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Title: Use of Shigella flexneri to Study Autophagy-Cytoskeleton Interactions

A. Will you require assistance with video microscopy, such as filming a complex dissection or microinjection technique (Y/N, please specify steps by number. Also, please list make and model of your microscope)? 

Yes. Section 5, ‘Injecting S. flexneri into zebrafish larvae and survival analysis’ will require assistance with video microscopy. In this section we describe the procedure to microinject bacteria into zebrafish larvae. 
The microscopes to be used in this section include:
· Leica M80 stereomicroscope to perform the microinjections

· Leica M205FA fluorescent stereomicroscope to visualize the infection in vivo
· Zeiss 710 confocal microscope to visualize the infection in vivo at high resolution 
B. Does your protocol include detailed, step-by-step, descriptions of software usage (Y/N, please specify steps by number)? 
No. All image analysis can be performed using the standard Leica / Zeiss software packages and / or using ImageJ / Fiji.

C. Which steps of your protocol will viewers benefit most from having filmed? (use the numbering below)
Steps 2.1 to 2.15. In this section we describe imaging of infection (cytoskeleton rearrangement and autophagy marker recruitment to intracellular bacteria) in tissue culture cells, a procedure that requires careful microscopy.

Steps 5.1 to 5.10. In this section we describe zebrafish caudal vein infection, a challenging procedure that requires some training.
Steps 6.1 to 6.10. In this section we describe imaging of infection (cytoskeleton rearrangement and autophagy marker recruitment to intracellular bacteria) in zebrafish larvae, a challenging procedure that requires some training and also requires careful microscopy.
D. What is the single most difficult aspect of this procedure and what do you do to ensure success?
Conceptually, the most difficult aspect of this procedure is the identification of bacterial autophagosomes and septin cages in vitro and in vivo, which requires careful microscopy and analysis. Moreover, one must confirm that the proper number of events over several biological replicates are being analyzed to ensure statistical significance. 

Technically, the most difficult aspect of this procedure is the microinjection of bacteria into zebrafish larvae. The different injection sites are performed for different reasons, and can yield different biological understanding. The caudal vein infection is a challenging procedure that requires some training. Confocal microscopy of infected zebrafish larvae can also be difficult because larvae require careful positioning. 
E. Will the shoot take place in more than one location?  (Y/N, specify travel time between locations) 
Yes. The majority of the work will performed in a laboratory environment, Level 2 Flowers Building at Imperial College London. 

Any filming of the zebrafish facility and the collection of embryos will performed in the Central Biomedical Services (CBS) in the Sir Alexander Fleming Building (SAF). 

Both locations are on the South Kensington Campus of Imperial College London, and are within 5 minutes walk of each other. 
Schematic Overview (read by a voice talent at JoVE)

The overall goal of this procedure is to investigate intracellular mechanisms that control bacterial dissemination during infection in vitro and in vivo by using tissue culture cells and zebrafish larvae. (Intro)  The in vitro method begins with preparation of Shigella flexneri, a gram-negative enteroinvasive bacterial pathogen. (P1)  HeLa are then infected and siRNA or pharmacological reagents are used to manipulate the host autophagy machinery and cytoskeleton during infection. (P2)  To study autophagy-cytoskeleton interactions caused by Shigella in vivo, zebrafish embryos are infected 3 days post-fertilization. (P3)  For either method, the final step is to label tissues with autophagy and cytoskeletal markers. (P4)  Ultimately, results will provide insights into the mechanisms required for the control of infection by cytosolic host responses. (P5)
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Video editor:

1 to 4 correspond to P1 to P4

P1 – Animate the movement of the stick.  First it touches a red dot on the red plate, it become red at the tip.  Then, it moves to the tube and sinks into the yellow.

P2 – Start with the top illustration, then zoom into the circle under the yellow pipette tip and fade the pink blobs there into the bottom illustration.

P3 – Starts with the two fish swimming along next to each other, then zoom into the space below them and make the circles appear to grow up from the background as you zoom in.  The fish should swim off. Fade one circle into the larvae (bottom) and fade out the other six, without including the pointed tight V-shape.  Then, stick the larvae with the pointed tight V-shape and back it off, like a needle coming onto the screen.

P4 and P5 – Fade the upper left part of the provide drawing.  Then add the lower left part.  Fade out the upper center part of the drawing and repeat with lower central part.   Finish by doing the same with the left part of the drawing.
1. Introductory Interview (spoken by you on camera. Don’t forget to smile!)  

