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SUMMARY: 22 
In vitro models of coronary angiogenesis can be utilized for the discovery of the cellular and 23 
molecular mechanisms of coronary angiogenesis. In vitro explant cultures of sinus venosus and 24 
endocardium tissues show robust growth in response to VEGF-A and display a similar pattern of 25 
COUP-TFII expression as in vivo.  26 
 27 
ABSTRACT:  28 
Here, we describe an in vitro culture assay to study coronary angiogenesis. Coronary vessels feed 29 
the heart muscle and are of clinical importance. Defects in these vessels represent severe health 30 
risks such as in atherosclerosis, which can lead to myocardial infarctions and heart failures in 31 
patients. Consequently, coronary artery disease is one of the leading causes of death worldwide. 32 
Despite its clinical importance, relatively little progress has been made on how to regenerate 33 
damaged coronary arteries. Nevertheless, recent progress has been made in understanding the 34 
cellular origin and differentiation pathways of coronary vessel development. The advent of tools 35 
and technologies that allow researchers to fluorescently label progenitor cells, follow their fate, 36 
and visualize progenies in vivo have been instrumental in understanding coronary vessel 37 
development. In vivo studies are valuable, but have limitations in terms of speed, accessibility, 38 
and flexibility in experimental design. Alternatively, accurate in vitro models of coronary 39 
angiogenesis can circumvent these limitations and allow researchers to interrogate important 40 
biological questions with speed and flexibility. The lack of appropriate in vitro model systems may 41 
have hindered the progress in understanding the cellular and molecular mechanisms of coronary 42 
vessel growth. Here, we describe an in vitro culture system to grow coronary vessels from the 43 
sinus venosus (SV) and endocardium (Endo), the two progenitor tissues from which many of the 44 
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coronary vessels arise. We also confirmed that the cultures accurately recapitulate some of the 45 
known in vivo mechanisms. For instance, we show that the angiogenic sprouts in culture from SV 46 
downregulate COUP-TFII expression similar to what is observed in vivo. In addition, we show that 47 
VEGF-A, a well-known angiogenic factor in vivo, robustly stimulates angiogenesis from both the 48 
SV and Endo cultures. Collectively, we have devised an accurate in vitro culture model to study 49 
coronary angiogenesis. 50 
  51 
INTRODUCTION: 52 
Blood vessels of the heart are commonly called coronary vessels. These vessels are comprised of 53 
arteries, veins, and capillaries. During development, highly branched capillaries are established 54 
first, which then remodel into coronary arteries and veins1-5. These initial capillaries are built from 55 
endothelial progenitor cells found in the proepicardium, sinus venosus (SV), and endocardium 56 
(Endo) tissues1,6-8. SV is the inflow organ of embryonic heart and Endo is the inner lining of the 57 
heart lumen. Endothelial progenitor cells found in the SV and Endo build the majority of coronary 58 
vasculature, whereas the proepicardium contributes to a relatively small portion of it2. The 59 
process by which the capillary network of coronary vessels grow in the heart from its preexisting 60 
precursor cells is called coronary angiogenesis. Coronary artery disease is one of the leading 61 
causes of death worldwide and yet an effective treatment for this disease is lacking. 62 
Understanding the detailed cellular and molecular mechanisms of coronary angiogenesis can be 63 
useful in designing novel and effective therapies to repair and regenerate damaged coronary 64 
arteries.  65 
 66 
Recently, a surge in our understanding of how coronary vessels develop has been in part achieved 67 
through the development of new tools and technologies. In particular, in vivo lineage labelling 68 
and advanced imaging technologies have been very useful in uncovering the cellular origin and 69 
differentiation pathways of coronary vessels9-12. Despite the advantages of these in vivo tools, 70 
there are limitations in terms of speed, flexibility, and accessibility. Therefore, robust in vitro 71 
model systems can complement in vivo systems to elucidate the cellular and molecular 72 
mechanisms of coronary angiogenesis in a high-throughput manner.  73 
 74 
Here, we describe an in vitro model of coronary angiogenesis. We have developed an in vitro 75 
explant culture system to grow coronary vessels from two progenitor tissues, SV and Endo. With 76 
this model, we show that the in vitro tissue explant cultures grow coronary vessel sprouts when 77 
stimulated by growth medium. Additionally, the explant cultures grow rapidly compared to 78 
control when stimulated by vascular endothelial growth factor A (VEGF-A), a highly potent 79 
angiogenic protein. Furthermore, we found that the angiogenic sprouts from the SV culture 80 
undergo venous dedifferentiation (loss of COUP-TFII expression), a mechanism similar to SV 81 
angiogenesis in vivo1. These data suggest that the in vitro explant culture system faithfully 82 
reinstates angiogenic events that occur in vivo. Collectively, in vitro models of angiogenesis that 83 
are described here are ideal for probing cellular and molecular mechanisms of coronary 84 
angiogenesis in a high-throughput and accessible manner.  85 
 86 
PROTOCOL: 87 
  88 



   

Use of all the animals in this protocol followed Ball State University Institutional Animal Care and 89 
Use Committee (IACUC) guidelines.  90 
 91 
1. Establishing mouse breeders and detecting vaginal plugs for timed pregnancies 92 
 93 
1.1. Set up a mouse breeding cage with wild type male and female mice. Ensure that the age of 94 
the breeding mice is between 6–8 weeks. Set up either a pair (1 male and 1 female) or as a trio 95 
(1 male and 2 female) for breeding.  96 
 97 
1.2. Check for a vaginal plug the following morning. Use an angled metal probe to detect a deep 98 
plug by inserting it into the vaginal opening. Designate the morning of a positive vaginal plug to 99 
be embryonic day 0.5 (e0.5).  100 
 101 
NOTE: A vaginal plug can be either superficial (which is easily visible, see Figure 1) or deep (which 102 
is not easily visible). Presence of a deep plug will block full insertion of the probe whereas the 103 
absence of a plug will allow full insertion without resistance. 104 
 105 
1.3. Maintain timed pregnancy until the embryos reach e11.5 at which they will be harvested. To 106 
confirm pregnancy before harvesting embryos, record the weight of female mice between e7.5 107 
and e11.5. 108 
 109 
NOTE: Daily increase in the mother’s weight will indicate a successful pregnancy, whereas no 110 
change in weight will indicate a failed pregnancy.  111 
 112 
2. Harvesting embryos from pregnant mice 113 
 114 
NOTE: Before beginning, make sure to have the following equipment and reagents: a CO2 115 
euthanasia chamber, 70% ethanol, paper towels, regular forceps, fine forceps, scissors, 1x sterile 116 
phosphate-buffered saline (PBS), 10 cm sterile Petri dishes, container with ice, perforated spoon, 117 
dissection stereomicroscope. 118 
 119 
2.1. Place an e11.5 pregnant mouse in a clean CO2 euthanasia chamber to sacrifice it. Close the 120 
lid of the chamber to prevent the mouse from escaping.  121 
 122 
2.2. After the mouse is secured in the euthanasia chamber, turn on CO2. Make sure to regulate 123 
the flow rate of CO2 per IACUC recommendations (i.e., 10–30% displacement per minute). After 124 
the mouse is completely euthanized, perform cervical dislocation to ensure death.  125 
 126 
2.3. Spray the mouse with 70% ethanol. Lift the skin over the belly using forceps, make a small 127 
incision using a pair of scissors and extend the incision laterally. Enlarge the incision anteriorly up 128 
to the diaphragm and expose the uterine horn containing the embryos (Figure 2).  129 
 130 
2.4. Pull out the string of embryos (uterine horn + embryos) by grasping the uterus and cutting it 131 
free. Place the string of embryos in ice-cold sterile 1x PBS.  132 



   

