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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: Nikon dissection microscope to carry out the dissociations and a Nikon inverted microscope in conjunction with a camera for imaging fluorescently labeled presynaptic terminals in isolated reticulospinal axons.
B.   Does your protocol include detailed, step-by-step, descriptions of software usage? (Y/N)_N_
The software for imaging is Micromanager, which is a widely used imaging software and electrophysiological data acquisition is done using Axograph X, again used widely for data acquisition. We do not have any specific custom modifications in either software. Acquisition protocols are based on previously published protocols, commonly used in fluorescence imaging and single channel recordings. 
C.  Which steps of your protocol will viewers benefit most from having filmed? Please list 4-6 steps
Removal of the dorsal column of the spinal cord in the vibrating tissue slicer

Dissociation of the spinal cord to yield isolated axons

FM 1-43 labeling of presynaptic terminals

Demonstration of the process of performing a single channel recording
D.  What is the single most difficult aspect of this procedure and what do you do to ensure success? The dissociation of the spinal cord to yield viable isolated axons has to be extremely gentle. Hence, this is the most difficult step since it requires extreme finesse and patience on the part of the experimenter. Developing the technique to carry out the dissociations is a learning process and requires performing a number of dissociations to perfect the technique. We have developed some wrist supports on the recording setup that help balance the hand while performing the dissociations. 
1. Introduction (Schematic Overview and Interview)

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

Conceptual Narrative:
The overall goal of this procedure is to obtain the isolated reticulospinal axons, with functional presynaptic terminals to permit the recording of Ca2+ currents directly from the release face membrane.  (Intro)
This is achieved by first (Video editor, please use the spinal cord image in Panel 1 and the subtitle “Removal of dorsal column of spinal cord”) extracting the spinal cord from the lamprey body cavity and acutely (Video editor, please use the spinal cord cartoon (upper panel) in Panel 2 and have the blade on the right moving to the left along the arrow to cut the spinal cord) dissociating it to obtain viable isolated reticulospinal axons.  (P1)

As a second step, the sliced tissue is treated with a mixture of protease and collagenase enzymes to loosen the connective tissue and facilitate the dissociation process. (P2)  

Video editor, please use the spinal cord cartoon (lower panel) in Panel 2 and the subtitle “45 minutes 1 mg/ml Protease 1 mg/ml Collagenase RT”.
Next, lateral tracts of the enzyme-treated spinal cord are cut (Video editor, add the 2 “cracks” at the midpoint of the spinal cord and the label “Lateral tract cut”) at the midpoint in order to localize the dissociation force. (P3) 

Video editor, please use the spinal cord cartoon in Panel 3. 
Results are obtained that demonstrate the viability of the isolated reticulospinal axons (Video editor, please use the spinal cord cartoon in Panel 4 and the subtitle “Mechanical disassociation of spinal cord”) (Video editor, please use LAB_MEDIA: 51925_Ramachandran_Figure 4f) and the recording of Ca2+ currents directly from the release face membrane of the individual presynaptic terminals. (P4)
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B.  Interview: (Said by you on camera. Don’t forget to smile!)  

1.1 Simon Alford:  The main advantage of this technique over the imaging of presynaptic calcium transients, is that calcium currents can be resolved directly at the presynaptic release face membrane on a sub-millisecond time scale that cannot be achieved using conventional imaging techniques. 
1.2 The unrestricted access to the release face membrane at individual presynaptic terminals allows us to apply numerous approaches to study aspects of the neurotransmitter release process. Single vesicle imaging with quantum dots, measuring membrane capacitance changes, and simultaneous measurement of calcium currents enable a precise measurement of synaptic delay. 

Protocol (read by voice talent at JoVE):

2. Acute dissociation of lamprey spinal cord to yield isolated reticulospinal axons 
2.1. Begin this procedure by anesthetizing an ammoecoete or adult lamprey with tricaine methanesulphonate at 100 mg/L.  Next, decapitate the lamprey in 4°C Ringer’s solution.  (Text overlay:  Refer to the accompanying manuscript for composition) 
2.1.1. MED-over the shoulder:  Talent adds tricaine methanesulphonate in a container with lamprey.
2.1.2. CU:  The lamprey as it is decapitated.  Text overlay:  Refer to the accompanying manuscript for composition.
2.2. Then, remove the body wall muscles to expose the dorsal surface of the spinal cord.  Subsequently, remove the meninx primitiva; do not remove the ventral meninx primitiva at this stage.  After that, cut the spinal cord into 1 cm long pieces.
2.2.1. SCOPE/CU:  A microscope movie to show the removal of the body wall muscles to expose dorsal surface of the spinal cord.  
2.2.2. SCOPE/CU:  A microscope movie to show the removal of the meninx primitiva.

