[image: ]FINAL SCRIPT: APPROVED FOR FILMING


Submission ID #:  61599
Scriptwriter Name: Anastasia Gomez 
Project Page Link: https://www.jove.com/account/file-uploader?src=18787743

Title:   Manipulation of Single Neural Stem Cells and Neurons in Brain Slices Using Robotic Microinjection

Authors and Affiliations: 

Gabriella Shull1,2*, Christiane Haffner3*, Wieland B. Huttner3, Elena Taverna3,4,#, Suhasa B. Kodandaramaiah1,5,6,#

1Department of Biomedical Engineering, University of Minnesota, Twin Cities
2Department of Biomedical Engineering, Duke University, Durham 
3Max Planck Institute of Molecular Cell Biology and Genetics, Dresden, Germany
4Max Planck Institute for Evolutionary Anthropology, Leipzig, Germany
5Department of Mechanical Engineering, University of Minnesota, Twin Cities
6Graduate Program in Neuroscience, University of Minnesota, Twin Cities

* These authors contributed equally to this work.
# Co-corresponding authors

Corresponding Authors: 
[bookmark: _Hlk25233958]
Elena Taverna 			(elena_taverna@eva.mpg.de)
Suhasa Kodandaramaiah 	(suhasabk@umn.edu)

Email Addresses for All Authors: 

gabriella.shull@duke.edu
haffner@mpi-cbg.de
suhasabk@umn.edu
elena_taverna@eva.mpg.de
huttner@mpi-cbg.de


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 for the microinjection scope
No for the dissection scope
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 (through a camera port or one of the oculars). Please list the make and model of your microscope.
Dissection scope: Olympus SZX12

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

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? Please select one.

☒ 	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.  Elena and Christiane

☒ 	Interviewees self-record interview statements. JoVE can provide support for this option.  Suhasa and Gabi
4. Filming location: Will the filming need to take place in multiple locations?   No, at the MPI-CBG only. 


Current Protocol Length

Number of Steps:  27
Number of Shots:  61, 7 SC that have already been submitted

Introduction

1. Introductory Interview Statements

REQUIRED: 
1.1. Elena Taverna: This technique makes it possible to have a closer look at single cells in living tissue. By tracking and manipulating them, we can better understand how single cells contribute to tissue formation during development.

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

1.2. Suhasa Kodandaramaiah: The main advantage of this method is that it can be repeated to target hundreds of cells, thereby increasing the rate and success of microinjection by an order of magnitude as compared with manual operation.

1.2.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. Videographer: Authors will film this themselves.


OPTIONAL: 

1.3. Elena Taverna: This protocol can be applied to every tissue with an accessible surface. We have targeted different cells in the same tissue, different tissues in the same species, and different species. 

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

1.4. Christiane Haffner: When attempting this protocol, it is important to remain focused and work quickly. All equipment should be prepared before starting the dissection.

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

1.5. Gabriella Shull: Visual demonstration of this method enables potential users to decide if this technique could be helpful in their work. Additionally, it makes it possible for users to see how the application is run, which would be difficult to grasp from the text alone. 

1.5.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. Videographer: Authors will film this themselves.



Ethics Title Card
1.6. Procedures involving animal subjects have been approved by the Ethical Commission for Animal Experimentation of Dresden, Germany.

