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Author Questionnaire
1. Microscopy: Does your protocol require the use of a dissecting or stereomicroscope for performing a complex dissection, microinjection technique, or something similar?  YES  
If Yes, can you record movies/images using your own microscope camera?
NO  
If your protocol involves microscopy but you are not able to record movies/images with your microscope camera, JoVE will need to use our scope kit. 
If your microscope does not have a camera port, the scope kit will be attached to one of the eyepieces and you will have to perform the procedure using one eye.
OLYMPYUS SZ61TR
If a dissection or stereo microscope is required for your protocol, please list all shots from the script that will be visualized using the microscope (shots are indicated with the 3-digit numbers, like 2.1.1, 2.1.2, etc.).
SCOPE SHOTS: 1.4, 1.5, 1.12.2, 1.14	Comment by Poornima  G: Authors, these shots numbers are not as per the below script. Please immediately provide via email the correct shot numbers for the ones that need to be filmed under the microscope, following the 3-digit bullet numbers given below for the shots. 
Videographer: Please film the microscope shots using the scope kit 

2. Software: Does the part of your protocol being filmed include step-by-step descriptions of software usage?  YES, all done

3. Filming location: Will the filming need to take place in multiple locations?   YES
If Yes, how far apart are the locations? Click to enter distance between locations.	Comment by Poornima  G: Authors,	Please mention this 


Current Protocol Length
Number of Steps:  25
Number of Shots:  56 (9 SC) 

Introduction
Videographer: Obtain headshots for all authors available at the filming location. 


REQUIRED: What is the scope of your research? What questions are you trying to answer? 
1.1. Stephanie E Lindsey: We work to answer questions about disease etiology, particularly surrounding congenital heart defects and whether changes in hemodynamic flow contribute to or compound disease formation. 
1.1.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. Suggested B-roll: 2.3.1

What technologies are currently used to advance research in your field?
1.2. Stephanie E Lindsey: Nano-computed tomography (nano-CT), small animal Magnetic resonance imaging (MRI), 4D ultrasound and optical coherence tomography (OCT) are also used to acquire quantitative high-resolution image stacks for computational modeling. 
1.2.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. Suggested B-roll: 2.5.1


What research gap are you addressing with your protocol?
1.3. Daibo Zhang: With this protocol we are addressing the need for a rapid and widely accessible quantitative vascular imaging technique that can be used across small animal models including embryos.
1.3.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. Suggested B-roll: 3.2.1


What advantage does your protocol offer compared to other techniques?
1.4. Daibo Zhang: Our technique is rapid, taking preparation time down from 4+ weeks to 3 days, uses a minimally hazardous clearing compound, and doesn’t rely on vascular markers not present in early embryos. 
1.4.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. Suggested B-roll: 4.1.1

What research questions will your laboratory focus on in the future?
1.5. Stephanie E Lindsey: Now that we have established a technique to routinely gather high-resolution subject-specific volumetric scans, we can focus on creating new disease models that result from mechanical and genetic perturbations. 
1.5.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. Suggested B-roll: 5.3.1



Videographer: Obtain headshots for all authors available at the filming location.


Protocol  

2. Embryo Collection, Labeling and Fixation
Demonstrator: Daibo Zhang 

2.1. To begin, position the avian embryo, ranging from Hamburger-Hamilton stage 18 to stage 34 under a stereoscope on a dissection table [1]. Cut around the embryo from the egg yolk using curved-tip scissors [2] and then, using a transfer pipette or a spatula, transfer the embryo into a 35-millimeter Petri dish filled with warm Tyrode’s solution [2].  
2.1.1. WIDE: Talent positioning the embryo for dissection on a table.
2.1.2. Talent using curved-tip scissors to cut around the embryo inside the egg yolk.  
2.1.3. Talent transferring the dissected embryo using a pipette or spatula into a Petri dish containing Tyrode’s solution.

2.2. Under the stereoscope, using fine-tip forceps, make approximately 0.1-millimeter incisions in the membranes to remove the chorion and allantois covering the embryo [1]. Gently pull away the membranes along with the pericardial membrane surrounding the heart [2].  
2.2.1. Talent making tiny incisions using fine-tip forceps.  
2.2.2. Talent peeling away membranes enveloping the embryo and the heart.

2.3. Transfer the embryo into a new clean Petri dish filled with warm Tyrode’s solution to maintain heart activity [1].  
2.3.1. Talent transferring the embryo into a fresh Petri dish with Tyrode’s solution.

2.4. Now, fill a 5-milliliter plastic syringe with warm Tyrode’s solution [1]. Trim the wide end of a 0 to 20 microliter plastic pipette tip [2] and securely attach it to the flat end of the syringe [3].  
2.4.1. Talent filling the syringe with Tyrode’s solution.  
2.4.2. Talent trimming the pipette tip.
2.4.3. Talent attaching the cut pipette tip to the syringe.