2.2.3. SCOPE/CU:  A microscope movie to show that the spinal cord is cut into 1 cm long pieces.
2.3. Next, pin a spinal cord piece, with the dorsal side facing up, on a PDMS-lined (Text overlay: PDMS: polydimethylsilioxane) slicing base plate in a vibratome chamber containing ice-cold Ringer’s solution.  Then, remove a central section of the spinal cord dorsal column and leave behind the intact dorsal column sections on the rostral and caudal ends to serve as handles during the dissociation process.  Use the slowest speed setting in slicing and a depth setting that removes only the dorsal column, leaving the underlying reticulospinal axon column undamaged.
2.3.1. MED-over the shoulder:  Talent pins a spinal cord piece, with the dorsal side facing up, on a PDMS lined slicing base plate in a vibrating tissue slicer chamber.  Text overlay: PDMS: polydimethylsilioxane.

2.3.2. CU:  The spinal cord dorsal column as the central section is removed. 

2.3.3. CU SCOPE:  The spinal cord dorsal column as the dorsal column is being removed. 
2.4. Afterward, incubate the sliced spinal cord pieces at room temperature for 45 minutes in a cocktail of 1 mg/ml protease and 1 mg/ml collagenase prepared in Ringer’s solution.  Then, put the treated spinal cord pieces in a PDMS lined Petri dish containing 4 °C Ringer’s solution. 

2.4.1.A preparing enzyme solution (this step was filmed as a separate step; it is a straightforward step of weighing out the enzymes and preparing the solution and does not necessarily have to be included in the final video)
2.4.1. MED-over the shoulder:  Talent places the sliced spinal cord pieces in a cocktail of protease and collagenase.
2.4.2. CU SCOPE:  The spinal cord pieces as they are pinned in a PDMS lined petri dish.
2.5. Next, remove the ventral meninx primitiva with fine forceps.  Cut the lateral tracts of the spinal cord at the midpoint of the sliced dorsal section with a scalpel blade.
2.5.1. SCOPE/CU:  A movie to show the removal of the ventral meninx primitive.

2.5.2. [combined with 2.5.2] SCOPE/CU:  A movie to show that the lateral tracts of the spinal cord are cut at the midpoint of the sliced dorsal section.

2.6. After that, place a drop of immersion oil on the lens.  Then place the poly-lysine coated coverslip in the slot of the recording chamber, and seal the edges with vacuum grease. 
2.6.1. MED-over the shoulder:  Talent places a drop of immersion oil on the lens.

2.6.2. MED-over the shoulder:  Talent places the poly-lysine coated coverslip in the slot of the recording chamber.
2.6.3. CU:  The coverslip as vacuum grease is applied to seal the edges.
2.7. Screw the top in place and place the chamber in the inset on the recording rig.  Add Ringer’s solution to the recording chamber using a Pasteur pipette. 
CU: 2.7.1.A  Demonstrates putting the chamber together. I believe it is important to demonstrate this in the video as it is best understood visually and may not be as readily understandable from the text.
2.7.1. MED-over the shoulder:  Talent places the chamber in the inset on the recording rig.  
2.7.2. CU:  The recording chamber as Ringer’s solution is added to it.
2.8. Next, connect the outflow tubing of the pressure bottle containing antifreeze solution to the input tubing of the thermoelectric cooling device.  Then, connect the output tubing of the thermoelectric cooling device to the input end of the outer cooling jacket and the output end to the reservoir.   
2.8.1. MED-over the shoulder:  Talent connects the outflow tubing of the pressure bottle to the thermoelectric cooling device input tubing.
2.8.1.A CU of antifreeze solution bottle and reservoir and connections of tubings
2.8.2. [combined with 2.8.2] MED-over the shoulder:  Talent connects the output tubing of the thermoelectric cooling device to the input end of the outer cooling jacket and the output end to the reservoir.
2.9. Place the spinal cord pieces in the recording chamber one at a time.  Gently separate them while keeping them along the coverslip at all times until the axons are isolated.
2.9.1. MED-over the shoulder:  Talent places a spinal cord piece in the recording chamber.
2.9.2. CU/SCOPE:  The recording chamber as the spinal cord piece is separated.

