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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?
            YES
Authors: Please use your microscope camera to film the SCOPE shots and upload them to your project page:  https://www.jove.com/account/file-uploader?src=18936278

2. Software: Does the part of your protocol being filmed include step-by-step descriptions of software usage?  YES
If Yes, we will need you to record using screen recording software to capture the steps. If you use a Mac, QuickTime X also has the ability to record the steps. Please upload all screen captured video files to your project page as soon as possible.	Comment by Moises Mallo: We will do it as fast as the Covid19 situation allows to get access to the computers from where we can make the screen captures and then submit them.	Comment by Anastasia Gomez: That’s ok, just email me once you are able to upload the videos to your project page:  https://www.jove.com/account/file-uploader?src=18936278.

3. Interview statements: Considering the COVID-19-imposed mask-wearing and social distancing recommendations, which interview statement filming option is the most appropriate for your group? 

Interviewees wear masks until videographer steps away (≥6 ft/2 m) and begins filming, then the interviewee removes the mask for line delivery only. When take is captured, the interviewee puts the mask back on. Statements can be filmed outside if weather permits.

4. Filming location: Will the filming need to take place in multiple locations?   NO

Current Protocol Length
Number of Steps: 27
Number of Shots: 41
[bookmark: _pkkc0tc40g1n]

Introduction
1. Introductory Interview Statements

[bookmark: _Hlk64971649]   REQUIRED:

1.1. André Dias: In mouse embryos, both mid and late organogenesis stages remain poorly studied because they are difficult to visualize. This protocol describes techniques that allow 3D and 4D visualization and analysis of mouse embryos during axial elongation and segmentation.

1.1.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera.

1.2. André Dias: The main advantage of this technique is that it allows researchers to study and present the complex structures of the developing mouse embryo as 3D dynamic objects. 

1.2.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera.
OPTIONAL: 
1.3. Gabriel Martins: This protocol contains techniques that can be used to study the key molecular players involved in congenital malformations affecting the vertebrae and spinal cord of mammals, such as scoliosis.  

1.3.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera.

1.4. Gabriel Martins: This technique can also be used with in vitro model systems, thus allowing the study of human development.

1.4.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera.

Ethics Title Card
1.5. Experiments involving animals followed the Portuguese and European legislations concerning housing, husbandry, and welfare. The project was reviewed and approved by the Ethics Committee of ‘Instituto Gulbenkian de Ciência’ and by the Portuguese National Entity, ‘Direcção Geral de Alimentação Veterinária’.


Protocol
Videographer: fixed embryos that can (visually) replace the “fresh” ones

2. Sample preparation for live imaging

2.1. To prepare mouse embryos between E8.25 (‘embryonic day eight point twenty-five’) and E10.5 (‘embryonic day ten point five’) for live imaging, dissect the embryos in pre-warmed M2 medium at 37 degrees Celsius [1]. Gently remove the yolk sac using clean forceps [2] and wash the embryo once with fresh M2 medium to remove blood and debris produced during dissection [3]. 
2.1.1. Establishing shot of the talent for doing dissection. Video capture made with the microscope camera
2.1.2. SCOPE: Talent removing yolk sac. Authors: Please use your microscope camera to film the SCOPE shots and upload them to your project page:  https://www.jove.com/account/file-uploader?src=18936278 
2.1.3. SCOPE: Talent giving medium washes.

2.2. During the live imaging procedure, incubate embryos in low glucose DMEM medium supplemented with 10 percent HyClone defined FBS, 2 millimolar L-glutamine and 1 percent penicillin-streptomycin in a 37-degree Celsius heated chamber and a 65 percent oxygen with 5 percent carbon dioxide environment [1].
2.2.1. Talent placing the embryo inside the heated chamber.   	

3. Sample preparation for immunofluorescence microscopy

3.1. To prepare similar stage mouse embryos for immunofluorescence microscopy, instead of using heated M2, dissect the embryos in cold PBS and fix in 4 percent paraformaldehyde [1].
3.1.1. Embryo collection from the PBS dish to the PFA tube.

3.2. After performing the whole-mount immunofluorescence staining protocol as described in the text manuscript, tissue clearance can be achieved using RapiClear. First place the embryos in the center of a 75- by- 25-millimeter depression concave glass slide [1], remove all the PBST in the microscope depression slide [2] and add 200 microliters of clearing solution [3]. 
3.2.1. Talent placing the embryo on slides.
3.2.2. Talent removing PBST.
3.2.3. Talent adding clearing solution.

3.3. After 10 minutes protected from light, when embryos start to become transparent, replace the clearing solution and wait an additional 20 minutes [1]. Top the embryo with a coverslip, starting from one side and gently moving towards the other. The sample is now ready for imaging [2]. 
3.3.1. ECU: Show the semi-cleared embryo.
3.3.2. Talent sealing the preparation.

3.4. For clearing using methyl salicylate or BABB, ensure that the embryos are completely dehydrated in 100 percent methanol and then start the series of BABB in methanol with 20 percent successive increases in concentration and a 20-minute incubation for each step. When the BABB solution reaches 100 percent make two additional changes for a fresh solution [1]. 
3.4.1. Talent adding methyl salicylate to the tube. 