2.5. To construct an injection line, attach a segment of 0.03-inch inner diameter silicone tubing to the pipette tip-syringe assembly [1], followed by a glass capillary microneedle to the opposite end of the tubing [2].  
2.5.1. Talent connecting silicone tubing to the syringe-pipette tip assembly.  
2.5.2. Talent attaching the glass microneedle to the tubing end.

2.6. Then, mount the microneedle onto the microinjection holder connected to a micromanipulator [1] and purge all air bubbles from the silicone tubing and microneedle [2].  
2.6.1. Talent placing the microneedle onto the micromanipulator.  
2.6.2. Talent clearing air bubbles from tubing and microneedle.

2.7. Using the micromanipulator, insert the microneedle into the apex of the heart [1] and slowly inject Tyrode’s solution to perfuse the embryo [2].  
2.7.1. Talent guiding the microneedle into the heart.
2.7.2. Shot of the injection in progress.

2.8. Next, use the micromanipulator to retract the injection line [1] and reorient the microneedle so that it remains stable during further preparations [2]. Then, detach the silicone tubing from both the needle and syringe [3].  
2.8.1. Talent carefully pulling back the microneedle.
2.8.2. Shot of reorienting the microneedle.  
2.8.3. Talent removing the tubing from the apparatus.

2.9. Prepare for endo-painting to label the vascular endothelium with green fluorescence [1].  
2.9.1. Talent gathering materials for endo-painting procedure.

2.10. Using a micropipette, load 20 to 40 microliters of FITC (fit-see) poly-L-lysine stock solution into the silicone tubing [1].  
2.10.1. Talent pipetting FITC poly-L-lysine into the tubing.

2.11. Reattach the Tyrode’s solution-filled syringe [1] and, using the micromanipulator, slowly inject the solution into the heart apex, reinserting the needle if necessary [2]. Then, remove the needle after FITC poly-L-lysine is diffused, ensuring no air bubbles enter the heart [3].  
2.11.1. Talent attaching the syring to the micromanipulator.
2.11.2. Talent injecting FITC poly-L-lysine into the heart apex.  
2.11.3. Talent quickly withdrawing needle post-injection.

2.12. Let the FITC poly-L-lysine remain in the embryo for 5 to 10 minutes [1].  
2.12.1. Shot of the embryo after injection of FITC poly-L-lysine.

2.13. Then, fill a 5-milliliter syringe with 4 percent paraformaldehyde [1] and attach it to the silicone injection tubing to prepare for a third injection step [2].  
2.13.1. Talent filling the PFA into the syringe.
2.13.2. Talent connecting the syringe to the tubing.

2.14. Perfuse the embryo with 4 percent paraformaldehyde until the cardiovascular structures are completely filled [1] and the tissue becomes more opaque [2].  
2.14.1. Talent injecting PFA into the embryo.
2.14.2. Shot of the structures after turning opaque.

2.15. Gently place the embryo into a 2 to 5-milliliter vial filled with enough 4 percent paraformaldehyde to submerge the sample [1] and incubate it overnight at 4 degrees Celsius in a shaker [1].  
2.15.1. Talent transferring the embryo into a vial with PFA.
2.15.2. Talent placing the vial into a shaker incubator set at 4 degrees Celsius.


3. Embryo Dehydration and Clearing
Demonstrator: Daibo Zhang 
3.1. Carefully pipette out the 4 percent paraformaldehyde from the vial [1]. Add fresh PBS to the embryo [2] and incubate at room temperature for 30 minutes while gently shaking to wash the sample [3].  
3.1.1. Talent removing 4 percent paraformaldehyde from the vial using a pipette.  
3.1.2. Talent adding fresh PBS to the embryo .
3.1.3. Talent placing the sample in a shaker at room temperature.

3.2. To dehydrate the embryo, place it under a fume hood [1] and carefully pipette out the PBS [2]. Incubate the embryo sequentially in a graded series of methanol concentrations for 1 hour each at room temperature [3-TXT].  
3.2.1. Talent placing the sample under a fume hood.
3.2.2. Talent aspirating phosphate-buffered saline from the vial inside a fume hood.  
3.2.3. Talent placing the embryo in a container having methanol solution. TXT: Methanol concentrations: 20%, 40%, 60%, 80%, and 100% 

3.3. Then, incubate the embryo in fresh 100 percent methanol overnight at room temperature [1].  
3.3.1. Talent placing embryo in a vial labeled “100% methanol” and keeping the vial aside.

3.4. To perform lipid removal, add a 2 to 1 volume-to-volume dichloromethane to methanol solution to the embryo [1] and incubate for 3 hours with gentle shaking at room temperature [1].  
3.4.1. Talent preparing and applying 2:1 dichloromethane to methanol solution to the embryo under the fume hood.
3.4.2. Talent placing the sample on a shaker.