2.10. Bring the recording solution temperature to 10 °C by passing the pressurized antifreeze solution through the outer cooling jacket of the recording chamber.  Allow the axons to recover at 10 °C for an hour after dissociation.
2.10.1. MED:  Talent passes the pressurized antifreeze solution to the chamber by pushing the nitrogen gas into the bottle.

2.10.1.b CU of Nitrogen tank being opened and pressure being injected into the pressure bottle. Antifreeze flows out of the pressure bottle, through the thermocouple device into the external cooling compartment of the chamber and out into the reservoir.  
2.10.2.  CU:  The chamber as the axons are recovering.
3. Labeling and identification of presynaptic terminals with FM 1-43 

3.1. In this procedure, perfuse the sample with 5 µM FM 1-43 in Ringer’s solution containing 30 mM KCl.  Afterward, perfuse the sample with 1 mg/ml Advasep-7 in Ringer’s solution to remove excess FM dye before perfusing it with Ringer’s solution for 15 minutes. 
3.1.1. MED-over the shoulder:  Talent turns on the pump to perfuse the sample with FM 1-43.  

3.1.2. MED-over the shoulder:  Talent switches the solution to Advasep-7/Ringer’s solution.
3.1.2.A Switch solution to Advasep-7. Perfuse 5 ml of Advasep-7 solution. 

3.1.2.B Switch solution to Ringer’s solution. Perfuse Ringer’s solution for 10 minutes. 

3.2. Then, image the sample with a 100 X oil immersion lens (Text overlay: NA 1.25), a digital CCD camera and the image acquisition software Micromanager. 
3.2.1. MED-over the shoulder:  Talent sitting in front of the experimental setup and opening the software on the computer monitor.  Text overlay: NA 1.25. 
Note : Will send screenshots of imaging and electrophysiology data acquisition software. 

3.3. Identify individual fluorescently labeled presynaptic terminals for recording.
3.3.1. SCREEN:  A movie to show a few fluorescently labeled presynaptic terminals.

Note: We could not demonstrate labeled axons in the day of the shoot. Labeled axon images were  submitted with the manuscript. I can provide the images again or submit further images if required.
4. Immunohistochemistry of isolated reticulospinal axons 

4.1. Now, fill the dish inset with divalent-ion free Ringer’s solution. 
4.1.1. MED-over the shoulder:  Talent fills the dish inset with divalent-ion free Ringer’s solution.
4.2. Fabricate the patch pipettes in a P-87 micropipette puller.  Apply a small amount of suture glue at one end of the poly-lysine inset and one end of the silicone tubing with a micropipette tip.

4.2.1. MED-over the shoulder:  Talent places a pipette in the pipette puller.

4.2.2. to 4.4.3 Shot as scope series. Sequential steps hence shot as a sequence. But can be presented as separate steps. 
4.2.2. MED-over the shoulder:  Talent applies a small amount of suture glue at one end of the poly-lysine inset and one end of the silicone tubing with a micropipette tip. 

4.3. Perform the dissociations as demonstrated before, then place one end of the spinal cord on the suture glue.  Gently press and adhere it to the surface.   

4.3.1. MED-over the shoulder:  Talent places one end of the spinal cord on the suture glue.
4.3.2. CU:  The spinal cord is gently pressed and adhered to the surface.

4.4. Next, place another drop of suture glue at the other end of the inset.  Gently stretch the spinal cord until the axons are dissociated.  Then, drag the free spinal cord end over the suture glue and fix in place.

4.4.1. MED-over the shoulder:  Talent places another drop of suture glue at the other end of the inset.

4.4.2. CU:  The spinal cord as it is gently stretched until the axons are dissociated.

4.4.3. CU:  The spinal cord as its free spinal cord end is dragged over the suture glue and fixed in place.

4.5. Afterward, replace the divalent free Ringer’s solution with the regular Ringer’s solution for perfusion.  Allow the axons to recover at 10 °C for 20 minutes after dissociation.
4.5.1. MED-over the shoulder:  Talent replaces the divalent free Ringer’s solution with the regular Ringer’s solution.

