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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  
Yes  
Leica Model: Stereozoom S9i
2.3.2, 2.3.3, 2.4.1, 3.5.1 
Authors: Please use your microscope camera to film the scope shots and upload the file     to your project page as soon as possible: https://review.jove.com/account/file-uploader?src=21031323
2. Software: Does the part of your protocol being filmed include step-by-step descriptions of software usage?  Yes
If Yes, we will need you to record using screen recording software.
3.3.2, 3.4.1, 3.4.2, 3.4.3, 3.8.2, 3.9.1, 3.10.1, 3.10.2, 3.11.1, 
3.12.1, 3.12.2, 3.13.1
Authors: Please create screen capture videos of the shots labeled as SCREEN, create a screenshot summary, and upload the files to your project page as soon as possible: https://review.jove.com/account/file-uploader?src=21031323

3. Filming location: Will the filming need to take place in multiple locations?   No

4. Testimonials (optional): Would you be open to filming two short testimonial statements live during your JoVE shoot? These will not appear in your JoVE video but may be used in JoVE’s promotional materials. Yes  


Current Protocol Length
Number of Steps: 18
Number of Shots: 36 

Introduction
Videographer: Obtain headshots for all authors available at the filming location. 

 
1.1. Jenny Magnes: In this research, we are characterizing the locomotion of a microscopic species with the aim of better understanding the neural circuit driving the locomotion.
1.1.1. INTERVIEW: Named Talent says the statement above in an interview-style shot, looking slightly off-camera. Suggested B roll: 3.5.1


What significant findings have you established in your field?
1.2. Hugo Nicolás Reyes Cardozo: Most significantly, we have established that the locomotion of a C. elegans is chaotic with low experimental noise. Experimental chaos can be difficult to analyze due to experimental noise.
1.2.1. INTERVIEW: Named Talent says the statement above in an interview-style shot, looking slightly off-camera. 



What advantage does your protocol offer compared to other techniques?
1.3. Jenny Magnes: DOD is relatively new and does not have counterparts in the field. DOD is cost-efficient and easy to implement while providing multi-scale data.
1.3.1. INTERVIEW: Named Talent says the statement above in an interview-style shot, looking slightly off-camera. 

What new scientific questions have your results paved the way for?
1.4. Jenny Magnes: The multi-scale dynamic information serves as a check for a modeled neural circuit. Once we build a neural circuit with matching dynamics, we understand the live circuit accurately.
1.4.1. INTERVIEW: Named Talent says the statement above in an interview-style shot, looking slightly off-camera.  Suggested B roll: 3.7.1


What questions will future research focus on?
1.5. Hugo Nicolás Reyes Cardozo: Future research will focus on exploring what other biological quantities we can characterize with Largest Lyapunov Exponents. Additionally, we will build a model of locomotory neurons.
1.5.1. INTERVIEW: Named Talent says the statement above in an interview-style shot, looking slightly off-camera. 



Videographer: Obtain headshots for all authors available at the filming location.


Testimonial Questions (OPTIONAL): 

Videographer: Please capture all testimonial shots in a wide-angle format with sufficient headspace, as the final videos will be rendered in a 1:1 aspect ratio. Testimonial statements will be presented live by the authors, sharing their spontaneous perspectives.

How do you think publishing with JoVE will enhance the visibility and impact of your research?
1.6. Jenny Magnes, Professor of Physics: (authors will present their testimonial statements live)
1.6.1. INTERVIEW: Named Talent says the statement above in an interview-style shot, looking slightly off-camera. 


Can you share a specific success story or benefit you’ve experienced—or expect to experience—after using or publishing with JoVE? (This could include increased collaborations, citations, funding opportunities, streamlined lab procedures, reduced training time, cost savings in the lab, or improved lab productivity.)
1.7. Jenny Magnes, Professor of Physics: (authors will present their testimonial statements live)
1.7.1. INTERVIEW: Named Talent says the statement above in an interview-style shot, looking slightly off-camera. 















