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SUMMARY:  23 
Here, we describe a protocol to visualize and analyze the pharyngeal arch arteries 3, 4, and 6 of 24 
mouse embryos using whole-mount immunofluorescence, tissue clearing, confocal microscopy, 25 
and 3D reconstruction. 26 
 27 
ABSTRACT:  28 
Improper formation or remodeling of the pharyngeal arch arteries (PAAs) 3, 4, and 6 contribute 29 
to some of the most severe forms of congenital heart disease. To study the formation of PAAs, 30 
we developed a protocol using whole-mount immunofluorescence coupled with benzyl 31 
alcohol/benzyl benzoate (BABB) tissue clearing, and confocal microscopy. This allows for the 32 
visualization of the pharyngeal arch endothelium at a fine cellular resolution as well as the 3D 33 
connectivity of the vasculature. Using software, we have established a protocol to quantify the 34 
number of endothelial cells (ECs) in PAAs, as well as the number of ECs within the vascular plexus 35 
surrounding the PAAs within pharyngeal arches 3, 4, and 6. When applied to the whole embryo, 36 
this methodology provides a comprehensive visualization and quantitative analysis of embryonic 37 
vasculature.  38 
 39 
INTRODUCTION:  40 
During mouse embryogenesis, pharyngeal arch arteries (PAAs) arise as symmetrical, bi-lateral 41 
pairs of arteries that connect the heart with the dorsal aortae1. As the embryo develops, the first 42 
and second pairs of PAAs regress, while the 3rd, 4th, and 6th PAAs undergo a series of asymmetrical 43 
remodeling events to form the aortic arch arteries2.  44 
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 45 
The PAAs 3, 4 and 6 develop via vasculogenesis, which is the de novo formation of blood vessels3. 46 
Defects in the formation or remodeling of these arch arteries give rise to various congenital heart 47 
defects, such as those seen in patients with DiGeorge Syndrome4,5. Therefore, understanding 48 
mechanisms that regulate the development of PAAs can lead to a better understanding of 49 
congenital heart disease (CHD) etiology.  50 
 51 
Current approaches for visualizing and analyzing PAA development include immunofluorescence 52 
of tissue sections, vascular casts, India ink injection, high resolution episcopic microscopy, and/or 53 
whole-mount immunohistochemistry1,4–7. Herein, we describe a protocol combining whole-54 
mount immunofluorescence, confocal microscopy and 3D image rendering in order to gather, 55 
analyze, and quantify volumetric data, vascular connectivity and cell identity. Further, we detail 56 
a method to compartmentalize and quantify the numbers of ECs in each pharyngeal arch as a 57 
means to study formation of the pharyngeal arch vascular plexus and its remodeling into the 58 
PAAs. While this protocol is designed for analyzing PAA development, it can be used to analyze 59 
other developing vascular networks. 60 
 61 
PROTOCOL:  62 
 63 
Animal use and procedures were approved by the Institutional Animal Care and Use Committee 64 
at Rutgers University. 65 
 66 
1. Preparation of solutions 67 
 68 
1.1. Prepare 1 L of phosphate buffered saline with 0.1% Triton-X-100 (PBST) and filter sterilize. 69 
This solution can be stored at room temperature (RT) for at least a year. 70 
 71 
1.2. Prepare 600 µL of blocking buffer consisting of 10% of normal donkey serum in PBST. 72 
Make this solution fresh each time.  73 
 74 
1.3. Prepare 50 mL of the following methanol (MeOH) dilutions in a flow hood: 25% MeOH in 75 
deionized water (dH2O), 50% MeOH in dH2O, and 75% MeOH in dH2O. Vortex to mix. Store at RT.  76 
 77 
1.4. Prepare 50 mL of the following benzyl alcohol-benzyl benzoate (BABB) solutions in 50 mL 78 
conical tubes.  79 
 80 
1.4.1. For 100% BABB, add 32 mL of benzyl benzoate to 16 mL of benzyl alcohol (2:1 volume per 81 
volume ratio). 82 
 83 
1.4.2. For 50% BABB, add 16 mL of benzyl benzoate and 8 mL of benzyl alcohol to 24 mL of 84 
MeOH. 85 
 86 
1.4.3. Cover conical tubes in aluminum foil to protect from light. These solutions can be stored 87 
at RT for up to a year.  88 



   

  
 

