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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  
If Yes, can you record movies/images using your own microscope camera?
No  
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. 
Zeiss Stemi SV11 (has trinocular head with camera port)

2. Software: Does the part of your protocol being filmed include step-by-step descriptions of software usage?  Yes, screen captures will be uploaded after filming

Authors: Acquire screen capture videos for all shots labeled SCREEN and upload them to your project page: https://www.jove.com/account/file-uploader?src=19116228

3. Filming location: Will the filming need to take place in multiple locations?   Yes
If Yes, how far apart are the locations? 4 locations: 
1. Miller lab 
2.  The laser-scanning confocal microscope used for Nyquist acquisition (2.4) is located across the hall from the Miller lab. 
3. The Zeiss Airy Scan (super-resolution) microscope (2.1-2.3) is located in an adjacent building (10 min walk from the Miller lab)
4. The spinning disk microscope (3.8 – 3.11) is located in same building as the Miller lab (< 5 min walk). 


Current Protocol Length

Number of Steps: 20
Number of Shots: 45 (17 SC)

Introduction

1. Introductory Interview Statements
1.1. Andrea Cuentas-Condori: This protocol describes methods for imaging dendritic spine morphology and calcium transients in C. elegans neurons. Our approach should facilitate genetic approaches to discover determinants of spine morphogenesis and function. 
1.1.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. Suggested B roll: 2.1. and 2.2. 

1.2. David Miller: Our protocol features dendritic spines in GABAergic motor neurons. Spines in other classes of C. elegans neurons can also be investigated with these methods.  
1.2.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera.

OPTIONAL: 

1.3. Andrea Cuentas-Condori: Our protocol describes methods for immobilizing living C. elegans. It is especially important to prevent the animal from moving during image acquisition and choosing appropriate laser configurations to excite and record neuronal activity.
1.3.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. Suggested B roll: 2.1.2, 2.1.3, 3.7. and 3.9.1.



1.4. 

Protocol

Authors: Please acquire screen capture videos for all shots labeled SCREEN and upload them to your project page: https://www.jove.com/account/file-uploader?src=19116228

2. Determination of Dorsal D (DD) Dendritic Spines Structure
2.1. To acquire high-resolution images, mount 15 to 20 young adult worms on 10% agarose pads [1] and add 3 microliters of anesthetic solution [2-TXT]. Then, apply the coverslip to immobilize the worms [3] and seal the coverslip edges with a melted adhesive sealant mixture [4]. Videographer: This step is important!
2.1.1. SCOPE: Talent adding the anesthetic solution to the adults. TEXT: Anesthetic: 0.05% Tricaine and 15 mM levamisole
2.1.2. SCOPE: Talent placing the C. elegans adults on 10% agarose pads.
2.1.3. SCOPE: Talent adding the anesthetic solution to the adults. TEXT: Anesthetic: 0.05% Tricaine and 15 mM levamisole
2.1.4. SCOPE: Talent applying coverslip to the worms.
2.1.5. SCOPE: Talent sealing the edges of the coverslip.

2.2. For super-resolution acquisition, use a laser-scanning confocal microscope equipped for super-resolution microscopy [1-TXT]. Acquire Z-stacks using the step size recommended by the manufacturer’s software [2].
2.2.1. Talent placing the agarose pad containing the samples on the confocal microscope stage with confocal microscope/instrument visible in the frame. TEXT: Use 63x/1.40 Plan-Apochromat oil objective lens Videographer: This step is important!
2.2.2. Talent at the computer, clicking on the software icon and selecting Z-stack imaging option with monitor visible in the frame. Videographer: Obtain a few shots of talent clicking the mouse and typing on the keyboard to use as b-roll throughout the video

2.3. Collect a series of optical sections that span the total volume of the Dorsal D, or DD (spell out), ventral process [1-TXT]. Submit the Z-stacks for image processing using the manufacturer’s software and analyze images with a score higher than 7 [2]. 
2.3.1. SCREEN: To be uploaded by Authors: Optical sections spanning the total volume of the DD ventral process being collected. TEXT: 15–20 slices at 0.19 µm step size or 2– 3µm thick
2.3.2. SCREEN: To be uploaded by Authors: Z-stack images being processed, and images with a score higher than 7 being analyzed.

