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Abstract: 44 

Interaction of cells and the surrounding lumen drives the formation of tubular system 45 

that plays the transport and exchange functions within an organism. The physical 46 

and biological mechanisms of lumen expansion have been explored. However, how 47 

cells communicate and coordinate with the surrounding lumen, leading to continuous 48 

tube expansion to a defined geometry, is crucial but remains elusive. In this study, 49 

we utilized the ascidian notochord tube as a model to address the underlying 50 

mechanisms. We firstly quantitively measured and calculated the geometric 51 

parameters and found that tube expansion experienced three distinct phases. During 52 

the growth processes, we identified and experimentally demonstrated that both Rho 53 

GTPase Cdc42 signaling-mediated cell cortex distribution and the stability of tight 54 

junctions (TJs) were essential  for lumen opening and tube expansion. Based on 55 
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these experimental data, a conservation-laws-based tube expansion theory was 56 

developed, considering critical cell communication pathways, including secretory 57 

activity through vesicles, asymmetric cortex tension driven anisotropic lumen 58 

geometry, as well as the TJs gate barrier function. Moreover, by estimating the 59 

critical tube expansion parameters from experimental observation, we successfully 60 

predicted tube growth kinetics under different conditions through the combination of 61 

computational and experimental approaches, highlighting the coupling between 62 

actomyosin-based active mechanics and hydraulic processes. Taken together, our 63 

findings identify the critical cellular regulatory factors that drive the biological tube 64 

expansion and maintain its stability. 65 

 66 

Significance: 67 

Geometry and morphology are crucial for tubular network to perform physiological 68 

functions in circulatory and respiratory systems. However, the underlying control 69 

mechanisms remain largely unknown. In this study, we found that Rho signaling-70 

regulated cortex contractility tension and cell tight junctions were two significant 71 

ways in controlling tube geometry and size using a notochord tubulogenesis model in 72 

marine ascidian. We further developed a general theoretical model based on the 73 

conservation-law and the experimental data. The model numerical could successfully 74 

predict lumen growth phenotypes when cellular processes are out of regulation. Our 75 

study gives explicit molecular and mechanical mechanisms on how cell-lumen 76 

interaction can regulate tube expansion and establishes a more general tube 77 

expansion model, which can provide cues for pathogenesis identification. 78 

 79 

 80 

 81 
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Introduction 82 

Tubular networks, prevalent in various organ systems (1-4), play vital roles in 83 

physiological functions, including the conservation and transport of gases, liquids, 84 

biomacromolecules, and cells (1). The formation and expansion of these tubes 85 

involve numerous cellular processes, such as polarized protein transport (4), tight 86 

junction formation (5, 6), symmetry breaking (3, 7), and cytoskeletal dynamics (8). 87 

These tubular structures can act as biochemical signal centers to guide tissue 88 

patterning (9), alter cell fate and behavior through mechanotransduction (10, 11), or 89 

even function as a hydrostatic skeleton for larval swimming (12). Conversely, loss of 90 

control over tube size and geometry can lead to defects or even diseases like 91 

polycystic kidney disease and lymphatic stenosis (1). 92 

Cell interactions with the surrounding lumen drive the formation of tubular 93 

systems. A key question is how cells regulate lumen growth to an appropriate size 94 

for optimal function. Given that lumen expansion is a hydraulic process, active solute 95 

accumulation plays a significant role in establishing an osmotic pressure gradient. 96 

The difference in ionic concentration between intercellular and intracellular spaces, 97 

generated by ionic pumps, can drive passive water flux (13). Water accumulation 98 

has been studied in the formation of the zebrafish otic vesicle (14, 15), Kuppfer’s 99 

vesicle (16), and even in mammalian embryo size control (17). Many studies have 100 

measured the typical pumping rate of ion transporters (18-20), and inhibiting activity 101 

blocks lumen formation (21). To understand how ionic flow creates positive osmotic 102 

pressure and promotes water accumulation, quantitative simulations and biophysical 103 

models have been developed (22). Another mechanism involves transporting 104 

osmolytes through the secretory system. The release of cytoplasmic vesicle has 105 

been observed in the initiation of various lumen systems (10, 23), but their biological 106 

and physical functions in lumen inflation and maturation remain unclear. Despite the 107 

passive water flux driven by the solute density-mediated osmotic gradient, fluid and 108 

ion leakage  through cell–cell clefts are also vital in determining the stable lumen 109 

size (22). Paracellular leakage depends on the permeability of tight junctions (TJs). 110 
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Different TJs protein compositions can be selectively permeable to different 111 

cations/anions or even water (5, 6, 24). However, few studies have explored how 112 

cells regulate the gate barrier function of TJs to control lumen size. 113 

Understanding how cells control lumen geometry is a significant question. 114 

Biological tubes, such as blood vessel networks and Drosophila trachea, often 115 

exhibit anisotropic geometry or heterogeneity during growth (25, 26), but the 116 

underlying mechanical mechanisms remain largely unknown. In multicellular lumens, 117 

studies have shown that cell mitosis, epithelial thinning, and pressure-driven 118 

vascular network remodeling by blood flow can regulate anisotropic tube geometry 119 

(27, 28). Another study on hepatocyte doublets revealed that integrin-based 120 

adhesion induces anisotropic mechanical stress and drives lumen elongation in a 121 

specific direction (7). Cells generate mechanical forces to the lumen boundary 122 

through different mechanisms. Forces at the junctions between several cells, 123 

summarized in the Young-Dupré equation, are especially important and can deform 124 

the lumen into a specified shape. However, it remains largely unknown how cells 125 

precisely control these forces to shape a tubular organ.    126 

In this study, we utilized an emerging tubulogenesis model in the ascidian 127 

notochord (12, 29, 30), in which lumen pockets first appeared between pairs of 128 

notochord cells and then coalesced into a multi-cellular tube (Fig. 1A), providing an 129 

ideal simple model system for tube formation. We showed that actomyosin 130 

contractility activity was a crucial mechanism for regulating lumen geometry. We 131 

measured and theoretically calculated the cortex contractility tension at the tube 132 

boundary, establishing a correlation between tension value and tube geometry. We 133 

identified the regulatory role of Rho signaling Cdc42, which determines the cortex 134 

actomyosin distribution, and experimentally confirmed the importance of the TJs gate 135 

barrier function in controlling lumen size. Using these experimental results, we 136 

constructed a general tube expansion model that considers cell–lumen interactions, 137 

including pumping activity, cortex tension at the tube boundary, and TJs gate barrier 138 

function. We quantitatively simulated the tube expansion processes and further 139 

predicted the tube expansion dynamics based on experimental data in wild type 140 
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conditions and on the calculated value of model parameters. In addition, we used our 141 

theoretical and numerical model to reproduce the tube expansion dynamics in 142 

perturbed conditions. Our model results and their comparison to experimental data 143 

underline the interplay between active mechanics driven by the acto-myosin cortex 144 

and active hydraulic transport at the lumen surface. Finally, our approach allows us 145 

to identify the key processes during tube expansion and to delimitate the theoretical 146 

parameter range to maintain tube stability. 147 

 148 

Results 149 

Sequential expansion of pocket lumen in Ciona notochord 150 

During Ciona embryogenesis, a model organism in ascidian, notochord cells 151 

undergo sequential steps to elongate along the anterior–posterior (A–P) axis (Fig. 152 