 89 
CAUTION: BABB is toxic and corrosive. It should be handled and disposed according to MSDS.  90 
 91 
2. Embryo dissection and fixation 92 
 93 
NOTE: This protocol is suitable for E9.5 and E10.5 mouse embryos (male or female) isolated from 94 
any mouse strain. For younger and older embryos, incubations times should be experimentally 95 
determined to maximize signal to noise ratio of fluorescence signal.  96 
 97 
2.1. Fill one 35 mm and one 60 mm Petri dishes with 1x PBS and place on ice until needed.  98 
 99 
2.2. Euthanize a pregnant mouse via CO2 inhalation. Perform cervical dislocation as a 100 
secondary measure of euthanasia.  101 
 102 
2.3. Clean the abdominal area of the dam with 70% ethanol. Pinch the abdominal area using 103 
forceps and make a V-like incision using surgical scissors starting from the base of the abdominal 104 
wall at the midline; continue to open up the thoracic cavity. Lift the abdominal tissue and move 105 
the intestines to the side to expose the uterine horns.  106 
 107 
2.4. Make a cut at the base of the vaginal canal, and with forceps, pull the uterus away from 108 
the dam. Make an additional cut at each ovary to free the uterus. Transfer the uterus into one of 109 
the 60 mm Petri dishes containing cold 1x PBS.  110 
 111 
2.5. Using straight scissors, cut the uterine wall between each implantation site. Pick up a 112 
decidua with a glass pipet and transfer into the 35 mm Petri dish with 1x PBS. Under a dissection 113 
microscope, insert straight scissors into the space between the decidua and the uterine wall. Cut 114 
and remove the uterine wall.  115 
 116 
2.6. With fine forceps, remove the decidua and Reichert's membranes from the embryo by 117 
carefully making transverse incisions along the tissue and pulling the tissue away from the yolk 118 
sac. Remove yolk sac and amniotic sac by carefully pulling the tissue away from the embryo and 119 
making cuts at the allantois and umbilical vein.  120 
 121 
NOTE: Yolk sacs can be used for genotyping embryos.  122 
 123 
2.7. Transfer each embryo with a glass pipet into individual 2 mL tubes filled with 1 mL of 1x 124 
PBS. Label each tube with a unique identifier. 125 
 126 
2.8. To fix embryos, carefully remove the 1x PBS and add 4% paraformaldehyde (PFA) solution 127 
in 1x PBS. Incubate at 4 °C with gentle agitation overnight.  128 
 129 
NOTE: 4% PFA fixation is suitable for the antibodies mentioned in this protocol. However, fixation 130 
procedures should be optimized for additional antibodies.  131 
 132 



   

  
 

3. Embryo staining 133 
 134 
NOTE: In this section, embryos are permeabilized and stained with primary and secondary 135 
antibodies. Because PAA development proceeds rapidly, differences in embryonic stage will 136 
greatly affect the analysis downstream. Therefore, embryos must be age-matched by carefully 137 
counting somites to match control and mutant pairs prior to further manipulations. 138 
 139 
3.1. To wash embryo(s), carefully remove 4% PFA and add 1x PBS. Gently invert the tube(s) 140 
several times. Place tube(s) right-side up and allow the embryo(s) to sink. Repeat wash 3 times. 141 
Place the tube(s) with embryo(s) on ice.  142 
 143 
NOTE: (Optional stopping point) Following the washes, embryos can be dehydrated in graded 144 
series of MeOH for 30 min per dilution, as in section 1.3, and stored at -20 °C in 100% MeOH for 145 
later use for up to 6 months.  146 
 147 
3.2. For E10.5 embryos, use a glass pipet to transfer one embryo to a 35 mm Petri dish filled 148 
with chilled 1x PBS. Carefully pinch the embryo just above the hind limb with fine forceps and 149 
make a transverse cut to remove the posterior half of the embryo. This allows the embryo to lay 150 
flat in a sagittal position for step 4.2. Place the embryo back into the 2 mL tube with fresh 1x PBS.  151 
 152 
NOTE: A control and mutant embryo can be paired and stained with the same antibody solution 153 
in one tube, for steps 3.3 through 3.8. 154 
 155 
3.2.1 If staining two embryos together, cut the head off of one embryo above the first pharyngeal 156 
arch by pinching with fine forceps to make a transverse cut. This will distinguish embryos of two 157 
different genotypes within each tube.  158 
 159 
3.3. To permeabilize the embryo(s), pipet out 1x PBS from the tube, being careful not to touch 160 
the embryo(s). Add 1 mL of PBST. Place the tube at 4 °C with gentle agitation overnight.  161 
 162 
NOTE: (Optional stopping point) Embryos can be kept in PBST solution at 4 °C for several days.  163 
 164 
3.4. To prevent non-specific binding of antibodies, first remove PBST from the tube, being 165 
careful not to touch the embryo(s). Add 600 µL of blocking buffer solution to the embryo(s). Block 166 
the embryo(s) at 4 °C with gentle agitation overnight.  167 
 168 
NOTE: Blocking solution needs to be spun at top speed on a benchtop centrifuge immediately 169 
before use to remove debris. 170 
 171 
3.5. To stain and quantify ECs, use antibodies against VEGFR2 and ERG. Antibody solutions are 172 
made in the blocking buffer. Anti-VEGFR2 antibody is diluted 1:200 and ERG antibody is diluted 173 
1:1000.  174 
 175 
NOTE: Antibody solutions need to be spun at top speed on a bench-top centrifuge immediately 176 



