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Blastopore gating mechanism
to regulate extracellular fluid excretion

Soichiro Kato1,2,3,4,* and Hidehiko Inomata1,3,*

SUMMARY

Fluid uptake and efflux play roles in early embryogenesis as well as in adult ho-
meostasis. Multicellular organisms have two main pathways for fluid movement:
cellular-level, such as transcellular and paracellular pathways, and tissue-level,
involving muscle contraction. Interestingly, early Xenopus embryos with imma-
ture functional muscles excrete archenteron fluid via a tissue-level mechanism
that opens the blastopore through a gating mechanism that is unclear. Using mi-
croelectrodes, we show that the archenteron has a constant fluid pressure and as
development progress the blastopore pressure resistance decreases. Combining
physical perturbations and imaging analyses, we found that the pushing force ex-
erted by the circumblastoporal collars (CBCs) at the slit periphery regulates pres-
sure resistance. We show that apical constriction at the blastopore dorsoventral
ends contributes to this pushing force, and relaxation of ventral constriction
causes fluid excretion. These results indicate that actomyosin contraction medi-
ates temporal control of tissue-level blastopore opening and fluid excretion in
early Xenopus embryos.

INTRODUCTION

Dynamic control of extracellular fluid via absorption and excretion is a significant component of the main-

tenance of homeostasis in multicellular organisms. In adult organisms, extracellular fluid is transported

through pores and tubes at a microscopic cellular level and at a macroscopic tissue level.1 In cellular-level

pathways like the paracellular pathway and transcellular pathway, the balance between osmotic and hy-

draulic pressures determines the direction of fluid transport.2,3 The paracellular pathway transports fluid

through small pores, called paracellular pores, in apical tight junctions (TJs) of epithelial and endothelial

cells, and various TJ proteins including claudin4,5 and tricellulin6 contribute to this fluid transport. Mean-

while, the transcellular pathway takes up fluid through the cell membrane via aquaporins, the water trans-

port channels, and transports fluid through the cell.7 The osmotic pressure difference caused by the trans-

port of ions into and out of the cell through co-transporters such as potassium chlorine co-transporter

(KCC) and sodium potassium chlorine co-transporter (NKCC) plays an important role in this process.8

Cellular-level pathways are utilized in the intestinal tract for water absorption and fluid transfer between

vessels and the interstitium, or between vessels and renal tubules in the kidney.8 For tissue-level pathways,

such as blood flow in blood vessels driven by beating of the heart,9 saliva secretion by the contraction of

myoepithelium in the salivary gland10 and smooth muscle contraction in the bladder during urination,11

large volumes of fluid are transported rapidly. Urination also requires the relaxation of the external urethral

sphincter,12 which is an example of coordinated interactions between the organs to control fluid transport.

Extracellular fluid also plays an important role in early developmental processes.13,14 In early embryos with

immature functional muscles, fluid is transported primarily via cellular-level pathways.14 Early mouse em-

bryos take in water through the transcellular pathway and form multiple small cavities in the intercellular

spaces.15,16 Furthermore, fluid pressure controls the formation and size of the blastocoel cavity in mouse

embryos.17 Fluid moves through these small cavities in intercellular spaces due to hydraulic pressure dif-

ferences between the cavities, resulting in the eventual formation of one large blastocyst cavity.16

Continued fluid uptake in turn increases the blastocoel size and fluid pressure, resulting in the transient

disruption of TJs and fluid excretion at sites where mitotic cell rounding occurred. This excretion then de-

creases blastocoel fluid pressure to close TJ pores, allowing the enlargement of the cavity by subsequent

fluid uptake. The repeated fluid uptake and excretion maintain a constant blastocoel size.17 Similar cavity

size control is observed in zebrafish embryonic otic vesicles.18,19 These cellular-level microscopic pathways
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involving pores in TJs, together with transcellular pathways and intercellular spaces, allow the regulation of

fluid transport in early embryos that have immature muscles.

Interestingly, early Xenopus laevis embryos, which have no functional muscle,20,21 excrete fluid through the

blastopore that lies at the opening of the archenteron during the late neurula stage.22,23 This process is

termed ‘‘collapse of the archenteron.’’ However, the mechanism that controls blastopore opening at a

tissue level is unclear. During gastrulation the blastopore forms at the posterior end of the embryo. Gastru-

lation begins with the invagination of the dorsal bottle cell that progress laterally to ventrally to form a

circular involuting marginal zone (IMZ). Thereafter, the mesendoderm continues to invaginate and the IMZ

circumference decreases.24 This decrease is largely due to two developmental events: convergent thickening,

which reduces the epithelial surface area by cell migration from superficial to deep layers, and convergent

extension, which reduces cell numbers by the rearrangement of cells in the plane.24–26 Convergent extension

is mainly regulated by actomyosin-mediated contraction associated with Wnt/PCP pathway activation,27–30

whereas interfacial tension between the superficial and deep epithelial layers of the IMZ plays a key role in

convergent thickening.26 IMZ contractility increases as blastopore formation progress, as shown by force

measurements using the deflection of aramide or optical fiber probes.25,31 At the late gastrula stage, mesen-

doderm involution ceases and the blastopore forms a closed slit surrounded by a thick band of tissue called

the circumblastoporal collar (CBC).32,33 Although blastopore formation has been studied in detail, how blas-

topore opening is regulated in early embryos that have immature muscles is unclear.

To characterize the blastopore gating mechanism, in this study we used microelectrodes to measure archen-

teron fluid pressure. We demonstrate that archenteron fluid pressure remains constant, but the upper limit of

blastopore pressure resistance decreases as development progress. Furthermore, by combining physical

perturbation experiments and imaging analysis, we found that the upper limit of pressure resistance is regu-

lated by the force with which the CBCs push against each other. Focusing on actomyosin contraction to

mediate this pushing force, we detected the phosphorylation of myosin light chains (pMLC) at the blastopore

ventral and dorsal ends during the mid-neurula stage. However, in the late neurula stage just before fluid

excretion, pMLC signals at the ventral end of the blastopore were attenuated. Injection of an inhibitor of acto-

myosin contraction into the ventral end artificially causes blastopore opening and fluid excretion, even in the

mid-neurula stage. These results demonstrate that actomyosin contraction in the ventral end of the blasto-

pore defines the upper limit of pressure resistance and that the decrease in pressure resistance opens the

blastopore to allow fluid excretion. Our findings show that even early embryos with immature functional mus-

cles can regulate blastopore opening via actomyosin-mediated apical constriction.

RESULTS

Laterality defects following removal of archenteron fluid

During the early development of Xenopus laevis, extracellular fluid in the blastocoel moves into the arch-

enteron. The archenteron fluid is then excreted from the embryo through the blastopore, a process called

‘‘collapse of the archenteron’’ that occurs via a mechanism that has not been fully characterized (Fig-

ure 1A).23 To examine the temporal regulation of fluid excretion in Xenopus embryos, we injected a fluo-

rescent dye, 10 kDa Alexa Fluor 568-dextran, into the archenteron at stage 14, and analyzed the timing of

fluid excretion in the presence and absence of the vitelline membrane (a glycoprotein-rich membrane that

covers the embryo until the tail bud stage). We saw the excretion of archenteron fluid from the embryo after

stage 20 whether or not the vitelline membrane was present (Figures 1B-1D, Video S1), suggesting that the

timing of fluid excretion is limited to a specific period.