1A-B, Fig. S1A-B). This includes convergent extension, circumferential constriction 153 

by the equatorial contractile ring, and a mesenchyle–endothelial transition driven by 154 

de novo tubulogenesis (31) (Fig. 1A). Assisted by Par complex localization and the 155 

formation of a TJ ring (32), lumen pockets emerge at the center of the lateral domain 156 

at both A–P ends of a notochord cell (Figs. 1B-B’’, Fig. S1C). These pocket lumens 157 

expand to a relatively constant volume within 2 h (Fig. 1A, top; Figs. 1B-B’’, Fig. 158 

S1D-G). Simultaneously, the TJs ring expands to accommodate the continuously 159 

growing volume (32). As the notochord cell shape changes, the vertical axes of the 160 

lumen begin to tilt in alternating directions (Fig. 1A, bottom left and Fig. S1H). 161 

Eventually, all pocket lumens coalesce (Fig. 1A, bottom middle) into a continuous 162 

single lumen along the A–P axis (Fig. 1A, bottom right and Fig. S1I). 163 

To comprehend the precise expansion of the lumen during tubulogenesis, we 164 

observed and quantified various lumen shapes (Fig. S2). We simplified the lumen as 165 

two combined symmetrical spherical caps (Fig. 1C, inset) and measured the 166 

characteristic parameters: radius of curvature 𝑅  and contact angle 𝛼  (Fig. 1D-E). 167 

Using simple geometry, we calculated the transverse diameter (TD) (red in Fig. 1C) 168 
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and longitudinal diameter (LD, diameter on the axial axis, blue in Fig. 1C). We 169 

observed that the lumen volume and surface area grew steadily, except for a plateau 170 

period at around 25–60 min (Fig. S3E; Fig. S3G). We also measured the notochord 171 

cell length (Fig. S3A-B), surface area (Fig. S3C-D, F), and volume (Fig. S3H-I) for 172 

reference. We found that TD and LD exhibited different growth patterns (Fig. 1C), 173 

leading to sequential lumen expansion dynamics. We defined three growth phases: 174 

During initiation phase of tube expansion (0–25 min, phase I), the lumen grows 175 

rapidly in volume. Its geometry, initially stretched along the cell-cell contact direction 176 

and showing a convex-lens shape (𝛼 is around 85°), then becomes more elongated 177 

in the longitudinal direction. At the end of this first phase, the lumen has a peanut 178 

shape due to the large contact angle (𝛼 is larger than 90°). In the middle phase (25–179 

60 min, phase II), the lumen reaches a relative steady-state during which the radius 180 

and contact angle remain constant. The lumen remains pinched at the cell-cell 181 

contact.  In the maturation phase (60–130 min, phase III), the lumen grows steadily 182 

and transitions back  into an elongated shape along the cell-cell contact direction 183 

(convex-lens shape, 𝛼 becomes smaller than 90°). To understand the key biological 184 

mechanisms regulating lumen geometry and size, we investigated the underlying 185 

regulatory factors involved in the expansion process. 186 

 187 

Cortex fluorescence signal is dynamical and correlates with tube 188 

expansion phases 189 

In the Ciona notochord, a pocket lumen is encircled by two adjacent cells. Our 190 

previous study found that changes in myosin contractility significantly influenced 191 

lumen growth kinetics (33), leading us to hypothesize that the actomyosin–activated 192 

contractility tension might be a key determinant of lumen geometry. It is now well-193 

established that the acto-myosin cortex is responsible for the coarse-grained surface 194 

tension (34, 35), thus the dynamical localization of F-actin and myosin signals is 195 

good proxy for estimating cortical tension. We labelled the notochord cell cortex 196 
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using electroporation of Lifeact-eGFP and tdTomato-MRLC (Myosin Regulatory Light 197 

Chain), driven by the notochord–specific promoter Brachyury. Lifeact and MRLC 198 

labelled the polymerized actin and myosin motors, respectively. We observed that 199 

the cell cortex aggregated at the lateral-apical domain boundary, forming a ring-like 200 

structure (Fig. S4A-A’), suggesting that the actomyosin contractile ring may regulate 201 

lumen geometry. To test this hypothesis, we quantitatively measured the actin 202 

fluorescence intensity at the baso–lateral domain (Fig. S4A-A’), using an asymmetric 203 

Tri-Gaussian distribution (36) (SI Appendix, Fig. 2A-B; Fig. S4B-F). We furthermore 204 

quantified actin and myosin co-localization using the same technique (Fig. S6). We 205 

then calculated the relative actomyosin fluorescence intensity, which serves as a 206 

measure of active contractility tension, at the lateral–lumen boundary.  207 

Using the Tri-Gaussian distribution fitting, we extracted six characteristic 208 

parameters of F-actin and myosin distribution (Fig. 2C-H; Fig. S5; Fig. S6B-G and 209 

Movie S1): the equatorial contractile ring overactivity and standard deviation, the 210 

anterior–lateral contractile ring overactivity and standard deviation, and the 211 

posterior–lateral contractile ring overactivity and standard deviation (definitions in Fig. 212 

2B and Fig. S4F). The average Tri-Gaussian distribution in each phase is shown in 213 

Fig. 2I. We further calculated the relative tube boundary cortex fluorescence intensity 214 

as a measure of active contractility tension. The result indicates a high correlation 215 

between the lumen contact angle and either actin activity (Fig. 2J) or myosin activity 216 

(Fig. 2K). In early phase, the tube boundary actomyosin fluorescence intensity (blue 217 

line in Fig. 2J-K) starts from a low level, coinciding with the stretched lumen 218 

geometry along the cell-cell contact direction during tubulogenesis (𝛼 < 90°, red line 219 

in Fig. 2J-K). In phase II and III, the boundary fluorescence intensity first increases 220 

and reaches a peak, then drops, which also corresponds to the transition of lens 221 

shape (phase II) to peanut shape (phase III). Moreover, we found that the tube 222 

boundary cortex fluorescence intensity correlates with the lumen opening velocity 223 