   

  
 

before use to remove particulates. 177 
 178 
3.5.1. To incubate embryo(s) with primary antibodies, remove blocking buffer solution from the 179 
tube, being careful not to touch the embryo(s). Add 600 µL of primary antibody solution to each 180 
tube. Incubate embryo(s) at 4 °C with gentle agitation for 4-5 days. 181 
 182 
3.6. To wash the embryo(s) of the antibody solution, first remove the primary antibody 183 
solution from the tube. Wash embryo(s) every hour with 1 mL of PBST at room temperature (RT) 184 
with gentle agitation. Wash embryo(s) 4-5 times during the day and then incubate at 4 °C with 185 
gentle agitation overnight. Repeat washes the following day.  186 
 187 
3.7. Make secondary antibody solutions by diluting anti-goat Alexa Fluor 488 and anti-mouse 188 
Alexa Fluor 555 1:300 in blocking buffer. Dilute the stock DAPI 1:1000 in blocking buffer.  189 
 190 
NOTE: Antibody solutions must be spun at top speed on a bench-top centrifuge immediately 191 
before use to remove particulates. In addition, other Alexa Fluor dyes can be used in lieu of 488 192 
or 555.  193 
 194 
3.7.1. To incubate the embryo(s) with secondary antibodies, remove PBST from the tube. Add 195 
600 µL of secondary antibody solution to each tube. Incubate embryo(s) at 4 °C with gentle 196 
agitation for 4-5 days. 197 
 198 
3.8. To wash the embryo(s) of the antibody solution, first remove the secondary antibody 199 
solution from the tube. Wash the embryo(s) every hour with 1 mL of PBST at RT with gentle 200 
agitation. Wash embryo(s) 4-5 times during the day and then incubate at 4 °C with gentle 201 
agitation overnight. Repeat washes the following day. 202 
 203 
4. Embedding embryos in agarose 204 
 205 
NOTE: In section 4, the embryo(s) will be embedded in agarose. This embedding process serves 206 
two purposes: to properly orient the embryo prior to imaging, and to aid in locating the embryo 207 
after it has been cleared in BABB (steps 5.2.2 – 5.3.2).  208 
 209 
4.1. Prepare 200 mL of 1% agarose solution by adding 2 g of agarose to 200 mL of dH2O. 210 
Microwave until all agarose is dissolved.  211 
 212 
NOTE: Remaining agarose can be stored at 4 °C and reheated for later uses.  213 
 214 
4.2. Using a plastic paraffin mold and glass pipet, gently transfer one embryo to the mold. 215 
Carefully remove PBST from embryo. Place the embryo in a sagittal position. Quickly, add about 216 
0.5 mL of hot agarose to the mold – just enough to cover the embryo and fill the mold. Ensure 217 
that no air bubbles surround the embryo.  218 
 219 
4.3. Place the mold on ice and cover with aluminum foil until the agarose has solidified.  220 



   

  
 

 221 
NOTE: Do not allow the embryo to dry following the removal of PBST. Agarose solution must be 222 
warm enough to remain liquid when it is being added to the embryo. Add just enough agarose 223 
to cover the embryo, but not too much, otherwise it will be difficult to image. Image depth is 224 
determined in part by the working distance of the objective. 225 
 226 
5. Dehydration and tissue clearing 227 
 228 
NOTE: In this section, embryo(s) are dehydrated using methanol series, then cleared in the 229 
organic solvent, BABB, and mounted between two coverslips separated by a rubber spacer; in 230 
this protocol Fast Well rubber spacers are used. The Fast Well bumper has a double-sided 231 
adhesive surface. The spacer is needed to create a well, in which the embryo will be placed and 232 
held between two coverslips.  233 
 234 
5.1. Methanol dehydration 235 
 236 
5.1.1. Label new 2 mL tubes, one per embryo. Add 1 mL of 25% MeOH per tube. 237 
 238 
5.1.2. Using a clean scalpel, gently cut the agarose around the embryo, leaving enough around 239 
the embryo so that it can be picked up by forceps. Use fine forceps to gently grab the agarose 240 
with the embedded embryo and place it into the labeled tube with 25% MeOH. Do not allow the 241 
forceps to touch the embryo. 242 
 243 
5.1.3. Incubate embryo(s) at RT with gentle agitation for 1 hour in the dark.  244 
 245 
5.1.4. Remove 25% MeOH from the tube, being careful not to touch the embryo. Add 1 mL of 246 
50% MeOH per tube. Incubate at RT with gentle agitation for 1 hour in the dark. 247 
 248 
5.1.5. Remove 50% MeOH from the tube, being careful not to touch the embryo. Add 1 mL of 249 
75% MeOH per tube. Incubate at RT with gentle agitation for 1 hour in the dark. 250 
 251 
5.1.6. Remove 75% MeOH from the tube, being careful not to touch the embryo(s). Add 1 mL of 252 
100% MeOH per tube. Incubate at RT with gentle agitation for 1 hour in the dark. Repeat 100% 253 
MeOH wash twice.  254 
 255 
5.2. Clearing with BABB 256 
 257 
5.2.1. Remove 100% MeOH from the tube, being careful not to touch the embryo. Add 1 mL of 258 
50% BABB per tube. Incubate at RT with gentle agitation for 1 hour in the dark. 259 
 260 
5.2.2. Remove 50% BABB from the tube, being careful not to touch the embryo. Add 1 mL of 261 
100% BABB per tube. Incubate at RT with gentle agitation for 1 hour in the dark. Repeat 100% 262 
BABB wash twice.  263 
 264 



