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Editor 

JOVE       

 
Dear Editor, 

 

I would appreciate your consideration of our manuscript (Visualization of a novel superior ocular fissure 

during Danio rerio embryogenesis), for publication as a Research Article in JOVE. Our research presents 

a methodological follow-up to our recently published work in PLOS Genetics (Morphogenetic defects 

underlie Superior Coloboma, a newly identified closure disorder of the dorsal eye, Hocking et al. 2018).  

Our previous study began with the identification of eight patients with superior coloboma, a congenital 

ocular anomaly characterized by gaps in tissues of the superior iris, retina or lens. The similarity to 

coloboma (a disorder caused by failure to close the inferior ocular fissure), suggested the hypothesis that 

superior coloboma represented a new embryonic fissure disorder. Yet, existing models of vertebrate eye 

development describe a continuous dorsal optic cup. Following up 2 reports from more than 20 years ago, 

we revisted morphogenesis of the dorsal eye, and identified an anatomical structure within the dorsal 

zebrafish, chick, mouse and newt eye, the superior fissure. We provided evidence that failure to close this 

fissure results in superior coloboma.  

This manuscript describes three separate techniques for examining molecular genetic regulation of 

superior fissure closure. We suggest that analyses of superior fissure closure delay occur at 28 hpf and 

that investigators primarily utilize either stereomicroscope observation (protocol 1) or Laminin 

immunohistochemistry (protocol 2). To complement such work and visualize the cellular dynamics of 

fissure closure we present a method for injecting zebrafish with membrane labeled GFP (protocol 3).   

The main purpose for the existence of this manuscript is to standardize protocols such that examinations 

of superior fissure closure will take place using similar methodologies in multiple laboratories. As this 

field is just beginning and we have recently identified new patients, we think this will serve as an 

essential tool to an emerging research area.  

Yours sincerely, 
 

     
 

Dr. Andrew J. Waskiewicz Ph.D.    
Professor, Department of Biological Sciences    
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SUMMARY 29 
Here, we present a standardized series of protocols to observe the superior ocular sulcus, a 30 
recently-identified, evolutionarily-conserved structure in the vertebrate eye. Using zebrafish 31 
larvae, we demonstrate techniques necessary to identify factors that contribute to the formation 32 
and closure of the superior ocular sulcus. 33 
 34 
ABSTRACT 35 
Congenital ocular coloboma is a genetic disorder that is typically observed as a cleft in the inferior 36 
aspect of the eye resulting from incomplete choroid fissure closure. Recently, the identification 37 
of individuals with coloboma in the superior aspect of the iris, retina, and lens led to the discovery 38 
of a novel structure, referred to as the superior fissure or superior ocular sulcus (SOS), that is 39 
transiently present on the dorsal aspect of the optic cup during vertebrate eye development. 40 
Although this structure is conserved across mice, chick, fish, and newt, our current understanding 41 
of the SOS is limited. In order to elucidate factors that contribute to its formation and closure, it 42 
is imperative to be able to observe it and identify abnormalities, such as delay in the closure of 43 
the SOS. Here, we set out to create a standardized series of protocols that can be used to 44 
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efficiently visualize the SOS by combining widely available microscopy techniques with common 45 
molecular biology techniques such as immunofluorescent staining and mRNA overexpression. 46 
While this set of protocols focuses on the ability to observe SOS closure delay, it is adaptable to 47 
the experimenter’s needs and can be easily modified. Overall, we hope to create an approachable 48 
method through which our understanding of the SOS can be advanced to expand the current 49 
knowledge of vertebrate eye development.  50 
 51 
INTRODUCTION 52 
The formation of the vertebrate eye is a highly conserved process in which carefully orchestrated 53 
intercellular signaling pathways establish tissue types and specify regional identity1. 54 
Perturbations to early eye morphogenesis result in profound defects to the architecture of the 55 
eye and are frequently blinding2.  One such disease results from the failure to close the choroid 56 
ocular fissure in the ventral side of the optic cup3. This disorder, known as ocular coloboma, is 57 
estimated to occur in 1 out of 4-5000 live births and cause 3-11% of pediatric blindness, 58 
commonly manifesting as a keyhole-like structure that protrudes inferiorly from the pupil in the 59 
center of the eye4-6. The function of the choroid fissure is to provide an entry point for early 60 
vasculature growing into the optic cup, after which the sides of the fissure will fuse to enclose 61 
the vessels7. 62 
 63 
While ocular coloboma has been known since ancient times, we have recently identified a novel 64 
subset of coloboma patients with tissue loss affecting the superior/dorsal aspect of the eye. 65 
Recent work in our lab has led to the discovery of an ocular structure in the zebrafish dorsal eye, 66 
which we refer to as the superior ocular sulcus (SOS) or superior fissure8. It is important to note 67 
that the structure has characteristics of both a sulcus and a fissure. Similar to a sulcus, it is a 68 
continual tissue layer that spans from the nasal to the temporal retina. In addition, the closure 69 
of the structure is not mediated by a fusion of the two opposing basement membrane, and it 70 
appears to require a morphogenetic process by which the structure is populated by cells. 71 
However, similar to a fissure, it forms a structure that separates the nasal and temporal sides of 72 
the dorsal eye with the basement membrane. For consistency, we will refer to it as SOS in this 73 
text. 74 
 75 
The SOS is evolutionarily conserved across vertebrates, being visible during eye morphogenesis 76 
in fish, chick, newt, and mouse8. In contrast to the choroid fissure, which is present from 20-60 77 
hours post-fertilization (hpf) in zebrafish, the SOS is highly transient, being easily visible from 20-78 
23 hpf and absent by 26 hpf8. Recent research in our lab has found that, similar to the choroid 79 
fissure, the SOS plays a role in vascular guidance during eye morphogenesis8. Although the factors 80 
that control the formation and closure of the SOS are not yet fully understood, our data did 81 
highlight roles for dorsal-ventral eye patterning genes8. 82 
 83 
Zebrafish is an excellent model organism to study the SOS. As a model system, it provides a 84 
number of advantages in studying eye development: it is a vertebrate model; each generation 85 
exhibits high fecundity (~200 embryos); its genome has been fully sequenced, which facilitates 86 
genetic manipulation; and approximately 70% of human genes have at least one zebrafish 87 
orthologue, making it an ideal genetics-based model of human disease9,10. Most importantly, its 88 