We next artificially removed the archenteron fluid before stage 20 and examined the effects on develop-

ment. When the anterior part of the archenteron was punctured with a glass needle at stage 14 (before

excretion) or stage 20 (just before excretion), most of the fluid was excreted from the opening, and strong

archenteron contraction was observed, as in stage 24 embryos (i.e., after the collapse of the archenteron)

(Figures 1E-1J). In Xenopus embryos, the unidirectional fluid flow induced by rotating cilia present in the

gastrocoel roof plate (GRP) plays a central role in the determination of the left-right axis between stages

15 and 19.34 Therefore, early removal of archenteron fluid could cause laterality defects. To examine this

possibility, the direction of heart and gut looping in embryos from which fluid was removed was analyzed

at stage 45. The embryos from which fluid was removed at stage 14 showed an inversion of the left-right

axis, but no significant effects were observed at stage 20 (Figures 1K-1P). These results suggest that the

temporal regulation of fluid excretion through the blastopore is important in left-right axis formation.
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Opening of the blastopore due to decreased pressure resistance

Extracellular fluid is directionally excreted from the blastopore to the medium (Video S1). As such, the fluid

pressure in the archenteron is likely higher than that outside the embryo. Consistent with this prediction,

1 mm fluorescent beads injected into the archenteron were excreted through a perforated pore to the

outside of the embryo (Video S2). These results also suggest that the positive pressure in the archenteron

persists until most of the fluid is excreted from the embryo (Figures 1E-1I). Therefore, we hypothesized that

an increase in archenteron fluid pressure as development progress would promote blastopore opening

and fluid excretion. Tomeasure fluid pressure in the archenteron, we used glass microelectrodes (900A sys-

tem) filled with 3MNaCl solution that have low electrical resistance (Figure S1A). When the tip of the micro-

electrode (7.4G 0.8 mm, see STAR Methods for details) is inserted into the archenteron where the pressure

is presumed to be high, extracellular fluid having a low salt concentration and high electrical resistance

flows into the microelectrode. The system detects an increase in electrical resistance and pushes back

the incoming fluid into the archenteron by applying counterpressure in the microelectrode. The 900A sys-

tem maintains a constant electrical resistance (servo-null system) by repeating a series of controls at very

short intervals (approximately 10 ms), such that the counter pressure is the same value as the fluid pressure.

Increasing the depth of the microelectrode at 0.1 mm intervals was associated with a linear change in water

pressure (Figure S1B). The change in water depth during insertion into the embryo was corrected by attach-

ing a dial gauge to the manipulator, which can measure the distance of the microelectrode tip movements

(Figures S1C and S1D); the pressure measurements are the corrected results.

This system measures pressure via the electrical resistance of the fluid such that the salt concentration of

the fluid flowing into the microelectrode affects the measured value. Previous reports indicate that the

salt concentration of archenteron fluid is higher than that of 0.1x Barth’s medium used for Xenopus em-

bryos, suggesting that changes in concentrations during measurement must be considered.23 To verify

this, archenteron fluid recovered from stages 18 and 20 embryos was loaded into glass capillaries for

the measurement of electrical resistance, which was found to be between 5.5 and 6.0 MU (Figures S2A

and S2C). A calibration curve with electrical resistance as a function of salt concentration in which only
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Figure 1. Laterality defects induced by early removal of archenteron fluid

(A) Schematic of extracellular fluid transport in Xenopus embryos. bla, blastocoel; arc, archenteron.

(B and C) Snapshot images from representative time-lapse imaging of fluid excretion in embryos with (B; n = 8) or without (C; n = 6) the vitelline membrane

(VM). Cells, green; extracellular fluid, magenta. Scale bars = 500 mm.

(D) Measurement of fluid excretion stages. VM+, n = 354; VM-, n = 461.

(E-I) Sagittal section of control embryos (Ctrl; E-G) and perforated embryos (Perf.; H, I). The black dotted line outlines the archenteron. Scale bars = 500 mm.

(J) Cross-section area of the archenteron in (E-I): Control embryos at stage 14 (n = 10), stage 20 (n = 10), and stage 24 (n = 12). Perforated embryos at stage

14 (n = 9) and stage 20 (n = 10). Blue lines, mean.

(K-O) Ventral view of embryos at stage 45. Magenta and green squares indicate the heart and gut, respectively (K). Magnified view of normal (L) and inverted

(M) heart. Magnified view of normal (N) and inverted (O) gut. Scale bars = 500 mm (K), 100 mm (L, M), 300 mm (N, O).

(P) Ratio of normal and laterality defects. Control embryos (Ctrl; n = 176). Embryos perforated at stage 14 (14P; n = 48) or stage 20 (20P; n = 59). N, normal;

HI, heart inverted; GI , gut inverted; SI, situs inversus. ****p < 0.0001. n = number of animals used. See also Video S1.
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the NaCl concentration of the 0.1x Barth’s medium was changed revealed that the electrical resistance of

the archenteron fluid is approximately equal to 0.1x Barth’s medium containing 34.8-38.7 mM NaCl (Fig-

ure S2B). Therefore, we prepared Arc-buffer, 0.1x Barth’s medium containing 36.7 mM NaCl, with an

electrical resistance similar to that of the archenteron fluid (Figure S2C). The change in the pressure mea-

surement value without depth change was compared between the point when the medium was switched

from Arc-buffer to Arc-buffer (i.e., no change) or buffer having the same electrical resistance as archenteron

fluid at stage 18 or stage 20; all values were the same, �0 (Figure S2D). This result suggests that fluid elec-

trical resistance has no effect on the values measured at each stage. Embryos cultured in Arc-buffer also

excreted fluid at the same time as embryos cultured in 0.1x Barth’s medium (Figure S2E). These results

show that the use of Arc-buffer allows the measurement of fluid pressure without considering changes in

concentration during measurement and the possible effects on fluid excretion.

Using Arc-buffer, we examined whether the archenteron pressure (Parc) increases due to develop-

mental progression by measuring the pressure at three stages: stage 18 (before excretion), stage

20-21 (just before excretion), and the stage during excretion (St.Ex; embryos from stage 20 onward)

(Figure 2A). Intriguingly, at all three stages, we observed no significant difference in fluid pressure,

which remained around 10 Pa (Figures 2B-2E). When the microelectrode was inserted into embryos
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Figure 2. Excretion of extracellular fluid induced by decreases in the upper limit of pressure resistance

(A) Representative measurement data of pressure in the archenteron (Parc) at stage 18.

(B-D) Pressure measurement at stage 18 (St.18; n = 12) (B), stage 20-21 (St.20-21; n = 23) (C), and excretion stage (St.Ex; n = 20) (D). Blue line; mean curve.

(E) Parc at different stages. Blue line; mean G SD.

(F) Representative data in the measurement of the upper limit of the pressure resistance (Pres) at stage 18.

(G-I) Pres at stage 18 (St.18; n = 7) (G), stage 20-21 (St.20-21; n = 6) (H), and excretion stage (St.Ex, n = 7) (I). Continuous phenol red injection began at t = 120 s.

Green dots, Pres at which fluids were excreted.

(J) Pres at different stages. Blue line, mean G SD (Parc); green line, mean G SD (Pres). **p = 0.0043, ***p = 0.0006. n = number of animals used. See also

Figures S1-S3 and Videos S2, S3,and S4.
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in which the archenteron fluid was fluorescently labeled, no obvious leakage of fluid was observed upon

insertion (Video S3).

We next hypothesized that the upper limit of pressure resistance (Pres), at which the blastoporemaintained

closure against the hydrostatic pressure of the archenteron, may decrease due to the progression of devel-

opmental stages and could fall below the fluid pressure in the archenteron, resulting in fluid excretion. To

examine the upper limit of blastopore pressure resistance, we first inserted a pressure-measuring micro-

electrode into the archenteron and analyzed fluid pressure (Parc) (Figures 2F, S3A, S3E, and Video S4).

Thereafter, fluid pressure was artificially increased by consecutively injecting (5 nL/s) Arc-buffer containing

phenol red (Arc-PR-buffer), which has the same electrical resistance as Arc-buffer (Figure S2C), into the

archenteron (Figures 2F and S3B). We measured Pres at which the blastopore opened and excreted fluid

(Figures 2F and S3C-S3E). Pres was around 30 Pa at stage 18 but by stage 20-21 the Pres decreased to

around 15 Pa (Figures 2G, 2H, and 2J). During the excretion stage (St. Ex), the Pres value was essentially

the same as that for Parc (Figures 2I and 2J). Examination of how buffer injection rate affected Pres in stage

18 embryos revealed no significant differences in Pres at 1.25, 2.5, and 5 nL/s (Figure S3F). This result sug-

gests that the injection rate used in this study is slow enough so as not to affect the viscosity of the tissue, or

that the viscosity itself is small. Taken together, these results show that a constant pressure, Parc, is applied

to the blastopore and that extracellular fluid is excreted through the blastopore as the Pres decreases and

reaches the Parc.