   

  
 

NOTE: (Optional stopping point) Embryos can remain in 100% BABB in tubes for about a week. 265 
Longer storage will cause BABB to dissolve the plastic of tubes.  266 
 267 
5.3. Mounting embryos for imaging 268 
 269 
5.3.1. Place a Fast Well bumper on a 24 mm x 60 mm #1.5 glass cover slip, by peeling off the 270 
plastic adhesive from one side. Make sure there are no air bubbles between the coverslip and 271 
bumper by applying gentle pressure on the plastic adhesive atop the rubber bumper. Label the 272 
coverslip according to embryo number, genotype, and antibodies used for staining.  273 
 274 
NOTE: Any spacer can be placed between the coverslips as long as it is thick enough to prevent 275 
crushing or squishing an embryo. We use Fast Well spacers due to their thickness and 276 
convenience, which includes adhesive surfaces on either side of the spacer for securing it to 277 
coverslips. 278 
 279 
5.3.2. Carefully pipet out and discard the 100% BABB from the tube. After visualizing the 280 
agarose-embedded embryo in the tube, use fine forceps to pick up the agarose and carefully 281 
transfer the embryo onto the coverslip inside the Fast Well – do not allow the forceps to touch 282 
the embryo.  283 
 284 
5.3.3. Remove the second plastic adhesive from the bumper and place the second coverslip on 285 
top. Remove air bubbles by gently pressing on the coverslip. Be careful to not break the glass. 286 
 287 
NOTE: Samples can be stored flat in a slide holder in the dark at RT for up to a year if the seal is 288 
tight.  289 
 290 
6. Acquisition of data 291 
 292 
NOTE: In the following steps, the endothelium of pharyngeal arches 3, 4, and 6 will be imaged 293 
using confocal microscopy. 294 
 295 
6.1. Positioning of slides on microscope stage 296 
 297 
6.1.1. To image embryos, use a confocal microscope equipped with a 20x water immersion 298 
objective, numerical aperture 0.95, working distance 0.95 mm, and the NIS-Elements AR 5.11.01 299 
64-bit software.  300 
 301 
6.1.2. Using wide-field fluorescence, visually locate the pharyngeal arches. Center the field view 302 
around the 4th PAA.  303 
 304 
6.1.3. If the objective’s field of view does not capture the entire pharyngeal arch area, take and 305 
stitch a large panel of images with 1% overlap. To prevent movement of the sample during the 306 
acquisition of the large image, gently secure the cover slip assembly to the stage using molding 307 
clay.  308 



   

  
 

 309 
6.2. Setting up acquisition parameters 310 
 311 
6.2.1. Set the pinhole size to 1.0. 312 
 313 
6.2.2. Under the ND Acquisition tab, set the top and bottom limits of imaging using the coarse 314 
adjustment. Set Z step size according to software specifications. Determine the thickness that 315 
can be imaged by the working distance of the objective and the clarity of the sample.  316 
 317 
6.2.3. Due to the thickness of the embryo, adjust the gain throughout the Z-stack. Set the laser 318 
intensity and gain at the middle of the Z-stack for each channel (405, 488, and 555) and assign 319 
values under the Z Intensity Correction tab. Set the same values for the bottom slice.  320 
 321 
6.2.4. Scroll through the embryo until fluorescence signals begin to appear dimmer. Increase 322 
the gain of each channel until signal intensity appears similar to the previous segment. Assign the 323 
new value under the Z Intensity Correction tab. Repeat until z-stack is complete. Import settings 324 
back to ND Acquisition. 325 
 326 
6.2.5. Run scan using Run Z Correction option.  327 
 328 
7. Analysis using the Imaris software 329 
 330 
NOTE: In these steps, confocal images will be analyzed using the microscopy image analysis 331 
software, Imaris version 9.2.0. During this analysis, we will first select regions of interest to be 332 
analyzed by creating surfaces. Next, we will use the Mask function to visually separate these 333 
regions. Finally, we will use the Spot function to quantify the number of ECs within each region 334 
of interest.  335 
 336 
7.1. Depending on the imaging software used in step 6, convert images to .ims using Imaris 337 
File Converter. 338 
 339 
7.2. Open the .ims files. Set image to Orthogonal under Camera/Labels | Camera Type panel.  340 
 341 
7.3. Locate the PAAs and orient the image for surfacing. 342 
 343 
NOTE: When the files are first opened, they will appear as a 3D compilation of all slices imaged. 344 
In this step, the PAAs will be located by making the 3D image into a 2D image. The 2D image then 345 
allows for the PAAs to be properly oriented for analysis.  346 
 347 
7.3.1. Under the Properties panel, turn off Volume. Under the Properties panel, click on Add 348 
New Ortho Slicer. Set Slice Orientation to the XY Plane. Use the Slice Position to scroll through 349 
the image until finding the PAAs.  350 
 351 
7.3.2. If the PAAs are not parallel to the top and bottom of the image, freely rotate the image 352 