development takes place externally to the mother, and its larvae are transparent, which allows 89 
for the visualization of the developing eye with relative ease11. 90 
 91 
In this set of protocols, we describe the techniques through which the SOS can be visualized in 92 
zebrafish larvae. The variety of visualization techniques used in this report will allow clear 93 
observation of the SOS during normal eye development, as well as the ability to detect SOS 94 
closure defects. Our example protocols will feature investigations of Gdf6, a BMP localized to the 95 
dorsal eye and known regulator of SOS closure. Further, these techniques can be combined with 96 
experimental manipulations to identify genetic factors or pharmacological agents that affect 97 
proper SOS formation and closure. In addition, we have included a protocol through which the 98 
fluorescent imaging of all cell membranes is possible, allowing the experimenter to observe 99 
morphological changes to the cells surrounding the SOS. Our goal is to establish a set of 100 
standardized protocols that can be used throughout the scientific community to offer new 101 
insights into this novel structure of the developing eye. 102 
 103 
PROTOCOL 104 
All methods described here have been approved by the University of Alberta Animal Care and 105 
Use Committee. 106 
 107 
1. Protocol 1: Visualization of SOS using stereomicroscopy and differential interference 108 
contrast (DIC) imaging  109 
 110 
1.1) Embryo collection  111 
 112 
1.1.1) In a tank of dechlorinated water, prepare crosses of gdf6a+/- zebrafish in the evening by 113 
pairing a male zebrafish with a female zebrafish. Be sure to separate the male from the female 114 
by using a divider to ensure that the embryos are born within a small range of time. 115 
 116 
1.1.2) The following morning, pull the divider and allow the zebrafish to breed for no longer than 117 
30 min. Collect the embryos in Petri dishes with E3 media, described in The Zebrafish Book12, and 118 

place them in a 28.5 C incubator. 119 
 120 
1.1.3) Remove any unfertilized eggs or dead embryos, which will appear white and opaque. 121 
 122 
1.2) Preparation and live-imaging of zebrafish embryos 123 
 124 
1.2.1) At 20 hpf, replace the E3 media with E3 media containing 0.004% 1-phenyl 2-thiourea (PTU) 125 
to prevent pigment production.  126 
 127 
NOTE: Addition of PTU at a slightly later timepoint, such as 22-24 hpf, is unlikely to interfere with 128 
the experiment due to the early age of the embryos at the time of imaging. However, it is 129 
recommended to treat the embryos early to completely prevent pigmentation as there is a band 130 
of pigmentation that appears in the dorsal eye, which can interfere with the imaging of the SOS. 131 
 132 



1.2.2) Ensure that all embryos are at the correct developmental stages at various points leading 133 
up to the time of observation. It is recommended that this is done at the stages at which somite 134 
number is clearly visible as outlined by Kimmel et al.13. Remove those that are developmentally 135 
immature.  136 
 137 
1.2.3) Place the embryos under a dissecting microscope, and dechorionate the embryos by gently 138 
pulling apart the chorion using fine forceps. Visualize the SOS in the dorsal eye. The SOS may 139 
appear as an indentation at the dorsal margin of the eye, and a line should be visible across the 140 
dorsal eye. For normal SOS closure, observe the embryos at around 20-23 hpf. For examination 141 
of delayed SOS closure phenotypes, observe the embryos at 28 hpf or later.  142 
 143 
1.2.4) Sort the embryos that show SOS closure delay from those that do not.  144 
 145 
1.2.5) To photograph these embryos using a dissecting microscope, prepare a Petri dish 146 
containing 1% agarose in E3. Lightly prick the center of the agarose to create a shallow hole in 147 
which the yolk of the embryo can sit when the embryo is placed on the agarose. This will ensure 148 
that the embryo is not at an oblique angle when being photographed. 149 
 150 
1.2.6) Anesthetize embryos with 0.003% tricaine in E3 and place laterally on the agarose.  151 
 152 
1.2.7) To image the embryos using a compound or confocal microscope, transfer the embryo into 153 
35 mm Petri dish containing a small bolus of non-gelled 1% low-melting point agarose in E3 (w/v). 154 
Quickly position the embryo laterally using a fine fishing line or an eyelash and wait for the 155 
agarose to cool. Once the agarose is firm, pour enough E3 into the dish to cover the agarose. For 156 
more details, see Distel and Köster14. 157 
 158 
NOTE: If using an inverted microscope, the embryo can be placed against the glass of a glass-159 
coverslip-bottom dish and imaged with a standard 20X objective lens. 160 
 161 
1.2.8) Use a water immersion 20x objective lens to visualize the SOS with a compound 162 
microscope. Following visualization, gently pull the agarose from the embryos and fix in 4% 163 
paraformaldehyde (PFA) or allow to continue their development. 164 
 165 
2. Protocol 2: Whole-mount immunofluorescent staining of laminin  166 
 167 
2.1) Whole-mount immunofluorescent staining of laminin: Day 1 168 
 169 
2.1.1) Dechorionate embryos as described in Step 1.2.3, if not already done. Fix embryos in a 170 
microcentrifuge tube at the desired timepoint in freshly made 4% PFA for 2 h on a room 171 
temperature (22-25 °C) shaker. Wash in 1x PBST for 5 min, four times.  172 
 173 
NOTE: Following gastrulation, embryos may fix better after dechorionation.  174 
 175 