Protocol  
2. Preparation of Caenorhabditis elegans for Data Acquisition
Demonstrator: Hugo Nicolás Reyes Cardozo 
2.1. To begin, pipette 0.5 milliliters of Escherichia coli (esh-uh-RIK-ee-uh KOH-lye) with an OD600 (O-D-Six-Hundred) onto each Nematode Growth Medium agar plate to provide food for the nematodes [1]. Wait for the Escherichia coli to dry completely on the surface of each agar plate [2].
2.1.1. WIDE: Talent pipetting 0.5 milliliters of E. coli onto multiple agar plates. Videographer’s NOTE: Missing slate
2.1.2. Close-up of plates left uncovered to show E. coli drying on the agar surface.

2.2. Obtain a control plate of Caenorhabditis elegans (SEE-no-RAB-di-tis EL-eh-ganz) from a biological materials supplier to use for generating age-synchronized nematode populations [1].
2.2.1. Talent showing a control plate of C. elegans.

2.3. Using a Bunsen burner, sterilize a platinum pick in the flame until it glows orange [1]. Under a dissecting microscope, use the sterilized pick to collect 5 to 10 adult wild-type Caenorhabditis elegans [2]. Transfer the picked worms onto a prepared agar plate [3].
2.3.1. Talent holding a platinum pick in the Bunsen burner flame until red-hot.
2.3.2. SCOPE: JoVE2.3.2.mp4: 00:00-00:07
2.3.3. SCOPE: JoVEE2.3.3.mp4: 00:00-00:10

2.4. After the egg-laying period of 4 to 5 hours, remove the adult worms from the plate using a platinum pick [1]. Incubate the remaining plate to allow the eggs to develop until the desired day of use [2].
2.4.1. SCOPE: JoVE2.4.1: 00:03-00:10
2.4.2. Talent placing the plate into an incubator. Videographer’s NOTE: Missing slate

2.5. On the day of data collection, fill a 4.5 milliliter optical-grade quartz cuvette with room temperature distilled water just below the rim to prevent spillage [1-TXT]. Use a platinum pick to gently transfer 2 to 3 nematodes into the cuvette [2]. Once the nematodes are inside, place the cuvette on its side to facilitate alignment of the worm with the laser beam [3]. Observe the swimming motion of the fully immersed nematodes, which may float toward the bottom but remain active [4].
2.5.1. Talent filling the quartz cuvette with distilled water just below the top edge. TXT: Dimensions: 10 mm x 10 mm x 45 mm
2.5.2. Talent transferring 2 to 3 C. elegans into the water-filled cuvette using a pick.
2.5.3. Talent placing the cuvette on its side on the experimental setup.
2.5.4. Close-up of nematodes swimming and undulating near the bottom of the cuvette. NOTE: Too small to capture, shot the container they were in

3. Data Collection Using Far-field Diffraction Setup 
3.1. Set up the experimental system [1], with a modification involving the construction of a periscope using two mirrors [2]. Position the cuvette on its side between the two mirrors to simplify alignment of the worm in the laser beam [3]. Instead of a camera, position a photodetector in the diffraction pattern to collect optical signals [4].
3.1.1. Shot of the experimental setup.
3.1.2. Talent assembling a periscope by aligning two mirrors vertically.
3.1.3. Talent placing the cuvette horizontally between the two mirrors in the periscope.
3.1.4. Talent placing a photodetector in line with the diffraction pattern path.