 133 
2.5. Dissect out the individual embryos from the uterus horn by peeling off the uterine muscle, 134 
yolk sac, and amnion one by one (Figure 3A-F) under a stereomicroscope. Transfer the cleaned 135 
embryos using a perforated spoon to a Petri dish containing sterile 1x PBS on ice. Make sure to 136 
keep the embryos cold.  137 
 138 
3. Isolating hearts from e11.5 embryos 139 
 140 
NOTE: Before beginning, make sure to have the following equipment and reagents: regular 141 
forceps, fine forceps, 1x sterile PBS, 10 cm sterile Petri dish, 6 cm sterile Petri dish, container with 142 
ice, perforated spoon, dissection stereomicroscope. 143 
 144 
3.1. Set up a new Petri dish with ice-cold sterile 1x PBS under a stereomicroscope. Transfer an 145 
embryo from step 2.5 into the Petri dish to dissect out the heart. 146 
 147 
3.2. Remove the head of the embryo using forceps. First, squeeze the head between the forceps 148 
with one hand and then remove the head by scraping it away with the other hand using closed 149 
forceps (Figure 4A-C). 150 
 151 
3.3. After removing the head, orient the embryo with its ventral side up by holding the embryo 152 
with forceps at its belly with one hand (Figure 4D).  153 
 154 
3.4. With the other hand, open the chest wall of the embryo by first making a small incision in 155 
the chest slightly above the diaphragm using fine forceps. Then, enlarge the incision very carefully 156 
by inserting closed forceps and tearing the chest wall by opening the forceps. Make sure to not 157 
thrust too deep, which can damage the heart. With the help of the forceps, keep the chest wall 158 
wide open to expose the heart and lungs in the thoracic cavity (Figure 4E).  159 
 160 
3.5. Using fine forceps, gently move the heart anteriorly (90°) and expose the dorsal aorta/vein. 161 
Pull out the heart/lungs anteriorly by capturing the dorsal aorta/vein at the base of the heart 162 
(Figure 4F-H). 163 
 164 
NOTE: Be gentle while pulling out the heart/lungs to avoid tearing of the SV, which is located at 165 
the dorsal side of the heart.  166 
 167 
3.6. Rinse the heart/lungs with cold 1x PBS to remove blood cells.  168 
 169 
3.7. Repeat steps 3.1–3.6 to remove the heart/lungs from the remaining embryos. Make sure to 170 
keep the isolated heart/lungs on ice.  171 
  172 
4. Isolating SVs and ventricles from e11.5 embryonic mouse hearts  173 
 174 
4.1. Place the Petri dish with heart/lungs from step 3.7 under a stereomicroscope to isolate the 175 
SVs and whole ventricles. Peel off the attached lobes of the lungs one-by-one from their root 176 



   

using fine forceps.  177 
 178 
4.2. Orient the heart on its dorsal side and remove atria and the adjacent tissue that surrounds 179 
the SV anteriorly without tearing the SV. Remove the left and right atria from the heart by holding 180 
at its base and scraping it off using fine forceps (Figure 5B). Remove the adjacent tissue 181 
surrounding the SV using a similar technique (Figure 5C). 182 
 183 
NOTE: Keep in mind that the right atrium is attached to the SV, so be careful to only remove the 184 
atrium. 185 
  186 
4.3. To isolate the SV, first orient the heart with its dorsal side facing up (because the SV is on the 187 
dorsal side) and keep the heart still in this position by gently holding the heart at its ventricles 188 
with forceps.  189 
 190 
NOTE: The SV is an inflow organ of an embryonic heart that lies in between the atria on the dorsal 191 
side of the heart.  192 
 193 
4.4. Remove the SV by carefully peeling it off the heart where it is attached or by holding the SV 194 
at the base of its attachment with fine forceps and scraping it off with closed forceps (Figure 5 195 
D,E).  196 
 197 
4.5. Transfer the isolated SV into a new 6 cm Petri dish with ice-cold sterile 1x PBS on ice using a 198 
sterile transfer pipette and label the Petri dish as SV. 199 
 200 
4.6. To isolate the whole ventricles, remove the outflow tract (aorta and pulmonary trunk) from 201 
the heart after the SV is removed (Figure 5F,G).  202 
 203 
4.7. Transfer the whole ventricles into a new 6 cm Petri dish containing sterile 1x PBS on ice using 204 
a sterile transfer pipette and label the Petri dish as ventricles. Keep the isolated SV and ventricles 205 
on ice.  206 
 207 
4.8. Repeat steps 4.1–4.7 to isolate SVs and ventricles from the remaining hearts.  208 
 209 
5. Setting up tissue culture plates with inserts and extracellular matrix coating  210 
 211 
NOTE: Before beginning, make sure to have the following equipment and reagents: commercial 212 
extracellular matrix solution (ECM; e.g., Matrigel), 8.0 µM polyethylene terephthalate (PET) 213 
culture inserts, 24 well plates, 37 °C, 5% CO2 incubator. 214 
 215 
5.1. Let the ECM solution thaw on ice. Keep the ECM solution on ice to avoid solidification.  216 
 217 
5.2. Place the PET membrane culture inserts (pore size = 8.0 µm, filtration area = 0.3 cm2, filter 218 
diameter = 6.5 mm) into the wells of non-tissue culture treated 24 well plates. Label the plates 219 
as SV or ventricles for the SV or the endocardial angiogenesis assays, respectively.  220 



   

 221 
NOTE: Set up the inserts in separate plates for the SV and the ventricles when performing both 222 
cultures simultaneously. Make sure to set up enough wells for all the experimental samples and 223 
controls. 224 
 225 
5.3. After the ECM solution is thawed, immediately dilute ECM 1:2 in precooled basal medium 226 
(i.e., EBM-2 basal medium, see Table of Materials) to a sufficient volume (100 µL/insert x number 227 
of inserts).  228 
 229 
NOTE: For instance, if there are six inserts, then the total volume will be 100 µL x 6 = 600 µL. Add 230 
200 µL of ECM into 400 µL of basal medium.  231 
 232 
5.4. Coat the inserts with 100 µL of freshly diluted ECM by adding it directly on top of the 233 
membrane. Incubate the plate at 37 °C for at least 30 min to allow the ECM to solidify. 234 
 235 
NOTE: This must be performed under a laminar flow tissue culture hood to avoid contamination. 236 
 237 
6. SVs and whole ventricles cultures  238 
 239 
NOTE: Before beginning, make sure to have the following equipment and reagents: 70% ethanol, 240 
transfer pipette, stereomicroscope, forceps, laminar flow tissue culture hood, microvascular 241 
endothelial cell supplement kit (Table of Materials), basal medium, 1x sterile PBS). Figure 6 242 
shows the workflow of SV and ventricle culture. 243 
 244 
6.1. Thaw out the contents of the supplement kit on ice. Prepare the complete medium by adding 245 
all the contents of the supplement kit into 500 mL of basal medium under a certified laminar flow 246 
tissue culture hood. Mix the medium well and distribute into 50 mL aliquots.  247 
 248 
6.2. Sterilize the base of the stereomicroscope and surrounding working area with 70% ethanol. 249 
 250 
6.3. Obtain the tissue culture plates from step 5.4. With the aid of a transfer pipette, carefully 251 
transfer the explants from step 4.7 on top of the insert membrane. Under a stereomicroscope 252 
and with the aid of clean forceps, position the explants at the center of the inserts to ensure they 253 
are not stuck in the corner of the inserts or attached to the side walls. 254 
 255 
6.4. After the explants are placed and centered on the inserts, carefully remove any extra PBS 256 
from the inserts and close the lids of the plates.  257 
 258 
6.5. Under a laminar flow tissue culture hood, add 100 µL of the prewarmed complete medium 259 
on top of the inserts and 200 µL into the wells to culture the explants at the air-liquid interface 260 
such that the basal surface of the insert is in contact with the medium, but the top surface is 261 
exposed to the air. 262 
 263 
NOTE: Make sure to adjust the volume to obtain an air-liquid interface if using different size 264 



