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Title: Simultaneous Long-term Recordings at Two Neuronal Processing Stages in Behaving Honeybees

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, we will need assistance with video microscopy with two microscopes, 

for [1] electrode production (Leica MZ6), 

for [2] bee preparation (Leica MZ6) 

as [3] well as for the electrode placement and recording procedure itself (Wild M3Z) within our recording chamber

and [5] additionally for bee brain dissection (Leica MZ6); 

We also can provide a Leica IC80 HD camera which has an inbuilt camera within the microscope tubus.

B. Does your protocol include detailed, step-by-step, descriptions of software usage (Y/N, please specify steps by number)? 

No, except that we will need to show the recording software once. We likely will have a prepared screen video recording already showing acute odor responses.

C. Which steps of your protocol will viewers benefit most from having filmed? (use the numbering below) 
Electrode production [1] and electrode insertion [3] into the brain, as well as the visualization of the electrode positioning within the brain [5.1]
D. What is the single most difficult aspect of this procedure and what do you do to ensure success?  
The most challenging procedure is to actually acquiring an acute simultaneous double recording with odor responses with sufficient high signal to noise ratios. To circumvent this problem we likely will make screen shots and videos of our recording software while a proper recording is running previous to the video production date. By this approach JoVE may switch from the filming of the electrode insertion [3] to the already recorded movie of an odor response on the computer screen.
E. Will the shoot take place in more than one location?  (Y/N, specify travel time between locations) 
No
Schematic Overview (read by a voice talent at JoVE)

The overall goal of this procedure is to study olfactory coding and memory formation using long-term access to two independent neuronal processing stages within behaving honeybees. (Intro)  This is accomplished by first assembling low-cost, multi-channel electrodes from insulated copper micro-wires and custom made holders. (P1)  The next step is to prepare a living honeybee, by removing a section of its head capsule to insert two electodes, treated with a fluorescent dye, into the exposed brain. (P2)  The third step is to record from the two independent neuropils or tracts in the olfactory pathway while stimulating with floral odors and pheromones. (P3)  Later, after dissecting the brain, a different fluorescent tracer is injected into the antennal lobe to backfill the target neurons. (P4)  The backfilled tracts and the electrode tracings are then visualized to produce a three-dimensional reconstruction of the neuronal architecture. (P5)  Ultimately, relationships in odor coding between two neuron populations at different processing levels, like the antennal lobe and the mushroom body, can be better understood using these techniques. (P6)
Video editor:

P1 – Start with the free pieces on the left side, then animate them coming together to make the structure on the right side.  If you can’t see how they are assembled, try consulting section 2 of the video.  If this is too daunting, then spin the components in an increasingly fast orbit around a central point.  Once they are a spinning blur, add a large white flash, cut out the moving pieces and fade on the assembled construct.  Have fun.

P2 – Begin with showing only the bee in the upper left.  First move the bee into the blue line, then zoom into its head and fade to the head view.  Next, remove the piece of the exoskeleton as shown.  Move the head to the side now, and fade on two assembled things from P1 and the tube with green.  Have the pointy parts of each move in and out of the tube, so the points touch the green.  The tube is clear.  Last, slide things around so the to assembled things go into the brain of the bee as seen.  Last, if there is time, a tube can slide in and drop some solution onto the exposed brain (however, this isn’t really described in the narrative and can be skipped).

P3 – Fade back out to the bee in the blue frame, now with two assemblies on its head.  Move it into a position so the lines green and purple lines can be drawn on next, with the computer and associated boxes.  Leave the screen blank at first.  Last, add the tube to the left and have the little bubbles ooze out toward the bee.  When the bubbles get near the bee animate the stuff on the screen wiping it on left to right.

P4 – Fade the bee back to the view where we look head long at it, as in end of P2.  Now zoom into the open part of the head and switch the blow up to the beginning of P4, without the tube.  Add the tube next, then the purple diamonds.  Move the purple diamonds through the tube and fade to the next view of the brain in P4 with the purple spot.  