2.4. For Nyquist acquisition, use a laser scanning confocal microscope and select the optimal pixel size for the wavelength of light and numerical aperture of the objective lens. [1-TXT]. Then, submit the stack for 3D deconvolution using an Automatic algorithm [2].
2.4.1. SCREEN: To be uploaded by Authors: Optimal pixel size being selected. TEXT: 40x/1.4 Plan Fluor oil objective
2.4.2. SCREEN: To be uploaded by the Authors: Stacks submitted for 3D deconvolution/image processing using Automatic algorithm.

2.5. For image analysis, use an appropriate image processing software [1] to create maximum intensity projections of the Z-stacks [2] and manually count the protrusions on the DD dendrite [3]. 
2.5.1. Talent at the computer, clicking on the ImageJ software icon with monitor visible in the frame
2.5.2. SCREEN: To be uploaded by Authors: Maximum intensity projections of the Z-stacks being created
2.5.3. Talent at the computer looking at the screen and counting the protrusions on the DD dendrite.

2.6. Then, determine the length of the scored DD dendrite to calculate the density of spines per 10 micrometers of DD dendrite [1] and classify the spines as thin or mushroom, filopodial, stubby, or branched [2]. 
2.6.1. SCREEN: To be uploaded by Authors: Length of DD dendrite is determined, 
2.6.2. SCREEN: To be uploaded by Authors:and Sspine density being calculated. 
2.6.3. LAB MEDIA: Figure 2A Video Editor: Please emphasize each classification when mentioned in the VO

3. Assessing Activation of DD Dendritic Spines by Presynaptic Cholinergic Signaling
3.1. Using conventional techniques, such as microinjection, create transgenic worms expressing the calcium sensor, GCaMP (G-camp), in DD neurons [1] and Chrimson, a red-shifted channelrhodopsin, in presynaptic VA (V-A) neurons [2]. 
3.1.1. LAB MEDIA: Figure 4A Video Editor: Please emphasize GCaMP and the entire green neuron
3.1.2. LAB MEDIA: Figure 4A Video Editor: Please emphasize Chrimson and the entire magenta neuron

3.2. Next, under a laminar hood, prepare All-trans Retinal, or ATR (spell out), plates by adding 300 microliters of overnight grown OP50 (O-P-fifty) bacterial culture [1] and 0.25 microliters ATR to each 60-millimeter nematode growth medium nutrient agar plate [2], then spread the culture with a sterile glass rod [3]. 
3.2.1. Talent adding bacterial culture and ATR solution to NGM nutrient agar plates.
3.2.2. Talent adding ATR solution to NGM nutrient agar plates.
3.2.3. Talent spreading the culture with a glass rod.

3.3. For control plates, add 300 microliters of OP50 bacteria and 0.25 microliters of ethanol [1]. To allow bacterial growth, incubate the plates at room temperature for 24 hours, protected from ambient light [2].
3.3.1. Talent adding bacterial culture and ethanol to control plates
3.3.2. Shot of all plates (ATR and control) incubating in the hood. 

3.4. To set up the experiment, place five L4 (L-four)-stage larvae on OP50-seeded ATR [1] or control plates [2] and incubate the plates in the dark at 23 degrees Celsius [3].
3.4.1. Talent placing 5 larvae on ATR plates.
3.4.2. Talent placing larvae on control plates.
3.4.3. Talent incubating the plates in dark. 

3.5. After three days, use a stereo dissecting microscope [1] to confirm the vulva development and pick L4 stage progeny from the ATR and control plates for imaging [2]. 
3.5.1. Talent placing the ATR and control plates on the microscope stage with the microscope visible in the frame.
3.5.2. SCOPE: Talent picking the pick L4 stage progeny from ATR and control plates.
 
3.6. Next, place 2 microliters of 0.05-micrometer polybeads on a microscope slide [1], and place approximately ten L4 larvae in the solution [1], using a platinum wire, add a small globule of super glue to the solution [2]. Swirl the solution gently to generate filamentous strands of glue [3], then add 3 microliters of M9 (M-nine) buffer [4]. Videographer: This step is important!
3.6.1. SCOPE: Talent placing polybeads onto the slide.
3.6.2. SCOPE: Talent placing larvae in the solution.
3.6.3. SCOPE: Talent adding a small globule of superglue globule to the solution.
3.6.4. SCOPE: Talent swirling the solution.
3.6.5. SCOPE: Talent adding M9 buffer to the slide.