   

inserts/well plates.  265 
 266 
6.6. Add 300 µL of PBS into the unused wells of the 24 well plates and cover with the lid. Incubate 267 
the plate in a 37 °C, 5% CO2 incubator, and grow the cultures for 5 days.  268 
 269 
6.7. In the following days, routinely observe the cultures under an inverted light microscope to 270 
assess the status of the explant cultures. Make sure that the explants exhibit contractile beating 271 
and that all the explants are attached to the bottom of the membrane embedded with ECM. Take 272 
note of any floating explants. 273 
 274 
NOTE: The periodic contraction of the explants indicates that they are alive. Floating explants 275 
should be omitted from the analysis.  276 
 277 
6.8. After assessing the culture status, put the culture plate back into the incubator and continue 278 
to grow the culture for up to 5 days.  279 
  280 
7. Treatment of cultures with VEGF-A (positive control) 281 
 282 
NOTE: Before beginning, make sure to have the following equipment and reagents: laminar flow 283 
tissue culture hood, 1x PBS, basal medium + 1% fetal bovine serum (FBS), basal medium + VEGF-284 
A, pipettes, and pipette tips.  285 
 286 
7.1. Prepare the basal medium + 1% FBS and the basal medium + VEGF-A.  287 
 288 
7.1.1. To prepare the basal medium + 1% FBS, first determine the number of control wells 289 
needed. For instance, if there are three control wells, then 300 µL/well x 3 = 900 µL is the total 290 
volume needed. Add 9 µL of FBS into 891 µL of basal medium to make the basal medium + 1% 291 
FBS.  292 
 293 
7.1.2. To prepare the basal medium + VEGF-A, first determine the total number of wells needing 294 
VEGF-A medium. If there are three wells, then 300 µL/well x 3 = 900 µL is the total volume and 295 
50 ng/well x 3 = 150 ng VEGF-A. Add 150 ng of VEGF-A into 900 µL of basal medium to make the 296 
basal medium + VEGF-A. 297 
 298 
NOTE: Assemble this solution at a larger volume than calculated to insure a sufficient number of 299 
smaller aliquots for each experiment. 300 
 301 
7.2. On day 2, remove the media from both chambers (the inserts and the wells). Wash cultures 302 
with 300 µL of 1x PBS by adding 100 µL to the inserts and 200 µL into the wells. Firmly swirl the 303 
plates a few times and remove the PBS.  304 
 305 
7.3. Add 300 µL of basal medium + 1% FBS (100 µL into the insert and 200 µL into the wells) to 306 
starve the cultures for 24 h. 307 
 308 



   

7.4. On day 3, after starvation, add 300 µL of basal medium + 1% FBS (100 µL into the insert and 309 
200 µL into the wells) into the control wells and basal medium + VEGF-A (50 ng/well) into the 310 
treatment wells, respectively.  311 
 312 
7.5. After treatment, continue to grow the cultures in the incubator. 313 
 314 
8. Fixation and immunostaining 315 
 316 
NOTE: Before beginning, make sure to have the following equipment and reagents: 4% 317 
paraformaldehyde (PFA), 1x PBS, primary and secondary antibodies, a shaker, 0.5% nonionic 318 
surfactant in PBS (PBT). 319 
 320 
8.1. On the sixth day of culturing, remove the medium and wash cultures with 1x PBS at room 321 
temperature (RT). 322 
  323 
8.1.1. Fix the cultures by adding 200 µL of 4% PFA solution into the wells and 100 µL into the 324 
inserts. Fix cultures in 4 °C for 20 min while rocking.  325 
 326 
8.1.2. After 20 min fixation, remove PFA from the cultures in a fume hood and wash the cultures 327 
with 1x PBS by adding 200 µL into the wells and 100 µL into the inserts.  328 
 329 
8.1.3. Repeat washes 3x, 10 min each, while rocking. Then proceed to perform immunostaining.  330 
 331 
NOTE: All the wash steps are performed on a benchtop at RT.  332 
 333 
8.2. Dilute primary antibodies (anti-VE-Cadherin, anti-ERG 1/2/3) in blocking solution (5% donkey 334 
serum, 0.5% PBT). Add 300 µL of primary antibody solution (200 µL in the bottom wells and 100 335 
µL into the inserts). Incubate cultures in primary antibodies overnight at 4 °C while rocking.  336 
 337 
NOTE: Anti-VE-Cadherin is used to label the endothelial cell membrane and anti-ERG 1/2/3 is 338 
used to label the endothelial cell nucleus in order to visualize the angiogenic sprouts of 339 
endothelial cells.  340 
 341 
8.3. The next day, wash and rock the culture plates 10x in 0.5% PBT, changing PBT every 10 min.  342 
 343 
8.4. Dilute the secondary antibodies (donkey anti-rat Alexa Fluor 488 and donkey anti-rabbit 344 
Alexa Fluor 555) in blocking solution. Add 300 µL of the secondary antibody as in step 8.2 and 345 
incubate the cultures overnight at 4 °C while rocking. The next day, wash the secondary 346 
antibodies 10x in PBT, changing PBT every 10 min.  347 
 348 
NOTE: Wash a minimum of 10x but more washes are better. After the washes are complete, the 349 
cultures can be stored with 1x PBS until they are mounted onto slides.  350 
 351 
9. Mounting cultures onto slides, imaging, and analysis  352 



   

 353 
NOTE: Before beginning, make sure to have the following equipment and reagents: fine forceps, 354 
slides, mounting medium with 4′,6-diamidino-2-phenylindole (DAPI), coverslips, and confocal 355 
microscope. After secondary antibody staining, mount the cultures onto slides for imaging using 356 
the following steps. 357 
  358 
9.1. Peel off the membrane carefully from the insert using fine forceps and transfer it onto the 359 
slides by putting the membrane side down and placing the explant cultures upward. Place the 360 
replicate samples into the same slides and label the slides as control or VEGF-A. Add a few drops 361 
of mounting medium with DAPI directly onto the membrane and cover the slides with cover slips.  362 
 363 
NOTE: Make sure to avoid air bubbles while placing the coverslips.  364 
 365 
9.2. Seal off the edges of the slides with clear nail polish and let dry.  366 
 367 
NOTE: Slides can be stored in -20 °C for long-term storage. 368 
 369 
9.3. Image slides using a confocal microscope. 370 
 371 
9.4. Perform analysis to measure the length of angiogenic outgrowth. Quantify angiogenic 372 
outgrowth length by measuring the distance of the endothelial cells (Ve-Cadherin+/ERG 1/2/3+) 373 
extended from the inside boundary of the ERG 1/2/3+ cells in the ventricle cultures and from the 374 
center of the SV explants in the SV cultures. 375 
 376 
9.4.1. To perform quantification using FIJI/ImageJ, first download FIJI software. 377 
 378 
9.4.2. Open image files in FIJI: go to File | Open | Folder | Filename | Open. 379 
 380 
9.4.2. Go to Analyze | Set Measurements | Select Perimeter.  381 
 382 
9.4.3. Select the Straight Line tool from the main window. 383 
 384 
9.4.4. Draw a line across the length of a sprout as suggested in step 9.4. 385 
 386 
9.4.5. Go to Analyze | Measure.  387 
 388 
NOTE: Length measurements are displayed in the new window.  389 
 390 
9.4.6. Perform quantification in images that represent at least three randomly selected fields of 391 
view. Average the sprout length measurements and report them as mean ± standard deviation.  392 
 393 
REPRESENTATIVE RESULTS:  394 
One of the most striking features of SV angiogenesis in vivo is that it follows a specific pathway 395 
and involves cell dedifferentiation and redifferentiation events that occur at stereotypical times 396 