3.5. Prepare a 20- by 60- millimeter 1.5 cover glass slide to mount the embryos to avoid compressing the sample, add spacers made from thin metal washers [1]. Transfer embryos to the microscope slides using a toothpick, a fine cotton tip or a Pasteur pipette [2]. 
3.5.1. Talent preparing cover glass slide with a thin metal washer.
3.5.2. Talent transferring embryos to the cover glass.

3.6. Then add a drop of mounting medium, cover with another similar cover glass and seal with melted paraffin to better stabilize the preparation to avoid bubbles, place the coverslip on one side and then, gradually, and gently slide it sideways, adding more medium if necessary [1]. The sample is now ready to be imaged in a microscope [2]. 
3.6.1. Talent sealing the preparation.
3.6.2. Talent placing the preparation in the microscope.

4. Repositioning of embryo to an anatomically standard position using Fiji/ImageJ

4.1. Use Fiji ImageJ to reposition the embryo into a standardized anterior-posterior and dorsal-ventral axis position after imaging [1].
4.1.1. WIDE: Talent at the computer opening Fiji/ImageJ and repositioning the embryo. 

4.2. Reduce the dataset size in Fiji's Image, then Scale and insert the X, Y and Z "scale" values necessary to reduce the dataset to less than 200 megabytes. Make sure the Create new window option is ticked [1]. 
4.2.1. SCREEN: To be uploaded by Authors: Fiji image dataset reduced to less than 200 Mb, scale inserted.

4.3. Then, go to Plugins and open 3D viewer. Inside the 3D viewer window, click over the embryo to select it, causing a red 3D box to appear. When using this mode, control the rotation of the dataset can with the mouse [1]. 
4.3.1. SCREEN: To be uploaded by Authors: 3D viewer window being opened from plugin.

4.4. After ensuring the perfect position of the embryo, select Edit, Transform the image, and Export transformed image in the 3D viewer window. Inspect the different orthogonal planes, then go to Image, then Stack, and select Orthogonal Views [1]. 
4.4.1. SCREEN: To be uploaded by Authors: Image being transformed with the Edit option and exported to 3D view window.

4.5. When the embryo is correctly positioned, select the 3D viewer window menu, then Edit, Transform, and Save transformation matrix to a text file with the .mat extension [1]. 
4.5.1. SCREEN: To be uploaded by Authors: Transformed matrix saved with *.mat extension.

4.6. Open the text file using Fiji ImageJ, remove the first two lines, and re-save. This creates a transformation matrix file compatible with the TransformJ plugin [1]. 
4.6.1. SCREEN: To be uploaded by Authors: File opened in Fiji, first two lines removed, and image re-saved.

4.7. Switch to the full-resolution dataset and perform the operation Plugins, TransformJ and TransformJ affine. In the new window, browse to search for the matrix file previously saved, select the Cubic B-Spline interpolation and resample isotropically, then click OK [1]
4.7.1. SCREEN: To be provided by Authors: TransformJ affine performed. Matrix file opened and resample isotropically with monitor visible in screen.

4.8. After properly repositioning the embryo, trim most of the created empty space. To perform a full Z-projection Image, click on Stacks, Z Project and choose Maximum intensity, then draw the minimum ROI that contains the whole embryo in X and Y [1].
4.8.1. SCREEN: To be provided by Authors: Z-projecting of image performed, maximum intensity selected, and ROI being marked.

4.9. Switch to the original dataset image windows by clicking on Edit, Selection, restore selection, and crop by selecting Image [1]. 
4.9.1. SCREEN: To be provided by Authors: Image cropped.


4.10. Trim the slices in the beginning and end that do not intersect embryo tissues by selecting Image and opening Stacks. Click on Tools, select the Slice remover and specify the first and last slice to remove, making sure to change the "increment" to 1 [1]. 
4.10.1. SCREEN: To be provided by Authors: Slices being removed from image.

4.11. If desired, perform further analysis and 3D reconstructions following the instructions in the text manuscript [1].
4.11.1. Talent at the computer, pretending to make 3D reconstructions in the computer.

5. Sample preparation for optical projection tomography

5.1. To perform 3D analysis of more developed embryos, dissect E18.5 fetuses in cold PBS [1], remove all extra-embryonic membranes, then wash the fetuses several times in fresh PBS to remove blood and debris produced during the dissection procedure. Fix fetuses in 4 percent PFA made in PBS at 4 degree Celsius for 5 to 7 days [2]. Videographer: This step is difficult and important!
5.1.1. Talent dissecting fetuses.
5.1.2. Talent removing debris. Videographer: Focus on the embryos.

5.2. After washing the embryo several times in PBS, dehydrate the fetuses by incubating in 10 percent 10 successive increases of methanol solutions until 100 percent methanol is reached. Perform each incubation for 25 minutes on a shaker at room temperature [1]. Videographer: This step is difficult and important!
5.2.1. Talent changing methanol solutions.