P5 – Continuing in P4, lower the microscope objective from above.  Then slide things to the left, so the CLSM and computer can be added to the screen.  Finish by zooming onto the screen and fading to the last part of the P4 sequence.  The “3D reconstruction” title can be omitted as it is in the narrative.

P6 – Use Fig 5A and follow with Fig 6A.
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1. Introductory Interview (spoken by you on camera. Don’t forget to smile!)  
1.1. MSB: The main advantages of this technique over existing methods, is that our multi-channel electrodes are very small and can be used in combination, meaning that we can record simultaneously at different areas of the brain. After being anchored their flexible wires allow stable recording for several hours in behaving animals. 
1.2. MB: This method can help answer key questions in the field of neuroethology, such as, understanding how animals receive, perceive, and compute olfactory stimuli from their environment.

1.3. WR: This double recording technique can provide insight into the underlying mechanism of odor coding and neuronal networks in general. It can also be applied to other model organisms in invertebrate olfaction and neurobiology.
1.4. MR: Generally, individuals new to this method will struggle because a lot of training is necessary to identify honeybee neurons using only morphological landmarks, like the antennal lobe or the vertical lobe of the mushroom body.

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

2. Building the Electrodes
Videographer: throughout this section you will need to determine how the SCOPE/ECU shots are better filmed.  If the choice isn’t obvious, use the shot that’s easier to get into good focus, which will depend on the quality of the scope shot versus the camera’s magnification/macro lens capabilities.
2.1. For this protocol, build an electrode adapter to fit a standard electrode interface board.   First solder three short pieces of insulated wires to an 18-pin connector. Then cut a piece of Plexiglas plate and insert a shallow groove along the longest side.
2.1.1. WID: establishing shot of talent at bench

2.1.2. CU: establishing shot of all the parts for the electrode, ready to assemble
2.1.3. SCOPE/ECU: soldering wires to connector
2.1.4. ECU/SCOPE: inserting shallow groove in Plexigalss – or just showing cut shape to camera (cutting may be too difficult film)
2.1.5. LAB MEDIA: Fig 1 A1 – throughout this section, show these schematics, after the techniques are demonstrated – do not try to show both at once.
2.2. Next, screw soldering lugs into the Plexiglas plate and glue the plate onto the top of the connector. Then, connect the base to the lugs using the three short wires.
2.2.1. SCOPE/ECU: screwing in soldering lugs to plate 
2.2.2. SCOPE/ECU: gluing plate to top of connector
2.2.3. SCOPE/ECU: connecting base of lugs to wires
2.2.4. LAB MEDIA: Fig 1 A2 
2.2.5. LAB MEDIA: Fig 1 A3 
2.3. Next, position a glass capillary into the groove of the Plexiglas plate.  The capillary should be able to slide and be secured by a screw.
2.3.1. SCOPE/ECU: setting capillary into groove in plate and then securing with screw
2.3.2. LAB MEDIA: Fig 1B1
2.4. Using a minutien pin, extend the glass capillary outward about 5 millimeters. The capillary and pin will be used to support and stabilize the electrode micro-wires.
2.4.1. SCOPE/ECU: extending the capillary
2.5. Next, position three micro-wires with the help of adhesive tape. (TEXT: polyurethane jacket, 15 µm). For better access, the glass capillary can be removed. Using a twelve-volt soldering needle, glue the wires together with LMP dental wax. Do not glue the last third of the wires.
2.5.1. SCOPE/ECU: positioning the wire

