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Dear Editor, 

Please find enclosed our manuscript entitled “In vivo Calcium Imaging in C. elegans 
Body Wall Muscles” that we would like to be considered for publication in Journal of 
Visualized Experiments. This paper highlights a protocol for imaging baseline 
cytosolic calcium levels and evoked calcium transients in intact C. elegans body wall 
muscles using optogenetic stimulation and genetically encoded calcium indicators 
(GECI). We consider of value publishing these data in the Journal of Visualized 
Experiments as they provide a method to couple optogenetics and GECIs to study 
calcium changes in an in vivo system through two different immobilization 
techniques, both which allow for reliable, easily quantifiable calcium transients and 
open the opportunity for specific experimental designs. The techniques presented in 
this paper and demonstrated in video format will be highly useful for researchers 
working in the fields of C. elegans neurobiology, especially those examining synaptic 
function and modulation.  

Ashley Martin, Simon Alford, and Janet Richmond designed the procedures 
described in the manuscript. Ashley Martin and Janet Richmond performed the 
experiments, and Ashley Martin analyzed the data.  Finally, Ashley Martin wrote the 
manuscript and Ashley Martin, Simon Alford, and Janet Richmond edited the 
manuscript.  

During the preparation and submission of this manuscript, we have been kindly 
assisted by Benjamin Werth. 

Thank you for your consideration of this manuscript. We look forward to hearing 
from you. 

 

Sincerely,  

Ashley Martin, Ph.D. 
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SUMMARY:  24 
This method provides a way to couple optogenetics and genetically encoded calcium sensors to 25 
image baseline cytosolic calcium levels and changes in evoked calcium transients in the body wall 26 
muscles of the model organism C. elegans. 27 
 28 
ABSTRACT:  29 
The model organism C. elegans provides an excellent system to perform in vivo calcium imaging. 30 
Its transparent body and genetic manipulability allow for the targeted expression of genetically 31 
encoded calcium sensors. This protocol outlines the use of these sensors for the in vivo imaging 32 
of calcium dynamics in targeted cells, specifically the body wall muscles of the worms. By utilizing 33 
the co-expression of presynaptic channelrhodopsin, stimulation of acetylcholine release from 34 
excitatory motor neurons can be induced using blue light pulses, resulting in muscle 35 
depolarization and reproducible changes in cytoplasmic calcium levels. Two worm immobilization 36 
techniques are discussed with varying levels of difficulty. Comparison of these techniques 37 
demonstrates that both approaches preserve the physiology of the neuromuscular junction and 38 
allow for the reproducible quantification of calcium transients. By pairing optogenetics and 39 
functional calcium imaging, changes in postsynaptic calcium handling and homeostasis can be 40 
evaluated in a variety of mutant backgrounds. Data presented validates both immobilization 41 
techniques and specifically examines the roles of the C. elegans sarco(endo)plasmic reticular 42 
calcium ATPase and the calcium-activated BK potassium channel in the body wall muscle calcium 43 
regulation.  44 
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 45 
INTRODUCTION:  46 
This paper presents methods for in vivo calcium imaging of C. elegans body wall muscles using 47 
optogenetic neuronal stimulation. Pairing a muscle expressed genetically encoded calcium 48 
indicator (GECI) with blue light triggered neuronal depolarization and provides a system to clearly 49 
observe the evoked postsynaptic calcium transients. This avoids the use of electrical stimulation, 50 
allowing a non-invasive analysis of mutants affecting the postsynaptic calcium dynamics. 51 
 52 
Single-fluorophore GECIs, such as GCaMP, uses a single fluorescent protein molecule fused to the 53 
M13 domain of myosin light chain kinase at its N-terminal end and calmodulin (CaM) at the C-54 
terminus. Upon calcium binding, the CaM domain, which has a high affinity for calcium, 55 
undergoes a conformational change inducing a subsequent conformational change in the 56 
fluorescent protein leading to an increase in fluorescence intensity1. GCaMP fluorescence is 57 
excited at 488 nm, making it unsuitable to be used in conjunction with channelrhodopsin, which 58 
has a similar excitation wavelength of 473 nm. Thus, in order to couple calcium measurements 59 
with channelrhodopsin stimulation, the green fluorescent protein of GCaMP needs to be 60 
replaced with a red fluorescent protein, mRuby (RCaMP). Using the muscle expressed RCaMP, in 61 
combination with the cholinergic motor neuron expression of channelrhodopsin, permits studies 62 
at the worm neuromuscular junction (NMJ) with simultaneous use of optogenetics and functional 63 
imaging within the same animal2.  64 
 65 
The use of channelrhodopsin bypasses the need for the electrical stimulation to depolarize the 66 
neuromuscular junctions of C. elegans, which can only be achieved in dissected preparations, 67 
thus making this technique both easier to employ and more precise when targeting specific 68 
tissues. For example, channelrhodopsin has been previously used in C. elegans to reversibly 69 
activate specific neurons, leading to either robust activation of excitatory or inhibitory neurons3,4. 70 
The use of light-stimulated depolarization also circumvents the issue of neuronal damage due to 71 
the direct electrical stimulation. This provides an opportunity to examine the effects of many 72 
different stimulation protocols, including sustained and repeated stimulations, on postsynaptic 73 
calcium dynamics4.  74 
 75 
The transparent nature of C. elegans makes it ideal for the fluorescent imaging functional 76 
analysis. However, when stimulating the excitatory acetylcholine neurons at the NMJ, animals 77 
are expected to respond with an immediate muscle contraction4, making the immobilization of 78 
the worms critical in visualizing discrete calcium changes. Traditionally, pharmacological agents 79 
have been used to paralyze the animals. One such drug used is levamisole, a cholinergic 80 
acetylcholine receptor agonist5–7. Since levamisole leads to the persistent activation of a subtype 81 
of excitatory muscle receptors, this reagent is unsuitable for the study of the muscle calcium 82 
dynamics. The action of levamisole induces postsynaptic depolarization, elevating the cytosolic 83 
calcium, and occluding observations following presynaptic stimulation. To avoid the use of 84 
paralyzing drugs, we examined two alternative methods to immobilize C. elegans. Animals were 85 
either glued down and then dissected open to expose the body wall muscles, similar to the 86 
existing C. elegans NMJ electrophysiology method8, or nanobeads were used to immobilize intact 87 
animals9. Both procedures allowed for the reproducible measurements of the resting and evoked 88 