Protocol
2. Tissue Slice Preparation
2.1. Begin by installing the autoinjector software [1-TXT] and pulling the microinjection pipettes from borosilicate glass capillaries with the micropipette puller [2-TXT]. Store the pipettes for up to 3 days protected from dust [3]. 
2.1.1. WIDE: Establishing shot of talent at the computer installing software. TEXT: https://github.com/bsbrl/Autoinjector
2.1.2. Talent pulling the micropipettes. TEXT: 1.2 mm outer diameter, 0.94 mm inner diameter; See text manuscript for puller parameters
2.1.3. Talent storing the pipettes.
2.2. Melt 3% wide range agarose using a microwave oven [1]. Do not let the agarose solidify by keeping it in a water bath at 37 degrees Celsius [2].
2.2.1. Talent putting agarose in the microwave and closing the door. 
2.2.2. Talent transferring the agarose from the microwave to the water bath.
2.3. Thaw an aliquot of SCM [1] and warm 10 to 12 milliliters CIMM (pronounce ‘simm’) and 20 milliliters of Tyrode’s solution to 37 degrees Celsius using a water bath [2]. 
2.3.1. Talent taking SCM out of the freezer. 
2.3.2. Talent putting CIMM and Tyrode’s solution in a water bath.
2.4. Mix the fluorescent tracer with the other chemicals to be injected [1], then centrifuge the microinjection solution at 16,000 x g for 30 minutes at 4 degrees Celsius [2]. Collect the supernatant and transfer it into a new tube [3]. Keep the microinjection solution on ice until use [4].
2.4.1. Talent mixing the tracer with chemicals. 
2.4.2. Talent putting the mixture in the centrifuge and closing the lid.
2.4.3. Talent transferring supernatant into a new tube. 
2.4.4. Talent putting the solution on ice.
2.5. Use the heads from E13.5 to E16.5 mouse embryos to prepare organotypic tissue slices of the telencephalon. Remove the skin and open the skull with forceps, moving along the midline [1].
2.5.1. SCREEN: Talent removing the skin and opening the skull. NOTE: 2.5.1 + 2.6.1 in one step, these shots are uploaded to project page, monitor has been recorded anyways so you have one alternative.
2.6. Dissect out the embryonic brain from the open skull [1] and remove the meninges covering the brain tissue starting from the ventral side of the brain [2]. Leave the dissected whole brain in Tyrode’s solution on a 37-degree Celsius heating block [3]. Videographer: This step is important!
2.6.1. SCOPE: Talent dissecting the brain.
2.6.2. SCOPE: Talent removing meninges.  NOTE: Uploaded to project page. 
2.6.3. Talent putting the brain in Tyrode’s solution. 
2.7. Pour the wide range melted agarose into a disposable embedding mold [1]. When it cools to 38 to 39 degrees Celsius, carefully transfer up to 4 brains into the agarose using a Pasteur pipette [2]. Videographer: This step is important!
2.7.1. Talent pouring agarose into a mold. NOTE:  2.8.1 included here
2.7.2. Talent transferring brains into the mold.
2.8. Stir the agarose around the tissue with a spatula or a pair of Dumont number 1 forceps without touching the tissue. Let the agarose solidify at room temperature [2]. Once the agarose has solidified, trim the excess surrounding the tissue [3]. Videographer: This step is important!
2.8.1. Talent stirring the agarose. 
2.8.2. Agarose solidifying. 
2.8.3. Talent trimming the agarose.
2.9. Fill the buffer tray with PBS [1]. Orient the brain with the rostro-caudal axis of the tissue perpendicular to the tray [2] and cut 250-micrometer slices using a vibratome [3]. Videographer: This step is important!
2.9.1. Talent filling the buffer tray with PBS, with the PBS container in the shot.
2.9.2. Talent orienting the brain. 
2.9.3. Talent cutting slices.
2.10. Fill a 3.5-centimeter Petri dish with 2 milliliters of prewarmed media [1], then use a plastic Pasteur pipette to transfer 10 to 15 slices to this dish [2]. When finished, transfer the Petri dish with the slices into the slice culture incubator. Maintain the slices at 37 degrees Celsius in a humidified atmosphere [3-TXT].
2.10.1. Talent filling the dish with SCM. 
2.10.2. Talent transferring slices to the dish. 
2.10.3. Talent putting the dish in the incubator. TEXT: 40% O2 , 5% CO2, 55% N2
3. Microinjection
3.1. Turn on the computer, microscope, microscope camera, manipulators, pressure rig, and pressure sensor [1]. Load the application by clicking the file “launchapp.py” in the main folder downloaded from GitHub and specify the device settings in the popup screen [2].
3.1.1. Talent turning on system components. 
3.1.1.2 Added: Another part of the system components being turned on. NOTE: Wide shot of the entire system not posible
3.1.2. Talent at the computer, loading the application. 
3.2. To prevent unwanted clogging, create an outward pressure before submerging the pipette into the solution. Slide the compensation pressure bar to 24 to 45% and click Set Values [1-TXT]. Next, tune the pressure by turning the mechanical pressure valve knob to 1 to 2 PSI as indicated by the pressure sensor [2].
3.2.1. SCREEN: 47880V2_Movie_EV4.mp4. 2:05 – 2:16. TEXT: video from Shull et al., 2019, EMBO Reports EMBO Rep 20:e47880
3.2.2. Talent tuning the pressure with the knob.
3.3. Transfer the slices to the center of a 3.5-centimeter Petri dish containing 2 milliliters of pre-warmed CIMM [1], then place the Petri dish on the microinjection stage that has been preheated to 37 degrees Celsius [2].
3.3.1. Talent transferring slices to the Petri dish. 
3.3.2. Talent placing the dish on the microinjection stage. 
3.4. Load the microinjection pipette with 1.4 to 1.6 microliters of microinjection solution using a long-tip plastic pipette [1] and insert the microinjection pipette into the pipette holder [2].
3.4.1. Talent loading the microinjection pipette. 
3.4.2. Talent inserting the pipette into the holder.
3.5. Using the lowest magnification on the microscope, bring the slice into focus and guide the micropipette to this field of view so that it is focused on the same plane as the slice target. Switch the output of the microscope to the camera to see the FOV in the application [1-TXT].
3.5.1. SCREEN: 47880V2_Movie_EV1.mp4. 0:05 – 0:13. TEXT: video from Shull et al., 2019, EMBO Reports EMBO Rep 20:e47880
3.6. Click the magnification button in the top left of the interface to initiate device calibration. When a window prompts to select the magnification, select the 10x and press Ok. The software assumes the internal objective lens is 10x [1].
3.6.1. SCREEN: 47880V2_Movie_EV1.mp4. 0:14 – 0:16.
3.7. Refocus the pipette tip using the micrometric wheel of the microscope and click the pipette tip with the cursor. Next, press the step 1.1 button and press OK in the popup window. The pipette will move in the Y direction. Click the tip of the pipette and press the step 1.2 button. Lastly, enter 45 into the Pipette angle box and press the Set angle [1].
3.7.1. SCREEN: 47880V2_Movie_EV1.mp4. 0:17 – 0:27. Video Editor: Emphasize the pipette angle setting at the end, it was set in video EV4.
3.8. Enter desired parameters into the Automated microinjection controls panel and set the speed to 100%. When finished, click Set values [1-TXT].
3.8.1. SCREEN: 47880V2_Movie_EV1.mp4. Paused at 0:27. Video Editor: Emphasize the Automated microinjection controls panel on the right side. TEXT: Apical Progenitors: Distance = 20 – 40 µm, Depth = 10 – 15 µm ; Neurons: Distance = 30 – 40 µm, Depth = 10 – 30 µm
3.9. Click the Draw edge button and drag the cursor along the desired trajectory in the popup window to define the trajectory of injection. For microinjecting progenitor stem cells, target the ventral side of the telencephalon surface [1]. 
3.9.1. SCREEN: 47880V2_Movie_EV1.mp4. 0:28 – 0:52.
3.10. Bring the pipette to the start of the line and click its tip, then click Run trajectory to start microinjecting. Repeat this step for every plane of injection targeted [1-TXT].
3.10.1. SCREEN: 47880V2_Movie_EV1.mp4. 0:53 – 1:22. TEXT: 3 – 4 planes with 40 – 75 injections per plane