2.1.2) Permeabilize embryos in 10 g/mL proteinase K at room temperature for 5 min. Incubation 176 
time will depend on the developmental stage at which the embryos are fixed (see Thisse and 177 
Thisse15).  178 
 179 
2.1.3) Wash in 1x PBST for 5 min, four times. 180 
 181 
2.1.4) Block embryos in a solution of 5% goat serum and 2 mg/mL bovine serum albumin (BSA) in 182 
1xPBST for 1-2 h on a room temperature shaker. 183 
 184 
2.1.5) Prepare primary antibody solution by diluting rabbit anti-laminin antibody in block solution 185 
at a 1:200 dilution.  186 
 187 
2.1.6) Incubate the embryos in anti-laminin primary antibody overnight on a 4 °C shaker. 188 
 189 
2.2) Whole-mount immunofluorescent staining of laminin: Day 2 190 
 191 
2.2.1) Wash in 1x PBST for 15 min, five times. 192 
 193 
2.2.2) Prepare secondary antibody solution by diluting goat anti-rabbit Alexa Fluor 488 antibody 194 
in 1x PBST to a dilution of 1:1000.  195 
 196 
NOTE: It is possible to adapt this step to suit the resources available to the experimenter by using 197 
a different secondary antibody.  198 
 199 
2.2.3) Incubate the embryos in secondary antibody overnight on a 4 °C shaker. Shield from light 200 
as much as possible from this step onwards. 201 
 202 
2.2.4) Wash in 1x PBST for 15 min, four times. The embryos can be stored at 4 °C for up to a week, 203 
if necessary. 204 
 205 
2.3) Dissection and mounting of embryonic eyes 206 
 207 
2.3.1) If desired, place the embryos in a small Petri dish and deyolk the embryos in 1x PBST. Do 208 
this by gently disrupting the yolk with fine forceps and removing the yolk cells through mild 209 
scraping of the yolk sac.  210 
 211 
2.3.2) Prepare the following concentrations of PBS-glycerol series solutions in microcentrifuge 212 
tubes: 30%, 50%, and 70% glycerol in PBS. Transfer embryos into 30% glycerol/PBS, making sure 213 
to place the embryos on top of the solution and transferring as little of the previous solution as 214 
possible. Wait for the embryos to sink to the bottom of the tube. 215 
 216 
2.3.3) When embryos have sunk to the bottom, transfer them to 50% glycerol/PBS. Repeat and 217 
transfer to 70% glycerol/PBS. 218 
 219 



2.3.4) Once the embryos have sunk in 70% glycerol/PBS, move them to a small plastic dish for 220 
dissections.  221 
 222 
2.3.5) Sever the embryo posterior to the hindbrain, and use the posterior tissue for genotyping, 223 
if necessary.  224 
 225 
2.3.6) Move the head to a glass slide, transferring as little glycerol as possible. Use forceps or 226 
other fine dissection tools to hold onto the posterior end to keep the head stationary. Use a fine 227 
minutien pin or other fine dissection tools to gently insert into the forebrain ventricle from the 228 
anterior and push downward to separate the right and left halves of the head from each other. 229 
Repeat this while moving posteriorly through the midbrain and into the hindbrain ventricle, 230 
essentially fileting the head down the midline. This minimizes manual manipulation of the eye 231 
and surrounding tissue, thereby leaving the SOS undamaged. 232 
 233 
2.3.7) Mount each side of the head midline down, eye up. Position four posts of vacuum grease 234 
at the corners (an appropriate distance apart for the coverslip being used) and cover with a glass 235 
coverslip, pushing down sequentially on each post until the coverslip makes contact with the 236 
samples. Pipette 70% glycerol at the edge of the coverslip so that the glycerol is pulled 237 
underneath, filling the space between the coverslip and the slide. 238 
 239 
2.3.8) Image samples within a day, or seal around the coverslip with nail polish and image samples 240 
only after the nail polish has dried. Store in the dark at 4 °C. 241 
 242 
3. Protocol 3: Visualization of SOS using eGFP-CAAX mRNA 243 
 244 
3.1) Synthesis of eGFP-CAAX mRNA 245 
 246 

3.1.1) Linearize 1 g of pCS2-eGFP-CAAX plasmid16 with NotI in a reaction volume of 40 L for 4 247 
hours at 37 °C.  248 
 249 

3.1.2) To stop the restriction digest reaction, add 10 L RNase-free water, 2.5 L 10% SDS and 250 

2.0 L 10 mg/mL Proteinase K. 251 
 252 
3.1.3) Incubate 1 hour at 50 °C. 253 
 254 

3.1.4) Add the following to the reaction (total volume 200 L) and proceed to next step: 50 L 255 

RNase-free water, 20 L 3 M sodium acetate pH 5.2 and 75.5 L RNase-free water 256 
 257 
NOTE: RNase-free water is added in two separate occasions to prevent excessive dilution of the 258 
sodium acetate. 259 
 260 
3.2) Purification of DNA through phenol/chloroform extraction and ethanol precipitation 261 
 262 



3.2.1) Add 200 L phenol:chloroform:isoamyl alcohol and vortex for 20 s. Separate the aqueous 263 
and organic phases through centrifugation at 18,000 x g for 5 min. 264 
 265 
3.2.2) Transfer the upper aqueous layer to a new microcentrifuge tube, making sure to avoid the 266 
transfer of the bottom organic layer. Add an equal volume of chloroform to the new tube. 267 
 268 
NOTE: Addition of chloroform is optional, but it is recommended to ensure complete removal of 269 
phenol from the sample. 270 
 271 
3.2.3) Vortex for 20 s. Separate the aqueous and organic phases through centrifugation at 18,000 272 
x g for 5 min. 273 
 274 
3.2.4) As before, transfer the upper aqueous layer to a new microcentrifuge tube, making sure 275 
to avoid the transfer of the bottom organic layer. 276 
 277 
3.2.5) Add 1/10 volume of 3 M sodium acetate pH 5.2. 278 
 279 
3.2.6) Precipitate DNA by adding 3 volumes of 100% RNase-free ethanol and chill at -20 °C for 15 280 
min. Centrifuge at 18,000 x g for 20 min at 4 °C. A pellet should be visible. Decant the supernatant. 281 
 282 

3.2.7) Wash the pellet with 100 L of cold 70% ethanol/RNase-free water. After gently mixing to 283 
break the pellet loose, centrifuge at 18,000 x g for 15 min at 4 °C. A pellet should be visible. 284 
Decant the supernatant. 285 
 286 