1.1. Andrea Sirianni: The main advantage of using Shigella to study bacterial autophagy over other bacteria, such as Listeria, is that Shigella targeted to autophagy can also be entrapped in septin cages. 
1.2. Stephen Buranyi: This method can help answer key questions in the autophagy field, such as: What is the role of the cytoskeleton in the process of autophagy, and (iwhat is the role of autophagy in the restriction or promotion of intracellular bacteria? 
1.3. Serge Mostowy: The implications of this technique can extend towards other processes of autophagy, such as the autophagy of viruses or mitochondria, and can also have therapeutic implications for human diseases with a septin or autophagy component.  
1.4. Emma Colucci-Guyon: Visual demonstration of zebrafish infection by Shigella is critical, as the steps involving injection of zebrafish with bacteria are difficult to learn, because needle preparation and proper injection takes time, and high resolution microscopy of zebrafish infection takes experience.   

Protocol Chapters (read by a voice talent at JoVE):

2. Infecting cells with Shigella flexneri
2.1. For this protocol, use the wild type strain of Shigella flexneri M90T.  From a frozen glycerol stock, streak bacteria onto Congo Red tryptic soy plates and incubate them at 37 ºC, overnight.
2.1.1. WID: arriving at hood with frozen bacteria stock – pan over the facility as care is used in handling this bacteria
2.1.2. MED: streaking soy plates with bacteria from frozen stock 
2.1.3. WID: loading soy plates into incubator
2.2. Also, seed HeLa cells in 6 well plates in MEM media with 10% fetal calf serum.  (TEXT: See text protocol for details.)
2.2.1. WID: loading tissue culture plates (6-well) with media and adding HeLa cells
2.3. The following day pick an individual colony and grow it up in TCS media overnight, with shaking, at 37 ºC.
2.3.1. MED: picking a colony and inoculating media vial
2.3.2. MED: setting up media vial in shaking incubator
2.4. The next day, set up subcultures by making 1 to 80 dilutions in fresh TCS.
2.4.1. MED: making diluted sub-cultures (flasks) from vial (now turbid with overnight growth)
2.5. When the optical density of the sub-cultures, at 600 nanometers, is between 0.3 and 0.6, collect the bacteria by spinning them down at 1000 G, for five minutes. Then, reconstitute the bacterial pellet in MEM to the same optical density.
2.5.1. WID: checking the OD of a sub-culture flask
2.5.2. MED: transferring the sub-culture flask content to centrifuge tubes
2.5.3. CU: removing supernatant from tube, ejecting, then adding back MEM media to pellet and mixing
2.6. HeLa cells should be infected with a multiplicity of infection of 100 to 1.  Directly add the Shigella diluted in MEM to the plated HeLa cells and bring the total MEM volume to 2 ml per well. 
2.6.1. MED: mixing up a Shigella+MEM mix to add to plates, for 1:100 MOI
2.6.2. MED: preparing the 6-well plates of HeLa cells to add Shigella
2.6.3. MED: adding Shigella+MEM to the wells 
2.7. Then, to maximize bacterial adherence to the host cells, centrifuge the plates at 700 G, for 10 minutes and at room temperature.
2.7.1. MED: loading plate(s) into plate spinner 
2.7.2. CU: setting parameters for the spin
2.8. Incubate the plates for thirty minutes (TEXT: 37 ºC, 5% CO​2) so the bacteria can infect the cells. 
2.8.1. WID: follow, taking plate out of spinner and loading plate into incubator
2.9. After the infection period, gently wash the cells twice using fresh MEM two times.  (TEXT: Wash 2X)
2.9.1. MED: Gently adding MEM to the infected cells and aspirating with glass Pasteur pipette
2.10. To further eliminate extracellular bacteria, incubate the cells in gentamicin containing complete media for one to four hours, based on empirical observations.
2.10.1. MED: adding gentamicin media to the cells
2.10.2. Reuse end of 2.8.1, loading plate into incubator.
2.11. Next, fix and label the infected cells.  Image them by epifluorescent or confocal microscopy using a 63X or 100X objective to resolve the DAPI-labelled Shigella.  
2.11.1. WID: representative action of fixing/labeling cells
2.11.2. WID: loading slide under confocal scope and gaining focus on slide 
2.12. Septin cages can be visualized as ring-like structures, about 0.6 microns in diameter, surrounding cytosolic bacteria, polymerizing actin.
2.12.1. LAB MEDIA: Fig1A-DAPI
2.12.2. LAB MEDIA: Fig1A-F-actin
2.12.3. LAB MEDIA: Fig1A-SEPT2
2.12.4. LAB MEDIA: Fig1A-Merge
Video editor: show all these images in 2.12 – 2.14 individually, fading even with the length of the narrative plus a short following silence of a few seconds. 
2.13. The bacteria inside the septin cages can also be recognized by autophagy markers, like p62 …
2.13.1. LAB MEDIA: Fig1B-p62
2.13.2. LAB MEDIA: Fig1B-Merge
2.14. … and LC3/ATG8.
2.14.1. LAB MEDIA: Fig1C-LC3
2.14.2. LAB MEDIA: Fig1C-Merge
2.15. Maria Mazon Moya: Conceptually, the most difficult aspect of this procedure is the identification of bacterial autophagosomes and septin cages in vitro and in vivo, which requires careful microscopy and analysis. Moreover, one must ensure that the proper number of events over several biological replicates are being analyzed and ensure statistical significance. 
2.15.1. MED/WID: interview with talent at microscope
3. Pharmacological Treatment of Infected HeLa Cells