4. Tissue Culture and Tissue Slice Processing for Immunofluorescence
4.1. Immerse the slices into the collagen mixture [1], then transfer the slices together with 200 to 300 microliters of the collagen into a 14-millimeter well of a 35-millimeter glass-bottom dish [2]. Ensure that the slices are covered in the least amount of collagen possible, which is the optimal condition for nutrients and oxygen uptake [3].
4.1.1. Talent immersing a slice in the collagen mixture.
4.1.2. Talent transferring a slice into the glass-bottom dish. NOTE: From here till 4.2.1, Clip 44, usable from aprox second 44
4.1.3. Slice covered with the proper amount of collagen. 
4.2. Orient the slices using two pairs of forceps [1] and incubate the Petri dish for 5 minutes at 37 degrees Celsius on a heating block to allow the collagen to solidify [2-TXT]. Move the Petri dish back to the slice culture incubator for an additional 40 minutes [3], then add 2 milliliters of prewarmed SCM [4].
4.2.1. Talent orienting the slices. 
4.2.2. Talent putting the dish on a heating block. TEXT: t = 0 of slice culture
4.2.3. Talent putting the dish in the incubator. 
4.2.4. Talent adding SCM to the dish.
4.3. Take the slices out of the slice culture incubator and aspirate the SCM [1]. Wash the collagen-embedded slices with PBS [2], then add 4% paraformaldehyde and leave the tissue at room temperature for 30 minutes [3]. Move it to 4 degrees Celsius for overnight fixation [4].
4.3.1. Talent aspirating the SCM. 
4.3.2. Talent washing the slices with PBS. 
4.3.3. Talent adding PFA to the slices. 
4.3.4. Talent putting the slices in the refrigerator and closing the door.
4.4. On the next day, aspirate the paraformaldehyde solution [1] and wash the slices with PBS [2]. Remove the slices from the collagen using two pairs of forceps under a stereomicroscope [3].
4.4.1. Talent aspirating the PFA. 
4.4.2. Talent washing the slices. 
4.4.3. SCOPE: Talent removing a slice from the collagen. NOTE: Clip P1110657
4.5. Use a microwave to melt the 3% low melting point agarose, then pour it into a disposable embedding mold and let it cool to approximately 38 or 39 degrees Celsius [1]. Transfer the tissue slices into this mold, making sure that the pial side of the slice is facing up, then allow the agarose to cool to room temperature and solidify [2]. Videographer: This step is important!
4.5.1. Talent pouring melted agarose into the mold.
4.5.2. Talent transferring slices into the mold.
4.6. Trim the extra agarose surrounding the slices [1]. Orient the agarose block to ensure that the cut surface is parallel to the vibratome’s cutting blade [2] and cut 50-micrometer thick sections [3]. Videographer: This step is important!
4.6.1. Talent trimming the agarose.
4.6.2. Talent orienting the agarose block. 
4.6.3. Talent making slices.
4.7. Fill a 24 well dish with PBS [1] and transfer the sections into this dish using a fine-tip paintbrush, then perform immunofluorescence according to standard protocols [2]. Videographer: This step is important!
4.7.1. Talent filling the dish with PBS. 
4.7.2. Talent transferring the sections into the dish.