2.5.2. LAB MEDIA: Fig 1 B2 
2.5.3. CU: preparing to solder/melt the wax

2.5.4. SCOPE/ECU: melting the wax onto the wires
2.6. Now connect this multi-channel micro-wire assembly to the electrode adapter.  Position the extended glass capillary parallel to the micro-wires. 
2.6.1. ECU/SCOPE: attaching assembly to electrode adapter
2.6.2. ECU: positioning the glass capillary to the wire assembly
2.6.3. LAB MEDIA: Fig 1 B3 – long arrows
2.7. Secure this attachment with dental wax along the overlapping glass capillary and the minutien pin.  
2.7.1. SCOPE/ECU: melting wax to secure capillary to the wire assembly
2.8. Then, trim the electrode wires, leaving two to three centimeters extending from the minutien pin and two to three centimeters extending from the electrode end.
2.8.1. ECU: positioning scissors on wires to make a cut – show this to demonstrate how a clean cut is made
2.8.2. CU: making the cuts, show the inch of overhang from both ends
2.8.3. LAB MEDIA: Fig 1 B3 – short arrows
2.9. Next, secure the capillary into the electrode adapter and use a screw to stabilize everything in place.
2.9.1. CU: securing the capillary to the electrode adapter
2.9.2. LAB MEDIA: Fig 1 B4 – bottom arrow
2.10. At 360 ºC, solder the ends of the wires perpendicularly to the lugs.  Then check that there is a sufficiently strong electrical contact by checking that their impedance is about 300 kOhm at 1 kHz. 
2.10.1. CU: setting temperature of the soldering iron to 360 ºC
2.10.2. CU: soldering the wires to the lugs
2.10.3. LAB MEDIA: Fig 1 B4 – top arrows
2.10.4. MED: checking the impedance with a meter
2.11. Now, connect the channels of the second electrode adapter to the master electrode and solder the reference and muscle electrodes to the master electrode’s base.
2.11.1. ECU/SCOPE: connect 2nd electrode adapter to the master electrode
2.11.2. ECU/SCOPE: soldering ref and muscle electrodes to master electrode
2.11.3. LAB MEDIA: Fig 1 C2
2.12. Finally, mount the master electrode to the interface board of the headstage.  Fix the second electrode on a separate adapter.  
2.12.1. ECU: attaching master electrode to the interface board   
2.12.2. ECU: attaching the second electrode to other adapter 
2.12.3. CU/ECU: completed assembly
3. Preparing the Animal 
Videographer: there are more SCOPE/ECU options in this section.  

Video editor: the LAB MEDIA in this section is for your reference and should only be shown if our footage does not do a better job of demonstrating the result.
3.1. After obtaining the honeybees, chill one on ice until it is immobilized.  
3.1.1. MED>CU: bee placed on ice, zoom in on it after it chills out
3.2. Next, fix the bee in a standard Plexiglas holder with the head exposed.  Apply heated dental wax to the base of the eyes and the junction between the head and thorax, thus securing the head.
3.2.1. CU: talent assembles bee to holder
3.2.2. ECU/SCOPE: applying wax around eyes
3.2.3. ECU/SCOPE: applying wax at head-body junction
3.2.4. LAB MEDIA: Fig 2A
3.3. Continue using the wax to immobilize the scapi of the antennae on the head capsule.  Avoid applying wax to the flagellum, which needs to point forward. 
3.3.1. SCOPE: applying wax to antenna and head capsule – show the flagellum being left unwaxed
3.3.2. LAB MEDIA: Fig 2B
3.4. The proboscis should be free from impingements.  Check that it can move.
3.4.1. SCOPE: stimulating the proboscis, after waxing, it should move
3.5. Now, shave the head capsule to improve accessibility.
3.5.1. SCOPE: shaving head capsule
3.6. Then, feed the bee all the 30% sucrose it will consume.  This ensures good preparation viability and tissue moisture. 
3.6.1. ECU: preparing the probe with sugar solution and positioning it to bee
3.6.2. SCOPE: bee feeding on sugar solution
3.6.3. LAB MEDIA: Fig 2C
3.7. Now, using a micro-scalpel, cut vertically along the eye border and horizontally above the antennal bases. Continue cutting under the ocelli and remove loose cuticle.
3.7.1. SCOPE: cutting out a window in the bee’s head
3.7.2. LAB MEDIA: Fig 2D 
3.8. The hypopharyngeal glands should be moved aside, as should the trachea.  This will clear the path for inserting the electrode.
3.8.1. SCOPE: identifying the hypopharyngeal glands and the trachea, moving each aside to access brain
3.8.2. LAB MEDIA: Fig 2E
4. Inserting the Electrodes
4.1. Begin with inserting the reference electrode; a 35-micron silver wire.  First make a small cut in the ipsilateral compound eye, then, tuck the electrode through it. 
4.1.1. MED: establishing shot of talent working at scope
4.1.2. SCOPE: cutting into eye, then inserting the electrode
4.2. Next, insert the second wire into the muscle projection region, below the lateral ocelli.
4.2.1. SCOPE: inserting an electrode into muscle, talent should identify the lateral ocelli and muscle projection region
4.2.2. LAB MEDIA: Fig 2F – this is a good one, the labels are helpful
4.3. To later visualize the electrodes’ positions, dip the electrodes in a solution of 0.5 Molar potassium chloride and 5% Alexa Hydrazide 488 for three minutes.