Adhesion between circumblastoporal collars does not contribute to blastopore closure

We next focused on the regulatory mechanism of blastopore pressure resistance. The blastopore is formed

at the posterior end of the embryo, where mesoderm invagination occurs, and has a slit-like gap extending

in the dorsoventral direction (Figure 3A). The slit periphery is surrounded by a thick band of tissue called the

circumblastoporal collar (CBC) (Figure 3B). Transmission electron microscopy analysis (TEM) of the blasto-

pore revealed irregular wide gaps (10-700 nm) between CBCs, which partially formed adherent junction-

like close contacts (Figures S4A-S4C).35 Thus, blastopore closure could be regulated by physical adhesion

between CBCs mediated by adhesion molecules or the ECM. To address this possibility, a 100 mm long x

5 mm high piece of aluminum foil was inserted into the blastopore to physically break the adhesion

(Figures 3C and 3D). Because the length of the slit long axis was approximately 140 mm from stage 14 to

the excretion stage (Figure S4D), adhesion between CBCs was effectively separated by this piece of

aluminum foil. However, the insertion of the strip did not induce fluid excretion, and embryos with the in-

serted strip excreted fluid by the collapse of the archenteron at the same time as the control embryos

(Figures 3E-3J, Video S5). Furthermore, when the slit was artificially opened by inserting a glass bead,

the blastopore closed within a few seconds after bead removal (Figures 3K-3N, Video S6). These results

indicate that physical adhesion between CBCs is not the main mechanism for maintaining blastopore

closure.

Regulation of blastopore pressure resistance via pushing force

The closure of the blastopore shortly after bead removal (Figures 3K-3N) suggests that blastopore pressure

resistance may be controlled by the force of CBCs pushing against each other (termed ‘‘pushing force’’). To

investigate whether the formation of the long contact surface observed during blastopore closure is due to

a pushing force, we cut the ventral side of the slit to relieve this force. Specifically, the archenteron periph-

ery was excised at stages 18 and 20-21, leaving the dorsal side (Figures 4A and 4B). Thereafter, the ventral

side of the slit was cut to release the pushing force, and the embryo was fixed within 1min (Figure 4C). In the

uncut piece of tissue, a long contact surface of CBCs was observed as in the wild-type embryo; however, in

the cut tissue piece, the contact surface became convex (Figures 4D-4I). A more detailed analysis of the

curvature on both sides of the contact surface showed that in wild-type embryos and ventral uncut tissue

pieces, concave and convex surfaces or flat surfaces were in contact, with an average value of�0 (Figures 4J

and S5A-S5G). However, in the ventral cut tissue pieces a positive curvature with convex surfaces domi-

nated (Figure 4J). Furthermore, when the blastopore was fixed by directly injecting fixative solution into

the archenteron at the excretion stage, the CBC had a convex shape similar to that of the incised embryos

(Figures S5H and S5I). These results suggest that CBCs with convex surfaces push against each other at the

contact surface, resulting in deformation.

We next analyzed the stage-dependent shape changes of the CBC using the CBC thickness and the contact

surface length as an index. The CBC thickness was decreased at stage 20-21 relative to that at stage 18
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(Figures 4D, 4G, and 4K) and the contact surface showed a similar reduction (Figures 4D, 4G, and 4L). A

large pushing force is expected to strongly compact the CBC, increasing its thickness and contact surface;

therefore, these results suggest the attenuation of the pushing force with the developmental stage.

To examine the pushing force of the CBCmore directly, we inserted 30 mm-thick tungsten wire probes (Fig-

ure S6A) into both sides of the slit, and measured the force required to open the blastopore (Figure 4M).

Only the pulling probe (PP) was moved horizontally, and the force was calculated based on strain on the

measuring probe (MP). To examine the relationship between strain and stress, a calibration curve was pre-

pared by repeatedly adding 20 nL of silicon oil to the tip of the measuring probe placed horizontally, which

showed linearity between�0 and 4 mN (Figures S6B, S6C, Video S7). Using these probes, the force required

to open the blastopore decreased from 0.67 mN at stage 18 to 0.4 mN at stage 20-21 (Figure 4N, Video S7).

Further, by inserting both probes into one side of the slit, we measured the force required to stretch the

CBC in the direction of the slit long axis. No significant differences were observed between stages 18

and 20-21 (Figures S6D-S6F). This result indicates that the stiffness of the CBC is nearly constant during

both stages, or that the change in stiffness is too small to detect with the tungsten wire.

These results show that the upper limit of pressure resistance of the blastopore is mainly controlled by the

pushing force of CBCs and that a decrease in pushing force may open the blastopores to allow fluid

excretion.

A
B

C

E

H

F

I

G

J

D

N

K L

M

Figure 3. Effect of adhesion between CBCs on blastopore closure

(A) Blastopore and CBC structure.

(B) Coronal section of the blastopore cleared with benzyl alcohol/benzyl benzoate (BABB) solution. Green area, CBC.

Scale bar = 100 mm.

(C) Embryos with aluminum foil inserted into the blastopore. Scale bar = 500 mm.

(D) Coronal section image of the blastopore with aluminum foil inserted and cleared with BABB. White dotted line

outlines the aluminum foil. Scale bar = 100 mm.

(E-J) Snapshot images from representative time-lapse imaging of fluid excretion in control (E-G; n = 6) and aluminum foil-

inserted embryo (H-J; n = 6). Green, cells; magenta, archenteron fluid. Initiation of fluid excretion was set as 0 min. Scale

bars = 500 mm.

(K) Representative image of an embryo with glass bead inserted.

(L-M) Magnified view of the dotted area in (K) immediately after removing the bead (L) and 6 s later (M).

(N) Change over time in blastopore opening area (n = 9). Scale bars = 500 mm (K), 100 mm (L, M). n = number of animals

used. See also Figure S4 and Videos S5 and S6.

ll
OPEN ACCESS

6 iScience 26, 106585, May 19, 2023

iScience
Article



Regulation of pushing force via actomyosin contraction

We next focused on the mechanism to generate pushing force, which resists the positive pressure of the

archenteron fluid and maintains blastopore closure. During development, actomyosin, which comprises

actin fibers and myosin, causes the apical constriction of epithelial cells upon myosin light chain (pMLC)

phosphorylation. Coordinate apical constriction of multiple cells drives large forces that induce changes

in tissue shape.36,37 For instance, in Xenopus embryos, bottle cells during gastrulation38 and floor plate

cells during neural tube formation induce global tissue shape changes through apical constriction.39 We

analyzed whether actomyosin contraction was observed in the blastopore periphery using immunofluores-

cence staining of pMLC. The staining intensity was strong in the dorsal and ventral ends of the blastopore in

the transverse section of stage 18 embryos (Figures 5A-5C, 5P and 5S). However, at stage 20-21 (just before

excretion) and during the excretion stage, pMLC signals were maintained in the dorsal end of the blasto-

pore, whereas ventral signals were attenuated or disappeared (Figures 5D-5I, 5P, and 5S). To examine the

ventral pMLC signals in more detail, a three-dimensional structure of the blastopore was reconstructed

using transverse sections. Observation of the tissue surface in the ventral blastopore revealed that

pMLC signals extended throughout the ventral side at stage 18, but were attenuated at stage 20-21 and

in the excretion stage (Figures 5J-5L, 5Q, and 5S). Sagittal sections of the reconstructed image further re-

vealed that ventral pMLC signals were detected on the blastopore surface but not inside the embryo

(Figures 5M-5O, 5R, and 5S).

We next investigated whether apical constriction was observed in the pMLC-positive tissue. When cell

shape was analyzed by fluorescent immunostaining with an anti-E-cadherin antibody, apical surface

constriction was detected in the ventral side of the blastopore at stage 18 (Figure 5J). However, the

contraction was resolved and the apical surface area increased at stages 20-21 and the excretion stage

(Figures 5K and 5L). To quantitatively analyze apical constriction, the ratio of the apical to the apical-basal

length of ventral cells was measured using coronal and sagittal sections of the reconstructed image
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Figure 4. Decrease in pushing force during fluid excretion

(A) Schematic of the experiment to release pushing force. The circumference (green line) and ventral side (magenta line) of the blastopore were excised,

leaving the dorsal region.

(B and C) Control embryos with uncut ventral end (B), and embryos with pushing force released (C). Arrowhead, blastopore. Scale bars = 500 mm.

(D-I) Coronal section of the blastopore cleared with BABB. Wild-type embryos at stage 18 (D) and 20-21 (G). Control embryos with uncut ventral end at stage

18 (E) and 20-21 (H). Embryos with pushing force released at stage 18 (F) and 20-21 (I). Scale bars = 100 mm.

(J) Curvature of the CBC contact surface. Left and right columns show CBC curvature on the left and right sides, respectively. Gray lines correspond to the

CBC of the same embryo. WT, wild-type embryo (stage 18, n = 12; stage 20-21, n = 12); Ctrl, control embryos (stage 18, n = 16; stage 20-21, n = 13); Rel.,

pushing force released embryo (stage 18, n = 13; stage 20-21, n = 14). **p = 0.0018, ***p = 0.0007.