3.1. After infecting the HeLa cells with Shigella, first allow the bacteria at least two-and-a-half hours to find their way to the cytosol.   Next, a drug treatment can be made. 
3.1.1. Reuse 2.6.3
3.1.2. Reuse 2.8.1
3.2. To treat the cytoskeleton, add between one to five microliters of diluted drug stock to each 2 millilters of media with cells.  (TEXT: See the text protocol for suggested dilutions.)  As a negative control treat one set of cells with DMSO in MEM.  Then, incubate the cells for 30 minutes.  (TEXT: 30 min, 37 ºC)
3.2.1. CU: taking an aliquot of drug to treat the cytoskeleton
3.2.2. MED: making dilution of drug
3.2.3. MED: adding diluted drug to the wells of infected cells
3.3. To manipulate the autophagic flux of the cells, use 20 nanoMolar rapamycin or 160 nanoMolar bafilomycin.  Then, incubate the cells for four to twelve hours.  (TEXT: 4 – 12 hr, 37 ºC)
3.3.1.  CU: taking aliquot of raprmycin or bafilomycin
3.3.2. MED: making dilution of drug and then adding diluted drug to plate of cells.
3.4. After the treatment, fix and label the cells as described in the text protocol.
3.4.1. Reuse 2.11.1
4. Preparations for Injecting S. flexneri into Zebrafish Larvae 
4.1. This technique models Shigella infection and autophagy-cytoskeleton interactions in vivo.  To begin, sub-culture and collect Shigella as previously described.
4.1.1. Reuse 2.1.2 – snippet
4.1.2. Reuse 2.3.1, 2.3.2 - snippets
4.1.3. Reuse 2.4.1, 2.4.2, 2.4.3 - snippets
4.2. Wash the bacteria with 1X PBS and centrifuge them at 1000 G for 10 minutes.
4.2.1. WID: loading the tube of bacteria into centrifuge
4.3. Then, resuspend the bacteria in 80 microliters of 0.1 percent phenol red in PBS.   Keep this preparation on ice.  It should have about 2000 bacteria per nanoliter.
4.3.1. MED: removing supernatant from spun down bacteria
4.3.2. MED: adding PBS/phenol red, mixing and putting tube on ice
4.4. 72 hours before the planned injection, collect embryos from spawning zebrafish.  To remove any extracellular contaminates, wash the embryos in E2 media with 0.003 percent bleach for 10 minutes.
4.4.1. WID: talent arriving with collected embryos to the lab
4.4.2. MED: adding bleach to E2 and mixing 
4.4.3. MED: changing media to E2 + bleach
Note: we have additional B roll footage of the zebrafish facility to potentially include.
Authors, to make this shoot fit the time frame we have available, we need to kept the shoot to one location.  So, I propose the talent should arrive to the lab with embryos and manipulate them there.  We need to eliminate travel time to the spawning grounds.
4.5. After ten minutes, change to E2 media and wash the embryos five times in E2.  (TEXT: Wash 5X)
4.5.1. WID: performing one wash with E2 media
4.6. Next, load 10-centimeter dishes with 50 milliliters of E2 and up to 50 embryos.  Grow up a total of about 100 embryos, at 28 ºC. 
4.6.1. CU: loading two or three dishes with embryos
4.6.2. WID: transferring loading dishes to incubator
4.7. 24 hours post-fertilization, treat the developing embryos with 0.003 percent N-phenylthiourea in E2 to prevent melanization which interferes with microscopy.   
4.7.1. WID: (one day later) talent at bench, changing media on 10-cm dishes
4.7.2. MED: adding E2+0.003% N-phenylthiourea to the dishes, bottle clearly labeled.
5. Injecting S. flexneri into zebrafish larvae and survival analysis