4.3.1. MED: talent prepares a bath of dye solution, then lowers electrodes towards bath

4.3.2. ECU: dipping the electrodes into the bath, showing how deep they are dipped
4.4. Next, using micromanipulators, position the two electrodes into the brain.  Orient yourself by identifying the antennal lobe and the vertical lobe of the mushroom body.  
4.4.1. MED: approaching the electrodes to the brain.
4.4.2. SCOPE: talent points out AL and vertical lobe of MB
4.5. Here, one electrode is in the lateral antennal-lobe tract, 180 microns deep, and the other in the medial antennal-lobe tract, inserted about 300 microns deep.
4.5.1. SCOPE: inserting electrode 1 into lateral AL tract, inserting electrode 2 into medial AL tract
4.5.2. LAB MEDIA: Fig 2G 
4.6. Complete the electrodes’ placements by anchoring them using two-component silicon.  Cover the entire space above the brain, which will also prevent the tissues from drying out.   Then, proceed with making recordings.

4.6.1. SCOPE: securing electrodes with silicon epoxy, covering entire brain
4.6.2. MED: finishing the addition of epoxy, then talent starts to manipulate instruments for next step 
4.6.3. LAB MEDIA recording screen shot movie: The first three lines (from top) recordings of the m-ALT [insert animated label] next three lines, recordings from the l-ALT [insert animated label] line 7 (orange) muscle recording line 8 stimulus indicator. In the lower window left: high magnification of channel three (m-ALT) Lower right window: powerspectrum of the recording (channel three) If the size of the movie is too big, you could try to cut the lower windows and only leave the 8 channels showing the actual recording channels. Movie is nice from 0 to 30 seconds; there are three-times stimulus applications of 500ms. For visualization one stimulus would be sufficient. Maybe cut 5 seconds bevor and 5 seconds after stimulus - however you want to use .
4.7. To extract single unit activity from the extracellular recorded signal, use available spike sorting software.  Use the differentiated electrode-channels.

4.7.1. CU: talent using spike sorting software – nothing to show in particular, except maybe the splash screen for software or oscilloscope style images on screen

Video editor: you can manipulate the Fig3A to Fig3C to fit better to our screen.  They each contain a top, middle and bottom part.  You can fade through the three parts separately and show the one copy of the axes labels for each.
4.7.2. LAB MEDIA: Fig 3A spike sorting – differentiated electrode-channels
4.8. Apply template-matching techniques simultaneously on all three electrode-channels to detect different waveform combinations that account for single spike events.
4.8.1. LAB MEDIA: Fig 3B spike sorting – detected waveforms
4.9. And finally, control for proper unit (spike) separation using Principal Component Analysis on the single spike events of the three recorded differentiated electrode-channels.
4.9.1. LAB MEDIA: Fig 3C spike sorting – 3D PCA-Projections
5. Visualizing the Electrode’s Position Post-Recording
5.1. After making recordings, carefully remove the silicon and electrodes from the bee. 

5.1.1. MED: establishing shot of talent at preparation, retracting instruments and removing bee from set up
5.1.2. SCOPE: removing silicon and electrodes from bee
5.2. Next, rinse the brain with bee-Ringer’s solution and remove the glands and trachea. 