(K) Thickness of CBC at stage 18 (N = 24 CBCs from 12 embryos) and stage 20-21 (N = 24 CBCs from 12 embryos). Blue line; mean. ****p < 0.0001.

(L) Contact length of the slit at stage 18 (n = 12) and stage 20-21 (n = 12). Blue line; mean. ****p < 0.0001.

(M) Schematic of force measurement. MP, Measurement probe; PP, Pulling probe. Scale bars = 100 mm.

(N) Force required to open the blastopore at stage 18 (n = 35) and stage 20-21 (n = 49). Blue line; mean. ****p < 0.0001. n = number of animals used. N = other

data points. See also Figures S5 and S6 and Video S7.

ll
OPEN ACCESS

iScience 26, 106585, May 19, 2023 7

iScience
Article



A D G

H

I

L

O

E

F

K

N

B

C

J

M

P

Q

R

T U

S

Figure 5. Decrease in ventral actomyosin contraction during blastopore opening

(A-O) Immunostaining of the blastopore using anti-pMLC and anti-E-cadherin antibodies. Cells were labeled by the

injection of 10 kDa Alexa Fluor 647-dextran. Representative transverse section images of the blastopore cleared with

BABB at stage 18 (A-C), stage 20-21 (D-F), and excretion stage (G-I). Representative images of the surface (J-L) and

sagittal section (M-O) in the ventral end of the blastopore reconstructed from continuous optical sections. Green, pMLC;

magenta, E-cadherin; blue, cells; arrowheads, pMLC signals. Scale bars = 10 mm (A-I), 50 mm (M-O).

(P-R) Schematic of transverse section (P), ventral surface (Q), and sagittal section (R) of the blastopore. Green, pMLC

signals; Magenta, and blue dotted lines correspond to that of the summary figure S.

(S) Posterior view of the blastopore. (P) and (R) are schematics of the region transected by the magenta and blue dotted

lines in (S), respectively. (N) corresponds to the orange square in (S).

(T and U) Ratio of apical width to apical-basal length of epithelial cells at the ventral end of the blastopore. Transverse

section; stage 18 (N = 165 cells from 7 embryos), stage 20-21 (N = 137 cells from 5 embryos), excretion stage, (N = 129 cells

from 6 embryos). Sagittal section; stage 18 (N = 97 cells from 7 embryos), stage 20-21 (N = 46 cells from 5 embryos),

excretion stage (N = 62 cells from 6 embryos). Blue lines, median. ***p = 0.0006, ****p < 0.0001.
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(Figures 5T and 5U). In both slices, apical constrictions were weaker in the later stages. These results

suggest that actomyosin-dependent apical constriction in the dorsal and ventral ends of the blastopore

contributes to the pushing force, and that a decrease in ventral contraction induces blastopore opening.

Opening of the blastopore by the inhibition of actomyosin contraction

To investigate the relationship between actomyosin activity and the blastopore gating mechanism, we

examined whether suppression of ventral actomyosin activity at stage 18 (before excretion) causes blasto-

pore opening. Y27632 inhibits Rho-kinase, which is involved in myosin phosphorylation, and in turn inhibits

apical constriction.40 A glass needle was inserted into the blastopore ventral region and a small amount

(1 nL) of Y27632 was injected into the tissue. When a fluorescent dye, Alexa 488 hydrazide (MW =

570.48), was co-injected to confirm the injection site of Y27632 (MW = 320.26), it diffused within the tissue

and its fluorescence intensity was attenuated (Video S8). This result suggests that, immediately after injec-

tion, a high concentration of Y27632 is present in the blastopore ventral region, but it then diffuses and is

diluted. Consistent with this assumption, time-lapse imaging following the injection of Y27632 into the

blastopore ventral region showed the excretion of extracellular fluid within 10 min, after which the blasto-

pore closed again (Figures 6D, 6E and 6H, Video S8). Interestingly, at the late neurula stage, Y27632-

injected embryos again excreted fluid via the collapse of the archenteron (Figures 6F and 6G). In contrast,

in embryos with the mock injection of buffer, only fluid excretion associated with the collapse of the

archenteron was observed (Figures 6A-6C). At the tadpole stage, Y27632-injected embryos showed no

obvious developmental abnormalities (Figures S7A-S7C). In addition, no significant enlargement of the
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Figure 6. Opening of the blastopore by Y27632 injection

(A-F) Snapshot of representative time-lapse images of mock- (A-C) and Y27632-injected embryos (D-F). Time indicates the elapsed time after Y27632

injection. Arrowhead, blastopore; dotted circle, fluid excretion. Green, cells; magenta, archenteron fluid; cyan, Alexa 488 hydrazide. Scale bars = 500 mm.

(G) Representative excretion process of the archenteron fluid after the injection of Mock (light gray) or Y27632 (dark gray). Blue arrowhead, Y27632-induced

opening of the blastopore; green arrowhead, collapse of the archenteron.

(H) Ratio of blastopore opening within 10 min of Mock (n = 2/31) or Y27632 (n = 27/35) injection. Ctrl, embryos with no injection (n = 0/28).

(I-N) Immunostaining images of embryos fixed 10 min after Y27632 injection. Representative transverse section (I-K) and reconstructed ventral surface (L-N)

of the blastopore. Ctrl, uninjected embryos; Mock, mock-injected embryos; Y27632, Y27632-injected embryos. Green, pMLC; magenta, E-cadherin; blue,

cells; arrowheads, pMLC signals. Scale bars = 10 mm (I-K).

(O and P) Ratio of apical width to apical-basal length of epithelial cells in the ventral end of the blastopore at stage 18. Transverse section; Ctrl (N = 110 cells

from 4 embryos), Mock (N = 90 cells from 4 embryos), Y27632 (N = 46 cells from 4 embryos). Sagittal section; Ctrl (N = 76 cells from 4 embryos), Mock (N = 67

cells from 4 embryos), Y27632 (N = 42 cells from 4 embryos). Blue lines, median. *p = 0.0406, ****p < 0.0001.

(Q and R) Pressure in the archenteron after mock (n = 4) or Y27632 (n = 5) injection. The mock or Y27632 injections were made at t = 240. Blue circle, pressure

when the blastopore opened.

(S) Pressure in the archenteron after Mock or Y27632 injection. Before, pressure before injection; open (Y27632), pressure upon opening of the blastopore;

after (Mock), pressure in the mock embryo at the average opening time of Y27632-injected embryo. Blue lines, mean; green line, upper limit of pressure

resistance of the blastopore at stage 18 (refer to Figure 2J). n = number of animals used. N = other data points. See also Figure S7 and Video S8.
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archenteron associated with the relaxation of apical constriction was observed with the Y27632 injection

(Figures S7D-S7G). Together, these results indicate that Y27632 inhibits the pushing force and drives blas-

topore opening only for a short time, and blastopore function and embryonic development are normal.

We next examined the effect of Y27632 injection on pMLC using immunostaining. Following Y27632 injec-

tion into the blastopore ventral region at stage 18, pMLC signals in the ventral region disappeared, and the

effects on the dorsal region were insignificant (Figures 6K and S7J). In contrast, in embryos with the mock

injection of buffer, the pMLC signal remained on the ventral side of the blastopore (Figures 6I, 6J, S7H, and

S7I). When Y27632 was injected into the dorsal region of the blastopore, the dorsal pMLC signal disap-

peared and the ventral signal was weakened (Figures S7K, S7L, S7O, and S7P). This may be because the

dorsal pMLC signal was higher and less likely to be suppressed than the ventral pMLC signal. When equal

amounts of Y27632 were directly injected into the archenteron, no effects on pMLC signals were observed,

indicating that Y27632 was diluted in the archenteron fluid (Figures S7M, S7N, S7Q, and S7R). These results

suggest that ventral side injection of Y27632 transiently and locally suppresses actomyosin contraction in

the blastopore ventral region. Analysis of cell shape in the ventral side of the blastopore showed that

Y27632-injected embryos had weaker apical constriction compared to control and buffer-injected embryos

(Figures 6L-6N). Quantification of apical constriction in transverse and sagittal sections showed an equal

reduction of constriction in Y27632-injected embryos in both sections (Figures 6O and 6P). A slight expan-

sion on the apical side of cells was also observed in the buffer-injected embryos, but this may be due to the

stretching of the apical surface following buffer injection.

