphogenesis in swimming larvae and
observations on sea urchin gastrulation. Exp Cell Res 11: 36—
51

Gustafson T, Wolpert L (1963) The cellular basis of morphogenesis
and sea urchin morphogenesis. Int Rev Cytol 15: 139-214

Gustafson T, Wolpert L (1967) Cellular movement and cell contact in
sea urchin morphogenesis. Biol Rev Camb Phil Soc 42: 442—
498

Hardin J (1988) The role of secondary mesenchyme cells during sea

Downloaded From: https://bioone.org/journals/Zoological-Science on 24 Feb 2021
Terms of Use: https://bioone.org/terms-of-use

urchin gastrulation studied by laser ablation. Development 103:
317-324

Hardin J (1989) Local shifts in position and polarized motility drive
cell rearrangement during sea urchin gastrulation. Dev Biol 136:
430-445

Hardin J, Cheng LY (1986) The mechanisms and mechanics of arch-
enteron elongation during sea urchin gastrulation. Dev Biol 115:
490-501

Hardin J, McClay DR (1990) Target recognition by the archenteron
during sea urchin gastrulation. Dev Biol 142: 86—-102

Kimberly EL, Hardin J (1998) Bottle cell are required for the initiation
of primary invagination in the sea urchin embryo. Dev Biol 204:
235-250

Kinoshita S, Saiga H (1979) The role of proteoglycan in the develop-
ment of sea urchins. |I. Abnormal development of sea urchin
embryos caused by the disturbance of proteoglycan synthesis.
Exp Cell Res 123: 229-236

Kominami T (1988) Determination of dorso-ventral axis in early
embryos of the sea urchin, Hemicentrotus pulcherrimus. Dev Biol
127:187-196

Kominami T (2000) Establishment of pigment cell lineage in embryos
of the sea urchin, Hemicentrotus pulcherrimus. Develop Growth
Differ 42: 41-51

Kominami T, Masui M (1996) A cyto-embryological study of gastrula-
tion in the sand dollar, Scaphechinus mirabilis. Develop Growth
Differ 36: 129-139

Kominami T, Takata H (2000) Cellular basis of gastrulation in the
sand dollar, Scaphechinus mirabilis. Biol Bull 199: 287-297.

Kuraishi R, Osanai K (1992) Cell movements during gastrulation of
starfish larvae. Biol Bull 183: 258—268

Lane MC, Koehl MAR, Wilt F, Keller, R (1993) A role for regulated
secretion of apical extracellular matrix during epithelial invagina-
tion in the sea urchin. Development 117: 1049-1060

Logan CY, McClay DR (1997) The allocation of early blastomeres
to the ectoderm and endoderm is variable in the sea urchin
embryo. Development 124: 2213-2223

Martins GG, Summers RG, Morrill JB (1998) Cells are added to the
archenteron during and following secondary invagination in the
sea urchin Lytechinus variegatus. Dev Biol 198: 330—342

McClay DR, Logan CY (1996) Regulative capacity of the archenteron
during gastrulation in the sea urchin. Development 122: 607—
616

Moore AR, Burt AS (1939) On the locus and nature of the forces
causing gastrulation in the embryos of Dendraster excentricus. J
Exp Zool 82: 159-171

Nakajima Y, Burke RD (1996) The initial phase of gastrulation in sea
urchin is accompanied by the formation of bottle cells. Dev Biol
179: 436—-446

Okazaki K (1975) Normal development to metamorphosis. In “The
Sea Urchin Embryo”, Ed by G Czihak, pp 177-232 Springer-
Verlag, Berlin

Ransick A, Davidson EH (1998) Late specification of veg1 lineage to
endodermal fate in the sea urchin embryo. Dev Biol 195: 38—48

Rhumbler L (1902) Zur mechanik des gastrulationsvorganges
insbesondere der invagination. Arch Entw Mech 14: 401-476

Showman RM, Foerder CA (1979) Removal of the fertilization mem-
brane of sea urchin embryos employing aminotriazole. Exp Cell
Res 120: 253-255

Takata H, Kominami T (2001) Ectoderm exerts driving force of gas-
trulation in the sand dollar, Scaphechinus mirabilis. Develop
Growth and Differ 43: 265-274

Wessel GM, McClay DR (1987) Gastrulation in the sea urchin
embryo requires the deposition of crosslinked collagen within the
extracellular matrix. Dev Biol 121: 149—-165

(Received June 25, 2001 / Accepted August 13, 2001)



