Note from author to video editors: I will need to point to the video editors that they will have to zoom in some areas- what happens in each video. Our confocal software runs on 2 screens- one tor commands (setting up) and the other for visualizing the images-. I hope they will contact me for this Screen edits.
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TITLE: In vivo clonal tracking of hematopoietic stem and progenitor cells marked by five fluorescent proteins using confocal and multiphoton microscopy
Authors, please fill out the brief questionnaire below.   
A.  Will you require JoVE to record video microscopy, such as filming a complex dissection or microinjection technique? (Y/N) ____Y_____ If yes, please list make and model of your microscope: __Olympus SZ and Leica MZFLIII microscopes______- scope kit not needed RAB_
B.   Does your protocol include detailed, step-by-step, descriptions of software usage? (Y/N)__Y______ 

C.  Which steps of your protocol will viewers benefit most from having filmed? Please list 4-6 steps___transducing BM cells with LeGO vectors, tail vein injection for bone marrow transplant, preparing and imaging sternal BM, imaging various intact tissues, 3D software reconstruction and animations 
D.  What is the single most difficult aspect of this procedure and what do you do to ensure success?  ____setting up the 5 imaging channels to separate 5 fluorescent proteins without overlapping; spectral imaging of single (individual) fluorescent proteins is performed.
1. Introduction (Schematic Overview and Interview)

A. Schematic Overview (read by voice talent at JoVE):

0. Procedural Narrative:

0.1. The overall goal of this procedure is to track fluorescently-marked hematopoietic clones in live tissues including bone marrow using a novel confocal and two-photon microscopy strategy. (Intro)

0.2. (P1) To do this, murine hematopoietic progenitor and stem cells are isolated, and (P2) co-transduced with lentiviral “Gene Ontology”, or “LeGO”, vectors encoding 5 fluorescent proteins: Cerulean, EGFP, Venus, tdTomato, and mCherry. 
0.2.1. LAB MEDIA: 51669_SchematicOverview Show single-colored cells in P2 bottom coming out of the mouse and going onto the plate.   Then  show the colored viruses in P2 top drop onto plate.  Zoom into plate and show the single colored cells change to the colors shown in P2 bottom

0.3. (P3)The transduced cells are then transplanted into myelo-ablated recipient mice… 

0.3.1. LAB MEDIA: 51669_SchematicOverview Show the colored cells drop into the mouse in P3

0.4. …and after periods of time of up to 120 days, (P4) bone marrow and organs are harvested from the recipient mice, and combined confocal and two-photon microscopy is performed. 

0.4.1. LAB MEDIA: 51669_SchematicOverview - Show the organs in P4 coming out of the mouse in P3, then show the microscope lens to demonstrate the  capture
0.5. The resulting images are reconstructed in 3D to track the location of fluorescently-marked transplanted clones and cells over time. This facilitates the study of clonal evolution during hematopoiesis and the fate of bone-marrow derived cells in other organs.  (P5)
0.5.1. LAB MEDIA:  51669_Malide_Video1
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1. B.  Interview: (Said by you on camera. Don’t forget to smile!)  
1.1. Daniela Malide:  The main advantage of this technique over physical sectioning of tissues is that it combines the benefits of high resolution imaging with optical sectioning via confocal microscopy and visualization of structural components via two-photon microscopy. 
1.1.1. Interview style: Author saying the above – note that the authors insist on the above wording