   

and positions1. As initial SV cells grow onto the heart ventricle, they stop producing venous 397 
markers such as COUP-TFII (Figure 7). Subsequently, coronary sprouts take two migration paths, 398 
either over the surface of the heart or deep within the myocardium. Surface vessels eventually 399 
become veins while invading vessels become arteries and capillaries1,6,7. This distinction is 400 
preserved as the heart grows and the coronary vasculature expands.  401 
 402 
To facilitate the discovery of the molecular underpinnings of coronary development, we have 403 
devised an in vitro model of SV sprouting that can be utilized for loss-of-function and gain-of-404 
function experiments. SV tissue from embryonic mouse hearts are dissected, placed on the top 405 
of diluted ECM (which is commercially available, see Table of Materials), and maintained at the 406 
air-liquid interface in endothelial cell growth medium. The SV myocardium continues to beat 407 
throughout the culture period. After 2 days in culture, epicardial cells that line the tissue leave 408 
the explant and migrate out onto the matrix. After 5 days, SV endothelial cells sprout out and 409 
migrate onto the epicardial tissue (Figure 8A, black arrowheads). Collectively, this process 410 
recapitulates angiogenic aspects of coronary development.  411 
 412 
Cultured SV sprouts also undergo venous dedifferentiation. As in the embryonic heart, COUP-TFII 413 
expression is reduced as the vessels migrate away from the SV (Figure 8B, compared to Figure 414 
7). Control vessels such as umbilical or yolk sac arteries and veins can produce sprouting vessels. 415 
However, they are fewer in number and shorter in length and do not change their arterial or 416 
venous identity (not shown). Thus, venous reprogramming is specific to SV sprouting and not a 417 
general feature of angiogenesis or a response to ECM components. These data also indicate that 418 
the cell types contained within the SV itself are necessary and sufficient to induce 419 
dedifferentiation. 420 
 421 
It is well known that vascular endothelial growth factor A (VEGF-A) is a potent inducer of 422 
angiogenesis7,13-18. Previous studies have shown that myocardial VEGF-A stimulates endocardial 423 
angiogenesis to grow coronary vessels7. In addition, coronary endothelial cells have been shown 424 
to express VEGF-A receptor, and SV-derived coronary vessels in the myocardium might grow in 425 
response to VEGF-A in vivo2. To show that our in vitro model of coronary angiogenesis faithfully 426 
responds to VEGF-A, we stimulated SV and Endo cultures with VEGF-A. As expected, our results 427 
showed that both SV and Endo are highly responsive to VEGF-A. Cultures stimulated with VEGF-428 
A show increased growth of angiogenic sprouts both in density and length (Figure 9A,C). SV 429 
cultures stimulated by VEGF-A show an almost 3-fold increase in sprout length compared to the 430 
control (Figure 9B). These results suggest that endothelial sprouts from SV and Endo respond to 431 
similar cues that are known in vivo.  432 
 433 
Taken together, our data suggest that these in vitro explant cultures share similar cellular and 434 
molecular events that occur during in vivo coronary development, including venous 435 
dedifferentiation and robust growth in response to VEGF-A stimulation. Therefore, our data 436 
suggest that these explant culture models are useful for studying coronary angiogenesis in vitro. 437 
  438 
FIGURE LEGENDS: 439 
Figure 1: Vaginal plug identification. (A) A vaginal plug (white spot). (B) Magnified view of boxed 440 



   

region including the vaginal plug (indicated by arrow). 441 
 442 
Figure 2: Accessing the embryo string in the uterus of a pregnant mouse. A euthanized pregnant 443 
mouse is positioned with its ventral surface up and sprayed with 70% ethanol to wet skin for 444 
dissection. The skin is pulled up at the pelvic region using forceps and a small incision is made. 445 
The incision is extended laterally. An additional incision is made anteriorly up to the diaphragm. 446 
In the uterus, a string of embryos is visible (indicated by arrowheads).  447 
 448 
Figure 3: Dissection and removal of embryos from the uterus. (A) Image showing the uterus 449 
containing a string of embryos. The membrane on the dorsal side of the embryo (opposite of the 450 
side where the placenta is located) is peeled off. (B) The embryo in the yolk sac becomes visible 451 
after peeling off the uterus membrane. (C,D) Embryo attached to the placenta with the umbilical 452 
cord is visible after peeling off the yolk sac. Amnion is peeled off if still present. (E) Image showing 453 
an embryo attached to the placenta by the umbilical cord. (F) Image showing the detaching of 454 
the embryo from the placenta by pulling on the umbilical cord (Umb. Cord) using forceps.  455 
 456 
Figure 4: Removal of the heart/lungs pluck from embryos. (A,B) The head is removed from the 457 
embryo by capturing at the neck and scraping it off. (C) Image showing the removal of the head 458 
from the body. (D) The correct positioning of the embryo for heart dissection. The embryo is 459 
positioned with the ventral side up to have easy access to the thoracic cavity for the removal of 460 
the heart. Once the embryo is positioned as shown in D, the chest cavity is opened with forceps. 461 
(E) Image showing the open chest cavity with the heart exposed on its ventral side. (F) To remove 462 
the heart without damaging the SV, the heart is flipped anteriorly, and the dorsal aorta becomes 463 
visible. (G) Image showing the position at the base of the heart/lungs where the dorsal aorta/vein 464 
is captured with forceps and the heart/lungs pluck is pulled out anteriorly. (H) The image shows 465 
the e11.5 heart/lungs pluck removed from the embryo. V. heart = ventral heart; d. heart = dorsal 466 
heart; d. aorta = dorsal aorta; LA = left atrium; RA = right atrium; LV = left ventricle; RV = right 467 
ventricle.  468 
 469 
Figure 5: Isolating SV and ventricles from embryonic hearts. (A) Image showing the dorsal view 470 
of the isolated heart/lungs pluck from the e11.5 embryo. Location of the SV in the heart is 471 
indicated. (B) Image of the heart after the lung buds have been removed. (C) Atria and adjacent 472 
tissues surrounding the SV are removed, revealing the aorta. Location of the SV is labelled. (D) 473 
Image showing removal of the SV. Using forceps, the SV is gripped at its base and is scraped off 474 
from the heart. (E) SV removed from the heart is shown along with the remaining tissue of the 475 
heart. The aorta and pulmonary trunk (PT), collectively called the outflow tract (OFT), become 476 
visible in the heart after SV is removed. The SV will be used for in vitro culture, as described in 477 
Figure 6 (left panel). (F) Position of the OFT to be dissected is marked by a dashed white line. (G) 478 
Aorta/PT (outflow tract) is removed from the ventricles by dissection at the position shown in 479 
panel F. The remaining ventricles without the OFT are used for ventricle cultures as shown in 480 
Figure 6 (right panel).  481 
 482 
Figure 6: Schematic showing the workflow of SV and ventricle culture. Left: Procedure for SV 483 
culture. First, the SV is removed from e11.5 hearts and placed onto a culture insert. Insert 484 