3.2.8) Air-dry the pellet for 5 min and resuspend the DNA in 7 L water. 287 
 288 
NOTE: The pellet may need to be dried for longer than 5 min depending on the airflow available. 289 
 290 
3.3) Transcription and purification of eGFP-CAAX mRNA  291 
 292 
3.3.1) In an RNase-free manner, prepare an in vitro transcription reaction with a commercially 293 

available Sp6 RNA polymerase kit, using about 1 g of purified linearized plasmid DNA obtained 294 
in Step 3.2. Incubate for 2 h at 37 °C. 295 
 296 
NOTE: Sp6 RNA polymerase must be used for the production of capped mRNA. 297 
 298 

3.3.2) Add 1 L of DNase (2 U/L; RNase free) and incubate for 30 min at 37 °C. 299 
 300 
3.3.3) Purify the mRNA with any commercially available RNA purification kit. Aliquot the mRNA 301 
to avoid repeated freeze-thaw, and store at -80 °C. 302 
 303 
3.4) Injection and visualization 304 
 305 
3.4.1) Obtain embryos as outlined in Protocol 1.1.  306 



 307 
3.4.2) Using a microinjection apparatus, inject 300 pg of eGFP-CAAX mRNA at the 1-cell stage. 308 
 309 
3.4.3) Screen for embryos with the bright expression of eGFP in the eyes using a fluorescence 310 
stereoscope. 311 
 312 
3.4.4) Image the embryos as described in Protocol 1.2. 313 
 314 
3.4.5) Alternatively, dechorionate and fix the embryos at the desired timepoint in 4% PFA for 4 315 
hours at room temperature or overnight at 4°C. Wash the embryos in 1x PBST for 5 min, four 316 
times, and dechorionate, if not previously done. Dissect the eyes and mount them on slides as 317 
described in Protocol 2.3. 318 
 319 
REPRESENTATIVE RESULTS 320 
The zebrafish SOS appears at 20 hpf in the presumptive dorsal retina8. By 23 hpf the SOS 321 
transitions from its initial narrow architecture to a wide indentation and by 26 hpf it is no longer 322 
visible8. Therefore, to examine the SOS during normal zebrafish eye development, the embryos 323 
must be observed between 20-23 hpf. During this period, the SOS is observable through the 324 
dissecting microscope and via DIC imaging as a thin line in the dorsal eye that separates the nasal 325 
and temporal halves of the developing retina (Figure 1). In addition, a subtle indentation may be 326 
visible in the dorsal boundary of the eye (Figure 1). Following immunofluorescent staining of 327 
laminin, the thin line can be confirmed to be the basement membrane (Figure 1).  328 
 329 
To examine molecular pathways resulting in delayed SOS closure, we chose to observe the 330 
embryos at 28 hpf as this is a timepoint that is sufficiently removed from the time of normal SOS 331 
closure and is, therefore, a reliable marker of SOS closure delay due to experimental 332 
manipulations. Through direct visualization of 28 hpf zebrafish under the dissecting microscope, 333 
it is possible to evaluate SOS closure delay due to experimental manipulation. When SOS closure 334 
is delayed, its prolonged presence can be seen as a pronounced cleft in the dorsal side of the eye 335 
under the dissecting microscope (Figure 2). When observed under the compound microscope 336 
using DIC or Nomarski optics, this feature is even more prominent, and the nasal and temporal 337 
sides of the eye are separated by the SOS, which is clearly visible as a line in the dorsal eye (Figure 338 
3).  339 
 340 
The SOS is lined with basal lamina components, including laminin. Therefore, immunofluorescent 341 
staining provides a complementary method of evaluating SOS closure in fixed embryos. When 342 
imaging the embryonic eye from a lateral view, the basal lamina demarcates the outside margin 343 
of the eye, both ocular fissures, and the border between the lens and the retina (Figure 4). The 344 
SOS is oriented directly opposite to the choroid fissure in the dorsal aspect of the eye. Whole 345 
embryos can be mounted laterally, with somewhat better optical clarity achieved if eyes are 346 
previously microdissected. By 28 hpf, in wildtype zebrafish, laminin staining demonstrates clearly 347 
that the SOS is completely closed, which makes this the ideal stage for monitoring delays in 348 
fissure closure. 349 
 350 



Injection of eGFP-CAAX mRNA allows visualization of the cell membranes of a live or fixed embryo 351 
(Figure 5). Successful one-cell stage injection is sufficient to produce embryos with complete cell 352 
membrane fluorescence. In the lateral view, all cellular boundaries should be marked by GFP 353 
fluorescence, and as such, cell morphology is also clearly observed. This allows the visualization 354 
of the morphological changes to the cells that lead to SOS closure.  355 
 356 
FIGURE LEGENDS: 357 
Figure 1: Observation of SOS during normal zebrafish eye development. Zebrafish embryos 358 
were collected and imaged at 22 hpf. A-B. Lateral view of 22 hpf embryos live-imaged with the 359 
dissecting microscope (A) and via DIC imaging (B), respectively. The SOS is marked by a red 360 
asterisk. C. Laminin immunofluorescent staining of a 22 hpf embryo. Embryos were fixed in 4% 361 
PFA and obtained for whole-mount immunofluorescent staining of laminin. The embryos were 362 
fileted and mounted in 70% glycerol/PBS. Single slice images were obtained through confocal 363 
imaging with a software. The SOS is marked by a white asterisk. All figures were annotated and 364 

assembled using Adobe Illustrator software. Scale bars represent 50 m. 365 
 366 
Figure 2: Dissecting microscope images of SOS closure delay in zebrafish larvae. Wildtype and 367 
gdf6a-/- embryos were collected and live-imaged at 28 hpf. A. Lateral view of a wildtype embryo 368 
with a closed SOS. B. Lateral view of a gdf6a-/- embryo with an SOS closure delay (asterisk). A 369 
sharp depression is observable in the dorsal aspect of the eye due to the failure of the SOS to 370 