4.5.2. [combined with 4.5.1] CU:  The axons as they are being recovered.  
5. Electrophysiological recording

5.1. In this procedure, fabricate the aluminosilicate glass patch pipettes (Text overlay:  Resistance: 2 -5 MΩ) in a P-87 micropipette puller.  Design the patch pipette such that the pipette tip encompasses the entire presynaptic terminal diameter. 
5.1.1. MED-over the shoulder:  Talent places a glass pipette in a P-87 micropipette puller.  Text overlay:  Resistance: 2 -5 MΩ.
5.1.2. CU:  The tip of the patch pipette as it is being held by talent.
5.2. Sylgard coat the patch pipettes by dipping them into PDMS under 50-60 psi pressure, and dry them using a heat gun.  After that, fire polish the patch pipettes using a microforge.
5.2.1. MED-over the shoulder:  Talent dips a patch pipette into PDMS.

5.2.2. CU:  A patch pipette as it is being dried with a heat gun.

5.2.3. CU SCOPE:  A patch pipette as it is being fire polished with a microforge.
5.3. Under the fluorescence microscope, identify the isolated axons with labeled presynaptic terminals.
5.3.1. SCOPE: A microscope movie to show the searching of the isolated axons with labeled presynaptic terminals. (Note : The dissociation did not work on the day of the shoot. Hence, I am working on a series of figures that illustrate the process of recording from presynaptic terminals. I will send them to you by the end of this week.)
5.4. Then, fill the patch pipette with the recording solution (Text overlay:  Refer to the accompanying manuscript for composition) using a syringe.  Insert a patch pipette into the pipette holder and position it above the bath using a motorized manipulator.  Gently lower the patch pipette into the bath and position it against the face of a fluorescently identified presynaptic terminal. 
5.4.1. MED-over the shoulder:  Talent fills the patch pipette with the recording solution using a syringe.  Text overlay:  Refer to the accompanying manuscript for composition.

5.4.2. MED-over the shoulder:  Talent positions the patch pipette with holder above the bath.

5.4.3. SCOPE/CU:  A microscope movie to show that the patch pipette is gently lowered into the bath and positioned against the face of a fluorescently identified presynaptic terminal.

5.5. Advance the patch pipette slowly until it makes contact with the membrane.  At this point, form a gigaohm seal by gentle mouth suction through a tube attached to the pipette holder. 

5.5.1. SCOPE/CU:  A microscope movie to show that the patch pipette is advanced slowly until a contact is made with the membrane.

5.5.2. MED:  Talent sucks the tube attached to the pipette holder gently.

5.6. For data acquisition, use a standard step protocol in increments of 10 mV as stimulus.
5.6.1. MED-over the shoulder:  Talent inputting the stimulus setting on the computer monitor.  
(Note: will send screenshots for electrophysiology data acquisition and a figure to demonstrate 5.4.3 to 5.6)
6. Results:   Representative recordings and immunostaining of an isolated reticulospinal axon 
6.1. These two images show an isolated reticulospinal axon with punctate labeling of presynaptic terminals with FM 1-43 and the targeting of (Video editor, please add green arrows or highlight the brighten “circles” next to the green arrows, if possible) an individual presynaptic terminal with (Video editor, please add white arrow and the text “pipette”) patch pipette for cell-attached patch recording.  

6.1.1. LAB_MEDIA: 51925_Ramachandran_Figure 4 c, d
6.2. This is a representative example showing the cell-attached recording of calcium currents from the presynaptic release face membrane.  (Video editor, highlight the solid line) The solid line indicates the closed state of the channel, while (Video editor, highlight the dashed lines) the dashed lines indicate the opening of 1, 2 and 3 channels.
6.2.1. LAB_MEDIA: 51925_Ramachandran_Figure 4 f
6.3. Shown here is the immunohistochemical characterization of an R-type calcium channel at the individual presynaptic terminals. (Video editor, zoom in a.i.) A polyclonal primary antibody was used to label an epitope in the intracellular loop between domains II and III of the R-type calcium channel and the secondary antibody used was Alexa Fluor 633 hydrazide conjugated goat anti-rabbit IgG.  (Video editor, zoom in a.ii.) The presynaptic terminals were identified by Alexa Fluor 488 phalloidin labeling of presynaptic actin.  (Video editor, zoom in a.iii.)  This image shows the colocalization between R-type antibody labeling and Alexa-488 phalloidin.  (Video editor, zoom in b.i. and b.ii.) The preincubation of anti R-type calcium channel antibody with control antigen did not yield any specific labeling of calcium channels, but Alexa Fluor 488 phalloidin labeling of presynaptic terminals for the same axon showed discrete punctate labeling.
6.3.1. LAB_MEDIA: 51925_Ramachandran_Figure 5
7. Conclusion (said by authors on camera)