These results suggest that the release of ventral apical constriction causes blastopore opening; however

the possibility that the increase in fluid pressure in the archenteron associated with Y27632 injection causes

blastopore opening cannot be ruled out. To evaluate this possibility, Y27632 was injected into the ventral

side of the blastopore and the fluid pressure in the archenteron was measured through to blastopore open-

ing. At stage 18, embryos injected with Y27632 showed no change in fluid pressure (approximately 10 Pa)

before and after blastopore opening (Figures 6Q and 6S). Similarly, buffer-injected mock embryos had no

significant change in fluid pressure, although no blastopore opening occurred (Figures 6R and 6S). These

results demonstrate that Y27632 attenuates the upper limit of blastopore pressure resistance to approxi-

mately 10 Pa and causes the excretion of archenteron fluid without affecting the fluid pressure. These find-

ings support that ventral apical constriction in the blastopore regulates the pushing force.

DISCUSSION

Blastopore gating mechanism involves actomyosin contraction

In this study, we show that blastopore closure is maintained in early Xenopus embryos by actomyosin-

dependent apical constriction at the dorsoventral ends that generates a pushing force between CBCs

(Figures 7A-7D). Since this pushing force can deform the CBC contact surface, the CBC tissue must be flex-

ible. Therefore, this finding predicts that the blastopore maintains closure by bringing the flexible CBCs

tightly together at both dorsoventral ends. Similar pressure valves are commonly observed in adult organ-

isms. For example, the urethra has a flexible spongy submucosa that maintains closure through tightening

entirely by the urethral sphincter.41,42 There is also a flexible anal cushion in the anus, which is tightened

entirely from the outside by the anal sphincter.43–45 Similar structures are also observed in pressure valves

for industrial products, such as air inlets for soft tennis balls.46 One major difference between the blasto-

pore and pressure valves in adults is that blastopore closure relies on apical constriction, rather than a

sphincter, and only the dorsoventral ends are tightened, rather than the entire blastopore. Muscles form

stable structures called sarcomeres, in which actin and myosin filaments overlap. Similarly, apical constric-

tion is driven by actomyosin, which contains actin fibers that are repeatedly polymerized and depolymer-

ized. As such, the actomyosin structure is more dynamic than that of sarcomeres and the contraction ratio

for apical constriction is higher than that for muscle contraction.47 The adult anus and urethra require the

contraction of the entire tube by the sphincter to maintain closure, whereas the high contraction rate of

apical constriction may allow the blastopore to remain closed simply by tightening the dorsoventral ends.

Temporal regulation of fluid excretion in left-right axis formation

We found that the removal of fluid in the archenteron at the early neurula stage (stage 14) causes defects in

laterality. The left-right axis is determined by the leftward flow of fluid driven by ciliary motility in the arch-

enteron. Cilia in the gastrocoel roof plate (GRP) are tilted in the posterior direction and rotate clockwise.

Thus, the rightward flow decelerates due to viscous friction and the leftward flow is dominant.34 There are at
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least two possibilities to explain why early removal of archenteron fluid disrupts left-right axis formation.

The early removal may prevent the leftward flow driven by ciliary movement, or it could inhibit cilia forma-

tion or rotational movement. The formation of rotational cilia requires tension associated with convergent

extension in the region that forms the GRP during the late gastrula stage.48 Therefore, early fluid removal

may have reduced GRP tension and caused cilia dysplasia.

On the other hand, no significant effects on left-right axis formation were observed in the early excretion

associated with the injection of Y27632. Since the period of fluid excretion induced by Y27632 was brief, a

sufficient amount of fluid would have remained in the archenteron. Consistent with this idea, a sufficient

amount of fluid excretion was observed in the collapse of the archenteron in Y27632-injected embryos.

In addition, Y27632 was injected at the late neurula stage (stage 18), which may have been too late to affect

ciliogenesis.

Together, our results show that fluid is retained in the archenteron until the left-right axis is determined and

that the timing of fluid excretion is temporally regulated.

Pressure measurement in embryogenesis

In this study, pressure measurements in the archenteron using microelectrodes revealed that a decrease in

the upper limit of the blastopore pressure resistance causes blastopore opening. Recently, direct or indi-

rect methods were attempted to measure pressure in the embryonic cavity to elucidate the role of fluid

pressure in development.13 The direct method essentially detects fluid flowing into the glass needle due

to pressure differences. In addition to microelectrodes,17 glass needles equipped with pressure sensors19

have been used, or pressure was measured based on the shape of the interface between the oil and body

fluid inside a glass needle.49 To measure intracellular pressure, a nanomechanical device with Fabry-Pérot

cavity or nanoparticles that exhibit fluorescence spectrum changes in response to pressure have been

developed.50–52 Indirect methods were also developed to estimate the pressure in a cavity following a

shape change that occurs when a force is applied to the cavity wall. Specifically, pressure is estimated

by placing the embryo between gels having known stiffness53 or by applying force to the cavity wall with

magnetic tweezers.54 However, these methods are affected by the wall stiffness and thus the physical prop-

erties of the cavity wall must be measured or estimated. Noninvasive estimation of pressure in the cavity

from the cell shape of the cavity wall has been attempted.55 In this study, we used microelectrodes that al-

lowed us to directly measure the weak fluid pressure in the archenteron. Because the microelectrode mea-

sures pressure using the difference in salt concentration between the buffer in the needle and the incoming

body fluid, the salt concentration of the incoming liquid should be the same before (medium) and after

(archenteron fluid) needle insertion. In particular, since the effects of salt concentration cannot be ignored

A

C

B

D

Figure 7. Model for blastopore gating mechanism

(A-D) Model of blastopore gating mechanism. Actomyosin-dependent apical constriction at the dorsoventral end of the

blastopore (light green) gives rise to a ‘‘pushing force’’ (red arrow) in the CBC, which maintains blastopore closure against

the pressure in the archenteron (black arrow) (A, C). Relaxation of ventral contraction causes blastopore opening and fluid

excretion due to a decrease in the upper limit of pressure resistance (B, D).
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in the measurement of weak pressure, in this study the salt concentration of the medium was adjusted to

match that of the archenteron fluid.

Pressure measurement using microelectrodes can be improved to address the possibility that fluid could

leak from the insertion site due to high fluid pressure or debris that clogs the needle tip during prolonged

measurements. Further improvements in instruments tomeasure pressure are expected to provide a better

understanding of dynamic pressure changes during embryogenesis.

Comparison of fluid excretion mechanisms

In themouse blastocoel cavity, fluid drains due to the partial disruption of TJs in random regions of dividing

cells.17 Since this cellular-level excretion does not occur when the fluid pressure in the blastocoel is low,

fluid pressure in the cavity would likely need to increase and exceed the upper limit of pressure resistance

at the cell division site.17 In contrast, Xenopus embryos excrete from a localized tissue, the blastopore. We

measured the upper limit of pressure resistance of the blastopore by combining pressurization with buffer

injection and pressure measurement using microelectrodes, and found that a decrease in pressure resis-

tance induces blastopore opening. Measurements of pushing force using a tungsten wire also supported

a decrease in pressure resistance. These results indicate that the primary factor causing fluid excretion is an

increase in fluid pressure in the blastocoel in mouse embryos and a decrease in the pressure resistance of

the blastopore in Xenopus embryos, suggesting that they regulate excretion via different mechanisms.

Furthermore, there is a difference between mice and Xenopus: random ejection at the cellular level and

localized excretion at the tissue level. One possible explanation for this difference in randomness and local-

ization may be differences in the cavity wall structure. The mouse embryo blastocoel wall has a single-layer

epithelium, and thus transient rupture of epithelial TJs would allow efficient fluid drainage.17 In contrast,

Xenopus embryo archenteron walls have thick tissue comprising endothelium, mesenchyme, and epithe-

lium. Thus, fluid excretion due to epithelial collapse may be more difficult in Xenopus than in mice. In addi-

tion, during the late neurula stage, various tissues such as neural tube,56 somites,57 and ventral blood

islands58 have formed, and fluid excretion from random areas may result in abnormal tissue formation.

These problems could be avoided in Xenopus embryos through the excretion of fluid only through the blas-

topore. Consistent with these considerations, in fluid drainage in the inner ear of zebrafish that occurs

repeatedly during the formation of the semicircular canal associated with cavity wall deformation, is medi-

ated in a localized area, the endolymphatic sac.18,59 Thus, early embryos may have appropriate excretion

pathways and mechanisms depending on their developmental stage and cavity structure.