   

  
 

using the mouse cursor so that PAAs run from left to right across the screen. Under the Image 353 
Processing drop down menu, select Free Rotate and click OK.  354 
 355 
7.4. Surfacing the 3rd Pharyngeal Arch (Figure 2A, B – B”) 356 
 357 
NOTE: In these steps, the pharyngeal arches and PAAs will be traced using the Surface tool to 358 
generate a ‘surfaced’ region of interest. This will allow for each region of interest to be visually 359 
isolated from the surrounding tissue. Herein we describe the steps to surface and analyze the 360 
endothelial components of the 3rd pharyngeal arch. Pharyngeal arches 4 and 6 are analyzed 361 
similarly. 362 
 363 
7.4.1. To surface the endothelium in the entire 3rd pharyngeal arch, click on the Add New 364 
Surface button located under the Properties panel. Double click on Surface 1 and rename the 365 
new surface to “3rd Pharyngeal Arch”.  366 
 367 
7.4.2. Select Skip automatic creation, edit manually. Set Surface Orientation to the YZ Plane 368 
(coronal orientation). Use the Slice Position to place the 3rd pharyngeal arch surface plane to 369 
where the 3rd PAA and Dorsal Aorta connect.  370 
 371 
7.4.3. Rotate the image so that the 3rd pharyngeal arch surface plane is in view. Turn off Ortho 372 
Slicer 1.  373 
 374 
7.4.4. Under the Draw | Contour | Mode tab, select the Distance Drawing Mode function. 375 
Adjust parameter settings if needed. Maintain consistent surfacing parameters between 376 

samples. For this example, Vertex spacing is 10 m.  377 
 378 
7.4.5. To begin surfacing, press the Esc key and then click on the Draw button. Trace the 379 
perimeter of the 3rd pharyngeal arch with the mouse cursor. Use the Slice Position to move 10-380 
25 slices. Trace the perimeter of the pharyngeal arch. Repeat until the pharyngeal arch is fully 381 
traced.  382 
 383 
7.4.6. To generate the surface of the traced region, select the Create Surface button in the 384 
Properties panel.  385 
 386 
7.5. Surfacing the 3rd PAA (Figure 2C – C”) 387 
 388 
7.5.1. To surface the endothelium of the 3rd PAA, first turn off the surfaced region from step 7.4, 389 
by deselecting the 3rd Pharyngeal Arch surface box. Then, click on the Add New Surface button 390 
again. Double click on Surface 1 and rename the new surface to “3rd PAA”.  391 
 392 
7.5.2. Select Skip automatic creation, edit manually. Set Surface Orientation to the YZ Plane 393 
(coronal orientation). Use the Slice Position to place the 3rd PAA surface plane to where the 3rd 394 
PAA and Dorsal Aorta connect, then repeat steps 7.4. 395 
 396 



   

  
 