   

contains porous membrane at the bottom (8 µm pore) and is coated with growth factor reduced 485 
ECM. Inserts are placed into the wells of a 24 well plate. Medium is added both in the bottom 486 
and top chamber without covering the explant. The culture is grown for 5 days. After 5 days, the 487 
membrane is removed from the insert and is mounted onto the slides for imaging and analysis. 488 
Right: Procedure for ventricle culture. Ventricles without the SV, atria, and OFT are removed from 489 
the e11.5 hearts and are cultured as described above for the SV. 490 
 491 
Figure 7: COUP-TFII expression is lost in the SV sprouts in vivo. (A) Dorsal view of e11.5 hearts. 492 
Confocal image of endothelial marker (red) that labels the sinus venosus (SV), coronary sprouts 493 
(cs, dotted line), and endocardium (endo) lining the heart lumen. (B) The venous maker COUP-494 
TFII (green), a vein transcription factor (trx), expressed in the SV is progressively lost as sprouts 495 
leave the SV and grow onto the ventricle. Right: Higher magnification of the coronary sprout 496 
shown in the boxed region of panel A. Scale bar = 100 µm. 497 
 498 
Figure 8: In vitro models of venous identity and reprogramming. (A) Brightfield image of 499 
cultured SV tissue. Vascular sprouts (arrowheads) grow out from the original explant (black 500 
dotted line) over the ECM substrate. (B) Immunofluorescence of SV cultures labeled with 501 
antibodies that mark the endothelial cell surface (VE-Cadherin), endothelial cell nuclei (ERG 502 
1/2/3), and vein and epicardial nuclei (COUP-TFII). Nuclei are positive for both ERG 1/2/3 and 503 
COUP-TFII at the SV, but ERG 1/2/3 only in sprouts migrating over the ECM. Scale bar = 50 µm.  504 
 505 
Figure 9: SV and endocardium respond to VEGF-A in vitro. (A) Confocal image of the 5-day-old 506 
control and VEGF-A treated SV explant culture. Endothelial cells are immunostained with VE-507 
cadherin (green), endothelial cell nuclei stained with ERG 1/2/3 (red) antibodies, and cell nuclei 508 
with DAPI (blue). (B) Angiogenic outgrowth of endothelial cells is quantified by measuring the 509 
length of sprout extension (the distance migrated by ERG 1/2/3+ endothelial cells from the 510 
explant, indicated by white solid lines in the bottom panels of (A). (C) Confocal image of a 5-day-511 
old culture of a control and VEGF-A treated ventricles. Endothelial cells are immunostained with 512 
VE-cadherin (green) and endothelial cell nuclei are stained with ERG 1/2/3 (blue) antibodies. Dots 513 
are individual measurements and error bars are mean ± SD. Scale bar = 200 µm (A,C). 514 
 515 
DISCUSSION: 516 
Some of the most critical steps for successfully growing coronary vessels from the SV and Endo 517 
progenitor tissues are: 1) Correctly identifying and isolating the SV tissue for SV culture; 2) using 518 
ventricles from embryos between the ages of e11−11.5 for accurate Endo culture; 3) maintaining 519 
sterile conditions throughout the dissection period and keeping the tissues cold at all times; and 520 
4) keeping the explants attached to the ECM coated membrane to avoid tissue floating in the 521 
medium.  522 
 523 
First, isolation of SV tissue can be challenging. It is important to realize that the SV lies on the 524 
dorsal side of the heart between the left and right atria hidden within the lung lobules. Therefore, 525 
it is difficult to separate and isolate. Instead, the whole heart/lungs pluck must be extracted first. 526 
The SV is then isolated from the pluck by carefully removing the lung lobules and cleaning up the 527 
adjacent tissues with the help of fine forceps. Furthermore, one must be very careful while 528 



   

cleaning up the adjacent tissues to not lose the SV. 529 
 530 
Second, for accurate endocardial angiogenesis, it is important to culture ventricles from embryos 531 
no older than e11.5. In e12.5 and older embryos, coronaries from the SV grow into a significant 532 
proportion of the ventricles. Therefore, the coronary vessels that grow from older ventricles can 533 
be comprised of both the SV- and Endo-derived coronary vessels1,2,10,19,20. For this reason, to 534 
accurately assay the coronary vessel growth from the Endo, it is critical to culture ventricles 535 
(minus SV and outflow tract) from e11.5 embryos20. In addition, the SV is relatively larger and is 536 
easier to isolate at e11.5.  537 
 538 
Third, because the protocol involves a substantial amount of work outside the tissue culture 539 
hood, it is critical to maintain a sterile working environment. It is important to sterilize the 540 
dissection tools (forceps, scissors, etc.) and the tissue culture plates and avoid contact with 541 
unsterile areas at all times. It is important to spray the working area and dissection scope with 542 
70% ethanol. To avoid contamination, it is important to perform the dissection procedure quickly 543 
and minimize work outside the tissue culture hood.  544 
 545 
Fourth, to obtain healthy explant cultures, it is important that the explants remain attached to 546 
the base of the membrane at all times. Floating explants in the medium must be avoided to 547 
successfully grow the explant cultures. To avoid floating, it is critical to maintain an air-liquid 548 
interface where the basal surface of the insert is in contact with the medium, but the top surface 549 
is exposed to the air. Such an interface is obtained when the explant is sufficiently covered by 550 
the medium but is not fully submerged. It is important to monitor the volume of the medium 551 
daily, as volume can be lost to evaporation. To prevent this, the culture plate can be humidified 552 
by adding PBS into the unused wells of the culture plates.  553 
 554 
Similar explant cultures of SV and Endo are described elsewhere20. In these methods, the explants 555 
were cultured directly into the wells of tissue culture plates, which limits high-resolution confocal 556 
imaging. The images captured in this setting are relatively poor in quality compared to the 557 
method proposed here, limiting detailed microscopic analyses. To circumvent this, we utilized 558 
culture inserts from which the membranes containing the culture can be peeled off and mounted 559 
onto the glass slides for imaging. This allows for high-resolution confocal imaging where cellular 560 
details such as expression patterns and morphology can be viewed. In addition, culturing directly 561 
on plates requires a separate staining protocol for DAPI or other pan-nuclear marker staining. 562 
This protocol does not require separate staining steps because the slides can be mounted with 563 
mounting medium containing DAPI. Furthermore, mounting on slides allows for long-term 564 
storage without fluorescent fading, whereas cultures stored in wells with liquid medium will 565 
result in quick fading and are not amenable to long-term storage and imaging.  566 
 567 
The in vitro culture models described here are ideal for interrogating cellular and molecular 568 
mechanisms of coronary angiogenesis in a high-throughput and accessible manner. This in vitro 569 
system can be used to screen for potential drugs or molecular targets to assess their effect on 570 
coronary angiogenesis. In addition, this system can also be used to study the gain-of-function and 571 
loss-of-function of various genes for their autonomous function in coronary angiogenesis. We 572 



   

observed that coronary sprouts from SV followed the epicardial migration in our in vitro cultures, 573 
suggesting an important interaction between coronary endothelial cells and epicardial cells. It is 574 
well known that the epicardium is a rich source of growth factors for coronary angiogenesis from 575 
the SV. For instance, epicardial-derived growth factors such as VEGF-C and ELABELA have been 576 
previously shown to regulate SV-derived coronary angiogenesis2,19. We can use this SV culture 577 
system to further investigate the interaction between the epicardium and coronary endothelial 578 
cells and identify novel epicardial-derived molecular pathways of coronary angiogenesis. 579 
Additionally, our in vivo data suggest that myocardial hypoxia may be involved in endocardial 580 
angiogenesis19. Our in vitro culture system offers an excellent model to study the role of hypoxia 581 
in endocardial angiogenesis by incubating the cultures in hypoxic or normoxic conditions. These 582 
are difficult experiments to conduct in vivo because it requires a pregnant mouse to be placed in 583 
a controlled hypoxic chamber. From our own experience, it is very challenging to obtain 584 
consistent and reliable results from in vivo experiments. In summary, our in vitro model of 585 
coronary angiogenesis provides a reliable system to interrogate a wide range of questions 586 
relating to the cellular and molecular biology of coronary angiogenesis.  587 
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Name of Material/Equipment Company Catalog Number