Material properties of the circumblastoporal collars

In this study, we revealed that actomyosin contraction at both dorsoventral ends of the blastopore drives

the pushing force and that relief of ventral contraction induces the collapse of the archenteron. To effec-

tively close the blastopore by the contraction of the dorsoventral ends, the CBCmust have a certain degree

of stiffness in order to transmit the pushing force from both ends to the center (e.g., two long narrow bal-

loons connected at both ends). Therefore, this softening of the CBC could trigger the opening of the blas-

topore. We used a tungsten wire to measure the force required to open the blastopore and found that the

force was reduced in later stages (Figures 4M and 4N). In addition, using this method, we revealed that the

force required to stretch the CBC was comparable between stages 18 and 20 (Figures S6D-S6F). This indi-

cates that the stiffness of the CBC is nearly constant, or that the change in stiffness is too small to detect

with the tungsten wire. These results show that the primary factor in blastopore opening is release of

the pushing force; however, the possibility remains that a change in CBC stiffness could contribute coop-

eratively to the gating mechanism. More detailed stiffness measurements using atomic force microscope

(AFM) may provide a better understanding of the relationship between the material properties of CBC and

the gating mechanism.

The regulatory mechanisms of actomyosin contraction in the blastopore

Previous studies reported that actomyosin contraction is important to decrease the IMZ circumference.27,28

In this study, we found that actomyosin contraction at both dorsoventral ends is involved in subsequent

maintenance of blastopore closure. Furthermore, we revealed that the relief of contraction at the ventral

end results in fluid excretion after Y27632 injection.

Recently, various methods involving light were developed to control actomyosin contraction and relaxa-

tion. In actomyosin-dependent apical constriction, Ras homolog family member A (RhoA) localized to
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the apical surface of the cell is activated by Rho guanine nucleotide exchange factor (RhoGEF), after which

active RhoA activates Rho kinase (ROCK). Further, active ROCK phosphorylates MLC and inhibits pMLC

dephosphorylation by myosin light chain phosphatase (MLCP) to cause myosin-mediated apical constric-

tion.60,61 Thus, a method has been developed to enhance contraction in a light-dependent manner by

fusing exogenous domains that enhance interaction between RhoGEF and RhoA in response to specific

light wavelengths.62,63 Light-mediated methods to relax contraction have also been reported, such as

the localization of RhoGEF to the mitochondrial outer membrane to inhibit RhoA activation,63 or localiza-

tion of Protein Phosphatase 1c to the apical surface of cells to promote myosin dephosphorylation.64

Spatiotemporal control of actomyosin contraction at the ventral end using these methods would allow

us to elucidate the gating mechanism of the blastopore in more detail.

The molecular mechanism by which actomyosin contraction at the ventral end is resolved during the late

neurula stage remains elusive. In the convergent extension movement of the neural tube, the Wnt/PCP

pathway regulates actomyosin contraction as an upstream signal.30 In addition, the Acitivin/Nodal pathway

regulates actomyosin contraction in bottle cells via RhoGEF, plekghg5.65 Identification of upstream signals

involved in actomyosin contraction at the ventral end of the blastopore would also provide a more detailed

understanding of the molecular mechanisms of blastopore gating.

In summary, this study revealed that apical constriction at the dorsal and ventral ends contributes to maintain-

ing closure of the blastopore, and that collapse of the archenteron is caused by the relaxation of contractility

at the ventral end of the blastopore. Additional features of the design principles of the blastopore remain to

be characterized, and identification of upstream factors is needed. However, our results show that tissue-level

opening of the blastopore and fluid excretion can be temporally controlled via actomyosin contraction even in

early embryos that have immature functional muscles. As morphogenesis mediated by actomyosin contrac-

tion is universally observed in embryogenesis, we could speculate that actomyosin contraction plays an

important role in controlling fluid transport in embryos of other animals as well.

Limitations of the study

There are several limitations in the present study. First, the molecular mechanisms of blastopore opening

remain to be defined. Identification of upstream signals involved in actomyosin contraction would enhance

our understanding of the gating mechanism at the molecular level. Second, the spatiotemporal resolution

of actomyosin contraction analysis in the blastopore needs to be further improved using optogenetics and

other techniques. Since Y27632 diffuses through tissues, the possibility that Y27632 affects other tissues

besides the CBC cannot be completely ruled out. Third, we cannot ignore the possibility that the excision

and fixation of embryos may have had secondary effects such as tissue deformation. Time-lapse imaging

deep within the live embryos using X-ray image analysis66 and other techniques will be important for a

more detailed understanding of the gating mechanism.
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STAR+METHODS

KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Soichiro Kato (soichiro.kato@riken.jp).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-Phospho-Myosin Light Chain 2 (Ser19) Cell Signaling Technology Cat # 3671; RRID: AB_330248

Mouse anti-E-cadherin BD Biosciences Cat # 610181; RRID: AB_397580

Alexa Fluor 488 goat anti-rabbit IgG (H + L) Thermo Fisher Scientific Cat # A11029; RRID: AB_2534088

Alexa Fluor 546 goat anti-rabbit IgG (H + L) Thermo Fisher Scientific Cat # A11030; RRID: AB_2534089

Chemicals, peptides, and recombinant proteins

Dextran, Alexa Fluor� 488; 10,000 MW Thermo Fisher Scientific Cat #D22910

Dextran, Alexa Fluor� 568; 10,000 MW Thermo Fisher Scientific Cat #D22912

Dextran, Alexa Fluor� 647; 10,000 MW Thermo Fisher Scientific Cat #D22914

Alexa Fluor� 488 Hydrazide Thermo Fisher Scientific Cat # A10436

Phenol red solution Sigma-Aldrich Cat #P0290

Y27632 Nacalai Tesque Cat # 08945

Methylhydrogen silicone fluid (KF-99) Shin-Etsu Silicone Cat # KF-99-1

Experimental models: Organisms/strains

Wild type and albino Xenopus laevis frogs Hamamatsu Seibutsu Kyozai,

Watanabe Zoushoku

N/A

Software and algorithms

ImageJ/Fiji (ver. 1.53t) Schindelin et al. RRID: SCR_002285

GraphPad Prism 8 (ver. 8.4.3) GraphPad Software RRID: SCR_002798

Leica Application Suite X (ver. 3.5.7) Leica Microsystems RRID: SCR_013673

Labchart 7 ADInstruments RRID: SCR_001620

Other

Aluminum foil (d: 5 mm) Nilaco Cat # AL-013131

Tungsten wire (4: 30 mm) Nilaco Cat # W-461097

950Ag wire (4: 0.4 mm) Comokin N/A

Glass capillary Narishige Cat # GC-1

FluoSpheres� Size Kit #2, Carboxylate-modified Microspheres,

yellow-green fluorescent (505/515), 2% solids, six sizes

Thermo Fisher Scientific Cat #F8888
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

X. laevis

Adult Xenopus laevis were purchased from domestic breeders (Hamamatsu Seibutsu Kyozai, Shizuoka,

Japan; Watanabe Zoshoku, Hyogo, Japan). Ovulation was induced by injecting mature females with 600

units of human chorionic gonadotropin (Gonatropin 3000; ASKA Animal Health, Tokyo, Japan). Spawned

eggs were fertilized in vitro by mixing with sperm suspended in 1.3x Barth’s medium (13 mM HEPES-

NaOH/pH 7.4, 114.4 mM NaCl, 1.3 mM KCl, 0.533 mM CaCl2, 0.429 mM Ca(NO3)2, 1.066 mM MgSO4,

3.12 mM NaHCO3).

METHOD DETAILS

Time-lapse imaging of extracellular fluid movement and imaging analysis

To label embryonic cells, 10 kDa Alexa Fluor 488-dextran (Alexa 488-dex) (D22910; Thermo Fisher Scientific,

Massachusetts, USA) or 10 kDa Alexa Fluor 647-dextran (Alexa 647-dex) (D22914; Thermo Fisher Scientific)

(total 10–20 ng) was injected into the two blastomeres at the 2-cell stage. At stage 14, archenteron fluid was

visualized by injecting 10 kDa Alexa Fluor 568-dextran (Alexa 568-dex) (D22912; Thermo Fisher Scientific)

(2 nL, 10 mg/mL). Time-lapse images were acquired using an MVX-10 stereomicroscope (Olympus, Tokyo,

Japan) equipped with an EM-CCD camera (ImagEM; Hamamatsu Photonics K.K., Hamamatsu, Japan), a

BZ-X710 fluorescence microscope (Keyence, Osaka, Japan) with a 23 objective (Plan-Apo 23/0.1; Nikon,

Tokyo, Japan), an IX83 microscope (Olympus) equipped with a spinning disk unit (CSU-W1; Yokogawa, To-

kyo, Japan), or an EM-CCD camera (iXon Ultra 888; Andor, Belfast, UK), and 203 objective (UPlanSApo

203/0.75 DRY; Olympus). Fluorescence images for fixed embryos were acquired using an SP8 confocal mi-

croscope (Leica Microsystems GmbH, Wetzlar, Germany) with a 103 (HC PL APO CS2 103/0.40 DRY; Le-

ica), 203 (HC PL APO CS2 203/0.75 DRY; Leica), or 403 (HC PL APO CS2 403/1.30 OIL; Leica) objective.