Results
5. Results: Robotic Microinjection into Apical Progenitors and Neurons
5.1. Representative images of successfully injected progenitor cells [1] and newborn neurons are shown here [2]. When injected with Dextran Alexa-488, cells appear fully filled with the dye [3].
5.1.1. LAB MEDIA: Figure 2 A and Figure 3 A. Video Editor: Emphasize 2 A. 
5.1.2. LAB MEDIA: Figure 2 A and Figure 3 A. Video Editor: Emphasize 3 A.
5.1.3. LAB MEDIA: Figure 2 A and Figure 3 A. 
5.2. Automated microinjection can provide significantly higher throughput compared to manual microinjection [1]. Furthermore, EdU (spell out ‘E-D-U’) labeling confirms that cell viability is not affected by automation [2]. Keeping the organotypic slice in culture makes it possible to follow lineage progression of the microinjected cells [3]. 
5.2.1. LAB MEDIA: Figure 2 B. 
5.2.2. LAB MEDIA: Figure 2 C. 
5.2.3. LAB MEDIA: Figure 2 D.
5.3. Microinjection into single neural stem cells provides excellent single cell resolution. Therefore, it has been used to dissect the cell biology of neural stem cell progression and fate transition [1].
5.3.1. LAB MEDIA: Figure 3 A. 
5.4. This protocol was used to study junctional coupling in newborn neurons by injecting Lucifer Yellow along with Dextran-A555. A proportion of newborn pyramidal neurons were coupled via gap junctions to neighboring neurons, which is consistent with the idea that immature neurons communicate via gap-junction [1].
5.4.1. LAB MEDIA: Figure 3 B. 





Conclusion
6. [bookmark: _Hlk27388131]Conclusion Interview Statements

6.1. Suhasa Kodandaramaiah: In combination with this protocol, systematic studies of lineage progression at specific times during development can be performed by combining morphological assessment of single‐cell behavior with the respective transcriptome profiling.

6.1.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. Videographer: Authors will film this themselves.

6.2. Elena Taverna: We have used this technique to investigate the cell biology of brain development and evolution. Several candidate genes regulating neural stem cell behavior were studied. We were able to discover how they function and how they affect stem cell lineage progression and generation of neurons in brain tissue. 

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