100 x 20 MM Tissue Culture Dish Fisher Scientific 877222

24-well plates Fisher Scientific 08-772-51

8.0 uM PET membrane culture inserts Millipore Sigma MCEP24H48

Alexa Fluor Donkey anti-rabbit 555 Fisher Scientific A31572

Alexa Fluor Donkey anti-rat 488 Fisher Scientific A21206

Angled Metal Probe Fine science tools 10088-15

Anti- ERG 1/2/3 antibody Abcam Ab92513

Anti- VE-Cadherin antibody Fisher Scientific BDB550548

CO2 gas tank Various suppliers N/A

CO2 Incubator Fisher Scientific 13998223

Dissection stereomicrosope Leica S9i

EBM-2 basal media Lonza CC-3156

ECM solution Corning 354230

EGM-2 MV Singlequots Kit Lonza CC-4147

Fetal Bovine Serum (FBS) Fisher Scientific SH3007003IR

FiJi NIH NA

Fine Forceps Fine science tools 11412-11
Fisherbrand Straight-Blade operating 

scissors Fisher Scientific 13-808-4

Hyclone Phosphate Buffered Saline (1X) Fisher Scientific SH-302-5601LR

Laminar flow tissue culture hood Fisher Scientific

various models 

available

Mounting Medium Vector Laboratories H-1200

Paraformaldehyde (PFA) Electron Microscopy/Fisher50-980-494

Perforated spoon Fine science tools 10370-18

Recombinant Murine VEGF-A 165 PeproTech 450-32

Standard forceps, Dumont #5 Fine science tools 11251-30

Sure-Seal Mouse/Rat chamber Easysysteminc EZ-1785
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Comments/Description

Referred in the protocol as Petri dish

Secondary antibody

Secondary antibody

Angled 45 degree, used for detecting deep plugs

Primary antibody

Primary antibody, manufacturer BD BioSciences

For 37 ℃, 5% CO2 incubation 

Leica S9i Stereomicroscope

Endothelial cell growth basal media

Commercially known as Matrigel

Microvascular endothelial cell supplement kit; This is mixed into the EBM-2 to make the EGM-2 complete media

Image processing software (https://imagej.net/Fiji/Downloads)

Used for embryo dissection

Vectashield with DAPI

This is available at 32%; needs to be diluted to 4%

Useful in removing embryo/tissues from a solution  

Euthanasia chamber
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4. Retention of Rights in Article. Notwithstanding 
the exclusive license granted to JoVE in Section 3 above, the 
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in
each case provided that a link to the Article on the JoVE
website is provided and notice of JoVE’s copyright in the
Article is included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
remain with the Author.
5. Grant of Rights in Video – Standard Access. This
Section 5 applies if the “Standard Access” box has been
checked in Item 1 above or if no box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author
hereby acknowledges and agrees that, Subject to Section 7
below, JoVE is and shall be the sole and exclusive owner of
all rights of any nature, including, without limitation, all
copyrights, in and to the Video. To the extent that, by law,
the Author is deemed, now or at any time in the future, to
have any rights of any nature in or to the Video, the Author
hereby disclaims all such rights and transfers all such rights
to JoVE. 
6. Grant of Rights in Video – Open Access. This
Section 6 applies only if the “Open Access” box has been
checked in Item 1 above. In consideration of JoVE agreeing
to produce, display or otherwise assist with the Video, the
Author hereby grants to JoVE, subject to Section 7 below, 
the exclusive, royalty-free, perpetual (for the full term of
copyright in the Article, including any extensions thereto)
license (a) to publish, reproduce, distribute, display and
store the Video in all forms, formats and media whether
now known or hereafter developed (including without
limitation in print, digital and electronic form) throughout
the world, (b) to translate the Video into other languages,
create adaptations, summaries or extracts of the Video or
other Derivative Works or Collective Works based on all or
any portion of the Video and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works
and (c) to license others to do any or all of the above. The 
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats. 
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.
7. Government Employees. If the Author is a United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in Item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.S.C. 403, then the
rights granted hereunder shall be limited to the maximum

rights permitted under such statute. In such case, all 
provisions contained herein that are not in conflict with 
such statute shall remain in full force and effect, and all 
provisions contained herein that do so conflict shall be 
deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute. 
8. Protection of the Work. The Author(s) authorize
JoVE to take steps in the Author(s) name and on their behalf
if JoVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.
9. Likeness, Privacy, Personality. The Author hereby
grants JoVE the right to use the Author’s name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and 
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance 
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author (or, if more than one author is listed at the beginning 
of this Agreement, by such authors collectively) and has not 
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JoVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this 
Agreement on his or her behalf and to bind him or her with 
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants 
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.
11. JoVE Discretion. If the Author requests the
assistance of JoVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JoVE may, in its sole
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discretion, elect not take any action with respect to the 
Article until such time as it has received complete, executed 
Article and Video License Agreements from each such 
author. JoVE reserves the right, in its absolute and sole 
discretion and without giving any reason therefore, to 
accept or decline any work submitted to JoVE. JoVE and its 
employees, agents and independent contractors shall have 
full, unfettered access to the facilities of the Author or of 
the Author’s institution as necessary to make the Video, 
whether actually published or not. JoVE has sole discretion 
as to the method of making and publishing the Materials, 
including, without limitation, to all decisions regarding 
editing, lighting, filming, timing of publication, if any, 
length, quality, content and the like.  
12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any 
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and 
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to

the making of a video by JoVE its employees, agents or 
independent contractors. All sterilization, cleanliness or 
decontamination procedures shall be solely the 
responsibility of the Author and shall be undertaken at the 
Author’s expense. All indemnifications provided herein 
shall include JoVE’s attorney’s fees and costs related to said 
losses or damages. Such indemnification and holding 
harmless shall include such losses or damages incurred by, 
or in connection with, acts or omissions of JoVE, its 
employees, agents or independent contractors. 
13. Fees. To cover the cost incurred for publication,
JoVE must receive payment before production and
publication of the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.
14. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy 
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission. 

CORRESPONDING AUTHOR 
Name:    

Department:  

Institution: 

Title:  

Signature:  Date:  

Please submit a signed and dated copy of this license by one of the following three methods: 
1. Upload an electronic version on the JoVE submission site
2. Fax the document to +1.866.381.2236
3. Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02140

 

Bikram Sharma, PhD

Biology

Ball State University

Assistant Professor

Bikram Sharma 7/11/2019



Response to Editorial comments: 

Changes to be made by the author(s): 
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling or 
grammar issues. The JoVE editor will not copy-edit your manuscript and any errors in the submitted revision may be 
present in the published version. 
 
We proofread the manuscript with great details. We have corrected spelling and grammar issues that were 
indicated by the reviewers and other errors that were identified.   

 
2. Keywords: Please provide at least 6 keywords or phrases. 
 
New keywords added. Now, total keywords provided is 6.  

 
3. Summary: Please shorten it to no more than 50 words. 
 
The summary is shortened to contain no more than 50 words.  

 
4. Please define acronyms/abbreviations upon first use in the main text. 
 
Acronyms/abbreviations are defined when mentioned first in the main text.  

 
5. Please use SI abbreviations for all units: L, mL, µL, h, min, s, etc. Please use the micro symbol µ instead of u and 
abbreviate liters to L (L, mL, µL) to avoid confusion. 
 
The abbreviations for all units are corrected as suggested.  

 
6. Please include a space between all numbers and the corresponding unit: 15 mL, 5 g, 7 cm, 37 °C, 60 s, 24 h, etc. 
 
This is corrected in the revised manuscript.  

 
7. JoVE cannot publish manuscripts containing commercial language. This includes trademark symbols (™), 
registered symbols (®), and company names before an instrument or reagent. Please remove all commercial 
language from your manuscript and use generic terms instead. All commercial products should be sufficiently 
referenced in the Table of Materials. You may use the generic term followed by “(Table of Materials)” to draw the 
readers’ attention to specific commercial names. Examples of commercial sounding language in your manuscript are: 
LONZA, Matrigel, Charles, Vectashield, Vector laboratories, Photoshop, etc. 
 
