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Abstract  28 

The vertebrate eye-primordium consists of a pseudostratified neuroepithelium, the optic 29 

vesicle (OV), in which cells acquire neural retina or retinal pigment epithelium (RPE) fates. 30 

As these fates arise, the OV assumes a cup-shape, influenced by mechanical forces generated 31 

within the neural retina. Whether the RPE passively adapts to retinal changes or actively 32 

contributes to OV morphogenesis remains unexplored. We generated a zebrafish Tg(E1-33 

bhlhe40:GFP) line to track RPE morphogenesis and interrogate its participation in OV 34 

folding. We show that, in virtual absence of proliferation, RPE cells stretch and flatten, 35 

thereby matching the retinal curvature and promoting OV folding. Localized interference with 36 

the RPE cytoskeleton disrupts tissue stretching and OV folding. Thus, extreme RPE flattening 37 

and accelerated differentiation are efficient solutions adopted by fast-developing species to 38 

enable timely optic cup formation. This mechanism differs in amniotes, in which proliferation 39 

drives RPE expansion with a much-reduced need of cell flattening. 40 
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suggesting that in slower developing species, proliferation but not stretching accounts for 336 

RPE surface increase. To corroborate this idea, we next analysed human embryos.  337 

The human eye primordium is first visible at about four-five weeks of gestation 338 

corresponding to Carnegie stage (CS)13 (50). A fully formed OC is reached only roughly 10 339 

days after, at CS16 (50). Immunostaining of paraffin sections from CS13 to CS16 embryos 340 

with antibodies against Ki67, a marker of the active phases of the cell cycle, demonstrated 341 

that the large majority of prospective RPE cells undergo a marked proliferation during the 342 

transition from OV to OC (Fig. 7D). Owing to the difficulties in obtaining early human 343 

embryonic samples, the percentage of proliferating cells could only be estimated, showing 344 

that in the OTX2-positive domain (Fig. S4B), Ki67-positive RPE cells represented about 85% 345 

to 75% of the total between CS13 and 16. During this period, the prospective RPE layer 346 

always appeared as a rather thick pseudostratified epithelium with an organization resembling 347 

that of the NR composed of densely packed and elongated neuroepithelial cells (Fig. 7D; 348 

Figure 7-figure supplement 1). During the formation of the OC, the RPE neuroepithelium 349 

only slightly flattened (apico-basal thickness: CS13: 45µm vs CS16: 33.6µm), far from 350 

reaching the cuboidal appearance seen at postnatal ages (Figure 7-figure supplement 1).  351 

Collectively these data indicate that, in the absence of sufficient time for cell 352 

proliferation, flattening is an efficient solution adopted by zebrafish RPE cells to enlarge the 353 

whole tissue to the extent needed for OV folding. In other vertebrates, in which slower 354 

development allows for more rounds of cell division, the RPE grows in a conventional 355 

proliferation-based mode that correlates with a less evident flattening of RPE cells (Fig. 7F).  356 

  357 
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were unable to detect stress fibres around the nucleus, likely due to plasma membrane 425 

proximity. Remodelling of the microtubular cytoskeleton seems to aid further RPE cell 426 

flattening. Microtubules change their orientation during RPE morphogenesis, from being 427 

aligned along the apico-basal axis of the cells at the onset of RPE morphogenesis, to 428 

becoming aligned with the planar axis in squamous RPE cells. A similar process has been 429 

described during the morphogenesis of the Drosophila amnioserosa (42), in which cells also 430 

change from a columnar to a squamous morphology. In these cells, actin accumulation at the 431 

apical edge seems to provide resistance to the elongation of microtubules, which thus bend, 432 

leading to a 90° rotation of all subcellular components. This rotation is accompanied by a 433 

myosin-dependent remodelling of the adherens junctions (42), a process that may also take 434 

place during RPE flattening.  435 

 Although additional studies are needed to clarify the precise dynamics of the 436 

cytoskeletal reorganization underlying RPE differentiation, our study demonstrates that 437 

cytoskeletal dynamics occurs in a tissue autonomous manner. In contrast to other studies 438 