(TD growing velocity). The statistical results (Fig. 2L) showed that TD has a very low 224 

average growing velocity (0.08 ± 0.02 μm/min) under high boundary tension (over 225 
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4.1 a.u.), but, the growing velocity is three times higher (0.24 ± 0.10 μm/min) under 226 

low boundary tension (below 4.1 a.u.). 227 

 In summary, our quantitative measurements of the cortex actomyosin 228 

fluorescence intensity at the tube boundary seem to indicate the presence of a 229 

bilateral actomyosin ring that dynamically assemble and disassemble during the 230 

different phases of lumen formation and growth. The line tension that actomyosin 231 

rings generate is highly correlated with lumen contact angle and TD growing velocity, 232 

highlighting its crucial role in regulating tube growing kinetics and ultimately 233 

determining the tube geometry. 234 

 235 

Rho signaling is responsible for enrichment of actomyosin at 236 

contractile ring and regulates cortex tension 237 

Rho GTPases are considered to be the most significant signaling mechanisms that 238 

regulate cell cytoskeleton and tube morphogenic responses (37). Precise 239 

measurements and numerical models have shown that Rho GTPases localize at 240 

actomyosin-enriched positions (36, 38, 39). To understand how the actomyosin 241 

cortex is assembled to accurately regulate lumen geometry, we examined the Rho 242 

GTPases that are highly expressed in the Ciona notochord (40), and further 243 

screened to identify which one plays a crucial role in regulating actomyosin 244 

dynamics. 245 

Cdc42 is one of the most important protein in the family of Rho GTPases, which 246 

is known to regulate basic biological processes by promoting cytoskeleton-based 247 

changes in the cell cortex (41-43), including in initiating microlumen formation (44). 248 

Our preliminary labelling by GFP fusion protein showed that Cdc42 signal is mainly 249 

in cytoplasm and on cell cortex, especially on apical domain (Fig. 3A, top-left), 250 

showing a potential role in regulating lumen formation. To further understand the 251 

function of Cdc42 in Ciona notochord, we designed two experiments to perturb the 252 
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normal gene function: either using a constitutively active  form (CA,  a mutated 253 

version of the protein that is always in an active state) or using a dominant negative 254 

form (DN, a mutated version that lacks normal function but still interacts with other 255 

proteins or complexes, blocking their activity). 256 

Upon examining the phenotype of Cdc42 CA/DN–transfected cells in the Ciona 257 

notochord, we found that both CA and DN forms of Cdc42 led to a complete 258 

disruption of notochord cell behaviors: In most cases (276/334 Cdc42 DN-expressing 259 

notochord cells for statistics), notochord cell even failed to form a single-layer 260 

structure, and lumen at cell-cell junctions were misplaced or inexistant (Fig. 3A, top-261 

right, bottom). In rare cases (32/334 Cdc42 DN-expressing notochord cells), the 262 

morphological structure resembled that of the wild type (WT) (Fig. 3A, bottom right), 263 

although the actomyosin distribution was altered and showed a negative correlation 264 

with Cdc42 DN distribution (arrows in Fig. 3A, C), while cortex distribution in Cdc42 265 

WT-transfected cells remained unchanged (Fig. 3B). We quantitively measured the 266 

actomyosin distribution phenotype and found that the amplitude of overactivity of the 267 

bilateral contractile ring was significantly reduced, and that of the equatorial 268 

contractile ring only had a slight reduction (Fig. 3D), while the standard deviation of 269 

all three contractile rings significantly increased (Fig. 3E). 270 

In addition, a systematic screening of multiple other Rho GTPases showed that 271 

neither the overexpression of (WT form nor the DN form) had noticeable phenotypes 272 

(Fig. S7).  These results suggest that Cdc42 is the primary Rho upstream signaling 273 

that assembles the actomyosin-enriched contractile ring and regulates the sequential 274 

change of cortex thickness at the tube boundary. 275 

 276 

TJs serve as physical barriers that regulates fluid leakage 277 

Considering that the tube in the Ciona notochord is an intercellular tube, water and 278 

ion leakage through cell–cell cleavage may impact tube volume and lumen 279 

expansion kinetics (5, 22). The gate barrier function of TJs is a well-documented fact 280 

(5), and perturbations of different components of TJ complex are known to lead to 281 
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leakage or higher permeability (45, 46). We therefore monitored TJs using a ZO1 282 

fluorescent fusion protein (32, 47), which specifically localizes at the junction of the 283 

lateral domain and the apical domain (Fig. 4B-B’, left). Interestingly, we found that 284 

the disruption of TJs obtained by overexpression of the DN forms of ZO1, either 285 

ZO1ΔABR or ZO1ΔU5-GuK (Fig. 4A), led to smaller lumen pockets or even no lumen 286 

phenotypes. In both cases, the lumen membrane was however present, but the 287 

lumen pocket failed to expand (Fig. 4B-B’, middle and right), suggesting that the 288 

lumen is not sufficiently tight to accumulate fluid.  289 

To quantitatively analyze the influence of TJs on lumen formation, we precisely 290 

measured the lumen volume, TD and LD. Importantly, overexpression of ZO1 DN 291 

forms significantly reduced the lumen volume by more than 50% compared to the 292 

ZO1 WT group (Fig. 4E). Interestingly, this loss of volume can be mainly explained 293 

by a decreased of the LD by 2–3 times (Fig. 4D), while the TD was relatively 294 

unaffected by the overexpression of ZO1 (Fig. 4C). Furthermore, we also looked at 295 

the overexpression of the ZO1 WT and found that lumen volume was not 296 

significantly modified, but a slight change in the lumen geometry with a  slightly 297 

larger LD and smaller TD compared to control (see Fig. S8). These results suggest 298 

that the stability of the TJs is essential to control the lumen volume, most likely by 299 

preventing water and solute leakage from the cell-cell cleft.  300 

 301 

Physical model for lumen expansion 302 

To model the physics of lumen expansion in the Ciona notochord, we consider a 303 

theoretical framework that includes active mechanics and active transport. 304 

Mechanical stresses are relevant both at the cell–lumen interface and at the contact 305 

point where two neighboring cells meet the lumen. We explore several potential 306 

mechanisms through which the cell may regulate the forces, including the dynamics 307 

of the actomyosin ring and the stability of TJs. In addition to these mechanical 308 

considerations, we also examine ion and water transport regulated by the cells in 309 

contact with the lumen. These hydraulic properties are also regulated, and we further 310 
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consider the role of active ion pumps and vesicle trafficking, which may directly 311 

contribute to active water flux into the lumen.  312 

For simplicity, we discuss the case of a lumen composed of two identical 313 

spherical caps with a radius of 𝑅(𝑡) and a contact angle of 𝛼(𝑡) (see Fig. 5A). The 314 

case of an asymmetric lumen is described in the ”Details of the theoretical model for 315 

the lumen dynamics” in Supplementary information. 316 

We first discuss the mechanical properties of the system. Given that inertia can 317 

be neglected, normal stress balance is satisfied at all times at the cell/lumen 318 

interface. Therefore, the hydrostatic pressure difference 𝑃𝑙𝑢𝑚𝑒𝑛 − 𝑃𝑐𝑒𝑙𝑙 = −Δ𝑃 obeys 319 