3.5. Remove ethyl cinnamate from refrigeration at 4 degrees Celsius and allow it to thaw to room temperature [1]. Wash the embryo in fresh 100 percent dichloromethane at room temperature for 15 minutes while shaking [2]. Remove dichloromethane using a pipette [3] and incubate the embryo in 100 percent ethyl cinnamate until the embryo clears, which takes approximately 1 hour [4].  
3.5.1. Talent retrieving ethyl cinnamate from cold storage and placing it on the bench.  
3.5.2. Talent adding the embryo with fresh dichloromethane on a shaker.  
3.5.3. Talent removing the dichloromethane from the embryo.
3.5.4. Talent placing the embryo in ethyl cinnamate containing vial or dish.

4. Data Acquisition, 3D Reconstruction and Computational Fluid Dynamic Modeling
Demonstrator: Daibo Zhang 
4.1. Mount the glass capillary onto the sample holder [1] and fill the imaging chamber with ethyl cinnamate [2]. Now, gently lower the embryo into the chamber [3].  
4.1.1. Talent assembling the capillary onto the sample holder.  
4.1.2. Talent filling the chamber with ethyl cinnamate.
4.1.3. Talent placing the embryo into the filled imaging chamber.

4.2. Adjust imaging parameters according to specifications and perform light-sheet imaging  [1].  
4.2.1. LAB MEDIA: Table 1.

4.3. Create a new SVProject (S-V-Project) under File [1] and upload a high-resolution light-sheet imaging stack after right-clicking on Images and selecting Add/Replace Image [2].  
4.3.1. SCREEN:  jove_svProj.mp4  00:0-00:20.
4.3.2. SCREEN: jove_svProj.mp4  00:20-00:29.

4.4. To create a pathline, right-click on Paths and select Create Path [1]. Place path markers along a vessel of interest and repeat this process for each vessel to be analyzed [2].  For each pathline, right-click on Segmentations and select Create Contour Group to begin segmentation [3]. Select the vessel path and double-click on the vessel name under Segmentation to initiate manual segmentation of the 2D cross sections [4].  
4.4.1. SCREEN: jove_pathCreate.mp4 00:00-00:10.
4.4.2. SCREEN: jove_pathCreate.mp4  00:11-00:17 .
4.4.3. SCREEN: jove_createContour.mp4 00:00-00:06.  
4.4.4. SCREEN: jove_createContour.mp4 00:07-00:011.

4.5. After segmenting all vessels, right-click on Models and choose Create Model [1]. Finally, select PolyData type, enter a model name [2], click Create Solid Model, and select all relevant segmentations [3].
4.5.1. SCREEN: jove_createModel.mp4 00:00-00:05.
4.5.2. SCREEN: jove_createModel.mp4 00:06-00:11.  
4.5.3. SCREEN: jove_createModel.mp4 00:13-00:20.


Results
5. Representative Results 
5.1. Clearly outlined vessel lumens were obtained across different embryonic stages using the optimized imaging protocol, revealing pharyngeal arch arteries, dorsal aorta, and cardiac structures such as ventricles and atria in green fluorescence [1].
5.1.1. LAB MEDIA: Figure 4. Video editor: Sequentially highlight images.

5.2. Light-sheet fluorescence microscopy enabled detailed 3D reconstruction of the outflow tract [1], pharyngeal arch arteries [2], and dorsal aorta [3], allowing cross-sectional and depth-resolved views of vascular anatomy [4].
5.2.1. LAB MEDIA: Figure 3. Video editor: Highlight OFT in the 3D projection big image on the right.
5.2.2. LAB MEDIA: Figure 3. Video editor: Highlight PAA in the 3D projection big image on the right. 
5.2.3. LAB MEDIA: Figure 3. Video editor: Highlight DoA in the 3D projection big image on the right.
5.2.4. LAB MEDIA: Figure 3. Video editor: Highlight  two smaller images labeled “2D slice.”

5.3. Optical clearing of the embryos significantly improved the visibility of internal vasculature under fluorescence, particularly in the GFP channel where the labeled vessels became more distinct post-clearing [1].
5.3.1. LAB MEDIA: Figure 2. Video editor: Show the IMAGES labelled “After Clearing”

5.4. Anatomical reconstructions and computational simulations of the day 5 chick embryo heart revealed distinct blood flow paths to cranial and caudal regions [1] and showed peak wall shear stress values aligned with prior nano-computed tomography studies [2].
5.4.1. LAB MEDIA: Figure 5. Video editor: Highlight the left and the middle image
5.4.2. LAB MEDIA: Figure 5. Video editor: Highlight the image on the extreme right with colour hue
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