  

muscle calcium transients that were easily quantifiable. 89 
 90 
The methods in this paper can be used to measure the baseline cytosolic calcium levels and 91 
transients in postsynaptic body wall muscle cells in C. elegans. Examples of data employing the 92 
two different immobilization techniques are given. Both techniques take advantage of 93 
optogenetics to depolarize the muscle cells without the use of electrical stimulation. These 94 
examples demonstrate the feasibility of this method in evaluating mutations that affect 95 
postsynaptic calcium handling in the worms and point out the pros and cons of the two 96 
immobilization approaches. 97 
 98 
PROTOCOL:  99 
 100 
1. Microscope setup 101 
 102 
1.1. Use a compound microscope with fluorescence capabilities. For this study, data were 103 
collected on an upright microscope (Table of Materials) fitted with LEDs for excitation. 104 
 105 
1.2. In order to properly visualize fluorescence changes in body wall muscles, use a high 106 
magnification objective. 107 
 108 
1.2.1. For dissected preparations, use a 60x NA 1.0 water immersion objective (Table of 109 
Materials).  110 
 111 
1.2.2. For preparations using nanobeads, use a 60x NA 1.4 oil immersion objective (Table of 112 
Materials). This magnification ensures sufficient resolution of muscles onto the camera sensor. 113 
 114 
1.3. Use a high sensitivity camera attached to the microscope to capture images at a high frame 115 
rate in order to track rapid changes in calcium levels. For this study, image with an sCMOS 116 
system (Table of Materials) capable of full frame imaging at 100 Hz, as rise times for the Ca2+ 117 
signals can be as rapid as tens of milliseconds.  118 
 119 
1.4. Control camera acquisition and LED fluorescence excitation with a micro-manager software 120 
running in ImageJ10 according to the manufacturer's instructions (Table of Materials). 121 
  122 
1.5. Use an open-source electronic platform plugin, which connects an external open-source 123 
microcontroller board (Table of Materials), to manage the external timing pulses to control the 124 
fluorescence excitation.  125 
 126 
NOTE: Digital outs are available from digital pins 8 to 13 providing output bits 0 to 5. These can 127 
be addressed as base 2 values of 1, 10, 100, etc. Serial port settings are indicated in Table 1 and 128 
available from the micro-manager website (Table of Materials). Firmware for the 129 
microcontroller board is similarly available at this website.  130 
 131 