1.2. Daniela Malide:  Very large volumes of intact dense tissue can be examined. For example ~3000 images were computationally reconstructed to visualize color-marked clones in a sternal fossae 
1.2.1. Interview style: Author saying the above - Author saying the above – note that the authors insist on the above wording
1.3. Jean-Yves Metais: This method can help answer key questions in the hematology field such as spatial and temporal clonal analysis of hematopoiesis during bone marrow regeneration from early engraftment with geographical maintenance of expanding clones over time. 
1.3.1. Interview style: Author saying the above  – note that the authors insist on the above wording
1.4. Jean-Yves Metais: Although this method can provide insights into clonal architecture in normal and perturbed hematopoiesis, it can also be applied to the study of organ regeneration, immune responses, or tumor metastatic patterns.
1.4.1. Interview style: Author saying the above
Protocol (read by voice talent at JoVE):
2. Mouse cell collection, purification, and transduction 
2.1.  In this procedure, the following 5 lentiviral “Gene Ontology”, or “LeGO”, vector plasmids are used: LeGO-Cer2, which expresses the fluorescent protein Cerulean, LeGO-G2, which expresses EGFP, LeGO-V2, which expresses Venus… 
2.1.1. LAB MEDIA: 51669_Malide_ Lentiviral Gene Ontology Vectors Slide 2
2.2. … LeGO-T2, which expresses tdTomato, and LeGO-C2, which expresses mCherry.  Each encodes a different fluorescent protein from a strong constitutive spleen focus-forming virus or “SFFV” promoter.
2.2.1. LAB MEDIA: 51669_Malide_Lentiviral Gene Ontology Vectors slide 2
2.2.2. LAB MEDIA: 51669_Malide_Lentiviral Gene Ontology Vectors slide 1 (show only the map at the top)
2.3. After producing LeGO vectors encoding the fluorescent proteins and titrating the viral particles, harvest the bone marrow from the anterior and posterior limbs of sacrificed donor mice by dissecting humeri, femurs and tibias. (Text overlay: Perform all of the procedures described here in a certified biosafety level 2 cabinet)
2.3.1. MED:  Talent, seated at tissue culture hood removes limbs from mice (take from an angle in which the mouse itself is obscured)
2.3.2. CU:  Talent places humeri, femurs and tibias in a tissue culture dish
2.4. Use a scalpel to thoroughly remove all muscle, ligaments and excess tissue from the bones. Next, cut across the end of each bone as close as possible to the joint.
2.4.1. CU:  Talent removes muscle ligaments and excess tissue from excised bones then cuts across the end of each bone close to the joints
2.5. Using a 27- gauge needle on a syringe containing I10 medium, flush the bone marrow out into a 50 mL conical centrifuge tube. Centrifuge for 10 minutes at 500 x g and 4oC to pellet the cells.  
2.5.1. CU:  Talent flushes the marrow out into a 50 mL conical tube

2.5.2. MED:  Talent places the conical tube in centrifuge and then closes lid (do 2 takes from slightly different angles)

2.6. After discarding the supernatant, to lyse the red cells, add 50 mL of ACK buffer. Centrifuge as before, then discard the supernatant, and repeat. (Text overlay:  Repeat lysis step X2)
2.6.1. CU:  Talent adds ACK buffer
2.6.2. USE 2.5.2 talent places conical tube in centrifuge  
2.7. After discarding the second supernatant, resuspend the cells in 10 mL of I10 medium. Then, use a MACS lineage depletion kit to purify lineage negative progenitor cells according to the modified kit protocol detailed in the accompanying document. 

2.7.1. CU:  Talent resuspends the cells in 10 mL I10 medium.

2.7.2. MED:  Talent performs a recognizable step in the purification process

2.8. Once the lineage negative cells have been purified, plate them in a T75 flask, at a density of 5x105 cells/mL in StemSpan medium supplemented with murine IL-3, murine IL-11, human Flt-3 ligand, and murine stem cell factor.  Incubate at 370C, 5%CO2 for 48 hours. (Text overlay: See accompanying document for details)
2.8.1. CU:  Talent pipettes cells into a T75 flask

2.8.2. MED:  Talent places flasks in incubator
2.9. After two days, use a cell scraper to resuspend the cells and transfer 1-4x105 cells to 12-well plates coated with RetroNectin. 

2.9.1. CU:  Talent uses cell scraper and transfers cells to 12 well plates

2.10. Add vectors at an MOI of 6-7 each in StemSpan medium with cytokines and 4 µg/ml of protamine sulfate to the cells to bring the total volume in each well to 1 mL.  Be sure to prepare a single color control for each fluorescent protein.   (Text overlay:  for co-transfections, mix the vectors together)
2.10.1. CU:  Talent adds vectors and protamine sulfate to each well
2.11. After 24 hours, resuspend the cells using a scraper and transfer them to a 1.5 mL microcentrifuge tube. Then, centrifuge and resuspend them in StemSpan medium without cytokines.   (Text overlay: See text for in vitro characterization of transduced HSPCs)
2.11.1. CU:  Talent scrapes cells to remove them from 24 12 well plate

2.11.2. CU:  Talent transfers cells to a new tube 
2.11.3. MED:  Talent places microcentrifuge tubes in centrifuge and closes the lid
2.12.  Centrifuge again, and resuspend the cells in 100 µL of StemSpan medium without cytokines per injection.  Or, for confocal microscopy or flow cytometry, transfer them to 12-well plates containing fresh medium with cytokines, and culture for an additional 96 hours.
2.12.1. CU:  Talent resuspends the cells in StemSpan

2.12.2. MED:  Talent places new plates in incubator 

3. Mouse Bone Marrow Transplantation
3.1. In preparation for the bone marrow transplant, place irradiated recipient mice in a cage under a warming light. (Text overlay: 11 Gy)
3.1.1. MED:  Talent places mice in cage under warming light.  