All the commercial languages have been removed and all the products are referenced in the Table of 
Materials.   

 
8. All methods that involve the use of human or vertebrate subjects and/or tissue sampling must include an ethics 
statement. Please provide an ethics statement at the beginning of the protocol section indicating that the protocol 
follows the guidelines of your institution. 
 
An ethics statement is added.  

 
9. Please revise the Protocol to contain only action items that direct the reader to do something (e.g., “Do this,” 
“Ensure that,” etc.). The actions should be described in the imperative tense in complete sentences wherever 
possible. Avoid usage of phrases such as “could be,” “should be,” and “would be” throughout the Protocol. Any text 
that cannot be written in the imperative tense may be added as a “NOTE.” Please include all safety procedures and 
use of hoods, etc. However, notes should be used sparingly, and actions should be described in the imperative tense 
wherever possible. Please move the discussion about the protocol to the Discussion. 
 
This is corrected in the revised manuscript as much as possible. However, some of the steps required 
additional description to help follow the action points. But this is provided at NOTE as suggested.  

 
10. Please revise the Protocol steps so that individual steps contain only 2-3 actions per step and a maximum of 4 
sentences per step. Use sub-steps as necessary. 
 
Sub-steps added for some steps in the revised manuscript.  

 
11. Line 176: Step 3.10 does not exist. Please revise. 
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This is revised correctly.  

 
12. Line 198: Step 4.7 does not exist. Please revise. 
 
This is revised correctly.  

 
13. 9.4: Please describe how analysis/measurement is done. For actions involving software usage, please provide all 
specific details (e.g., button clicks, software commands, any user inputs, etc.) needed to execute the actions. 
 
Additional description is added for analysis/measurement. Specific details regarding the use of the software 
is added as suggested in the revised manuscript.  

 
 
14. After you have made all the recommended changes to your protocol section (listed above), please highlight in 
yellow up to 2.75 pages (no less than 1 page) of protocol text (including headers and spacing) to be featured in the 
video. Bear in mind the goal of the protocol and highlight the critical steps to be filmed. Our scriptwriters will derive 
the video script directly from the highlighted text. 
 
Protocol text upto 2.75 pages to be featured in the video have been highlighted in yellow.  

 
15. Please highlight complete sentences (not parts of sentences). Please ensure that the highlighted steps form a 
cohesive narrative with a logical flow from one highlighted step to the next. The highlighted text must include at least 
one action that is written in the imperative voice per step. Notes cannot usually be filmed and should be excluded 
from the highlighting. 
 
Highlighted the text as suggested above. 

 
16. Please include all relevant details that are required to perform the step in the highlighting. For example: If step 2.5 
is highlighted for filming and the details of how to perform the step are given in steps 2.5.1 and 2.5.2, then the sub-
steps where the details are provided must be highlighted. 
 
Relevant details are included in the highlights.  

 
17. Please remove the titles and figure legends from the uploaded figures. The information provided in the Figure 
Legends after the Representative Results is sufficient. 
 
Titles and figure legends are removed from the figures.  

 
18. Please include a scale bar, ideally at the lower right corner, for all microscopic images to provide context to the 
magnification used. Define the scale in the appropriate figure Legend. 
 
The scale bars are included for the appropriate microscopic images. However, we were unable to determine 
the correct scales for the images taken by the dissection microscope and a mobile phone due to the lack of 
exact micron/pixel information on the images taken.     

 
19. Figure 6: Please use the micro symbol µ instead of u (µm instead of um). Please replace Matrigel with a generic 
term. 
 
This is corrected in the revised manuscript.  

 
20. Figure 9: Please define error bars in the figure legend. 
 
Error bars are defined in the revised manuscript.  

 
21. Table of Materials: Please ensure that it has information on all relevant supplies, reagents, equipment and 
software used, especially those mentioned in the Protocol. Please sort the materials alphabetically by material name. 
 
Information on additional supplies, reagents, equipment, and software is added and the materials are sorted 
alphabetically as suggested.  

  
22. For in-text references, the corresponding reference numbers should appear as superscripts after the appropriate 



statement(s) in the text (before punctuation but after closed parenthesis). The references should be numbered in 
order of appearance. 
 
The in-text reference is corrected as suggested and the references are numbered in order of appearance.  

 
23. Please ensure that the references appear as the following: [Lastname, F.I., LastName, F.I., LastName, F.I. Article 
Title. Source. Volume (Issue), FirstPage – LastPage (YEAR).] For more than 6 authors, list only the first author then 
et al. Please do not abbreviate journal titles. See the example below: 
Bedford, C.D., Harris, R.N., Howd, R.A., Goff, D.A., Koolpe, G.A. Quaternary salts of 2-
[(hydroxyimino)methyl]imidazole. Journal of Medicinal Chemistry. 32 (2), 493-503 (1998). 
 
We have revised the reference citation to appear as suggested above.  

 
 
Response to Reviewers' comments: 
 
We thank the reviewers for their insightful and helpful comments, which helped clarify several points and 
significantly improved the manuscript. Below are reviewers’ comments followed by our response in bold.  

 
Reviewer #1:  

Manuscript Summary: 
The protocol by Large and colleagues describes an in vitro model for the culture of explants and outgrowth of vessels 
from the major embryonic sources, namely sinus venosus and endocardium. This would provide an invaluable 
resource for the community, to assay the mechanisms of sprouting and to screen for novel pro-angiogenic molecules 
for regeneration. 
Overall, the procedure is clearly explained, with the most critical steps highlighted. Anticipated results and examples 
of the utility of the method are described. Helpful figures, mostly images of key protocol steps, along with a schematic 
of the workflow and an image of the resulting vessel sprouts, are provided. Some specific points for clarification are 
identified below. In general, a thorough grammatical/language review is also required. 
 
Major Concerns: 
None 
 
Minor Concerns: 
1. Step 1.1: the authors advise using CD1 mice. Have other strains been tested? A comment on the use of these 
should be provided, as users may wish to test genetically altered mice which would typically be on a C57Bl6 
background. 
 
CD1 mice are generally easy to breed and yield high number of embryos. Therefore, we suggested CD1 for 
wild type use. However, we have also performed these experiments with genetically altered mice on C57Bl6. 
To avoid confusion, we removed CD1 and suggested use of any strain of mice.  

 
2. Abbreviations defined in the abstract are not defined upon first mention in the main text but should be. 
 
Abbreviations are defined in the main text in the revised manuscript.  

  
3. Although keeping tissues cold is advised in the Discussion, it would be helpful in step 3, to advise keeping the Petri 
dish containing remaining embryos on ice, whilst the earlier ones are being dissected. 
 
The embryos are suggested to keep on ice in a Petri dish in step 2.3. Embryos are transferred on at a time, 
while keeping the remaining embryos on ice, during dissection in step 3.     

 
4. Step 3.2: Two instances of "First…." 
 
This error is corrected in the revised manuscript.  

 
5. Step 4.1: As written, "extra cardiac tissue" is ambiguous and would be variably interpreted as either non-cardiac 
tissue or additional cardiac tissue. Please clarify. For the former, extracardiac (one word) is usual. 
 
We have used “adjacent tissue surrounding the SV” instead of extra cardiac tissue to clarify this in step 
4.2.2.  



 
6. Step 4.2: although the figure is helpful, it would also be useful to describe in words how a non-expert might identify 
the SV. 
 
We have added a note describing SV as “SV is an inflow organ of an embryonic heart that lies in between the 
atria on the dorsal side of the heart.”  