(11,13), we have used a photoactivable version of blebbistatin that has allowed us to 439 

determine the individual contribution of the NR and RPE to OV folding. As a drawback, this 440 

approach allows to activate the drug only in relatively small patches of tissue. It was thus 441 

rather remarkable to observe that failure of RPE flattening in small regions was sufficient to 442 

decrease OV folding. This suggests that RPE stretching represents an additional and relevant 443 

mechanical force that, together with retinal basal constriction and rim involution, contributes 444 

to zebrafish eye morphogenesis (Fig. 8A). This flattening and stretching together with a 445 

substantial expression of keratins (8) may confer a particular mechanical strength to the 446 

zebrafish RPE, which, in turn, may constrain the NR at the same time favouring rim 447 

involution (17). The latter possibility is supported by the observation that inner layer cells 448 

seem to accumulate at the hinge in the absence of RPE flattening. Alternatively, this 449 

accumulation may simply reflect that rim cell involution depends of intrinsic microtubule 450 

polymerization, although previous studies have discarded this possibility (13). These marked 451 

morphogenetic rearrangements can thus be seen as an efficient solution adopted in fast 452 

developing species to make eye morphogenesis feasible in a period that does not to allow for 453 

proliferation-based tissue growth.  454 

The perhaps obvious question is whether similar morphogenetic rearrangements are 455 

needed in other vertebrates to form the remarkably conserved cup shape of the eye. So far, 456 

rim involution has been reported only in teleost species where it may represent a fast mode of 457 

increasing the surface of the inner layer of the OV, thus favouring its bending (13,17,18). This 458 
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above or below (i.e. ectoderm) also underwent photo-conversion. After photo-conversion 598 

embryos were let develop up to approx. 30 hpf stage, fixed and analysed by confocal 599 

microscopy for red fluorescence distribution.  600 

Azidoblebbistatin photoactivation. Azido-blebbistatin (Ableb) (39) was photoactivated with a 601 

Zeiss LSM 780 Upright multiphoton FLIM system with a W Plan-Apochromat 20x/1,0 DIC 602 

M27 75 mm WD 1.8 mm dipping objective. For each eye a specific ROI was drawn including 603 

RPE cells identified by GFP fluorescence. ABleb was activated in the ROIs using 860 nm 604 

wave-length and 20 mW laser power (this corresponds to 9-14 µW/µm2 inside the ROI). 605 

Confocal imaging. Embryos were mounted with the appropriate orientation in 1.5% low 606 

melting point agarose (Conda) diluted in E3 medium (for in vivo recording) or PBS (for fixed 607 

samples). Images were acquired either with a Nikon A1R+ High Definition Resonant 608 

Scanning Confocal Microscope connected to an Inverted Eclipse Ti-E Microscope (20X/0.75 609 

Plan-Apochromat, 40X/1.3 oil Plan-Fluor and 60X/1.4 oil Plan-Apocromat objectives) or 610 

with a Zeiss LSM710 Confocal Laser Scanning Microscope connected to a Vertical 611 

AxioImager M2 Microscope (40X/1.3 oil Plan-Apochromat, W N-Achroplan 20x/0.5, W 612 

Plan-Apochromat 40x/1.0 DIC VIS-IR).  613 

3D reconstructions. 3D Videos (i.e. Video 1-3) were generated from full stacks using the 3D 614 

project option in Fiji (71). RPE surface renderings were generated using Imaris (Bitplane), 615 

with a value of 6 in Surface Area Detail and 7 in Background Subtraction. 616 

Morphometric analysis. Unless otherwise specified, morphometric analysis of cells and 617 

tissues was performed using Matlab© (The Mathworks©, Natick, MA) using the XYZ 618 

coordinates of the processed images or Fiji  (71). This analysis was performed using 619 

previously processed fluorescent images from videos of Tg(E1-bhlhe40:GFP; 620 

rx3:GAL4;UAS:RFP) or Tg(E1-bhlhe40:GFP) and H2B-RFP-injected embryos (Video 2 and 621 