5.3. Next, incubate fetuses separately on a shaker, first for one day in 5 percent hydrogen peroxide in methanol and then in 10 percent hydrogen peroxide in methanol for up to 3 days until the embryos lose all natural pigmentation [1]. 
5.3.1. Highlight fetus with natural pigmentation and talent adding the bleaching solution.

5.4. Gradually rehydrate the embryos in a reverse methanol series in demineralized water, with each incubation for 20 minutes on a shaker at room temperature, then wash the embryos three times for 30 minutes per wash in demineralized water [1]. 
5.4.1. Talent changing solutions. Videographer: Focus on the embryos. 

5.5. To embed fetuses in 1 percent agarose blocks, fill a 50-milliliter plastic tube or syringe with melted agarose [1], then place the fetus in the agarose in a vertical position [2] and maintain this position with forceps during solidification of the agarose [3]. Videographer: This step is important!
5.5.1. Talent filling the tube with agarose.
5.5.2. Talent putting the fetus in the agarose.
5.5.3. Talent adjusting embryos position inside the agarose block.

5.6. Place the mold with the block at 4 degrees Celsius for 30 minutes for the agarose to fully jellify [1]. Then, remove the agarose block with the fetus from the mold and place it in a container with demineralized water. [2].
5.6.1. Talent keeping the blocks for solidification.
5.6.2. Talent removing the blocks from mold and putting it in water.

5.7. Perform fetus dehydration gradually with 10 percent increases in methanol concentration diluted in demineralized water or PBS, keeping the sample in each methanol concentration for at least 45 minutes at room temperature on a shaker until 100 percent methanol is reached [1].
5.7.1. Talent changing solutions.

5.8. Clear the fetuses by moving them through a series BABB solution in methanol, for 2.5 hours in each concentration, with 25-percent increases in BABB concentration until reaching 100 percent BABB [1]. Replace the BABB solution with a fresh one every day until the fetus is completely transparent. This process might take 3 to 5 days [2].
5.8.1. Fetus in clearing solution on a shaker.
5.8.2. Talent adding fresh BABB solution. Videographer: Highlight the cleared fetus.

5.9. Attach the cleared agarose block to the motor axis of the OPT scanner [1], then adjust the optics to obtain an image of the whole fetus and proceed to acquire a full projection dataset [2].
5.9.1. Talent adding glue to the agarose block.
5.9.2. Talent attaching the agarose block to the OPT; show the OPT apparatus.
5.9.3. 

Results
6. Results: visualization and analysis of three and four-dimensional image data of mouse embryos

6.1. The 4D live imaging technique enables the dynamic analysis of LuVeLu (L-u-V-e-L-u) reporter expression in E8.5 Snai1-cKO (S-n-a-i-one-conditional knockout) embryos [1]. Along with the normal LuVeLu signal in the presomitic mesoderm, Snai1-cKO embryos display LuVeLu expression in the ectopic bulge that arises from the primitive streak [2] 
6.1.1. LAB MEDIA: Video 1, 0.03-0.20.
6.1.2. LAB MEDIA: Figure 1.

6.2. Whole-mount immunofluorescence assays allow the detection of potential NMPs and key regulators of mesoderm differentiation [1]. White and yellow arrows highlight differences in the mutant and wildtype embryos [2].
6.2.1. LAB MEDIA: Figure 2A, B.
6.2.2. LAB MEDIA: Figure 2Aa1 Magnified + 2Aa2 Magnified + 2Ab1 Magnified + 2Ab2 Magnified and 2Ba3 + 2Bb3 + 2Ba3 Magnified + 2Bb3 Magnified.

6.3. 3D renderization of whole-mount immunostainings enable a better comprehension of the tissue or structure in the study. In this case, the location of potential NMPs in the tailbud was investigated [1].
6.3.1. LAB MEDIA: Video 2.

6.4. 3D tissue reconstructions are also important to understand and characterize morphological defects in mouse embryos [1].
6.4.1. LAB MEDIA: Video 3.

6.5. Interactive visualization of 3D reconstruction can also be built in user-friendly formats, for example in a PDF file. These 3D embryo caudal structures can be used to illustrate the power of 3D models to a more general audience and to help in the study and teaching of vertebrate axial elongation and segmentation [1].
6.5.1. LAB MEDIA: Figure 3. Video Editor: This interactive figure can only be displayed in Adobe Acrobat or Reader. (play with the 3D structures, i.e., move and switch between structures and stages).

6.6. Finally, 3D in toto visualization of more developed mouse embryos is possible using the OPT microscopy technique. Animated renderings are shown here, highlighting key slices of E18.5 fetuses [1].
6.6.1. LAB MEDIA: Video 4, 0.47-1.27 

Conclusion
7. Conclusion Interview Statements

7.1. [bookmark: _Hlk64971842]André Dias: The most important thing to remember is that the result must remain a faithful representation of what is observed in the embryo. 

7.1.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. Suggested B-roll: 4.10.

7.2. Gabriel Martins: This method can be applied to almost any other research field requiring visualization of complex tissues. Researchers can take advantage of these methods and, instead of presenting only 2D images, also include videos with 3D and 4D imaging data in their publications.

7.2.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. 
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