5.1. Begin with anesthetizing the 72-hour larvae using a 200 microgram per milliliter tricaine bath in E2 media.
5.1.1. WID: transferring larvae from incubation solution to ticaine solution
5.1.2. CU: larva mixing up in tricaine solution
5.2. Then, using a micromanipulator and fine tweezers, break the tip of the microinjection needle and check the break under a microscope.
5.2.1. ECU: breaking the tip
5.2.2. WID: checking the break under scope
5.2.3. SCOPE: a well broken needle
5.3. Now, load the needle.  First, transfer a drop of the bacterial culture to a coverslip on the microscope stage. 
5.3.1. MED: taking aliquot of bacteria and dropping on coverslip
5.3.2. MED: placing coverslip on stage
5.4. Second, turn on the microinjector and gas cylinder.
5.4.1. MED: turning on microinjector and gas, then focusing on oculars of scope
5.5. Third, lower the needle tip into the drop, and, fourth, fill the needle.  
5.5.1. SCOPE: lowering needle into bacteria and drawing in bacteria into needle
5.6. To assess zebrafish survival during Shigella infection, use a caudal intravenous injection.  Using a fine paintbrush, position the anesthetized larvae laterally on the injection plate, with their dorsal sides facing the needle.
5.6.1. WID: talent placing dish of larvae under scope
5.6.2. SCOPE: orienting the larvae with brush into row with dorsal sides along one edge of row, facing needle 
5.7. Now, the needle tip must be positioned close to the urogenital opening, aimed at the caudal vein. Then, pierce the skin and inject a one and five nanoliter bolus of bacteria. 
5.7.1. SCOPE: positioning the needle for caudal vein injection and performing the caudal vein injection

5.8. A successful injection into the caudal vein is indicated by visualizing phenol-red extending along the vein.  
5.8.1. LAB MEDIA: Figure A 2nd panel
5.9. Emma Colucci-Guyon: Technically, the caudal vein infection is the most difficult aspect of this procedure and will require practice.  Zebrafish larvae confocal microscopy can also be challenging because the larvae require proper positioning.
5.9.1. MED/WID: interview shot with Emma at injection set up
5.10. After the injections, transfer each infected larvae, individually, to a well of a 24-well plate containing one milliliter of E2 media.  Incubate the plate at 28 ºC and monitor the embryos daily.
5.10.1.  MED: picking larvae and moving them to 24-well plate wells
5.10.2. CU: adding larvae to the 24-well plate wells
5.10.3. WID: placing the 24-well plate into 28 ºC incubator
6. Injecting S. flexneri into zebrafish larvae and live imaging

6.1. To visualize recruitment of septin and autophagy markers, inject Shigella at localized sites, such as the tail muscle.  Prepare to inject the larvae as shown in the previous section.
6.1.1. Reuse snippets from: 5.2.1, 5.2.3, 5.3.1, 5.4.1 and 5.5.1
6.2. Orient the zebrafish laterally and place the needle over the muscle somites.  Then, pierce the space between two somites and inject about one nanoliter of Shigella.
6.2.1. SCOPE: orienting needle for injection between somites and piercing and injecting space between somites
6.3. A successful injection into the tail muscles will show that the injected somite colors in red as a consequence of the phenol-red buffer.  
6.3.1. LAB MEDIA: Figure 3A 3rd panel 
6.4. Have prepared low melting point 1% agarose in E2 media at 37 ºC.
6.4.1. MED: talent taking aliquot of LMP agarose from beaker kept warm in water bath
6.5. Add drops of agarose to a glass bottom dish.  (TEXT: Plastic dish can be used for stereomicroscopy.)
6.5.1. CU: adding drops of agarose to a glass bottom dish
6.6. Individually transfer the injected larvae, with a minimal volume of solution, to the drops of agarose.  Orient them there, as desired, and let the agarose solidify.
6.6.1. MED: moving the larvae into the agarose (glass bottom dish)
6.6.2. ECU/CU: orienting the larvae in the agarose, show as a SCOPE if done with a scope
6.7. Next, cover the whole dish with LMA followed by E2 with tricaine. (TEXT: 200 µg tricaine / ml E2)
6.7.1. CU: adding LMA to dish, covering the agarose bound larvae completely and then adding E2 to the dish, covering the surface completely
6.8. Then, take Z-stacks every two minutes for several hours.
6.8.1. Reuse 2.11.12
6.9. In infected tissue culture cells, Shigella escapes from the phagosome to the cytosol where the host cytoskeleton can rearrange and compartmentalize bacteria inside septin cage-like structures.  Bacteria entrapped in septin cages are recognized by autophagy markers, such as p62 and LC3. 
6.9.1. LAB MEDIA: Figure1 A 
6.10. The zebrafish represents a valuable new host for the in vivo study of Shigella infection. Depending on the infectious dose, zebrafish can either clear a low dose within 48h post-infection, or in the case of a high dose, succumb to infection. 
6.10.1. LAB MEDIA: Figure3 B
6.11. The optical transparency of zebrafish larvae enables in vivo visualization of septin cages, an achievement that has not been performed using other vertebrate models.
6.11.1. LAB MEDIA: Figure 4A
6.12. To complement evidence that septin cages entrap bacteria targeted to autophagy, GFP-Lc3 transgenic zebrafish were infected to observe the recruitment of Lc3-positive autophagosomes to intracellular Shigella in vivo, in real time.
6.12.1. LAB MEDIA: Video S8 from Mostowy et al, PLOS Path, 2013.
6.13. To characterize autophagy, p62 morpholino-treated larvae were injected with Shigella.  Control morpholino larvae showed normal septin cage structures.
6.13.1. LAB MEDIA: Figure 4C panel 1
6.14. However, in the p62 morpholino-treated larvae, septin recruitment to Shigella was reduced, indicating that p62 is an essential component to the autophagy mechanism.
6.14.1. LAB MEDIA: Figure 4C panel 2
Authors, I combined your write up of the results with mine to make a 200 word section.  This is as long as we can have this section.  Unfortunately, it meant pruning out the in vitro siRNA results.
7. Conclusion Interview (spoken by you on camera)
7.1. Maria Mazon Moya: Once mastered, the infection of zebrafish larvae can be done in 1-2 hours when it is performed properly.