close appropriately. Scale bars represent 50 m. 371 
 372 
Figure 3: Representative DIC images of the SOS in the zebrafish embryonic eye. Wildtype and 373 
gdf6a-/- embryos were collected, anesthetized, and placed laterally in 1% Ultrapure low-melting 374 
point agarose in E3 on a 35 mm Petri dish. The dish was filled with E3, and a compound 375 
microscope with a 20x water-dipping objective was used for DIC imaging. A. Lateral view of a 376 
wildtype embryo with a closed SOS. B. Lateral view of a gdf6a-/- embryo with an SOS closure 377 
delay (asterisk). The SOS is observable as a thin line in the dorsal aspect of the eye. Scale bars 378 

represent 50 m. 379 
 380 
Figure 4: Representative images of laminin immunofluorescent staining in embryonic 381 
zebrafish eye. Wildtype and gdf6a-/- embryos were collected and fixed in 4% PFA at 28 hpf. The 382 
basal lamina was immunostained, and the embryos were fileted and mounted in 70% 383 
glycerol/PBS for confocal imaging. Single slice images were obtained using ZEN software. A. 384 
Lateral view of a wildtype embryo with a closed SOS. B. Lateral view of a gdf6a-/- embryo with 385 
an SOS closure delay (asterisk). The basal lamina is shown outlining the eye in green, with the 386 

SOS visible in the dorsal part of the eye in gdf6a-/- embryos. Scale bars represent 50 m. 387 
 388 
Figure 5: Imaging of the zebrafish embryonic eye following eGFP-caax mRNA injection. 389 
Wildtype embryos were injected with 300 pg of eGFP-caax mRNA at 1-cell stage. At 22 hpf and 390 
28 hpf, respectively, the embryos were anesthetized and mounted laterally in 1% Ultrapure 391 
low-melting point agarose in E3 on a 35 mm Petri dish. A confocal microscope with a 20x water-392 
dipping objective was used for imaging, and single slice images were obtained using a software. 393 
A. Lateral view of a gdf6a-/- embryo at 22 hpf with a visible open SOS (asterisk). B. Enlarged 394 



panels of a gdf6a-/- embryo at 22 hpf. C. Lateral view of a gdf6a-/- embryo at 28 hpf with a SOS 395 

closure delay. D. Enlarged panels of a gdf6a-/- embryo at 28 hpf. Scale bars represent 50 m and 396 

10 m in Panels A and C, and B and D, respectively. 397 
 398 
DISCUSSION: 399 
Here, we present a standardized series of protocols to observe the SOS in the developing 400 
zebrafish embryo. To determine closure delay phenotypes, our protocols have focused on the 401 
ability to distinguish the separation of two discrete lobes of the dorsal-nasal and dorsal-temporal 402 
sides of the eye, similar to techniques used to visualize choroid fissure closure delay phenotypes 403 
in the ventral eye. 404 
 405 
These visualization techniques can be used in conjunction with a variety of genetic manipulation 406 
techniques to study the effects of inhibiting or inducing expression of certain genes to study their 407 
roles in the closure of the SOS. We have chosen to demonstrate these protocols using gdf6a-/- 408 
embryos as we have previously shown that its loss can affect proper closure of the SOS, but the 409 
protocols can be used to study the effects of manipulating the expression of any gene as required. 410 
It is recommended that any morphological changes to the dorsal eye are studied preliminarily 411 
with observations using the dissecting microscope. The other techniques should be used once an 412 
initial link is established definitively, as they are more time-consuming and lower throughput. 413 
 414 
While the protocols can be easily modified to suit the needs of the experimenter, there are 415 
several aspects that must be followed carefully. Because of the transient nature of this structure, 416 
it is imperative to ensure that all observed embryos are of the same developmental stage. For 417 
our work, we find it important to allow only a small window of breeding time and to periodically 418 
sort the embryos throughout early development. The most important step of equalizing stages is 419 
at 20 hpf, when you can still accurately count somites (24)17, and we find this much more reliable 420 
than the staging hallmarks that delineate time at 28 hpf. In addition, pigmentation must be 421 
inhibited or removed to ensure successful visualization of the structure. We have observed the 422 
pigmentation in the eye begins to start around 22 hpf, and there is a pattern of pigmentation in 423 
the dorsal eye that can interfere with proper visualization of the SOS. Therefore, it is highly 424 
recommended to treat the embryos with PTU prior to pigmentation to ensure successful 425 
visualization. Additionally, dissection of the embryonic eye prior to slide mounting without 426 
causing damage requires some practice. It is also imperative to laterally mount the eyes as 427 
parallel as possible to the slide. It is recommended that the experimenter practices these 428 
techniques with extra embryos prior to the experiment.  429 
 430 
With the exception of the immunofluorescent staining of the basal lamina, all of the protocols 431 
described here can be completed using live embryos. This allows continual visualization of the 432 
SOS throughout early embryogenesis, allowing the experimenter to conduct time-lapse studies 433 
of the morphological changes involved in the closure of the SOS. In the past, we have used retina-434 
specific transgenes, such as Tg(rx3:eGFP), which marks the neural retina during early 435 
development. Although it lacks the ability to visualize cell membranes, the use of Tg(rx3:eGFP) 436 
has the advantage of not requiring microinjections and has been our primary method of 437 
visualizing gross morphological changes to SOS architecture in real-time. That protocol has not 438 