Laplace law: 320 

𝑃𝑙𝑢𝑚𝑒𝑛 − 𝑃𝑐𝑒𝑙𝑙 = −Δ𝑃 =
2𝛤

𝑅(𝑡)
, (1) 

where 𝑅(𝑡)  is the radius of the spherical caps forming the lumen, and 𝛤  is an 321 

effective surface tension that accounts for the contractility of the cell actomyosin 322 

cortex. Forces are also balanced at the junction where the two cells and lumen meet, 323 

according to the Young-Dupré relation: 324 

𝛤 𝑐𝑜𝑠 α (𝑡) +
σ𝑟

𝑅𝑇(𝑡)
= γj, (2) 

where 𝑅𝑇(𝑡) = 𝑅(𝑡) 𝑠𝑖𝑛 𝛼(𝑡) represents the radius of the contractile ring surrounding the 325 

lumen at the intersection of the two spherical caps (the transverse radius of the lumen), 326 

and 𝜎𝑟  is its line tension. We denote by 𝛾𝑗  the tension due to TJs. Based on the 327 

experimental evidence discussed above, we anticipate that both 𝜎𝑟  and 𝛾𝑗   are under 328 

cellular control and play a pivotal role in regulating notochord lumen expansion. 329 

 Active pumping is described within an irreversible thermodynamics framework. 330 

Cells actively pump ions, which in turn creates an osmotic pressure difference 331 

leading to (passive) water flux (see Fig. 5B). Water flux is thus driven by two 332 

thermodynamic forces: hydrostatic and osmotic pressure differences. Thus, the 333 

dynamics of the lumen volume 𝑉(𝑡) = 2𝜋𝑅(𝑡)3(2 + 𝑐𝑜𝑠 𝛼)(1 − 𝑐𝑜𝑠 𝛼)2/3 obey: 334 

𝑑𝑉

𝑑𝑡
= 𝐴 𝑗𝐴

𝑤 − 𝒫 𝑗𝒫
𝑤, (3) 

where 𝐴 = 4𝜋𝑅(𝑡)2(1 − 𝑐𝑜𝑠 α)  and 𝒫 = 2𝜋 𝑅 𝑠𝑖𝑛 𝛼  denote the lumen surface area 335 

and perimeter, respectively, and Λ𝑤 represents the membrane permeability to water 336 
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flows. The effective water flux 𝑗𝐴
𝑤 = Λ𝑤(Δ𝑃 − Δ𝛱) + 𝐽𝑤  accounts for passive flux 337 

through aquaporins in the first term, while the second term describes a constant 338 

active flux due, for instance, to vesicle trafficking. The passive flux is driven by 339 

hydrostatic and osmotic pressure differences, with Δ𝛱 = Π𝑙𝑢𝑚𝑒𝑛 − Π𝑐𝑒𝑙𝑙 = − 𝑘𝐵𝑇 𝛥𝐶, 340 

𝛥𝐶 = 𝐶𝑙𝑢𝑚𝑒𝑛 − 𝐶𝑐𝑒𝑙𝑙  denoting the osmotic pressure difference between the lumen 341 

and the cell. Furthermore, the lumen transverse radius cannot exceed the size 𝐿 of 342 

the cell, and we expect leaks to become important when 𝑅𝑇 ∼ 𝐿 . Therefore, we 343 

introduced 𝑗𝒫
𝑤 =

𝑗𝒫
𝑤,0

𝐿−𝑅𝑇
 to account for water leak from the cleft (see Fig. 5C). 344 

 Finally, an osmotic pressure difference arises due to active cell pumping. For 345 

simplicity, we consider the transport of a single ionic species here. The number 𝑁(𝑡) 346 

of ions in the lumen evolves according to 347 

𝑑𝑁

𝑑𝑡
 =  𝐴 𝑗

𝐴
− 𝒫 𝑗𝒫 ,    (4) 

where the ion flux 𝑗𝐴 = 𝛬𝑖(𝜇𝑐𝑒𝑙𝑙 − 𝜇𝑙𝑢𝑚𝑒𝑛) + 𝐽𝑝 is due to ion transport through channels 348 

and pumps on the membrane. We have defined 𝛬𝑖 as the membrane permeability to 349 

ion flows, and 𝜇𝑐𝑒𝑙𝑙 − 𝜇𝑙𝑢𝑚𝑒𝑛 ≈ − 𝑘𝐵𝑇 𝛥𝐶/𝐶𝑜𝑢𝑡  represents the chemical potential 350 

difference between the cell and lumen. The flux due to active pumps is captured by 351 

𝐽𝑝 (positive when the flux is from the cell to the lumen). Similar to the volume leak 352 

term, we also have an ion leak term with 𝑗𝒫 =
𝑗𝒫

0

𝐿−𝑅𝑇
 . We provide a detailed analysis 353 

of the model, its steady-state and their stability (see Fig. S9) in the SI. In Tables S1 354 

and S2, we provide a summary of the different parameters used in the model and an 355 

estimation of their values. We detail in the next section how the fitted values are 356 

obtained. We checked that the model parameter values used in all the scenarios and 357 

perturbations that we discuss in the following remained within the biological range 358 

reported in the literature.  359 

 360 

Recapitulating Ciona notochord lumen expansion from the model 361 

In order to compare our model with experiments and to make further predictions, we 362 

then fitted the experimental data obtained during Ciona notochord lumen expansion 363 
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to calibrate the model parameters. The following strategy was used. First, we fitted 364 

the value of the tensions at the junction. At each time point during lumen expansion, 365 

the actomyosin ring contractility tension σ𝑟(𝑡) = 𝛴𝑟 𝐼(𝑡) is obtained from the relative 366 

fluorescence intensity at the lumen boundary 𝐼(𝑡) (Fig. 2J) multiplied by a global 367 

magnitude coefficient 𝛴𝑟, which is the first fitting coefficient. Using the experimental 368 

values for the lumen radius 𝑅(𝑡), we applied the Young-Dupré equation (2) to obtain 369 

the best fit values for the lumen surface tension 𝛤 and the TJ tension γj that align 370 

with the experimentally measured contact angle 𝛼(𝑡) . We assumed the lumen 371 

surface tension 𝛤 to be constant during the expansion, while a fixed value of TJ 372 

tension γj  was insufficient to explain the change in contact angle from the 373 

experiments. Thus, we considered that the TJ tension γj may vary as a function of 374 

time. To limit the number of fitting parameters, and considering that Ciona notochord 375 

lumen expansion can be divided into three main phases, we used one parameter γ𝑗
(𝑖)

 376 

for each of these phases (𝑖 = 1, 2, 3), and applied a smooth polynomial interpolation 377 

between each phase (SI Appendix). The best fit results for γ𝑗
(𝑖)

, 𝛤  and 𝛴𝑟 and the 378 

corresponding lumen shapes during growth are shown in Fig. 6A-B. 379 

Next, we fitted the parameters associated with lumen hydraulics. Because of the 380 

arrested dynamics of the lumen at phase II, the hydraulic equations (3–4) with fixed 381 

values for the parameters cannot explain the observed growth of the Ciona 382 

notochord lumen. Given that active ion pumping is the primary factor for establishing 383 

osmotic pressure, we postulated that cells may vary their active pumping rate over 384 

time 𝐽𝑝. Similarly to the procedure for the TJ tension, we therefore introduced three 385 

values 𝐽𝑝,(𝑖) of the active pumping rate for each phase 𝑖 = 1, 2, 3  (SI Appendix for 386 

details). The best fit for 𝐽𝑝 is shown in Fig. 6C and Movie S2. The values of the fitting 387 

parameters obtained after the two subsequent fitting steps are summarized in Table 388 