7.2. Emma Colucci-Guyon: Following this procedure, other methods, such as genome editing using the CRISPR/Cas system, can be used to manipulate the zebrafish genome. In addition, the generation of novel fluorescently-tagged zebrafish lines can be engineered to follow autophagy and cytoskeleton dynamics in real-time during Shigella infection using live-imaging. 
7.3. Serge Mostowy: After its discovery, the Shigella-septin cage has been used to study autophagy-cytoskeleton interactions, and has paved the way for researchers in infection and cell biology to illuminate new roles for the cytoskeleton in autophagy.

7.4. Alexandra Willis: Don't forget that working with Shigella can be extremely hazardous and precautions, such as working in a Level 2 laboratory environment, should always be taken while performing this procedure.  Be vigilant!
List of Provided Media Filenames and Descriptions (fill this in)

2.13.1.
LAB MEDIA: Fig1A-DAPI staining of HeLa cells infected with Shigella.
2.13.2.
LAB MEDIA: Fig1A-F-actin. Phalloidin staining of HeLa cells infected with Shigella.
2.13.3.
LAB MEDIA: Fig1A-SEPT9. HeLa cells infected with Shigella  labeled with anti-SEPT9. 
2.13.4.
LAB MEDIA: Fig1A-Merge. Combined images. 

2.14.1.
LAB MEDIA: Fig1B-p62. HeLa cells infected with Shigella labeled with antibody to p62.
2.14.2.
LAB MEDIA: Fig1B-Merge. Hela cells infected with Shigella stained with DAPI and labeled with antibody to p62 and SEPT2.
2.15.1.
LAB MEDIA: Fig1C-LC3. HeLa cells transfected with GFP-LC3 and infected with Shigella.
2.15.2.
LAB MEDIA: Fig1C-merge. HeLa cells transfected with GFP-LC3 and infected with Shigella, labeled with antibody to SEPT2.
5.10.
LAB MEDIA: Figure 3A 2nd panel. Zebrafish larva tail section injected in the caudal vein.
6.4.
LAB MEDIA: Figure 3A 3rd panel. Zebrafish larva tail section injected in the tail muscle.
7.1 LAB MEDIA: Figure 3B. Survival assay of zebrafish larvae infected with Shigella at different doses.
7.2 LAB MEDIA: Figure 4A.
7.3 LAB MEDIA: Figure 4C panel 1. Control zebrafish larva infected with GFP-Shigella and labeled with antibody to SEPT7.
7.4 LAB MEDIA: Figure 4C panel 2. p62-morpholino injected zebrafish larva infected with GFP-Shigella and labeled with antibody to SEPT7.
REPRESENTATIVE RESULTS
1. LAB MEDIA: Figure 1A 

2. LAB MEDIA: Figure 2A

3. LAB MEDIA: Figure 3B

4. LAB MEDIA: Figure 4A

5. LAB MEDIA: Video S8 from Mostowy et al, PLOS Path, 2013
6. LAB MEDIA: Figure 4C

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.

( 2014, Journal of Visualized Experiments