  

1.6. To control the timing logic, activate the micromanager acquisition protocol in the software 132 
according to the manufacturer's instructions (Table of Materials).  133 
 134 
NOTE: This simultaneously initiates a preset camera frame duration and the number of frames 135 
to be activated, as well as the logical shutter and preset amber LED for fluorescence excitation. 136 
In this case, the amber LED solid state switch is controlled by microcontroller bit 1 output 137 
through pin 9. The camera frames out TTL (back plate out 3 connector) triggers a stimulator. 138 
This precisely times the activation of the blue light LED for the activation of channelrhodopsin 139 
at a set time following the activation of the imaging sequence.  140 
 141 
1.7. To stimulate channelrhodopsin with blue light and record RCaMP changes, use two LEDs. 142 
Activate channelrhodopsin with an LED with a peak emission wavelength of 470 nm and a 143 
bandpass filter (455 to 490 nm) and excite RCaMP with an LED with a peak emission 144 
wavelength of 594 nm and a bandpass filter (570 to 600 nm).  145 
 146 
1.8. In order to simultaneously activate channelrhodopsin and capture changes in RCaMP 147 
fluorescent levels, co-illuminate both LEDs and transmit the light to the same optical path using 148 
a dichroic beam combiner.  149 
 150 
1.9. Control the timing of LED illumination with solid state switches (Table of Materials) 151 
controlled by TTL signals (maximum rated turn-on time, 1 ms, turn-off time 0.3 ms: 0 to 90% 152 
turn-on and turn off time of < 100 µs).  153 
 154 
1.10. Set the LED intensity with the current controlled low noise linear power supplies (Table of 155 
Materials). 156 

 157 
1.11. To ensure the precise timing of the blue light LED, activate it directly by TTL pulse to the 158 
solid-state relay from a stimulator. Program the blue light stimulation protocol into a stimulator 159 
(Table of Materials), which acts as a precise timer from the start of image acquisition to blue 160 
LED illumination. In this experiment, turn on blue light stimulation after 2 s of capturing RCaMP 161 
fluorescence only and use a train of 5, 2 ms blue light pulses with 50 ms interpulse intervals to 162 
activate channelrhodopsin. 163 
 164 
NOTE: The delay before blue light pulses, the duration of the blue light pulses, the time 165 
between pulses, and the number of pulses in the train can all be set at this point and should 166 
reflect the specific parameters of experimental interest. 167 
 168 
2. C. elegans sample preparation and data acquisition 169 
 170 
2.1. To optically stimulate presynaptic neurons, obtain animals expressing channelrhodopsin in 171 
excitatory cholinergic neurons, driven with the unc-17 promoter region, and RCaMP expressed 172 
in all body wall muscles driven with the myo-3 promoter region2.  173 
 174 



  

NOTE: Only the use of animals with integrated transgenes and robust levels of fluorescence are 175 
recommended as the variable expression in the corresponding cell types may affect the 176 
reliability of data acquisition.  177 
 178 
2.2. Make a working stock of all-trans retinal by diluting the retinal powder (Table of Materials) 179 
in ethanol to create a final concentration of 100 mM and store at -20 °C. This working stock will 180 
be stable for approximately one year.  181 
 182 
2.3. Create a stock of OP50 E. coli, grown in LB media, supplemented with all-trans retinal from 183 
the working stock made in step 2.2, at a final concentration of 80 μM. The volume used for the 184 
OP50+retinal stock will be dependent on the number of plates necessary for the experiment. 185 
 186 
2.4. Seed nematode growth media (NGM) plates with approximately 300 μL of the 187 
OP50+retinal stock and allow plates to dry overnight at room temperature in the dark. 188 
 189 
2.5. Grow C. elegans strains to the desired age in the dark on OP50+retinal NGM plates at 20 °C. 190 
For this experiment, use adult worms. 191 