been included here, as similar methods have been discussed previously in this journal18,19. 439 
However, investigation of cell biological basis of SOS formation and closure will require 440 
membrane fluorescent proteins. Specifically, the injection of eGFP-CAAX mRNA allows 441 
visualization of the cell membranes around the SOS as seen in Figure 5, which allows us to study 442 
the dynamics of cell shape changes in the dorsal eye that are required for proper SOS closure. 443 
While eGFP-CAAX can be useful for performing live-imaging of SOS closure, it is made difficult by 444 
the presence of the enveloping layer in zebrafish. In addition, care must be taken when analyzing 445 
results from mRNA injections because it can result in mosaicism, making it difficult to directly 446 
compare embryos based on quantification of eGFP expression strength. This could be 447 
ameliorated through the use of transgenic zebrafish lines that fluorescently label cell membranes 448 
specifically in the developing retina, such as Tg(vsx2.2:GFP-caax).  449 
 450 
One of the challenges of our protocols lies with any treatment that is not fully penetrant. We 451 
have previously noted that SOS delays can be seen in about 10% of control embryos at 28 hpf8, 452 
and this underlying presence of embryos with an SOS within any given experimental group could 453 
make it difficult to observe subtle effects of experimental manipulation. This could be addressed 454 
by blinding the experimenter to reduce experimenter bias and by increasing the number of 455 
embryos used within each experimental group to increase the power of the experiment. In 456 
addition, the stage of analysis could be shifted to 29-30 hpf. 457 
 458 
With this set of protocols, we seek to standardize the way through which SOS closure delays are 459 
visualized. The techniques described above have been shown to be reliable in detecting and 460 
visualizing SOS closure delays in a variety of experimental settings and are adaptable to the 461 
experimenter’s needs. While we have used techniques such as scanning electron microscopy or 462 
time-lapse imaging of transgenic embryos to visualize the SOS in greater detail, our aim here is 463 
to create a standardized set of protocols that are amenable to high-throughput experimental 464 
designs to visualize a large number of embryos in a single day with emphasis on the ability to 465 
score closure delay phenotypes. In addition to its use with gdf6a-/- embryos, we have been able 466 
to observe SOS closure delay phenotypes using these visualization techniques alongside 467 
pharmacological treatments, morpholino injections, and RNA overexpression studies. As the role 468 
of the SOS in eye development is elucidated further through various means, we hope that this 469 
standardized set of protocols provide the scientific community a common language through 470 
which this novel structure is studied.  471 
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Name of Material/ Equipment Company Catalog Number Comments/Description

1-phenyl 2-thiourea

Sigma 

Aldrich P7629-10G

100 mm Petri dish

Fisher 

Scientific FB0875713

35 mm Petri dish Corning CLS430588

Agarose

BioShop 

Canada 

Inc. AGA001.1

Bovine serum albumin

Sigma 

Aldrich A7906-100G

DIC/Fluorescence microscope Zeiss AxioImager Z1

Dissection microscope Olympus SZX12

Dissection microscope camera Qimaging

MicroPublisher 

5.0 RTV

Dow Corning High-vacuum grease

Fisher 

Scientific 14-635-5D

Ethyl 3-aminobenzoate 

methanesulfonate salt (Tricaine)

Sigma 

Aldrich A5040-25G

Goat anti-rabbit Alexa Fluor 488 Abcam ab150077

Goat serum

Sigma 

Aldrich G9023

Image capture software Zeiss ZEN

Incubator VWR Model 1545
Microscope Cover Glass (22 mm x 

22 mm)

Fisher 

Scientific 12-542B

Microscope slide

Fisher 

Scientific 12-544-2
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Minutien pin

Fine 

Science 

Tools 26002-10
mMessage mMachine Sp6 

Transcription Kit Invitrogen AM1340

NotI

New 

England 

Biolabs R0189S

Paraformaldehyde (PFA)

Sigma 

Aldrich P6148-500G
Phenol:Chloroform:Isoamyl 

Alcohol pH 6.7 +/- 0.2

Fisher 

Scientific BP1752-100

Proteinase K

Sigma 

Aldrich P4850

Rabbit anti-laminin antibody 

Millipore 

Sigma L9393

TURBO Dnase (2 U/µL) Invitrogen AM2238
Ultrapure low-melting point 

agarose Invitrogen 16520-100
UltraPure Sodium Dodecyl Sulfate 

(SDS) Invitrogen 15525017
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Rebuttal for Manuscript Submission to JoVE 
 
Title: Visualization of a novel superior ocular sulcus during Danio rerio embryogenesis 
Authors: Kevin H Yoon, Sonya A Widen, Melissa M Wilson, Jennifer C Hocking, and Andrew J 
Waskiewicz 
Manuscript number: JoVE59259  
 
Dear Reviewers, 
 
We thank the reviewers for their comments and constructive criticisms on the manuscript. All 
comments were considered carefully, and we have revised the manuscript to address the 
concerns.  
 
Please note that, unless otherwise noted, the editorial comments from the editor and the 
minor comments from the reviewers related to spelling, grammar, word choice, and 
experimental details have been addressed in the revised Word document itself. Please see the 
annotated changes within the document.  
 
 
Reviewer #1 
Major Concerns: 
1) The biggest concern with the paper is that the visualization of the superior ocular fissure is 
being done in the context of failure or late closure of this structure. Especially for the live 
visualization by stereomicroscopy and DIC (with or without the transgene), it would seem to be 
more appropriate to describe the process starting at the inception (20 hpf) of the superior 
fissure until its closure (28 hpf). In addition to detecting mutants which have delayed closure, 
encompassing the "normal" closure would yield more information regarding the processes 
involved (in other words are they similar to inferior fissure closure). Although the authors state 
that the experimental methods can be shifted to any time frame, it does not make a lot of sense 
as to why they are focusing on delayed closure. 
 
We have altered the manuscript to be multi-purpose. We have taken additional images of the 
open sulcus at 22 hpf using DIC and stereo microscopy. This allows us to provide a more 
complete methodology: also serving the needs of research laboratories interested in detecting 
the presence of the fissure, aligning its position with gene expression or other cells, and 
determining molecular treatments that prevent opening of the sulcus. We trust that this 
addition to the manuscript will make this a more valuable resource for the community.  
 
2) The protocol states to use PTU to inhibit pigmentation. For inferior fissure closure 
defects/colobomas, it can be easier to visualize them with pigmentation as the defect is more 
obvious against the darkly pigmented RPE. Is this not the case for the superior fissure closure, 
and if that's the case then is the superior fissure not all the way through the optic cup (in other 
words how deep is the fissure within the optic cup?) 
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This is not the case for the superior sulcus. This is due to some pigmentation that appears along 
the dorsal boundary of the dorsal retina and grows inwards towards the lens. When viewed 
under the dissecting microscope, the dark pigmentation gives the impression of a superior 
sulcus closure delay even if the sulcus is closed as it forms a groove-like pattern. The 
manuscript has now been revised to emphasize and explain this. 
 