 
7. Step 4.3: "Repeat 4.2 to 4.7". Should this be "4.2 to 4.3"? There are no steps 4.4-4.7 and, as written, it does not 
appear to relate to panels of Figure 4. Regarding panel figures, numbering them is confusing, as the number could 
refer to either the figure or protocol step. Is this a journal format or could the figure panels be labelled A-Z instead? 
Indeed, panels in Figure 1 are (inconsistently) labelled A and B. 
 
We have fixed these errors. We have also changed the labelling of our panel figures from numbering to A-Z 
format and kept consistent throughout the revised manuscript. We have also carefully matched the in-text 
citation of these figure panels.   

 
8. Steps 5-9: it would help to list the materials required before beginning the protocol (as for Step 4). 
 
We have listed the materials before beginning protocol in steps 5-9 as suggested.  

 
9. Step 5.2: the authors may wish to comment on the choice of PET membranes - could other membranes be used? 
 
We have only used PET membranes. However, we do not anticipate having any problems with other 
membranes since the membranes are coated with matrigel for attachment in our protocol.   

 
10. Step 5.3: it may be advisable to include a cautionary note to remind users to keep Matrigel on ice to avoid 
solidification. 
 
We have added a cautionary note as “Keep the ECM on ice to avoid solidification” in step 5.1. 

 
11. Step 6: are media changes required over the course of the 5 days? State either way. 
 
Media is changed on day 2 and day 3 (media containing treatments). There is no need for media change from 
day 4 to 6.  

 
12. Step 7.2 states to starve cultures for at least 24 hours. Presumably there is a maximum length of time and it 
would be advisable to suggest a defined period. 
 
We have removed “at least” and corrected the statement as, “starve the cultures for 24 h).  
 

13. In step 7.2, to avoid ambiguity, please clarify if the additional 100 ul directly into the inserts is of the 
control/VEGFA medium, for the respective condition. 
 
We thank the reviewer for noting this. We have clarified that 100 ul is added directly into the insert for 
control/VEGFA medium for the respective condition in step 7.4.  

 
14. Step 8.1: Are the cultures washed in PBS prior to fixation? Confirm if all this step is completed at room 
temperature. 
 
Yes. The cultures are washed prior to fixation and we have added this in step 8.1.  

 
15. Step 8.2: It is rather surprising that no blocking step/agent is included. Is this correct? Perhaps the authors may 
wish to comment on this. It may likely be required for other antibodies, even if not for those in the given example. 
 
The antibodies that is mentioned in the protocol works well without the blocking solution. However, we have 
experienced better results with blocking solution for other antibodies. Therefore, we have suggested diluting 
antibodies in blocking solution (5% donkey serum, 0.5% Triton X-100 in PBS) in steps 8.2 and 8.4.  

 
16. No details of primary/secondary antibodies are provided. Although the choice of antibodies will be varied by users 
of the protocol, many will wish to replicate the representative results in their assays and will require details of tried 
and tested antibodies. 
 



We have provided the details of both primary and secondary antibodies in step 8.2 and 8.4 in the revised 
manuscript.   

 
17. Figure 7: vein trx factor: define trx in legend or preferably write in full as transcription factor. 
 
Trx is defined as “transcription factor” in the figure legend.  

 
18. Figure 8: As recombinant protein was used, VEGF-A, not Vegf-A, is correct. In fact, it should be specified, in the 
method and figure, that isoform 165 was used. 
Vegf-A is changed to VEGF-A throughout the text in the revised manuscript. VEGF-A 165 is specified in Table 
of Materials. 

 
19. As mentioned above, the grammar requires attention. Some specific points to consider: 
- "In vivo studies are wonderful" - useful or valuable would be more scientific. 
- Frequent references to "grabbing" e.g. the mouse, embryo, tissue. 
- "media" (plural) referred to, when singular form "medium" would be more appropriate. 
- "scrapping" should be "scraping". 
 
We corrected all the grammatical errors pointed by the reviewer. Furthermore, we proofread the manuscript 
thoroughly and corrected errors. In addition, we are thankful to Drs. Philip J. Smaldino and Carolyn Vann 
(both are acknowledged) for thoroughly proofreading our manuscript and providing helpful comments, 
which significantly improved the revised manuscript in terms of grammatical errors.    

 
Reviewer #2:  

The protocol by Sharma et al. describes a model for studying coronary angiogenesis in vitro. It is well described and 
along with a video it will allow scientist to reproduce this technique successfully. 
 
Minor Concerns: 
Details about the used antibodies should be included into the material list. 
 
We have included the details of antibodies used both in-text and in the “Table of Materials.” 

 
Reviewer #3: 

Manuscript Summary: 
The manuscript describes methods for an angiogenesis model involving different embryonic heart tissues; specificaly 
the sinus venosus (SV) and endocardium (Endo), the two progenitor tissues from which much of the coronary vessels 
arise. The motivation is to create an in vitro culture system to successfully grow coronary vessels as a model of 
coronary vascular development. In general, the methods are well described. However, additional details are required 
to be able to fully replicate the model. 
 
Major Concerns: 
1. Presumably, the instruments are sterilized (e.g. autoclaved) before use. If so, state the method used. If not 
sterilized, provide a statement as such. 
 
2. Line 135: provide CO2 flow rate. 
 
CO2 flow rate is set as 10-30% displacement per minute. This is included in step 2.1. 

 
3. Line 142: should mention that the embryos are still within the uterine horn and that the horn + embryos are 
removed. 
 
We thank the reviewer for providing this clarification. Indeed, the embryos are still within the uterine horn 
and that the horn+embryos are removed. We have included this in step 2.2.   

 
4. Line 157: What is "Step 2.8" referring to? There is no step 2.8 in the document. Perhaps this is referring to step 6 
of Figure 3 in 2.3? 
 
This error is corrected. 

 
5. Line 175: Similarly, there is reference to steps that are not listed in section 3. 
 
This error is corrected.  



 
6. Line 205: Provide a description of the PET inserts. Can any PET insert be used? Does membrane thickness 
matter? Must it be PET? 
 
Description of the PET insert is added in step 5.2. We have only used the kind described and we do not have 
any knowledge on whether the other insert type would work or not. However, we do not anticipate any 
problems with other kinds of PET or a different porous membrane system since the membrane are coated 
with ECM for cellular attachment.  

 
7. Line 214: It would be helpful to expand the calculation to state "100 μl/insert x number of inserts". 
 
We have expanded the calculations as suggested in steps 5.3, 7.1.1, and 7.1.2.  

 
8. Section 7.1: Would it not be easier to simply transfer the insert to a new plate for the washing step? 
 
Yes. However, to minimize the number of plates used, we have washed in the same plate.  

 
9. Line 264: Is the media to be removed prior to adding the PFA? If it is removed or it remains should be stated. 
 
We thank the reviewer for noting this. Yes, the media is removed as washed with PBS before adding PFA. 
This is included in step 8.1.  

 
10. Line 326: This is the first time an air-liquid interface is mentioned. As an apparent key element of the methods, 
this interface and how to assess that the explant is positioned properly at the interface should be described in the 
procedure sections. 
 
We thank the reviewer for this helpful comment. We have provided brief description in step 6.4 and described 
it in the discussion as well.  

 
Minor Concerns: 
1. Define SV and Endo in the Introduction. 
 
We have included definition of SV and Endo in the introduction.  

 
2. Line 220: Technically, 70% EtOH is not a sterilant. Perhaps simply indicating the base is cleaned with 70% EtOH 
should be stated. 
 
We agree with the reviewer and we corrected the statement as suggested by the reviewer.  

 
3. There are numerous grammatical errors. 
 
We have diligently proofread the manuscript and corrected grammatical errors. In addition, we also had our 
manuscript proofread by two of our colleagues (who are native English speakers) and incorporated their 
helpful comments. We have corrected numerous grammatical errors in our revised manuscript.  

 