S2. 389 

We can then compare the lumen dynamics from the theoretical model with the 390 

experimental data. A good agreement between the model and the experimental data 391 
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during all three phases is displayed in Fig. 6D-F. The model then allows us to draw 392 

conclusions on the typical characteristics of Ciona notochord lumen growth. In phase 393 

I (corresponding to 0 min to around 25 min), which is the lumen nucleation and initial 394 

period of lumen expansion, a high TJ tension coupled with highly active ion transport 395 

aids the lumen to open quickly, giving an overall prolate shape to the lumen made of 396 

two spherical caps. In phase II (corresponding to 25 min to around 60 min), a low 397 

value of the ion pumping rate stabilizes the lumen, while high ring tension and low TJ 398 

tension result in a peanut-like lumen geometry with a large contact angle (𝛼 > 𝜋/2). 399 

In phase III (corresponding to 60 min to around 126 min), which is the maturation 400 

period of tube expansion, an increasing active pumping facilitates rapid lumen 401 

expansion, while high TJ tension stretches the lumen, which may be beneficial for 402 

the tube tilting and connecting process (12). 403 

 404 

 405 

Understanding perturbed lumen expansion dynamics from the 406 

model 407 

Having considered the WT tube expansion kinetics, we then considered whether our 408 

model could help understand biological perturbations. We focus on perturbations that 409 

were performed in a previous publication (33), for which a dynamical quantification of 410 

the lumen expansion was available, and we also discuss the experimental data 411 

presented above in the light of the model.  412 

 413 

Perturbation of the acto-myosin cortex contractility with blebbistatin. We first 414 

focus on the case studied in a previous paper, where cells were treated with 415 

blebbistatin (33), a drug that decreases acto-myosin contractility by inhibiting myosin 416 

activity (48). In this experiment, lumen formation dynamics was largely modified: 417 

throughout the expansion, the lumen remained lens-shaped, with a larger TD 418 

compared to WT, while the LD was smaller (see Fig. 7A, purple dots) and an overall 419 

smaller lumen volume. Interestingly, the growth was more steady and the 3 phases 420 
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of the WT expansion can hardly be identified. To recapitulate this lumen expansion 421 

dynamics from the model, we decreased both the lateral ring contractility and the 422 

tension at the lumen surface. Consistently with the absence of growth phases, the 423 

best fits of our model were obtained when considering a constant value for all the 424 

parameters of the model (see Fig. 7A, purple solid line and SI for details).  425 

Overexpression of active ion transporters. We then considered the 426 

overexpression of the anion transporter Slc26aα, that was required for lumen 427 

expansion (49). Intuitively, we expected that such a perturbation would allow for 428 

larger osmotic pressure differences, and therefore larger lumen volumes. This was 429 

indeed observed in the experiments (33), where the perturbed lumen size was 430 

always larger than the WT lumen at all time during the dynamics (see Fig. 7B and 431 

(33)). We went further by comparing the perturbed dynamics of the lumen expansion 432 

with our model. In order to match the angle dynamics and satisfy Young-Dupré 433 

relation, we noted that the tension at the cell-cell junction had to be modified 434 

compared to WT (see Fig. S10). The active pumping rate was also modified 435 

compared to WT to match the experimental dynamics. Since the perturbed lumen at 436 

the first available time point was already larger than the WT, it suggests that the 437 

initial active pumping rate is larger than steady-state value in WT, and then steadily 438 

decreases (see Fig. S10).   439 

 440 

Perturbation of asymmetric tension by ovexpression of Cdc42-DN. We also 441 

considered the Cdc42 perturbation discussed in this paper. In most cases, this 442 

phenotype was too severe to make quantitative predictions. However, as discussed 443 

above, we noticed that in rare cases where a lumen did form (Fig. 3A bottom right), it 444 

was abnormally elongated in the longitudinal direction of the Cdc42-DN transfected 445 

cells. This can be rationalized by the fact that the acto-myosin cortex contractility 446 

was likely decreased in this transfected cell compared to the contractility of the 447 

neighboring cell that was not expressing Cdc42. In the SI, we discussed this 448 

asymmetrical scenario, where the two cells enclosing the lumen have different 449 



 17 

properties, and in particular, different tensions. From our model, we indeed expect 450 

an asymmetric lumen, more elongated in the less contractile cell (see Fig. S12). 451 

 452 

ZO-1 perturbation and leaks at cell-cell junctions. Finally, we revisited the data 453 

presented in Fig. 4 where the tight junction protein ZO-1 was compromised. Since 454 

TJs likely play a fundamental role in limiting leaks at cell-cell junction, we thus 455 

considered the situation in the model where the paracellular leak term increases (see 456 

Fig. 8A). It  led to a stronger passive leak of ions and water, and the model thus 457 

predicts a lumen with significantly smaller volume, which is consistent with the data 458 

presented in Fig. 4. In addition, if the leak term is increased further, the model 459 

predicts a collapse of the lumen (see Fig. S13H), which is similar to the phenotype 460 

observed in the experimental data shown in Fig. 4B where lumens fail to open and 461 

grow. Note that decreasing the leak term in the model, which could mean more or 462 

tighter TJs, leads to larger lumen volume. This is not what we observe 463 

experimentally, where over-expression of ZO-1 does not lead to a significant change 464 

in lumen volume. This suggests that the cell-cell cleft cannot be made tighter by 465 

adding more TJs. 466 

 467 

Using the model for predictions 468 

 469 

Since our model has proven effective in recapitulating WT and perturbed lumen 470 

dynamics, we then used it to predict the tube expansion in cases where experimental 471 

data is not yet available. 472 

 473 

Hydraulic perturbations. We first considered two hydraulic perturbations: (i) vesicle 474 

trafficking (active water flux) increase or decrease (Fig. 8B) and (ii) decrease of the 475 

membrane permeability (Fig. 8C). In case (i), the model predicts that the lumen 476 

volume growth rate increases, leading to a larger TD and LD compared to WT. The 477 

lumen is thus larger at all stages while its shape remains similar to WT. Decreasing 478 
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the active water flux compared to WT has a limited effect with only a slight decrease 479 

of the volume. In case (ii), decreasing the membrane permeability slows down the 480 

passive ion flow across the apical membrane, and leads to an increase in osmotic 481 

pressure difference. The model thus predicts a trend opposite to situation (i), where 482 

active fluxes due to vesicle trafficking are decreased. 483 

 484 

Mechanical perturbations. We have discussed above experiments where acto-485 

myosin activity was globally reduced. Here, we use our model to perturb contractility 486 

at specific locations. We considered (i) a modified contractile ring tension (Fig. S12A) 487 

and (ii) a perturbed spatial distribution of the acto-myosin cortex (Fig. S12B-D). In 488 

scenario (i), an increased ring tension leads to an exaggerated pinching of the lumen 489 

and to more transversally elongated final shapes. This is in line with the phenotype 490 

observed in our previous study on the overexpression of MRLC T18E-S19E (33), 491 

and it strengthens the hypothesis that its overexpression leads to an increased ring 492 

tension (33). Conversely, when ring tension is lowered, a limited LD expansion is 493 

observed. In scenario (ii), we explored perturbations of the equatorial contractile ring, 494 

which has been shown to drive precisely the elongation of notochord cells (50).  495 