 
Reviewer #2 
Major Concerns: 
1. The title and abstract frame this manuscript as presenting methods to visualize the novel 
superior ocular fissure. Yet the protocols only address the visualization of an aberrant structure 
in a mutant embryo (specifically gdf6a mutants). No wild type superior ocular fissure is shown 
throughout the manuscript for comparison, even when the mutant is shown at a timepoint 
when control embryos should have a superior ocular fissure (22 hpf; Figure 4). If the goal is 
strictly to visualize the abnormal structure, that should be reflected particularly in the title. 
 
Please see rebuttal for Reviewer #1, Major Concern 1.  
 
2. Throughout the manuscript, clarification is needed with respect to imaging methods and 
conditions. For example, what are the images in Figures 3 and 4? Were these acquired on 
compound microscope or via confocal microscopy? What objectives were used? Were these 
single confocal slices or projections? What image processing was carried out? 
 
This has been noted and revised within the manuscript. 
 
 
Reviewer #3 
Major Concerns: 
1) Since this manuscript aims to provide detailed instructions for performing specific procedures, 
I think the authors should provide all the information and not refer to other papers. Specifically, 
the embryo mounting procedure mentioned in section 1.2.6 should be described in the text and 
not referred to the paper by Distel and Koster. 
 
This has been noted and revised within the manuscript. 
 
2) Image resolution is not good, at least on the PDF available for the review process. If this is 
also the resolution available for the published manuscript it is not high enough. 
 
This has been noted and revised within the manuscript. 
 
 
Reviewer #4 
Major Concerns: 
Superior Ocular Sulcus (SOS) is not as Superior Ocular Fissure. A sulcus is a groove whereas a 



fissure implies a break or crack. I know the difference is subtle, but based on what we know of 
optic cup morphogenesis and the imaging of the SOS to date, sulcus is a better term and should 
be used to be consistent 
 
While the authors feel that the structure shares characteristics of both a sulcus and a fissure, 
the concern is duly noted, and this ambiguity is now addressed within introduction of the 
manuscript. For consistency with prior publications, we have shifted the nomenclature to sulcus.  
 
The bias of this reviewer is against double publication of results. This is not a commentary 
specific to this particular study in JoVE per se, but it is something to consider. It is the view of 
this reviewer that the purpose of a journal such as JoVE is not simply to show the same data 
that were presented in another paper with a more detailed methods section, but to highlight a 
particular method that other scientists would like to do/replicate/extend. In this particular 
instance, I can appreciate that the precise timing of observing the SOS is something to note, but 
do the authors not have other images that weren't already published? Can the authors 
showcase something special about the SOS and the way it is studied relative to other parts of 
the retina, maybe outlining particular cells around the SOS to highlight morphological changes? 
 
We want to be absolutely clear that the results that we have included are not (and have not 
been) published elsewhere. They may originate from similar experiments as those published in 
PLOS genetics, but they are different embryos and/or from different days’ experiments. As to 
the merits of a methods paper, per se, we find it is essential. Many labs have said that they are 
unable to see the same structure that we have documented, so we want to ensure that the 
research community is relying on robust and reliable methodology. For the inferior fissure, this 
seems unnecessary, but we believe that the superior sulcus merits this special case and 
therefore the publication of a relevant methods paper.  
 
In general, it's difficult to know how specific to be with these protocols. It seems that the 
authors have also struggled with this question as in some cases, very detailed information is 
given whereas in other places, things (like how one would mount an embryo laterally) are 
assumed. Perhaps some of these things will be illustrated by the video. 
 
This has been noted and revised within the manuscript. 
 
 
Reviewer #5 
Major Concerns: 
None 
  



For second round of editorial revisions: 
1. The editor has formatted the manuscript to match the journal's style. Please retain the same. 
 
Noted. 
 
 
2. Please address specific question marked in the manuscript: 
 
Maybe the title can be changed to visualization of SOS closure to more clearly reflect the 
protocol.  
Also, please explain what is novel about SOS?  
Please have the title reflect the protocol described in the manuscript. 
Noted and changed. However, we cannot say “closure” as the manuscript is about the 
observation of the structure through its formation as well as closure.  
 
In the intro section, please describe why this mutant was chosen for the study. How is this linked 
to SOS to bring out more clarity. 
Noted and changed 
 
Include a note stating how would you visually identify these?  
Noted and changed 
 
Any citation for this? 
This is what we have observed in the lab, and there is no citation for this as we are the only lab 
that works on SOS. 
 
Need more clarity with respect to SOS development and closure. Maybe the developmental 
stages with respect to SOS can be described in the intro. 
This is provided in 1.2.3 and discussed throughout the manuscript. 
 
Need more clarity with respect to SOS development and closure. Maybe the developmental 
stages with respect to SOS can be described in the intro. 
Noted and changed. 
 
Please also explain how the embryo is imaged under the microscope. What is the difference 
between imaging under dissecting and compound microscope? What magnification? Etc? 
Noted and clarified. 
 
Please provide the step number. 
Noted and changed. 
 
In a Petridish? 
Noted and changed. 
 



What can be used? Please clarify.  
Noted and changed. 
 
Please check.  
Minutien pin is the correct term. It has been clarified within the document. 
 
How is this linked to SOS?  
Noted and changed. 
 
Please obtain explicit copyright permission to reuse any figures from a previous publication. 

Explicit permission can be expressed in the form of a letter from the editor or a link to the 

editorial policy that allows re-prints. Please upload this information as a .doc or .docx file to 

your Editorial Manager account. The Figure must be cited appropriately in the Figure Legend, i.e. 

“This figure has been modified from [citation].” 

The figures not been taken or modified from any previous publications. 
 
Please provide scale bars for both the panels in the figure.  
Noted and changed. 
 
 
3. Once done please ensure that the highlight is no more than 2.75 pages including headings 
and spacings. 
 
Removed some highlighting to ensure 2.75 pages. Please see below. 
 
 
  



1. Protocol 1: Visualization of SOS using stereomicroscopy and DIC imaging  
 
1.1) Embryo collection  
 
1.1.1) In a tank of dechlorinated water, prepare crosses of gdf6a+/- zebrafish in the evening by 
pairing a male zebrafish with a female zebrafish. Be sure to separate the male from the female 
by using a divider to ensure that the embryos are born within a small range of time. 
 