7.6. Masking of surfaced structures 397 
 398 
NOTE: In the following steps, each surfaced region of interest will be Masked. Masking allows the 399 
region of interest to be visually distinct from the rest of the imaged tissue and allows for the 400 
quantification of these distinct structures of interest. Below, we describe the steps in Imaris to 401 
visualize and analyze the PAA endothelium, as well as the plexus – the smaller vasculature 402 
surrounding the PAAs within the pharyngeal arches. In these steps, the 3rd PAA surface will be 403 
masked in order to visualize and perform analysis only on the PAAs using the Spot function 404 
described in Section 7.7. 405 
 406 
7.6.1. Select Volume in order to visualize all masked channels. Press the Esc key in order to 407 
rotate the image and position the image into an XY position.  408 
 409 
7.6.2. Under the Edit tab, select Mask Selection for the 3rd PAA. Select the DAPI channel and 410 
click OK. Repeat for the remaining channels.  411 
 412 
7.6.3. On the keyboard, press Ctrl + D to view the Display Adjustments panel. Select each new 413 
channel and rename them to make it clear what each channel shows. For example, this will lead 414 
to three new channels: “3rd PAA DAPI”, “3rd PAA ERG”, and “3rd PAA VEGFR2”.  415 
 416 
NOTE: In steps 7.6.4-7.6.7 we will create channels for pharyngeal arch plexus only. 417 
 418 
7.6.4. To visualize the endothelial plexus separately from the PAA, we will first select Mask 419 
Selection for the 3rd PAA surface. Select the DAPI channel. Uncheck Select voxels outside surface 420 
to and check Select voxels inside surface to buttons, set Select voxels inside surface to zero. 421 
Click OK.  422 
 423 
7.6.5. Repeat for the remaining channels. This operation will exclude the region containing the 424 
PAA from the new masked channels. Rename channels to make it clear what each channel shows. 425 
For example, this will lead to three new channels: “Non-PAA DAPI”, “Non-PAA ERG”, and “Non-426 
PAA VEGFR2”. 427 
 428 
7.6.6. To visualize endothelial plexus within the 3rd pharyngeal arch, select Mask Selection 429 
under the Edit tab, for the 3rd Pharyngeal Arch surface. Select the Non-PAA DAPI channel. Click 430 
OK.  431 
 432 
7.6.7. Repeat for the remaining Non-PAA channels. Rename channels to make it clear what each 433 
channel shows. For example, this will lead to three new channels: “Plexus DAPI”, “Plexus ERG”, 434 
and “Plexus VEGFR2”. 435 
 436 
7.7. Quantification of EC numbers 437 
 438 
NOTE: The expression of ERG marks endothelial nuclei making it convenient to quantify EC 439 
numbers. In these steps, number of ECs will be quantified using the Spot function to generate a 440 



   

  
 

spot for each EC marked by ERG expression in the PAA and plexus. In section 7.7, spots will be 441 
generated for each ERG-positive cell in the masked PAA, followed by the deselection of spots in 442 
ERG-positive, VEGFR2-negative cells.  443 
 444 
7.7.1. On the keyboard, press Ctrl + D to view the Display Adjustments panel. Turn off all 445 
channels except for PAA ERG. 446 
 447 
7.7.2. Under the properties tab, click on the Add New Spots button. Click on Spots 1 and rename 448 
it to “PAA Total Number of ECs”. Click on the blue arrow button. For Source Channel, select the 449 

PAA ERG channel. Adjust the Estimated XY Diameter to 4 m. Proceed to the next panel by 450 
clicking on the blue arrow button.  451 
 452 
7.7.3. Adjust number of spots seen using the sliding scale, to ensure that each EC nucleus 453 
(marked by ERG expression) is represented by one spot. Click on the green double arrow button.  454 
 455 
7.7.4. Turn off the PAA ERG channel in the Display Adjustment. Turn on the PAA VEGFR2 channel 456 
to visualize PAA endothelium.  457 
 458 
7.7.5. To accurately quantify the number of ECs, we ensure that each spot expresses both EC 459 
markers, ERG and VEGFR2. To do this, select Surface of Object under the Edit tab | Add/Delete 460 
panel. Press the Esc key and delete any spots that are not VEGFR2 positive, by holding down shift 461 
and selecting the spot. 462 
 463 
NOTE: In the following step, spots will be generated for each ERG-positive cell in the masked 464 
plexus, followed by the deselection of spots in ERG-positive, VEGFR2-negative cells. 465 
 466 
7.7.6. Under the properties tab, click on the Add New Spots button. Select Spots 1 and rename 467 
to “Plexus Total Number of ECs”. Click on the blue arrow button. For Source Channel, select the 468 

Plexus ERG channel. Adjust the Estimated XY Diameter to 4 m. Repeat steps 7.7.1 – 7.7.5 for 469 
Plexus total number of ECs.  470 
 471 
7.7.7. Click on the Statistics tab of each spot function to determine the total number of ECs in 472 
the 3rd PAA and pharyngeal arch plexus.  473 
 474 
7.7.8. Repeat steps 7.7.1 – 7.7.6 for the remaining PAAs and pharyngeal arch plexus.  475 
 476 
REPRESENTATIVE RESULTS:  477 
The whole-mount immunofluorescence protocol presented here produces clear and clean 478 
results, allowing for the 3D reconstruction of pharyngeal arch endothelium, as seen in Figure 1A. 479 
It is important to incubate embryos for a sufficient amount of time in each antibody solution to 480 
ensure complete penetration through the sample, as well as, thoroughly washing embryos post 481 
antibody incubation. In Figure 1B, large, bright dots appear as a result of particulate in either the 482 
antibody or blocking buffer solutions. We have found that centrifuging each solution before use 483 
and longer periods of PBST washes after each antibody incubation resolves this problem. 484 



   

  
 