Analysis of fluid excretion timing

To examine fluid excretion, Alexa 568-dex was injected into the archenteron of embryos with (VM+) or

without the vitelline membrane (VM-) at stage 13–14. The vitelline membrane was removed with forceps

at stage 14. Time-lapse images were acquired using an MVX-10 stereomicroscope (Olympus) equipped

with an EM-CCD camera (ImagEM; Hamamatsu Photonics K.K.). Embryos without the vitelline membrane

that had excreted fluid were immediately fixed in trichloroacetic acid solution (TCA) containing 1.85% form-

aldehyde, after which the developmental stage was analyzed. For embryos with the vitellinemembrane, the

membrane was removed and the embryos were cultured at 12 �C for 10 min prior to fixation.

Early removal of archenteron fluid

For early removal of archenteron fluid, the anteroventral archenteron wall was perforated with a glass nee-

dle and the hole was maintained for 30 min by repeated insertion of the needle. Although most of the arch-

enteron fluid was excreted, the ventral side of the embryos was gently pushed to ensure complete removal

of the fluid. Embryos were cultured until stage 45 and laterality was analyzed by the direction of heart tube

and gut coiling.

Imaging of beads excretion by perforation

To examine archenteron pressure, 1 mm fluorescent beads (20 nL, FluoSpheres carboxylate-modified mi-

crospheres with yellow-green fluorescence; Thermo Fisher Scientific) diluted in LCMR (1/200) supple-

mented with 1% skim-milk (232100; BD, New Jersey, USA) were injected into the archenteron at stage

18. Then, the archenteron wall was perforated with a glass needle and movies were acquired using an

MVX-10 stereomicroscope (Olympus) equipped with an EM-CCD camera (ImagEM; Hamamatsu Photonics

K.K.).

Fluid pressure measurement

Tomeasure archenteron hydrostatic pressure, analog signals from aMicropressure system (900A; WPI, Sar-

asota, USA) were converted to digital signals with an AD converter (PL2602; ADInstruments, Dunedin, New

Zealand) and the data was then analyzed with Labchart software (Labchart 7; ADInstruments, Dunedin, New

Zealand). Microelectrodes were made by stretching a glass capillary (GC-1; inner diameter = 0.6 mm) with a

needle puller (PC-10) and adjusting the tip inner diameter to 7.4 G 0.8 mm. If the tip diameter is too large,

buffer will leak from the needle, and needles having too small tip diameters can become clogged
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with cellular debris that compromises pressure measurements. The probe tip was coated with silicon (Sig-

macote; Sigma-Aldrich, St. Louis, USA) prior to measurement. A probe filled with 3 M NaCl solution

equipped with a dial gauge (73750; Shinwa, Niigata, Japan) was connected to a micromanipulator

(MN-153; Narishige). Probes were calibrated based on changes in hydrostatic pressure by submerging

the needle tip to depths of 0 mm and 20 mm. Changes in water depth during pressure measurement

were corrected using a calibration curve of the dial gauge value and water pressure changes.

To examine electrical resistance at stage 18 or 20–21, archenteron fluid was collected from 10 embryos. Af-

ter debris was removed by centrifugation (4 �C, 15300 3 g, 1 min), the collected supernatant was diluted

10-fold and used to fill a glass capillary (GC-1; 90 mm length, 0.6 mm inner diameter). Ag wires (Comokin,

Tokyo, Japan; 0.4 mm diameter) coated with AgCl were inserted into the capillary and electrical resistance

of fluid in the capillary was measured using a digital multimeter (3244-60; Hioki, Nagano, Japan) (St. 18,

n = 7; St. 20, n = 5). To create an Arc-buffer having the same electrical resistance as the archenteron,

0.1x Barth’s medium containing various concentrations of NaCl (8.8–100 mM) was diluted 10-fold and

the electrical resistance was measured using the same method (n = 5). A calibration curve generated

from 0.1x Barth’s medium containing various concentrations of NaCl as a function of electrical resistance

was used to determine the Arc-buffer composition. To measure the upper limit of pressure resistance,

Arc-PR-buffer (10% phenol red solution (P0290; Sigma Aldrich) in Arc-buffer), was injected into the archen-

teron. When water pressure at the same depth was measured with a microelectrode using Arc-buffer or

archenteron fluid from stage 18 or 20–21, no significant differences were observed.

To examine the effects of Arc-buffer on fluid excretion, embryos injected with 10 kDa Alexa 568-dex (2 nL,

10 mg/mL) into the archenteron were cultured in 0.1x Barth’s medium or Arc-buffer. There was no differ-

ence in the timing of fluid excretion for either buffer.

To measure archenteron pressure, embryos from which the vitelline membrane was removed at stage 14

were injected with 10 kDa Alexa 568-dex (2 nL, 10 mg/mL) into the archenteron and then placed laterally

(measurement of pressure and pressure resistance) or posteriorly (measurement of pressure after injection

of Y27632) in the hollow of an agarose plate filled with Arc-buffer.

To measure blastopore pressure resistance, the pressure probe was first inserted into the archenteron to

measure fluid pressure. The needle for injecting buffer was then inserted and Arc-PR-buffer was injected

continuously until fluid leaked from the blastopore. The pressure in the archenteron at which fluid leaked

out was defined as the upper limit of pressure resistance of the blastopore. Buffer was injected into the

archenteron at three different injection rates (5 nL/s, 2.5 nL/s, 1.25 nL/s) and no significant difference in

Pres was observed among the different rates. Time-lapse images were acquired using an SZX-7 stereomi-

croscope (Olympus) equipped with a digital camera (ILCE-QX1; Sony, Tokyo, Japan).

Transmission electron microscopy (TEM) analysis

Embryos were fixed in a solution of 2.5% glutaraldehyde and 2% paraformaldehyde in 50 mMHEPES buffer,

pH7.4, at 4 �C overnight. After primary fixation, the samples were washed three times with 50 mM HEPES

buffer (pH 7.4) for 10 min and postfixed with 2% osmium tetroxide solution for 3 h at 4 �C. Then, the samples

were washed three times with 50 mM HEPES buffer (pH7.4) and stained with 0.25% aqueous uranyl

acetate for 2 h at room temperature. After staining, the samples were washed three times with distilled

water for 10 min at room temperature, dehydrated with a graded ethanol series (30%, 50%, 70%, 90%,

100%) for 15 min at room temperature, bathed in propylene oxide for 15 min at room temperature, and

embedded in epoxy resin (EPON812; Nisshin-EM, Tokyo, Japan) for 48 h at 60 �C. Ultrathin sections

were stained with 2% uranyl acetate followed by lead stain solution and analyzed by TEM (H-7600; Hitachi,

100 kV).

Insertion of aluminum foil into the blastopore

To visualize embryonic cells, 10 kDa Alexa 488-dex (total 10 ng) was injected into two blastomeres at the

2-cell stage. At stage 13–14, archenteron fluid was labeled by injecting 10 kDa Alexa 568-dex (2 nL,

10 mg/mL) into the archenteron. A 5 mm-thick, �100 mm-wide strip of aluminum foil (AL-013131;

Nilaco, Tokyo, Japan) coated with 0.1% BSA was inserted into the blastopore of stage 14 embryos with

the vitelline membrane removed. To confirm proper insertion, embryos were fixed with 2% TCA and
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9.25% formaldehyde and then cleared with benzyl alcohol/benzyl benzoate (BABB) solution. Fluorescence

images were acquired using an SP8 confocal microscope with a 103 objective (Leica).

Time-lapse images were acquired using a BZ-X710 fluorescence microscope (Keyence) with a 23 objective

(Nikon). To prevent flow of culture medium, high-viscosity 0.1x Barth’s medium containing 3% methyl

cellulose (#1500; Nacalai Tesque, Kyoto, Japan) was used.