Considering a fixed total cortex mass in the model, we increased cortex density at 496 

the equator (Fig. S12B), which leads to a decreased density in other areas (Fig. 497 

S12B, right). Such perturbation lowers the lateral ring tension, hence reducing the 498 

pinching of the lumen and leading to smaller LD, while the TD remains relatively 499 

comparable to WT. Conversely, an increase of cortex density at the lateral ring (Fig. 500 

S12C) causes the lumen to be overconstrained and larger LD are obtained. We also 501 

considered an increase of the cortex density diffusion coefficient during phase III (Fig. 502 

S12D), which leads to a delay in the elongation of the TD compared to WT and to a 503 

more pronounced pinching of the lumen. 504 

 505 

Stability range of the lumen. Finally, our model can assist us in determining the 506 

theoretical range of model parameters that ensure proper lumen formation and 507 

expansion (Fig. S13). First, the lateral contractile ring tension needs a precise 508 
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regulation. We observe that an excessive contractility —with a threshold that we 509 

estimate to be of the order of ~170% of the WT— would eventually split the lumen 510 

into two disconnected parts (Fig. S13A and Movie S3). Second, active ion and water 511 

fluxes also need to be controlled within a reasonable range: If the ion transporters 512 

pumping rate were ~60% lower compared to WT, or if the ion membrane 513 

permeability coefficient were ~400% higher, the lumen could become too small, and 514 

eventually split into two disconnected parts due to the tension at the lumen boundary 515 

(Fig. S13B, G and Movie S4). Similarly, if the active water flux due to vesicle 516 

trafficking decrease or increase, the lumen also become smaller or larger (Movie S5). 517 

Finally, we note that an excessive paracellular leaks —larger than ~3 times that of 518 

the WT— would lead to the collapse of the lumen and would prevent proper tube 519 

expansion (Fig. S13H and Movie S6). 520 

 521 

Discussion 522 

In this study, we established that the tubular lumen structure opening and expansion 523 

in the Ciona notochord is under precise and dynamic cellular control. Our data 524 

revealed that the sequential dynamics of tube expansion, with three main phases, 525 

stem from the precise regulation of active contractility tension at the tube boundary, 526 

leading for instance to a characteristic peanut shape of the lumen at phase II, and a 527 

precise regulation of active transport and pumping activity, guaranteeing lumen 528 

growth and expansion during phases I and III.  529 

We screened upstream Rho signaling and determined that Cdc42 is a key 530 

regulator of the tube formation and expansion: Its misregulation can significantly alter 531 

the cortex distribution in the basal–lateral domain, and even compromise the very 532 

formation of the tube. We further demonstrated the critical role of TJs for notochord 533 

tube expansion, as they guarantee the tightness of the lumen and limit paracellular 534 

leaks. We showed that TJ disruption can prevent lumens from opening.  535 

Based on the experimental data available for the Ciona notochord lumen, we 536 

constructed a physical model based on active mechanics and their interplay with 537 
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active ion and water transport at the cell-lumen. The model parameters were 538 

estimated from the existing literature or fitted based on the three-phase dynamics of 539 

the wild type lumen growth. Furthermore, we used our model to recapitulate the tube 540 

expansion dynamics in two perturbed cases, for which tube expansion dynamics 541 

data was available (33): (i) blebbistadin-treated cells, which showed an important 542 

decreased of their contractile activity as well as a lack of sequential dynamics 543 

compared to wild type; (ii) overexpression of the anion transporter Slc26aα, where 544 

pumping activity is increased and lead to oversized lumens. Our model also allowed 545 

us to explore the role of each parameters separately, suggesting that disruptions in 546 

the regulation of lumen boundary tension or changes in ion and volume control can 547 

induce tube expansion instability or even failure, consistent with previous 548 

experimental results (33, 49, 51). We further calculated the theoretical boundaries of 549 

the model parameters that allow for successful lumen expansion. Our results 550 

suggest that the sequential tube expansion has nothing stochastic but is rather 551 

precisely regulated, indicating that such tube expansion dynamics contribute to 552 

stability in organogenesis. 553 

Our findings highlight that the tension of the lateral actomyosin ring is closely 554 

linked to tube growth and geometry. While the tube structure in the Ciona notochord 555 

is unique, actin rings have been shown to play a similar role in various tubular 556 

systems. For instance, the formation of actin rings regulates tracheal morphogenesis 557 

in Drosophila (52). Actin rings also function as a zipping mechanism to drive embryo 558 

sealing during blastocyst formation (53). In our research, we observed a strong 559 

correlation between actomyosin ring overactivity and tube contact angle, consistent 560 

with the laws of mechanics at contact points, and unveiling a potential underlying 561 

mechanism by which the actomyosin ring regulates tube geometry. This is consistent 562 

with the fact that Rho signaling has been proven critical for lumen expansion: In an in 563 

vitro system, inhibition of the ROCK–myosin-II pathway leads to a multiple lumens 564 

phenotype in MDCK cells (54). In our current study, we identified that the actin 565 

cytoskeleton is downstream of Cdc42 in the Ciona notochord, which is one of the 566 

decisive factors controlling tube expansion. 567 
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 Our theoretical model integrates cell mechanics and hydraulics, aligning with 568 

earlier works on lumen growth in cells (22) and tissues (55-57). However, we 569 

enhance these approaches by emphasizing the crucial role of actomyosin ring 570 

tension. This tension enables a “pinched prolate” (peanut-like) shape of the lumen 571 

with a high contact angle, a shape that would otherwise be unattainable. 572 

Furthermore, our model and experimental data underscore the significance of the 573 

temporal regulation of this ring tension. This regulation ultimately leads to three 574 

distinct phases in the lumen growth that are under stringent cellular control.  575 

Our current model takes into account the multifunction role of vesicles in tube 576 

expansion. One of the most significant functions is to deliver apical membrane 577 

materials to facilitate the expansion of new luminal space (2). During mouse 578 

blastocyst formation, cytoplasmic vesicles are actively secreted into the lumen space, 579 

and Brefeldin A treatment significantly reduces lumen volume (10). Our recent work 580 

in Ciona notochord and Drosophila trachea also demonstrated that the secretory 581 

pathway, is necessary for lumen inflation (58-60).  582 

Furthermore, our model underscores the importance of TJs in tube opening and 583 

expansion. TJs serve to prevent biomacromolecules from diffusing outside the lumen 584 

space and act as a barrier for the diffusion of various classes of ions (61, 62), 585 

therefore aiding in stabilizing lumen dynamics. The TJs ring also functions as a 586 

physical boundary of the apical domain in the notochord system. The 587 

mechanosensitive property of TJs (63) may help to explain the lag stage of the TD 588 

as the contractile ring tension reaches its peak in phase II. Moreover, TJs serve as 589 

an intracellular signaling center, regulating the localization and activity of small Rho 590 