3.2. Then, turn on the Helium Neon laser and allow it to warm up for approximately 15 minutes until it reaches thermal equilibrium [1].
3.2.1. Talent switching on the Helium Neon laser.   Videographer’s NOTE: Shot from 2 different angles

3.3. Start the digital oscilloscope to initiate data collection [1]. To configure the oscilloscope, set the time interval to 100 seconds and select a memory buffer of at least 100 kilosamples per second [2].
3.3.1. Talent powering on the oscilloscope and preparing to run a measurement.
3.3.2. SCREEN: JoVE3.3.2.mp4: 00:03-00:16

3.4. Set the data acquisition resolution to 1 kilohertz [1]. Adjust the bit resolution to 12 bits to ensure sensitivity to small-scale amplitude variations [2]. Use the Auto AC offset function on the oscilloscope to center the intensity oscillations at zero volts [3].
3.4.1. SCREEN: JoVE3.4.1.mp4
3.4.2. SCREEN: JoVE3.4.2.mp4
3.4.3. SCREEN: JoVE3.4.3.mp4

3.5. Next, use a sterilized platinum pick to gently pick 2 to 3 nematodes [1] and transfer them into a cuvette filled with distilled water [2-TXT].
3.5.1. SCOPE: JoVE3.5.1.mp4: 00:08-00:13
3.5.2. Talent carefully placing them into the water-filled cuvette. TXT: Avoid shaking the cuvette   Videographer’s NOTE: Same as 2.5.2, did not film again

3.6. Insert the cuvette containing the nematodes into the periscope assembly [1] and adjust the setup to center one nematode precisely in the laser beam path [2].
3.6.1. Talent placing the cuvette between the two mirrors in the periscope. Videographer’s NOTE: Same as 2.5.3, did not film again
3.6.2. Talent manipulating the cuvette to align a single nematode in the center of the laser beam. Videographer’s NOTE: Missing slate#, shot from 2 different angles

3.7. Observe the formation of a far-field diffraction pattern approximately 50 centimeters beyond the periscope once a Caenorhabditis elegans is centered in the laser beam [1].
3.7.1. WIDE: Far-field diffraction pattern appearing on a screen or wall roughly 50 centimeters from the periscope.

3.8. Position the photodiode in the far-field diffraction pattern as a nematode traverse the laser beam [1-TXT]. Record data for at least 10 seconds to collect a minimum of 10,000 data points, which is necessary for accurate calculation of the Largest Lyapunov Exponent [2-TXT].
3.8.1. Talent inserting the photodiode into the path of the diffraction pattern. TXT: Position PD off-center to capture diffracted light     Videographer’s NOTE: Same as 3.1.4, did not film again
3.8.2. SCREEN: JoVE3.8.2.mp4: 00:00-00:15. TXT: Repeat data collection daily (9–15 times) for ages 3–12 days at the same time

3.9. Examine the time series to identify segments where the nematode is freely swimming within the laser beam [1].
3.9.1. SCREEN: JoVE.3.9.1.MOV: 00:22-00:48

3.10. Analyze the time series to evaluate the signal-to-noise ratio. Establish the baseline noise level by recording a time series without a nematode in the cuvette [1]. Confirm that both the amplitude and features of the experimental signal exceed twice the noise level [2].
3.10.1. SCREEN: JoVE3.10.1.MOV: 00:06-00:20
3.10.2. SCREEN: JoVE3.10.2.MOV 00:20-00:37, 00:5-01:00

3.11. Discard any portion of the time series containing saturated data [1]. 
3.11.1. SCREEN: JoVE3.11.1.MOV: 00:29-00:41

3.12. Identify the first minimum in the mutual information graph within the time range of 0.140 to 0.240 seconds [1]. Select a lag value that effectively separates the phase trajectories to allow for clear divergence measurements [2].
3.12.1. SCREEN: JoVE3.12.mp4: 00:04-00:24
3.12.2. SCREEN: JoVE3.12.mp4: 00:25-00:28

3.13. Determine the embedding dimension using the false nearest neighbor’s method. Select the lowest dimension at which the percentage of false nearest neighbors stabilizes at a minimum [1]. 
3.13.1. SCREEN: JoVE3.13.mp4:  00:07-00:26 TXT:  Apply the Abarbanel et al. method 

3.13.2. 