3.2. While the mice are warming, prepare syringes for injection with 1-4x105 lineage negative cells in 100 µL  of  StemSpan per mouse.  Prepare one syringe for each mouse.  
3.2.1. CU:  Talent loads syringes and places them aside for injection

3.3. When the mice become inactive and their tail veins are dilated, they are ready to be injected.    Place the mouse to be injected in a mouse restrainer, and disinfect the tail with a pad soaked in 70% ethanol.  This step also allows for better visualization of the tail vein. 
3.3.1. CU:  Show a mouse with dilated vein next

3.3.2. CU show a mouse with non-dilated vein   (Editor: Show simultaneously with above shot)
3.3.3. MED:  Talent places the mouse in the restrainer and disinfects tail with ethanol

3.4. Then, inject the cells into the tail vein. Transplant an entire cohort of animals with the same population of transduced donor bone marrow cells.  
3.4.1. ECU:  Talent injects cells into the tail vein

3.5. At various times up to 120 days post transplantation, retrieve the tissues and organs.  (Text overlay:  see text for details) For intact imaging without sectioning, place individual organs in 35 mm number 0 cover glass culture dishes in 50-100 μL of cold PBS.   
3.5.1. CU:  Talent places tissues and organs in a dish for imaging

3.5.2. CU:  Talent places organs in glass culture dishes in PBS

3.5.1 and 3.5.2. the same steps- just placed tissue in cold PBS and on ice or in 37C media and in incubator as in 3.6.1.
3.6. For time-lapse imaging, place the organs in DMEM, 10% FBS containing 20 mM HEPES at 37°C and image immediately.
3.6.1. CU:  Talent places organs in DMEM 
4.  Setup for Confocal and two-photon microscopy
4.1. Here, microscopy is performed using an inverted Leica SP5 five channel confocal and multiphoton system equipped with multi-line Argon, diode 561-nm, Helium Neon 594-nm, and Helium Neon 633-nm visible lasers. (Text overlay: See accompanying text for lens recommendations)
4.1.1. WIDE:  Talent approaches the microscope and sits down at computer
4.1.2. SCREEN: talent turns on lasers in screen (SCREEN 412)
4.2. The microscope is also equipped with a pulsed femtosecond Ti:Sapphire laser, which is tunable for excitation from 680-1080 nm with dispersion correction, and an optical parametric oscillator laser.  This extends the output wavelength range for experiments that use red shifted fluorescent proteins  to 1030 to 1300 nm. (If there is a filmed shot, including the lasers to show them) 
4.2.1. (This will be moved to section 6) and is part of SCREEN 631 SCREEN:  Talent points to or turns on the Ti-Sa laser and OPO laser- through the software 
4.3. Place one of the single-LeGO-transduced samples on the microscope stage and focus. Collect lambda image stacks (Text overlay: xyλ) at bandwidth intervals of 5 nm, spanning the whole light spectrum.   

4.3.1. MED:  Talent places sample on the microscope stage 
4.3.2. SCREEN:  Talent collects lambda images at bandwidth intervals of 5 nm SCREEN 432 and 441
4.4. Next, use the software to select a region of interest in the image and view the histogram of the “reference” spectrum.  Save this data.  Then, repeat this process for each fluorescent protein in the experiment. 
4.4.1. SCREEN:  Talent selects an ROI and views the histogram.  Talent saves data. (This is shown together with 432 in a single file (at the end)
4.4.2. MEDOTS:  (Show computer screen over the shoulder) Talent begins capturing the next sample 

4.5. Next, use the spectra collected from individual fluorescent proteins to set the bandwidths in channel mode. To do this, for each channel, click on the black slider and insert the band-with to be used. (Text overlay: Cerulean (468-482 nm), EGFP (496-514 nm), Venus (523-558 nm), tdTomato (579-597nm) and mCherry (618-670 nm))
4.5.1. SCREEN:  Talent goes to channel mode and clicks on the black slider.  Talent then inserts the desired band with.   Talent repeats this process with a second channel. Screen 451
4.6. The bandwidth chosen should encompass the peak region of each fluorescent protein’s excitation spectrum while ensuring that there is no overlap between fluorescent channels.  