7.1. Simon Alford: After its development, this technique paved the way for direct measurement of calcium currents at the release face membrane of individual presynaptic terminals, previously not possible in central synapses.  It also provided a way to determine the number of calcium channels that contribute to the calcium domain gating release. 

7.2. Shankar: After watching this video, you should have a good understanding of recording directly from the release face membrane of individual presynaptic terminals. 
Provided Media

Authors, Please list all images, movie files, or 3-D rendered animations that can be included in the video per editor’s request.  The step in the script/video where these images will be inserted should be specified.   For example:

6.2 –  0123_PIname_Figure1.tif -  dual color imaging of tumor angiogenesis at 40X 

6.2 –  0123_PIname_Figure2.tif -  dual color imaging of tumor angiogenesis at 100X

Formats:  For static images we prefer .tiff, Illustrator, Powerpoint or Photoshop files at dimensions of at least 720X480 pixels and 300 dpi.  The higher resolution, the better.  Likewise any exported movie files should have at minimum these dimensions and be rendered to .mov, .mp4, or .avi files.  

Please note: The figures have been modified based on feedback from reviewers and may be distinct from originally uploaded images at the time of submitting the manuscript to JoVE. 

Conceptual narrative schematic 
1. An introductory cartoon depicting Ca2+ entry into the presynaptic terminal 

2. Reticulospinal synapse showing postsynaptic projections apposing individual presynaptic terminals

3. Panel 1 – demonstrates orientation of spinal cord for subsequent panels and position of reticulospinal axons

Panel 2 – Removal of dorsal column of the spinal cord

Panel 3 – Lateral cuts of the enzyme-treated spinal cord

Panel 4 – Final dissociation of the spinal cord to yield isolated axons; representative example of dissociated reticulospinal axon preparation (4X magnification)
4. Identification of individual presynaptic terminals by FM 1-43 labeling and targeting of a presynaptic terminal for recording with a patch pipette (100X oil immersion lens, inverted fluorescent microscope). A representative example demonstrating Ca2+ currents recorded from the release face membrane of a presynaptic terminal. 
Results schematic 
4a. Alexa Fluor 488 hydrazide fill of an isolated reticulospinal axon, demonstrating retention of structural integrity of isolated axons. (100X oil immersion lens, inverted fluorescent microscope)
4b. Retention of function in isolated axons. Membrane potentials can be measured. Isolated axons can be stimulated to fire action potentials (4b.i). The shape and time course of the action potential is similar to one fired in a reticulospinal axon in the intact lamprey spinal cord (4b.ii.).

4c., 4d. Isolated axons have functional presynaptic terminals with retention of synaptic exo-endocytosis. Identification of individual terminals by FM 1-43 labeling. Targeting of a fluorescently identified presynaptic terminal for recording with a patch pipette. (100X oil immersion lens, inverted fluorescent microscope)
4e. Unhealthy axon showing indiscriminate incorporation of FM dye v/s discrete punctate labeling in healthy axons (4c, d). (100X oil immersion lens, inverted fluorescent microscope)
4f. Representative example of Ca2+ currents recorded from the release face membrane of a presynaptic terminal. 

5a.i. Immunohistochemical labeling of Ca2+ channels at individual presynaptic terminals. 

5a.ii. Identification of presynaptic terminals in the same axon as in 5a.i. by labeling fixed actin with Alexa Fluor 488 phalloidin. 
5a.iii. Merged overlay of 5a.i. and 5.a.ii. showing localization of Ca2+ channels to the presynaptic release face membrane at individual presynaptic terminals.

5b.i. Absence of any background staining or non-specific Ca2+ channel antibody staining. 
5b.ii. Identification of presynaptic terminals in the same axon as in 5b.i. by labeling fixed actin with Alexa Fluor 488 phalloidin.

(Fig 5 – 100X water immersion lens, confocal microscopy)
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
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