Results
4. Results 

4.1. The largest Lyapunov exponent peaked at day 5 [1], then declined steadily from day 6 through day 12 [2].
4.1.1. LAB MEDIA: Figure 7. Video editor: Highlight the data point at day 5 where the orange curve reaches its highest value.
4.1.2. LAB MEDIA: Figure 7. Video editor: Highlight the descending trend in the orange curve from day 6 to day 12.

4.2. The divergence of nearby trajectories initially increased exponentially before reaching a plateau, confirming the bounded chaotic behavior of the system [1].
4.2.1. LAB MEDIA: Figure 8. Video editor: Emphasize the widening gap between the two diverging curves as they move upward from x(0).

4.3. A linear slope was observed in the early portion of the log divergence curve, providing a reliable estimate of the largest Lyapunov exponent [1].
4.3.1. LAB MEDIA: Figure 9. Video editor: Highlight the red line 

4.4. Mean swimming frequency declined from day 3 to day 12 [1], with a noticeable breakdown in the trend on day 12 [2].
4.4.1. LAB MEDIA: Figure 10. Video editor: Trace the downward slope from day 3 through day 11.
4.4.2. LAB MEDIA: Figure 10. Video editor: Highlight the jump or irregularity in frequency at day 12.








1. optical‑grade
Pronunciation link: No confirmed link found
IPA: /ˈɑptɪkəl‑greɪd/
Phonetic Spelling: OP‑ti‑kuhl‑grade
2. cuvette
Pronunciation link: https://www.howtopronounce.com/cuvette (YouTube)
IPA: /ˈkjuːvɛt/
Phonetic Spelling: KOO‑vet
3. diffraction
Pronunciation link: https://www.merriam-webster.com/dictionary/diffraction
IPA: /dɪˈfrækʃən/
Phonetic Spelling: di‑FRACK‑shun
4. photodetector
Pronunciation link: No confirmed link found
IPA: /ˌfoʊtoʊdɪˈtɛktər/
Phonetic Spelling: FOH‑toh‑di‑TEK‑ter
5. oscilloscope
Pronunciation link: https://www.merriam-webster.com/dictionary/oscilloscope
IPA: /əˈsɪləˌskoʊp/
Phonetic Spelling: uh‑SIL‑uh‑scope
6. signal‑to‑noise ratio
Pronunciation link: No single link for the full phrase
IPA: /ˈsɪɡnəl‑tə‑ˈnɔɪz ˈreɪʃiˌoʊ/
Phonetic Spelling: SIG‑nul‑to‑NOYZ RAY‑shee‑oh
7. mutual information
Pronunciation link: No single link for full phrase
IPA: /ˌmjuːtʃuəl ˌɪnfərˈmeɪʃən/
Phonetic Spelling: MYOO‑choo‑uhl in‑fur‑MAY‑shun
8. embedding dimension
Pronunciation link: No single link for full phrase
IPA: /ɛmˈbɛdɪŋ dɪˈmɛnʃən/
Phonetic Spelling: em‑BED‑ing di‑MEN‑shun
9. Lyapunov exponent
Pronunciation link: https://www.howtopronounce.com/lyapunov-exponent (How To Pronounce)
IPA: /ˌliːəˈpuːnɒv ɪkˈspəʊnənt/ (US approx)
Phonetic Spelling: lee‑uh‑POO‑nov ik‑SPOH‑nunt
10. kilosamples per second
Pronunciation link: No confirmed link found
IPA: /ˈkaɪloʊˌsæmpəlz pər ˈsɛkənd/
Phonetic Spelling: KYE‑loh‑SAMP‑uls per SEK‑und
11. Helium‑Neon laser
Pronunciation link: No single link for full phrase
IPA: /ˈhiːliəm‑ˈniːɒn ˈleɪzər/
Phonetic Spelling: HEE‑lee‑um‑NEE‑on LAY‑zer
12. age‑synchronized
Pronunciation link: No confirmed link found
IPA: /eɪdʒ‑ˈsɪŋkrəˌnaɪzd/
Phonetic Spelling: AYJ‑SING‑kruh‑nyzd
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