1.1.2) The following morning, pull the divider and allow the zebrafish to breed for no longer 
than 30 min. Collect the embryos in Petri dishes with E3 media, described in The Zebrafish 

Book12, and place them in a 28.5C incubator. 
 
1.1.3) Remove any unfertilized eggs or dead embryos, which will appear white and opaque. 
 
1.2) Preparation and live-imaging of zebrafish embryos 
 
1.2.1) At 20 hpf, replace the E3 media with E3 media containing 0.004% 1-phenyl 2-thiourea 
(PTU) to prevent pigment production.  
 
1.2.2) Ensure that all embryos are at the correct developmental stages at various points leading 
up to the time of observation.  
 
1.2.3) Place the embryos under a dissecting microscope, and dechorionate the embryos by 
gently pulling apart the chorion using fine forceps. Visualize the SOS in the dorsal eye. The SOS 
may appear as an indentation at the dorsal margin of the eye, and a line should be visible 
across the dorsal eye. For normal SOS closure, observe the embryos at around 20-23 hpf. For 
examination of delayed SOS closure phenotypes, observe the embryos at 28 hpf or later.  
 
1.2.4) Sort the embryos that show SOS closure delay from those that do not.  
 
1.2.5) To photograph these embryos using a dissecting microscope, prepare a Petri dish 
containing 1% agarose in E3. Lightly prick the centre of the agarose to create a shallow hole in 
which the yolk of the embryo can sit when the embryo is placed on the agarose.  
 
1.2.7) To image the embryos using a compound or confocal microscope, transfer the embryo 
into 35 mm Petri dish containing a small bolus of non-gelled 1% low-melting point agarose in E3 
(w/v). Quickly position the embryo laterally using a fine fishing line or an eyelash and wait for 
the agarose to cool. Once the agarose is firm, pour enough E3 into the dish to cover the agarose.  
 
1.2.8) Use a water immersion 20X objective lens to visualize the SOS with a compound 
microscope.  
 
2. Protocol 2: Whole-mount immunofluorescent staining of laminin  
 



2.1) Whole-mount immunofluorescent staining of laminin: Day 1 
 
2.1.1) Dechorionate embryos as described in Step 1.2.3, if not already done. Fix embryos in a 
microcentrifuge tube at the desired timepoint in freshly made 4% PFA for 2 h on a room 
temperature (22-25°C) shaker. Wash in 1X PBST for 5 min, four times.  
 

2.1.2) Permeabilize embryos in 10 g/mL proteinase K at room temperature for 5 min.  
 
2.1.3) Wash in 1X PBST for 5 min, four times. 
 
2.1.4) Block embryos in a solution of 5% goat serum and 2 mg/mL bovine serum albumin (BSA) 
in 1X PBST for 1-2 h on a room temperature shaker. 
 
2.1.5) Prepare primary antibody solution by diluting rabbit anti-laminin antibody in block 
solution at a 1:200 dilution.  
 
2.1.6) Incubate the embryos in anti-laminin primary antibody (L9393, Millipore Sigma) 
overnight on a 4°C shaker. 
 
2.2) Whole-mount immunofluorescent staining of laminin: Day 2 
 
2.2.1) Wash in 1X PBST for 15 min, five times. 
 
2.2.2) Prepare secondary antibody solution (ab150077, Abcam) by diluting goat anti-rabbit 
Alexa Fluor 488 antibody in 1X PBST to a dilution of 1:1000.  
 
2.2.3) Incubate the embryos in secondary antibody overnight on a 4 °C shaker. Shield from light 
as much as possible from this step onwards. 
 
2.2.4) Wash in 1X PBST for 15 min, four times. The embryos can be stored at 4 °C for up to a 
week, if necessary. 
 
2.3) Dissection and mounting of embryonic eyes 
 
2.3.1) If desired, place the embryos in a small Petri dish and deyolk the embryos in 1X PBST. Do 
this by gently disrupting the yolk with fine forceps and removing the yolk cells through mild 
scraping of the yolk sac.  
 
2.3.2) Prepare the following concentrations of PBS-glycerol series solutions in microcentrifuge 
tubes: 30%, 50%, and 70% glycerol in PBS. Transfer embryos into 30% glycerol/PBS, making sure 
to place the embryos on top of the solution and transferring as little of the previous solution as 
possible.  
 



2.3.3) When embryos have sunk to the bottom, transfer them to 50% glycerol/PBS. Repeat and 
transfer to 70% glycerol/PBS. 
 
2.3.4) Once the embryos have sunk in 70% glycerol/PBS, move them to a small plastic dish for 
dissections.  
 
2.3.5) Sever the embryo posterior to the hindbrain, and use the posterior tissue for genotyping, 
if necessary.  
 
2.3.6) Move the head to a glass slide, transferring as little glycerol as possible. Use a fine 
minutien pin (26002-10, Fine Science Tools) or other fine dissection tools to gently insert into 
the forebrain ventricle from the anterior and push downward to separate the right and left 
halves of the head from each other. This minimizes manual manipulation of the eye and 
surrounding tissue, thereby leaving the SOS undamaged. 
 
2.3.7) Mount each side of the head midline down, eye up.  
 
2.3.8) Image samples within a day, or seal around the coverslip with nail polish and image 
samples only after the nail polish has dried. Store in the dark at 4°C. 
 
3. Protocol 3: Visualization of SOS using eGFP-CAAX mRNA 
 
3.4) Injection and visualization 
 
3.4.1) Obtain embryos as outlined in Protocol 1.1.  
 
3.4.2) Using a microinjection apparatus, inject 300 pg of eGFP-CAAX mRNA at the 1-cell stage. 
 
3.4.3) Screen for embryos with bright expression of eGFP in the eyes using a fluorescence 
stereoscope. 
 
3.4.4) Image the embryos as described in Protocol 1.2. 
 
3.4.5) Alternatively, dechorionate and fix the embryos at the desired timepoint in 4% PFA for 4 
hours at room temperature or overnight at 4°C. Dissect the eyes and mount them on slides as 
described in Protocol 2.3. 
 