5.2.1. SCOPE: squirting droplets of solution on brain frompipette, then removing the glands and trachea
5.3. Then, using a micropipette, inject into the antennal lobe 5% Microruby dissolved in 1 molar potassium acetate.  This will provide an anterograde label to the lobe’s tracts.  From here forward, perform all steps in maximal darkness.  (TEXT: Minimize light exposure after Microruby injection.)

5.3.1. MED: talent loading micropipette with Microruby dye (We changed the take numbers (5.3.2 = 5.3.1 and vice versa)
5.3.2. CU: moving micropipette to animal
5.3.3. SCOPE: injecting dye into the brain
5.4. Rinse the brain with bee-Ringer’s again and allow the dye to incubate for thirty to forty-five minutes.
5.4.1. MED: talent squirts preparation with solution, then turns out all lights in room AND/OR covers up preparation with box
5.5. Immobilize the bee by cooling it in the fridge, then, isolate the brain.
5.5.1. CU: chilling the bee, which has been operated on  (and setting it for dissection)
5.5.2. SCOPE: dissecting out the brain
5.6. Fix the brain in 4% paraformaldehyde in 0.1 Molar PBS, overnight, at 4 ºC and with gentle agitation.  Follow this with standard protocols for dehydration and clearing.
5.6.1. CU: transferring brain to capsule of solution
5.6.2. MED: setting solution capsule on shaker in cold room or in refrigerator, covering it if needed, then starting the agitation
6. A Typical Experiment
6.1. After backfilling projection neurons in the antennal lobe with Microruby tracer, a projection view of these neurons was assembled from ortho-slices along the z-axis.
6.1.1. LAB MEDIA: Fig4A
6.2. The Alexa hydrazide 488 dye on the two electrodes shows their insertion at the medial antennal lobe tract and in the lateral antennal lobe tract.
6.2.1. LAB MEDIA: Fig 4B
6.3. A 3D reconstruction of the stained target cells and the electrode insertion sites was used to make a schematic of the two antennal lobe tract trajectories. 
6.3.1. LAB MEDIA: Fig 4C
6.4. Simultaneous recording from the two antennal lobe tracts while stimulating the bee with different odor concentrations was used to investigate temporal processing.
6.4.1. LAB MEDIA: Fig 5A
6.5. Activity was assessed in subsequent processing stages: the antennal lobe projection neurons… 
6.5.1. LAB MEDIA: Fig 6A
6.6. … and the extrinsic neurons. 
6.6.1. LAB MEDIA: Fig 6B
6.7. Principal component analysis of the population vectors illustrates that odor computation in the projection neurons was prolonged and outlasted the stimulus.
6.7.1. LAB MEDIA: Fig6C
6.8. By contrast, in the extrinsic neuron population, only “odor on” and “odor off” types were represented.
6.8.1. LAB MEDIA: Fig 6D
6.9. So, in viewing activity with time, the extrinsic neuron population, on the right, shows odor separation activity slightly before the projection neuron population starts to develop their odor induced activity.  Odor stimulation is marked in grey.
6.9.1. LAB MEDIA: Movie 1 (0:12 – 0:30 or longer) 
7. Conclusion Interview (spoken by you on camera)
7.1. MR: Once mastered, it takes about thirty minutes to build an electrode.  Preparing the bee and inserting the electrodes into the target regions can be done in another half hour if it is performed properly.

7.2. MB: While attempting this procedure, it’s important to remember that every step takes a lot of practice and patience until it is mastered. Be especially careful when soldering the electrode-wires to their connection points and recording from the desired brain regions requires solid knowledge of honeybee brain anatomy.

7.3. WR: After its development, this technique enabled researchers in the field of neuroethology and insect olfaction to explore the precise temporal relationships between the activity of different neuronal pathways and brain centers in behaving honeybees.
7.4. MSB: After watching this video, you should have a good understanding of how to construct and use multi-channel-micro-wire electrodes to record simultaneously from two brain regions in behaving honeybees. You should also be able to visualize the exact locations of your recording electrodes.
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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.
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