3.7. Place approximately ten L4 larvae in the solution [1], then apply a coverslip [2] and seal its edges as demonstrated previously [3]. Videographer: This step is important!
3.7.1. SCOPE: Talent placing larvae in the solution.
3.7.2. SCOPE: Talent placing the coverslip.
3.7.3. Shot of coverslip with sealed edges.

3.8. To record evoked calcium transients in the dendritic spines, use a spinning disk confocal microscope [1-TXT] and adjust the microscope stage to position the DD spines in the focal plane [2]. Videographer: This step is important!
3.8.1.  Talent placing the slide containing sample onto the spinning disk confocal microscope stage. TEXT: Equipped with CCD camera, 100x TIRF oil objective lens, 488 and 561 nm laser lines
3.8.2. SCREEN: To be uploaded by Authors: Focusing of DD spines.
3.8.3. 
3.9. Then, set up time-lapse acquisition to illuminate the sample with a 488-nanometer laser line in every frame for detecting GCaMP fluorescence and a 561-nanometer laser line at periodic intervals for Chrimson excitation [1].
3.9.1. SCREEN: To be uploaded by Authors: Time-lapse acquisition being set.
 
3.10. For in vivo calcium imaging, use 2D-deconvolution and image alignment to correct minor deviations from the worm movement during acquisition [1], then define the DD dendritic spine as the region of interest, or ROI (spell out) [2].
3.10.1. SCREEN: To be uploaded by Authors: Minor deviations from worm movement being corrected.
3.10.2. SCREEN: To be uploaded by Authors: DD dendritic spine being marked/defined as ROI. 

3.11. Duplicate the ROI and relocate to a neighboring region inside the worm to collect the background signal [1]. Then, using appropriate software, export the GFP (spell out) intensities to excel for each time point and subtract background fluorescence from spine ROI fluorescence [2].
3.11.1. SCREEN: To be uploaded by Authors: ROI being copied and relocated to a neighboring region inside the worm.
3.11.2. SCREEN: To be uploaded by Authors: GFP intensities are exported to excel, and background fluorescence is subtracted from spine ROI fluorescence.

3.12. Determine the change in fluorescence by subtracting the GFP fluorescence in the frame immediately before the 561-nanometer excitation, or F0 (F-zero), from each time-point after excitation, or ∆F (delta-F) [1]. Then, divide by F0 to determine ∆F/F0 [2] and graph the normalized traces [3].
3.12.1. SCREEN: To be uploaded by Authors: ∆F being calculated. 
3.12.2. SCREEN: To be uploaded by Authors: ∆F/F0 is calculated. 
3.12.3. SCREEN: To be uploaded by Authors: Compile all normalized traces together based on the control or experimental condition 
3.12.4. SCREEN: To be uploaded by Authors: Open software to plot traces 
3.12.5. SCREEN: To be uploaded by Authors: import traces 
3.12.6. SCREEN: To be uploaded by Authors: define parameters to plot traces 
3.12.7. SCREEN: To be uploaded by Authors: color-code traces based on the condition Normalized traced being plotted


3.13. First, organize the data to pair timepoints before and after the light pulse. Then, determine if the data is normally distributed using a Shapiro-Wilk test. For data that are not normally distributed, use a non-parametric ANOVA with posthoc (post-hock) correction for multiple testing [1].
3.13.1. SCREEN: To be uploaded by Authors: Organize data to pair timepoints before and after the 561-nanometer light stimulation 
3.13.2. SCREEN: To be uploaded by Authors: Non-parametric ANOVA with posthoc correction for multiple testing being applied. 