GTPases, such as RhoA and Cdc42 (64). Based on the interaction between TJs and 591 

Rho GTPases and the mechanosensation of TJs, the lumen formation process and 592 

notochord cell elongation can form a mechanosensitive feedback loop that may aid 593 

in regulating notochord morphogenesis. 594 

 595 

 596 
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Resource availability 597 

Lead contact 598 

Further information and requests for resources and reagents should be directed to 599 

and will be fulfilled by the lead contact, Bo Dong (bodong@ouc.edu.cn) 600 

 601 

Materials, data, and code availability  602 

 The plasmids and any information required to reanalyze the data reported in 603 

this paper will be shared by the lead contact.  604 

 The original code for MATLAB and Mathematica used in this paper are 605 

available at https://github.com/WenjieShi8514/Physics_tube 606 

 The raw confocal images of tube formation of wild type and perturbations 607 

used in this study are available on Zenodo: 608 

https://doi.org/10.5281/zenodo.15005334. 609 

 610 

Materials and Methods 611 

The animal culture, embryo manipulation, and plasmid construction followed the 612 

previous procedures (65). Quantification and statistical analysis processing of 613 

experimental data were performed using Fiji (National Institutes of Health, 614 

https://fiji.sc/) (66) and/or processed using custom-made MATLAB code. Additional 615 

details of materials and methods can be found in SI Appendix (Materials and 616 

Methods). The definition and estimated value of dimensionless parameters for 617 

theroetical model and the plasmid primer information are provided in Table S3 and 618 

S4, respectively. 619 
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Figures and legends 771 

 772 

Figure 1. Quantitative analysis of lumen expansion with combined symmetrical spherical cap 773 

shape. (A) The schematic diagram illustrates notochord tubulogenesis in Ciona embryonic and 774 

larval development. (B) A differential interference microscopy (DIC) image, a 2D confocal section 775 

(B’), and a schematic representation (B’’) show exemplary lumen shapes and sizes at different 776 

time periods. Dashed lines in (B’) indicate the lumen boundary. (C) Quantitative statistics of 777 

lumen TD and LD (mean ± SD) are presented as a function of time (n = 1,180 lumens, N = 20 778 

embryo batches). The inset in (C) shows the definition of the geometric parameters. The gray 779 

shaded areas indicate the three different phases discussed in the text. Measurements were done 780 

on stilled embryos, and each sample was back-deduced to the growing time point based on the 781 

relationship between TD and time (33). (D) Quantitative statistics of the radius of curvature 𝑅 of 782 

the lumen (mean ± SD) for the samples described in (C) (n = 1,180 lumens, N = 20 embryo 783 

batches). The inset in (D) shows the definition of the radius of curvature 𝑅. (E) Quantitative 784 

statistics of the lumen contact angle 𝛼 (mean ± SD) for the samples described in (C) (n = 1,180 785 

lumens, N = 20 embryo batches). The inset in (E) shows the definition of the lumen contact angle 786 

𝛼.  Scale bars, 10 μm in (B) and (B’). 787 
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Figure 2. Correlation of tube boundary actomyosin cortex fluorescence intensity with lumen 790 

geometry and growth. (A) Confocal images (section, left) and basal–lateral domain Tri–Gaussian 791 

distribution fitting (right) display exemplary lumen geometry and cortex distribution in the early, 792 

middle, and late phases of lumen expansion, respectively. Lifeact-EGFP indicates F-actin 793 

localization. Blue dots represent the raw measurement of flurorescence intensity, while red lines 794 

represent the fitting curves.  (B) 3D (left) and 2.5D (right) schematic representations illustrate the 795 

method for measuring and fitting notochord cell basal–lateral domain cortex fluorescence 796 

intensity. Blue, green, and orange colors indicate the localization of the lumen, cortex, and cell 797 

membrane, respectively. The yellow plane shows the maximum sagittal section. The X, Y, and Z 798 

axes in the 2.5D schematic representation indicate the A–P axis, DV axis, and the normalized 799 

fluorescence intensity, respectively. 𝜌𝑎
∞ , 𝜌𝑒

∞  , and 𝜌𝑝
∞  represent the overactivity of the Tri–800 

Gaussian distribution, while 𝑤𝑎
∞, 𝑤𝑒

∞ , and 𝑤𝑝
∞ represent the standard deviation. (C-H) Data 801 

statistics of characteristic parameters (mean ± SEM) of the equatorial contractile ring and 802 

bilateral contractile ring (amplitude of overactivity and standard deviation) in five different stages 803 

(n in each stage are 102, 220, 183, 104, 46 cells, respectively, N = 20 embryo batches). (I) 804 

Average cortex thickness distribution in each growing stage. The colored lines show the average 805 

cortex thickness distribution, while the gray lines show cortex thickness distribution from 806 

individuals. (J-K) Normalized tube boundary cortex fluorescence intensity (blue line) by Lifeact (J) 807 

or MRLC (K) and lumen contact angle (red line) as a function of the lumen opening index (mean 808 

± SD). (L) Influence of lumen boundary tension on lumen growth velocity in the radial axis. 809 

Mann–Whitney U-test and student t-test are used, depending on whether data shows normality 810 

distribution (C-H, L), ρ Spearman correlation test (J-K). *, p < 0.05, **, p < 0.01, ****, p < 0.0001. 811 

Scale bars represent 10 μm in (A). 812 
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 814 

 815 

Figure 3. Cdc42 as the primary upstream Rho signal controlling cortex thickness distribution in 816 

Ciona notochord. (A) Confocal images of notochord cells expressing GFP-Cdc42 WT, GFP-817 

Cdc42 CA (G12V and Q61L), and GFP-Cdc42 DN (D118A). Notochord cell cortex was marked 818 

by lifeact-tdTomato. The blue and red arrowheads indicate noncolocalization between GFP-819 

Cdc42 DN and lifeact-tdTomato. Cdc42 CA transfected cells are unable to form a lumen, as well 820 

as most of the DN transfected cells Cdc42 DN (I). One tenth of the DN transfected cells did form 821 
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a lumen with abnormal geometry [Cdc42 DN (II)]. (n = 45, 37, 209, 334 cells, N = 3, 3, 6, 5 822 

embryo batches for Cdc42 WT, Cdc42 G12V, Cdc42 Q61L, and Cdc42 DN, respectively).  (B) 823 

Normalized lifeact-tdTomato and GFP-Cdc42 WT fluorescence intensity (mean ± SD) throughout 824 

the basal–lateral domain. (C) Normalized lifeact-tdTomato and GFP-Cdc42 DN (II) fluorescence 825 

intensity (mean ± SD) throughout the basal–lateral domain. The blue and red arrows represent 826 

the negative correlation between Cdc42 DN and F-actin, consistent with the arrowheads in (A). 827 