 192 
2.5.1. For the experiment using the dissected preparation, only use gravid adult worms as 193 
performing the dissection on younger, smaller animals is extremely challenging. 194 
Leave the animals on the OP50-retinal plates for a minimum of 3 days for an effective 195 
channelrhodopsin activation. 196 
 197 
2.6. If using the dissected preparation8, 11 (Figure 1A), perform dissections in low light. 198 
 199 
2.6.1. Place animals in a dissecting dish with a silicone-coated coverslip base that is filled with a 200 
1 mM Ca2+ extracellular solution composed of 150 mM NaCl, 5 mM KCl, 1 mM CaCl2, 4 mM MgCl2, 201 
10 mM glucose, 5 mM sucrose, and 15 mM HEPES (pH 7.3, -340 Osm). 202 
 203 
2.6.2. Glue down animals using the liquid topical skin adhesive with blue coloring along the dorsal 204 
side of the worm and make a lateral cuticle incision along the glue/worm interface using glass 205 
needles.  206 
 207 
2.6.3. Use a mouth pipette to clear the internal viscera from the worm cavity. 208 
 209 
2.6.4. Glue down the cuticle flap of the animal to expose the ventral medial body wall muscles 210 
for imaging. 211 
 212 
2.7. If using the nanobead preparation (Figures 1B) 213 
 214 
2.7.1. Make a molten 5% agarose solution using ddH2O to a final volume of 100 mL. 215 
 216 
2.7.2. Using a Pasteur pipette, place a drop of molten agarose solution onto a glass slide and 217 
immediately place a second glass slide over the top, perpendicular to the first, using gentle 218 



  

pressure to create an even agarose pad. Remove the top slide before use. 219 
 220 
2.7.3. Add approximately 4 µL of polystyrene nanobeads (Table of Materials) to the middle of 221 
the agarose pad. 222 

 223 
2.7.4. In the low light, pick 4-6 C. elegans into the nanobead solution, making sure animals do not 224 
lay on top of each other, and carefully place a coverslip on the top. 225 
 226 
2.8. Place the prepared slide or dissection dish onto the microscope, and find and focus on a 227 
worm using 10x magnification and dim bright field illumination.  228 
 229 
2.9. Switch to 60x magnification and RCaMP fluorescence excitation to identify a ventromedial 230 
body wall muscle that is anterior to the vulva and in the correct focal plane.  231 
 232 
NOTE: Muscles anterior to the vulva are selected as they reflect muscles commonly stimulated 233 
in electrophysiology experiments. 234 
 235 
2.10. Change the image pathway from the eyepiece to the camera by pulling out the toggle and 236 
clicking Live within the data acquisition software (Table of Materials). 237 
 238 
NOTE: Make sure the blue light stimulation pathway is turned off at this point to ensure that 239 
the channelrhodopsin does not get activated before capturing images. 240 
 241 
2.11.  Focus the image within the data acquisition software using the microscope fine focus. 242 
 243 
2.12. Once the muscle is clearly in focus, turn off the live image by unclicking the Live button. 244 
 245 
2.13. Click the ROI button in the data acquisition software and create a box around the muscle 246 
being focused on.  247 
 248 
2.14. On the stimulator, switch on the blue light stimulation pathway that has been previously 249 
programmed in step 1.10. 250 
 251 
2.15. Click Acquire in the imaging software to capture the image through the CMOS camera. To 252 
do this, set the exposure time to 10 s with 1,000 frames and 2x binning.  253 
 254 
3. Data analysis 255 
 256 
3.1. Open the data file in the imaging software (Table of Materials) and, using the Polygon 257 
Tool, outline the muscle of interest. This is the ROI. 258 
 259 
3.2. Go to Image | Stacks | Plot Z-axis profile and export the resulting data points into the 260 
spreadsheet software (Table of Materials). This function plots the ROI selection mean value 261 
versus the time point. 262 