3.14. FAlternatively, for measurements showing normal or Gaussian distribution, perform a paired parametric ANOVA (uh-no-vuh) test for each measurement of GCaMP fluorescence before and after each 561-nanometer pulse and correct for multiple comparisons in each of the two groups [1-TXT].
3.14.1. SCREEN: To be uploaded by Authors: Paired parametric ANOVA test being applied for multiple comparisons in each of the two groups. TEXT: ATR before vs. after, no ATR before vs. after

3.15. Alternatively, for data that are not normally distributed, use a non-parametric ANOVA with posthoc (post-hock) correction for multiple testing [1].
3.15.1. SCREEN: To be uploaded by Authors: Non-parametric ANOVA with posthoc correction for multiple testing being applied. 

Results
4. Results: Imaging and Assessing the Function of DD Dendritic Spines in Caenorhabditis elegans
4.1. [bookmark: _Hlk84007319]Labeling of DD dendritic spines with three independent markers [1], cytosolic mCherry (M-cherry) [2], myristyolated (meer-ris-ta-lated)-mRuby (M-ruby) [3], and LifeAct (Life-act)-GFP [4] yielded an average density of 3.4 DD dendritic spines per 10 microns of DD dendrite in wild-type young adults [5]. 
4.1.1. LAB MEDIA: Figure 1B, C
4.1.2. LAB MEDIA: Figure 1B Video Editor: Please emphasize gray arrowheads from cytosolic mCherry micrograph 
4.1.3. LAB MEDIA: Figure 1B Video Editor: Please emphasize gray arrowheads from MYR::mRuby micrograph
4.1.4. LAB MEDIA: Figure 1B Video Editor: Please emphasize gray arrowheads from LifeAct::GFP micrograph
4.1.5. LAB MEDIA: Figure 1C. Video Editor: Please emphasize the mCherry, MYR::mRuby, and LifeAct::GFP plots

4.2. The GFP-Utrophin marker was excluded from this analysis [1] because it yielded a significantly lower spine density potentially due to interactions of Utrophin with the actin cytoskeleton that drives spine morphogenesis [2]. 
4.2.1. LAB MEDIA: Figure 1B Video Editor: Please emphasize gray arrowheads from GFP::Utrophin micrograph
4.2.2. LAB MEDIA: Figure 1C Video Editor: Please emphasize GFP::Utrophin

4.3. The live-cell imaging approach confirmed [1] that the thin/mushroom-shaped morphology of the DD spines predominates in the adult [2] compared to alternative spine shapes like filopodial [3], stubby [4], and branched [5].
4.3.1. LAB MEDIA: Figure 2A
4.3.2. LAB MEDIA: Figure 2B Video Editor: Please emphasize Thin/mushroom labeled (LifeAct::GFP and MYR::mRuby) plots
4.3.3. LAB MEDIA: Figure 2B Video Editor: Please emphasize filopodial labeled (LifeAct::GFP and MYR::mRuby) plots
4.3.4. LAB MEDIA: Figure 2B Video Editor: Please emphasize stubby labeled (LifeAct::GFP and MYR::mRuby) plots
4.3.5. LAB MEDIA: Figure 2B Video Editor: Please emphasize branched labeled(LifeAct::GFP and MYR::mRuby) plots

4.4. Activation of DD dendritic spines was assessed by presynaptic cholinergic signaling in transgenic worms expressing GCaMP in DD neurons and Chrimson in presynaptic VA neurons [1]. Transient bursts of GCaMP signal were detected in DD spines immediately after optogenetic activation of Chrimson in presynaptic VA neurons [2].
4.4.1. LAB MEDIA: Figure 4A
4.4.2. LAB MEDIA: Figure 4C Video Editor: Please emphasize the ‘After’ column

4.5. A control experiment in the absence of ATR confirmed that the measured GCaMP signal depends on optogenetic activation of Chrimson, which is strictly ATR-dependent [1].
4.5.1. LAB MEDIA: Figure 4D


Conclusion
5. [bookmark: _Hlk27388131]Conclusion Interview Statements
5.1. Andrea Cuentas-Condori: To visualize DD spines, it is best to image animals lying on their sides such that the spines protrude at right angles to the light path. 
5.1.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. Suggested B roll: 2.3. and 3.8. 

5.2. Andrea Cuentas-Condori: With these methods, scientists can also use pharmacological manipulations to investigate the mechanisms that drive Ca++ transients in DD spines.
5.2.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera.
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