 485 
Figure 2 illustrates the process used to surface a pharyngeal arch and a PAA for analysis as 486 
described in section 7 of the protocol. Using the masked function, Imaris software allows surfaced 487 
regions to be visually separated and analyzed independently.  488 
 489 
Figures 3 demonstrates individual masking of different vascular compartments in the pharyngeal 490 
arches: the PAA (Figure 3A, B, C) and the plexus (Figure 3A’, B’, C’). Masking allows for the 491 
analysis and quantification of EC numbers in each structure separately. In Figures 3C–C’, the Spot 492 
feature is used to quantify the total number of ECs in both the PAA and plexus, by assigning a 493 
single spot for each nucleus expressing ERG. It is important to note that the algorithm used for 494 
the Spot function is designed to generate a dot for any pixel of a specified size. ERG, which is used 495 
here as a marker of EC nuclei, is also expressed in neural crest cells8; neural crest cells do not 496 
express VEGFR2. Figure 3D illustrates an example of an ERG-positive (green), VEGFR2-negative 497 
(pink) spot that has been generated by the Imaris Spot function. As a result, it is essential to verify 498 
that each dot represents a single EC and is labeled with both ERG and VEGFR2.  499 
 500 
Table 1. Overview of whole mount immunofluorescence protocol.  501 
O/N – overnight; RT – room temperature. 502 
 503 
Figure Legends 504 
Figure 1. Comparison of clean and dirty images following whole-mount immunofluorescence. 505 
Sagittal views of E10.5 embryo show the use of anti-VEGFR2 antibody (white) to visualize the PAA 506 
endothelium. Embryos thoroughly washed with PBST post antibody incubations (A) have a higher 507 
signal-to-noise ratio and produce a cleaner image, when compared with embryos that are not 508 
thoroughly washed (B). Arrows in B show areas of noise/dirt that has appeared in the image when 509 
an embryo is not thoroughly washed or the antibody solution has not been centrifuged.  510 
 511 
Figure 2. Surfacing of pharyngeal arch (PA) and PAA.  512 
A 2D sagittal view (A) is used to identify the location of the PAAs in the confocal image. A coronal 513 
ortho slicer (A, yellow line) is place through the PAAs. The pharyngeal arch (B) and PAA (C) are 514 
then surfaced in the coronal orientation using the Distance Drawing tool in Imaris. The Distance 515 

Drawing tool, set to 10 m, is used to trace the perimeter of the 3rd pharyngeal arch (B) or the 516 
PAA (C). Outlines are drawn every 10-25 slices through the entire arch (B’, C’). Outlines are 517 
combined to generate a 3D surface of the pharyngeal arch (B”) or the PAA (C”). 518 
 519 
Figure 3. Quantification of EC numbers in a PAA and a plexus.  520 
3D reconstructions are used to visualize vessel structure and expression of EC markers in a PAA 521 
or in an EC plexus separately. Panels A-A’ show the expression of VEGFR2 in the PAA (A, yellow) 522 
and in the plexus (A’, pink). Panel A” illustrates a merge of the PAA and plexus VEGFR2 523 
expression. Panels B-B’ show the expression of ERG in the PAA (B, red) and in the plexus (B’, 524 
green). Panel B” illustrates the merge of the PAA and plexus. C – C’. The Spot function in Imaris 525 
is used to quantify the number of ECs in either the PAA or plexus. Each ERG-positive cell in the 526 
PAA (C, red) or plexus (C’, green) are assigned a single spot to mark a single EC. The arrow in C’-527 
D shows an example ERG-positive, VEGFR2-negative spot in the plexus that has been generated 528 



   

  
 