4), from which the signal corresponding to the RPE or the whole OV/OC were isolated semi-622 

manually with the help of Fiji macros and tools designed to select 3D structures. The RPE 623 

specific GFP signal was processed with a median filter. In the case of Video 4, the 624 

background ramp for the GFP signal was neutralized in each frame via subtraction of a copy 625 

of itself after a grey-scale morphological operation (72,73). For all videos, the median 626 

intensity was thereafter established as the cut off value for differentiating background and 627 

signal (i.e. pixel with an intensity lower than the cut off were set to zero) for all images that 628 

were in both videos. The signal derived from H2B was localized in cell nuclei, and therefore 629 
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Values were normalized with those of the contralateral non-treated eye, to account for 664 

possible asynchronies. 665 

Statistical analysis. All statistical analysis was performed with IBM SPSS Statistics Version 666 

20.0. The method used is indicated in each case together with the sample size. 667 
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Data Availability .  All data generated or analysed during this study are included in the 669 

manuscript and supporting files. Source data files have been provided for all the graphs 670 

shown in the study. 671 
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 997 

Figure 7. Proliferation accounts for RPE surface increase during amniotes OV folding. 998 

A-C) Confocal images of frontal sections from medaka, chick and mouse embryos exposed to 999 

BrdU at equivalent stages of OV folding into OC, as indicated in the panels. Sections were 1000 

immunostained for BrdU (green) and counterstained with Hoeschst (blue). In all panels, the 1001 

prospective RPE has been highlighted with dotted white lines on the basis of the Otx2 1002 

immunostaining illustrated in Figure 7-figure supplement 1.  D) Confocal images of 1003 

horizontal sections from human embryos at equivalent stages of OV folding into OC. Sections 1004 

were immunostained for Ki67 (green) and counterstained with Hoeschst (blue). E) Percentage 1005 

of RPE proliferating cells (BrdU+/total Hoechst+) in the analysed period and compared to 1006 

those reported in Fig. 6B for zebrafish. Data represent mean ± SD; the number of embryos 1007 

analysed for each stage varied between 3 to 10. F) Relationship between proliferation rate and 1008 

apico-basal axis length at OC stage in the different species. Note that there is a positive 1009 

correlation between the two parameters. Scale bars: 50 µm in A and 100 µm in B-D. 1010 

 1011 

Figure 8. Summary of species-specific modes of RPE differentiation and its contribution 1012 

to OV folding. A) The drawing on the top represent the dynamic of OV folding into an OC. 1013 

Green double arrow indicated RPE flattening, blue arrow rim involution whereas pink arrows 1014 

indicate retinal basal constriction. Bottom row summarize the alterations in OV folding 1015 

observed after localized interference with RPE and NR cytoskeleton. B) Schematic 1016 

representation of the differential mechanisms by which the RPE in zebrafish (upper row) and 1017 

in amniotes (lower row) expands its surface during OV folding morphogenesis. In zebrafish, 1018 

the RPE enlarges its surface by cell stretching; in amniotes, including in humans, the RPE 1019 

instead expands by cell proliferation with a less pronounced need of cell flattening. 1020 
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Video Legends 1021 

Video 1: Dorsal view of the OV to OC transition visualized in a double Tg(E1-bhlhe40:GFP; 1022 

rx3:GAL4;UAS:RFP embryo. Single confocal section, related to Fig. 1, frame rate 1/5min. 1023 

Video 2: Dorsal view of the OV to OC transition visualized in a double Tg(E1-bhlhe40:GFP; 1024 

rx3:GAL4;UAS:RFP embryo. Maximum projection reconstruction, related to Fig. 1, frame 1025 

rate 1/5min.  1026 

Video 3: Lateral view of the OC folding visualized in a Tg(E1-bhlhe40:GFP) embryo injected 1027 

with H2B-RFP mRNA (magenta) related to Fig. 1, frame rate 1/5min. 1028 

Video 4: Lateral view of OC growth visualized in a Tg(E1-bhlhe40:GFP) embryo injected 1029 

with H2B-RFP mRNA (magenta),  related to Fig. 3, frame rate 1/5min) 1030 

Video 5: eb3GFP dynamics 14, 17 and 23 hpf, when RPE cells have a neuroepithelial 1031 

(continuous acquisition, n = 9), cuboidal (continuous acquisition, n = 10) or squamous 1032 

conformation (continuous acquisition, n = 9). 1033 
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