4.6.1. LAB MEDIA:  51669_Malide_Figure2A- Editor pick one peak and highlight the peak region, which should not overlap with another spectra
4.7. Set the gain and offset for each detector so that the dynamic range of the sample output is at a detectable level, similar between fluorescent proteins, and without saturation.   For example, the mCherry protein is about half as bright as EGFP, so the gain and offset should be adjusted to give a similar dynamic range for both. 

4.7.1. SCREEN:  Talent sets the gain and offset for EGFP and mCherry (gain and offset are on an  external toolbar- outside software- perhaps was filmed)
4.8. Finally, in channel mode, capture an image of each single color control sample with all 5 channels and check to ensure that each fluorescent protein is visible only in the corresponding channel and absent from the rest.
4.8.1. MED:  Talent captures an image with all 5 channels
4.8.2. 51669_Malide_Figure2C  (authors, please delete the “C” and add labels to the top of each column to indicate fluorescent protein shown)
4.9. Once the spectra for all channels has been validated, save the settings.  These can be imported and used in future experiments that utilize the same fluorescent proteins and sample tissue.
4.9.1. SCREEN:  Talent saves the settings (491)
5. Imaging sternum bone marrow using confocal and 2-photon microscopy
5.1. Here, combined confocal and 2-photon microscopy is demonstrated using sternum bone marrow.

5.1.1. LAB MEDIA: 51669_Malide_ShematicOverview P4 (show mouse sternum)

5.2. Using a scalpel and tweezers, bisection the sternum along the sagittal plane.   Then make a transversal cut at the joint between 2 sternal fossae.

5.2.1. ECU:  Talent uses scalpel and tweezers to bisection the sternum along the sagittal plane.  Talent then makes a transversal cut at the joint between 2 sternal fossae.
5.2.2. LAB MEDIA: 51669_Malide_ShematicOverview P4  (Editor:  as an inset show the image below the sternum that depicts the cuts to be made)
5.3. Place the bones, cut face down in a 35 mm number 0 coverglass culture dish containing 50-100 μL of cold PBS.  Imaging will take place through the cut face.  Check the position of the bones in a dissecting microscope.  
5.3.1. CU: Talent places the bones in the imaging dish face down
5.3.2. MED:  Talent checks the position of the bones in the dissecting microscope

5.4. Position the sample on the microscope stage, then set the imaging software to sequentially capture 2-photon with second harmonic generated signal, then 5 color confocal excitation. 
5.4.1. MED:  Talent places sample on microscope stage

5.4.2. SCREEN:  Talent sets software to capture in 2-photon mode combined with confocal excitation 551a and 542
5.5. Set the boundaries of the Z-stack collection area with a 5 μm step size over 150-300 μm  (Text overlay:  1×1× 4 μm3 voxel size).   Use the tile function to instruct the software to automatically generate stitched volumes comprising the entire sternum fossae, approximately 2.5×1.2 mm2 in the x-y direction.  (Text overlay, see accompanying text for setup details) 
5.5.1. SCREEN:  Talent sets boundaries of z stack as above then uses tile function to instruct the software to generate stitched volumes (together with 542)
5.6. Initiate the capture to sequentially collect x-y-z images in all 5 channels plus two-photon microscopy with second harmonic generated signal from bone and fibrillar collagen.
5.6.1. MED:  Talent seated at computer begins capturing 3D images 

5.6.2. Insert SCREEN 562
6. 4D  Time-Lapse imaging 

6.1. For 4D time-lapse imaging, place freshly excised uncut popliteal lymph node, spleen, lung, or calvarial bone samples onto 35 mm number 0 coverglass culture dishes, in 50-100 μL of DMEM, with 10% FBS and 20 mM HEPES at 37°C
6.1.1. CU:  Talent places sample in 35 mm dish containing medium 
6.2. Place the sample on the heated microscope stage, then, in the software, switch the capturing parameters to use 2-photon Ti-Sapphire excitation at 860 nm combined with confocal excitation at 458 nm, 488 nm, 514 nm, 561 nm, and 594 nm, and the Leica resonant scanner at 8,000 Hz/s, taking 80 μm z-stacks at 20 sec intervals for up to 1 hour. 