Insertion of a glass bead into the blastopore

A glass bead (approximately 130 mm diameter) made by heating the tip of a glass needle with a gas torch

until a bead formed was inserted into the blastopore. Time-lapse images were acquired using an SZX-16

stereomicroscope (Olympus) equipped with a digital camera (DP80; Olympus). Blastopore closure after

removing the glass bead was analyzed in ImageJ using the shading of the hole as an indicator.

Release of pushing force by excision

To visualize embryonic cells, 10 kDa Alexa 488-dex (total 10 ng) was injected into two blastomeres at the

2-cell stage. To release the CBC pushing force, the tissue around the blastopore was excised, leaving

the dorsal side intact. Then, the ventral side of the blastopore slit was cut and embryos were fixed imme-

diately (within 1 min) in 2% TCA and 1.85% formaldehyde. Fixed embryos were dehydrated in methanol and

cleared with BABB solution. Fluorescence images were acquired using an SP8 confocal microscope with a

103 objective (Leica).

To examine the CBC shape without incision, 2% TCA and 1.85% formaldehyde were continuously injected

into the archenteron at the excretion stage. Fixed and cleared embryos were analyzed using an SP8

confocal microscope with a 103 objective (Leica).

Geometrical analysis of the blastopore

To analyze the shape of the CBC with the ventral end of the blastopore resected, an optical coronal section

corresponding to the center of the blastopore slit was obtained from embryos cleared with BABB. The fluo-

rescence images were then binarized using ImageJ to obtain the outline of the CBC. For control embryos

and embryos having ventral ends that were not cut, the outline was obtained manually. The direction

perpendicular and parallel to the slit was set as the x axis and y axis, respectively. The length with the

longest y axis distance was defined as the thickness of the CBC (Figure S5F).

For curvature analysis, the point on the outline that fell midpoint between the maximum and minimum

values of the y axis was set to A. Further, points on the outline G32 mm away from point A in the y axis di-

rection were set as B (+32 mm) and C (- 32 mm). Curvature was calculated according to the following

equation:

curvature =
2h

�
w
2

�2
+ h2

h and y were obtained from the following equation.

h =

����Ax � Bx � Cx

2

����

w =
��By � Cy

��

Here, the subscripts x and y indicate the x and y coordinates of the respective points.

The length of the contact surface of the slit was defined as the length of a straight line connecting the

endpoints of the contact surface determined using ImageJ.

Force and stiffness measurement using a tungsten wire

Tomake a forcemeasurement probe, a tungsten wire (30 mmdiameter; W-461097; Nilaco) was inserted into

the tip of a bent glass needle and fixed with UV resin (BD-SKEJ; Bondic, Pennsylvania, USA). To calibrate the

force measurement probe, the tungsten wire was placed horizontally and 20 nL silicon oil (KF-99; Shin-Etsu

Silicone, Tokyo, Japan) was repeatedly added to the tip of the wire up to a volume of 400 nL. The probe tip
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displacement was obtained using an SZX-7 stereomicroscope (Olympus; tilted 90�) equipped with a digital

camera (ILCE-QX1; Sony) and the values were used to make a force-displacement curve.

To measure the force required to open the blastopore, embryos with archenteron fluid labeled with phenol

red solution were placed in the hollow of an agarose plate with the posterior side facing up. The pulling

probe and measurement probe were inserted separately on both sides of the slit, and only the pulling

probe was moved horizontally until the blastopore opened. The opening of the blastopore was detected

by leakage of archenteron fluid labeled with phenol red. Time-lapse images were acquired using an SZX-16

stereomicroscope (Olympus) equipped with a digital camera (DP80; Olympus) and the force required to

open the blastopore was calculated.

To measure CBC stiffness, embryos were placed in the hollow of an agarose plate with the posterior side

facing up. The pulling and measurement probes were both inserted into one side of the slit, and only the

pulling probe was moved to stretch the CBC in the direction of the slit long axis. Time-lapse images were

acquired using an SZX-7 stereomicroscope (Olympus) equipped with a digital camera (ILCE-QX1; Sony)

and the force required to stretch the CBC was calculated.

Immunofluorescence staining

To visualize cells, 10 kDa Alexa 647-dex (total 10 ng) was injected into the two blastomeres at the 2-cell

stage. At stage 14, 10 kDa Alexa 568-dex (2 nL, 10 mg/mL) was injected into the archenteron, after which

the vitelline membrane was removed. Embryos were then fixed at the desired stage in 2% TCA for 20 min

followed by washing three times in PBS-T buffer (0.3% polyoxyethylene (10) octylphenyl ether in PBS).

Thereafter, the peripheral tissue of the blastopore was excised and blocked with blocking buffer (PBS-T

buffer containing 10% FBS). Fragmented tissues were then incubated overnight at 4 �Cwith anti-phosphor-

ylated myosin light chain (1:100 dilution, #3671, CST, Massachusetts, USA) and anti-E-cadherin (1:200 dilu-

tion, 610181, BD Bioscience, New Jersey, USA) as primary antibodies that were diluted in Can Get Signal B

solution (Toyobo, Osaka, Japan). Tissues were then washed with PBS-T (3 3 30 min) and incubated with

Alexa Fluor 488 anti-rabbit IgG (1:200 dilution, A-11029, Thermo Fisher Scientific) or Alexa Fluor 546

anti-mouse IgG (1:500 dilution, A-11030, Thermo Fisher Scientific) as secondary antibodies diluted in

Can Get Signal B solution. After washing tissues with PBS-T buffer, tissues were dehydrated in methanol

and cleared with BABB solution. Fluorescent images were acquired using an SP8 confocal microscope

with a 403 objective (Leica).

Apical constriction in the ventral end of the blastopore

To analyze apical constriction in the mediolateral direction, serial optical transverse sections were acquired

using an SP8 confocal microscope with a 403 objective (Leica). To analyze apical constriction in the

anteroposterior direction, sagittal sections were reconstructed using serial optical transverse sections.

The apical width and apical-basal length of cells in the ventral end of the blastopore were measured

and the ratio between them was calculated.

Inhibition of actomyosin contraction using Y27632

For time-lapse imaging of embryos injected with Y27632, 10 kDa Alexa 647-dex was injected into two blas-

tomeres at the 2-cell stage to label embryonic cells. At stage 14, 10 kDa Alexa 568-dex was injected into the

archenteron, and the vitelline membrane was removed. At stage 18, 1 nL Y27632 solution (LCMR containing

Y27632 (08945; Nacalai Tesque; 0.64 ng) and Alexa Fluor 488 hydrazide (12.5 ng; A10436; Thermo Fisher

Scientific)) or Mock solution (LCMR containing 12.5 ng Alexa Fluor 488 hydrazide) was injected into the

CBC tissue at the blastopore ventral region. Time-lapse images were acquired 1 min after injection of

Y27632 or Mock solution using anMVX-10 stereomicroscope (Olympus) equipped with an EM-CCD camera

(ImagEM; Hamamatsu Photonics K.K.). Embryos that excreted archenteron fluid within 10 min of injection

were counted and further cultured until stage 20 to assess developmental abnormalities.

To examine the effect of Y27632 injection on myosin phosphorylation, 10 kDa Alexa 647-dex was injected

into two blastomeres at the 2-cell stage. After injection of Y27632 solution or Mock solution without Alexa

Fluor 488 hydrazide, embryos were fixed and used for immunofluorescence staining with anti-pMLC

antibody.
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To assess the effect of Y27632 injection on archenteron hydrostatic pressure, archenteron fluid was

first labeled with 10 nL phenol red solution. Embryos were then set in the hollow of agarose plate with

the blastopore facing upward. Y27632 or mock solution was injected while measuring pressure. Time-lapse

images were acquired using an SZX-7 stereomicroscope equipped with a digital camera (ILCE-QX1).

Blastopore opening was detected by excretion of phenol red-labeled fluid.

QUANTIFICATION AND STATISTICAL ANALYSIS

No statistical methods were used to predetermine sample size. Each experiment was performed at least

three times. All statistical analyses were performed using GraphPad Prism 8 software (GraphPad Software,

San Diego, CA, USA). All data were evaluated for normal distribution and equal distribution by normality

test and F-test, respectively. For parametric data, an unpaired t test (Figures 4K, 4L, and S6F) or ordinary

one-way ANOVA (Figures S2D and S4D) was used to evaluate differences between two groups. For non-

parametric data, Mann-Whitney U test (Figures 2J and 4N) or Kruskal-Wallis test (Figures 1J, 2E, 4J, 5T,

5U, 6O, 6P, S2C, and S7G) was used to evaluate differences between two groups. Differences in the

laterality defect rate were evaluated using Fischer’s exact test (Figure 1P).
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