by the Imaris Spot function. This spot is excluded from quantification. 529 
 530 
DISCUSSION:  531 
The ability to visualize the endothelium in mouse embryos in 3D has provided new insights into 532 
their development3. Here we present a protocol that allows for high-resolution 3D imaging of 533 
embryos, visualization of vascular connectivity, and quantitative analyses of PAA formation. This 534 
protocol can be employed to see how genetic alterations or environmental insults impact PAA 535 
development. The procedure reported here uses antibodies against VEGFR2 and ERG to visualize 536 
PAA formation and quantify EC number; however, additional antibodies can be used to visualize 537 
and analyze other aspects of arch artery development, such as neural crest recruitment or 538 
smooth muscle cell differentiation. If this procedure is to be used at earlier stages of 539 
embryogenesis, it is important to note that some antigens (e.g., ERG) detected in this protocol 540 
may not yet be expressed. Other nuclear stains such as DAPI or DRAQ5 or lineage labeling with 541 
nuclear-tagged tracers can be used to quantify EC number.  542 
 543 
There are several critical steps within the protocol: ensuring that 1) embryos do not become 544 
desiccated between solution changes; 2) embryos are thoroughly washed after antibody 545 
incubations; and 3) that embryos are completely dehydrated with MeOH before tissue clearing 546 
with BABB.  547 
 548 
Methanol washes prior to tissue clearing serve two purposes: to eliminate fluorescence due to 549 
the expression of fluorescent proteins (e.g. the expression of EGFP or tdTomato used for lineage 550 
tracing) in the embryo, and to dehydrate the tissue. The elimination of fluorescence from 551 
fluorescent proteins allows for the use of any combination of fluorophores for imaging. 552 
Antibodies against EGFP and TdTomato (cherry) can be used to visualize expression of these 553 
fluorescent proteins. Alternatively, MeOH can be replaced by tetrahydrofuran to preserve the 554 
fluorescence of fluorescent proteins9.  555 
 556 
We have found that embryos which have not been properly dehydrated prior to BABB clearing 557 
are difficult to image due to light scattering. BABB is a hydrophobic solution that requires 558 
complete dehydration in an organic solvent in order to clear the opaque tissue. Complete clearing 559 
ensures the ability to obtain images at the deepest possible levels within the embryo10,11. In this 560 
protocol, we used a 20x water immersion objective, due to its long working distance and 561 
availability at the time of our experiments. Oil immersion objectives are better suitable for this 562 
protocol, as BABB and oil have closer refractive indices than water and BABB. However, despite 563 
the difference in refractive index, water immersion objective used in this protocol provided 564 
excellent image quality.  565 
 566 
There are a few limitations of this protocol. BABB clearing utilized here is toxic and corrosive11–567 
13. BABB dissolves glue and plastics. If samples are not handled properly during imaging, 568 
microscope objective lens can be damaged by BABB that may escape from the sample via cracks 569 
in the coverslip or a broken seal between the Fast Well bumper and the coverslip. Clearing 570 
methods that do not use organic solvents, such as CLARITY, can be used as alternatives10,11,14. 571 
CLARITY’s refractive index matching solution has a refractive index similar to that of water, which 572 



   

  
 

makes it a suitable clearing method if using a water immersion objective. An additional limitation 573 
of this protocol is that it can only be performed on non-living tissues, thus preventing its 574 
application for live imaging.  575 
 576 
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Time Temperature

1 PBST Wash/Permeabilization 24 h or O/N 4 °C

2 Blocking Buffer 25 h or O/N 4 °C

3 Primary Antibody 4-5 days 4 °C

4 PBST Wash 4-5 times a day for 2 days RT (or 4 °C if O/N)

5 Secondary Antibody 4-5 days 4 °C

6 PBST Wash 4-5 times a day for 2 days RT (or 4 °C if O/N)

7 Embed N/A RT

8 Methanol Dehydration and BABB 1 hour per step RT

Step
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Name Company Catalog Number

10x PBS MP Biomedicals PBS10X02

20x water immersion objective Nikon MRD77200

Agarose Bio-Rad Laboratories 1613101

Alexa Fluor 488 anti-goat Invitrogen A-11055

Alexa Fluor 555 anti-mouse Invitrogen A-31570

Analysis Software Imaris 9.2.0

Benzyl Alcohol Sigma-Aldrich 305197

Benzyl Benzoate Sigma-Aldrich 8.18701.0100

Cover Slips VWR 16004-312

DAPI (5 mg/mL stock) Fisher Scientific D3571

Eppendorf Tubes (2.0 mL) Fisher Scientific 05-408-138

Ethanol VWR 89370-084

Falcon tubes (50 mL) Corning 352098

Fast wells Grace Bio Labs 664113

Forceps Roboz RS-5015

Goat anti-VEGFR2 R&D Systems, Inc. AF644

Methanol VWR BDH1135-4LP

Microscope Nikon A1HD25

Mouse anti-ERG Abcam ab214341

Normal Donkey Serum Sigma-Aldrich D9663

Paraformaldehyde Electron Microscopy Sciences 15710

Pasteur pipets Fisher Scientific 13-678-20D

Petri dishes (35 mm) Genesee Scientific 32-103

Petri dishes (60 mm) Genesee Scientific 32-105

Plastic Molds VWR 18000-128

Scapels Exelint International Co. 29552

Triton-X-100 Fisher Scientific BP 151-500
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Dear Nam, 

 

We are submitting the revised manuscript entitled “Visualization and analysis of Pharyngeal 
Arch Arteries using Whole-mount Immunohistochemistry and 3D Reconstruction.” We have 

made the majority of the changes. However, some changes we could not make since they 
would render our protocol non-sensical. Our protocol is designed to use Fast Well 
spacers. If we remove that name, it will make no sense. So we will leave it as is. We 
added a note that non-commercial spacers could be used instead. 
 
Similarly, if we remove the name Imaris, the procedure that we developed to quantify 
endothelial cell populations will be non-sensical. I am not aware of any non-commercial 
or commercial software that can be used here. If you want us to delete the Imaris part, 
we will have to delete the Analysis sections (section 7) and Figure 3, both of which are 
essential to the protocol we developed. 
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Sophie Astrof 
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