6.2.1. MED:  Talent places sample on heated microscope stage
6.2.2. SCREEN:  Insert SCREEN 600 for resonant scanner followed by 622a and 622b Talent changes the capturing parameters to the above parameters
6.3. If images will be collected simultaneously instead of sequentially, instruct the software to capture three-colors combined with 2-Photon imaging using the Ti-Sa tuned at 860 nm simultaneously with the OPO laser tuned at 1130 nm-for tdTomato; or 1140 nm mCherry. 
6.3.1. SCREEN:  Talent instructs computer to capture images simultaneously SCREEN 631a 
6.4. Finally, initiate the capture to collect 4D images as before.  
6.4.1. MED:  Talent seated at computer begins capturing 4D images.

6.4.2. SCREEN 642 (add)

7.  Reconstruction and Analysis of 3D Volumes and 4D Time Sequences
7.1. Once all of the images have been collected, perform 3D and 4D reconstruction and analysis using Imaris x 64 version 7.6 or similar software.
7.1.1. MED:  Talent opens Imaris program

7.2. In the software, open the z-stack image.  Select “Surpass” to display the 3D volume visualizer.   Use “navigate” to rotate the volume 360°.

7.2.1. SCREEN:  Talent opens Z stack image, then selects surpass and displays the 3D volume visualizer.  Talent uses navigate, to turn the volume around 360 degrees. SCREEN 721 and 731 together
7.3. Next, select “Animation”.  Use key frames to add selected views, zoom, and rotations of the volume.  Preview the movie, and edit as necessary. Save the file in a desired movie format.
7.3.1. SCREEN:  Talent selects animation, and uses key frames to add selected views.  Talent then Zooms, rotates the volume, previews the movie and makes additional edits.  Talent saves the file. together with 721.
8. Representative 3D reconstructions of Sternal bone marrow and other organs
8.1. To trace clonal history of fluorescently-marked hematopoietic stem and progenitor cells, donor cells transduced with 5 different LeGO vectors were transplanted into a recipient mouse, and the sternal bone marrow was imaged and analyzed as described in this video. 
8.1.1. LAB MEDIA: 51669_Malide_Figure 2D

8.2. At 4 days post-transplant, clusters of cells marked in a wide variety of colors were visible at close proximity to the bone edge, which is shown in white.  
8.2.1. LAB MEDIA: 51669_Malide_Figure 2D
8.3. By day 30, one large clone of unique green-yellow color had expanded to occupy the entire fossae as illustrated in the merged, as well as the single channel, images. FPs content analysis demonstrated homogeneous marking by 2FPs variants EGFP and Venus.

8.3.1. LAB MEDIA: 51669_Malide Figure 2E
8.4. This 3D reconstruction video demonstrates the spatial architecture of the marked clones encased in the sternal bone. 

8.4.1. LAB MEDIA: 51669_Malide_Video 1
8.5. This image shows an example of bone-marrow derived cells in popliteal lymph node 120 days following transplantation. Scattered cells are mostly marked in yellow and red  and are peripherally surrounded by collagen fibers, shown in white.
8.5.1. LAB MEDIA: 51669_Malide_Figure 3A

8.6. In the heart viewed from the epicardial side, numerous individual cells are visible interspersed between the cardiomyocytes, shown in white, visualized by their two- photon autofluorescence at 780nm. 

8.6.1. LAB MEDIA: 51669_Malide_Figure 3E
9. Conclusion (said by authors on camera)

9.1. JYM: Once mastered, this technique can be done in several days if it is performed properly.
9.1.1. Interview style
9.2. DM: After its development, this technique paved the way for researchers in the field of organ regeneration and development and tumor biology to explore spatiotemporal arrangements of clonally complex cellular and structural elements via multicolor labeling and confocal and 2-photon imaging.
9.2.1. Interview style

9.3. JYM: After watching this video, you should have a good understanding of how to _develop a fluorescence marking methodology for tracing the clonal history of hematopoietic stem and progenitor cells in live organs.
9.3.1. Interview Style
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General Preparation

It’s critical for a smooth and organized shoot that all reagents are accounted for, in advance.   

Any overnight or long incubation steps should be recognized and specimens/samples be prepared in advance so that prior steps can be recorded and shooting can continue with pre-prepared specimens/samples.  

All tubes/flasks should be pre-labeled neatly before we arrive.  

Ex. Luciferase assay done in 96 well plates should be labeled with negative/positive control wells and experimental samples are labeled accordingly.

You will receive more detailed preparation instructions, as well as an introduction to your videographer, closer to your filming date.

( 2011, Journal of Visualized Experiments