(D) Quantification of the amplitude of overactivity of the equatorial contractile ring and bilateral 828 

contractile ring (mean ± SD) in the control group and Cdc42 DN (II)-transfected group. ER 829 

represents Equatorial contractile Ring; ALR, represents the Anterior–Lateral contractile Ring; 830 

PLR represents Posterior–Lateral contractile Ring (n = 558, 58 cells for the control group and 831 

Cdc42 DN-transfected group, respectively, N = 20, 5 embryo batches for the control group and 832 

Cdc42 DN-transfected group, respectively). (E) Quantification of the standard deviation of the 833 

equatorial contractile ring and bilateral contractile ring (mean ± SD) in the control group and 834 

Cdc42 DN (II)-transfected group for the samples described in (D). Mann–Whitney U-test and 835 

student t-test are used, depending on whether data shows normality distribution (D and E). *, p < 836 

0.05, ****, p < 0.0001. Scale bar represents 20 μm in (A). 837 
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 839 

 840 

Figure 4. Role of TJs as a physical barrier in notochord lumen expansion. (A) Schematic 841 

representation of the domain structure of the full-length ZO1 construct, the ZO1
ΔU5-GuK

 construct 842 

lacking its U5 and GuK regions, and the ZO1
ΔABR

 construct lacking the actin binding region 843 

(ABR). (B) Confocal images of notochord cells expressing of ZO1 wild type and ZO1 mutants 844 

fused to tdTomato, with F-actin (Phalloidin staining) showing the lumen and cell boundary (n = 845 

119, 61, 53 cells, N = 5, 5, 4 embryo batches for ZO1 WT, ZO1
ΔU5-GuK

, ZO1
ΔABR

-transfected 846 

groups, respectively). (b’) Higher-magnification images of the boxed area highlight the lumen 847 

expansion failure phenotype. White arrowheads indicate the failure of lumen membrane opening. 848 

The cartoon shows an intuitive lumen structure in the ZO1 mutant positive cells. Red dots and 849 

shaded areas show the localization of ZO1 WT and mutants. (C) Quantification of normalized 850 
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lumen TD of ZO1 wild–type and ZO1 mutants (mean ± SD), showing slight or no significant 851 

difference (n = 14, 17, 17 independent embryos, N = 5, 5, 4 embryo batches for ZO1 WT, 852 

ZO1
ΔU5-GuK

, ZO1
ΔABR

-transfected groups, respectively). (D) Quantification of normalized lumen 853 

LD of ZO1 wild–type and ZO1 mutants for the samples described in (C). (E) Quantification of 854 

normalized lumen volume of ZO1 wild–type and ZO1 mutants for the samples described in (C) 855 

(mean ± SD), showing a significant reduction in ZO1 mutant cells. Mann–Whitney U-test and 856 

student t-test are used, depending on whether data shows normality distribution (C-E). *, p < 857 

0.05, ****, p < 0.0001. Scale bar represents 20 μm in (B).  858 
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 860 

Figure 5. Schematic of the tube expansion model between two notochord cells. (A) Force 861 

analysis and definition of lumen geometrical parameters under spherical cap simplification. The 862 

green curved line, green circles, and blue area indicate the apical domain, vesicle trafficking, and 863 

luminal fluid (extracellular space), respectively. (B) Definitions of active transport coefficients and 864 

passive permeation coefficients at the apical domain. (C) Definitions of passive leak and TJs 865 

gate barrier function at the cell–cell cleft. We defined: the radius of curvature 𝑅 ; the lumen 866 

contact angle 𝛼; the lumen boundary ring tension 𝜎𝑟; the surface tension at the cell-cell junction 867 

𝛾𝑗; the surface tension at the cell-lumen interface 𝛤; the active water flux due to vesicle trafficking 868 

𝐽𝑤 ; the active pumping rate 𝐽𝑃 ; the hydrostatic pressure difference between the extracellular 869 

lumen and cytoplasm Δ𝑃; the ion and water permeation coefficients, respectively 𝛬𝑖 and Λ𝑤; and 870 

the ion and water leak fluxes through the cell–cell cleft, respectively j𝑝 and j𝑝
𝑤. 871 
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 873 

 874 

Figure 6. Estimation of the relative parameters through the minimalistic tube expansion model. 875 

(A-B) Force balance between the lateral actomyosin ring active contractility tension (red) and TJ 876 

tension (blue) at the cell-cell junction for different lumen shapes and sizes, corresponding to the 877 

three phases of the lumen expansion. Active ring contractility tension is deduced from the 878 

actomyosin relative fluorescence intensity at the lumen boundary, while TJ tension is considered 879 

as a time-dependent tension with three phases, and is fitted based on the lumen growth 880 

dynamics. (C) Polynomial fit of the active ion pumping rate as a function of time (see SI for 881 

details). Spherical caps at different time points show lumen geometry and relative size. (D) 882 

Transverse lumen diameter (TD, red) and longitudinal lumen diameter (LD, blue) as a function of 883 

time in the experiments and from the model (darker solid lines). (E) Lumen radius as a function of 884 

time in the experiments and from the model. (F) Contact angle as a function of time in the 885 

experiments and from the model. 886 
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 888 

Figure 7. Using model predictions to understand two biological perturbations. Experimental data 889 

(dots representing mean ± SD, data from (33)) and model predictions (solid lines) for the 890 

dynamics of the TD and LD are shown as a function of time. The perturbations are displayed in 891 

purple and can be compared with WT in black. (A-A’’) Perturbation of lumen growth by 892 

blebbistatin treatment. In the perturbed model, all the active contractile tensions and ion pumping 893 

rate are decreased compared to WT. In addition, all parameters are considered constant in time 894 

and do not depend on the 3 phases discussed in the WT. (B-B’’) Perturbation of lumen growth by 895 

after SLC26aα overexpression.  In the perturbed model, TJ tension is fitted to match the angle 896 

dynamics and satisfy Young-Dupré relation, and ion pumping rate is two times larger than WT at 897 

first and steadily decreases (see Fig. S11 for their precise value as a function of time). In addition, 898 

lumen surface tension is 1.5 times larger than WT.  899 
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 903 

Figure 8. Alternative models elucidate the function of each model parameter or biological 904 

regulation process on tube expansion. Lumen growth dynamics, including TD and LD, are 905 

predicted under different conditions. WT condition is shown in black, and perturbations of 906 

different magnitude (indicated in the last subpanel) compared to WT are in different colors. (A-A’’) 907 

Model predictions when both ion and water leak through the paracellular cleft increases, while all 908 

other conditions remain the same as the WT. (B-B’’) Active water flux due to vesicle trafficking is 909 

decreased (red line) or increased (blue and magenta lines). (C-C’’) Ion membrane permeability 910 

coefficient is decreased, leading to a slower passive ion flux through the apical membrane. 911 