  

 263 
3.3. Move the muscle ROI created with the Polygon tool outside of the animal to get a 264 
background fluorescence measurement using the steps outlined in 3.2. Export the resulting 265 
data into the spreadsheet workbook. 266 
 267 
3.4. In the spreadsheet workbook, subtract the background fluorescence values from the 268 
muscle fluorescence values at each time point. This provides the background subtracted 269 
fluorescent signal. 270 
 271 
3.5. Average the background subtracted fluorescence for the first 2 s of data points. This will 272 
give the baseline fluorescence measurement, F. 273 
 274 
3.6. Use the baseline fluorescence measurement to calculate the normalized fluorescence level 275 
at each time point. To do this, use the equation (ΔF/F)+1. ΔF represents (F(t)-F), where F(t) is 276 
the fluorescence measurement at any given time point and F is the baseline value. The +1 is 277 
added as a y-axis offset. 278 
 279 
3.7. Repeat steps 3.2-3.6 for each muscle image that is collected. Using single or multiple 280 
muscle cells per image is at the discretion of the researcher. The n of the experiment can be 281 
determined by performing a power analysis.  282 
 283 
3.8. Use the processed data from steps 3.2-3.6 to make a trace of the fluorescent values in 284 
graphing software according to the manufacturer's instructions (Table of Materials).  285 
 286 
3.9. From this trace, measure the kinetics of the calcium transient, such as rise to peak time and 287 
half decay time, using the tools provided in the graphing software as per the manufacturer's 288 
instructions. 289 
 290 
REPRESENTATIVE RESULTS:  291 
This technique evaluated changes in mutants thought to affect the calcium handling or muscle 292 
depolarization. Baseline fluorescence levels and fluorescent transients were visualized and 293 
resting cytosolic calcium and calcium kinetics within the muscle were evaluated. It is important 294 
that the animals were grown on all-trans retinal for at least three days to ensure the successful 295 
incorporation of retinal, thereby subsequently activating the channelrhodopsin (Figure 2A). If 296 
animals are not exposed to all-trans retinal, no muscle calcium transient is triggered (Figure 2B). 297 
Although these animals can still be used to evaluate baseline cytosolic calcium levels, any 298 
dynamic changes in calcium will not be captured. Additionally, as an internal control for animal 299 
or dissection health, the animal will contract following blue light stimulation. A recording with a 300 
muscle contraction that causes minimal gross movement of the worm’s body was selected for 301 
data collection when using nanobeads for immobilization. If the muscle used to collect the raw 302 
fluorescence values contracts vigorously, causing the whole body of the worm to move, the 303 
transient trace will reflect this motion artifact (Figure 2C) and should be discarded from 304 
quantification. 305 
 306 



  

A mutation mapping to the sca-1 gene locus was isolated from a screen for mutations impacting 307 
C. elegans muscle nicotinic receptor localization. The C. elegans sca-1 gene encodes the only 308 
homolog of the sarco(endo)plasmic reticular calcium ATPase (SERCA) in the worm and is the only 309 
SERCA pump present in body wall muscles12,13. Loss-of-function sca-1 mutants were predicted to 310 
exhibit changes in the muscle calcium handling based on the important role SERCA plays in 311 
maintaining calcium homeostasis in mammalian muscles14–18. The GECI RCaMP was expressed in 312 
the body wall muscles and the blue light-activated channelrhodopsin was expressed in excitatory 313 
cholinergic neurons to evaluate both the intracellular baseline calcium and calcium dynamics in 314 
sca-1 mutants. With the dissected preparation technique, increases in baseline levels of RCaMP 315 
fluorescence were observed in the sca-1 mutant when compared to the control (Figure 3A,B), 316 
suggesting that loss of SERCA function leads to elevated levels of resting cytoplasmic calcium. 317 
When calcium dynamics were examined, following presynaptic stimulation triggered with a train 318 
of 5, 2 ms blue light pulses (Figure 3C), there was a significant decrease in peak calcium levels in 319 
the sca-1(tm5339) mutants as compared to the control (Figure 3D), which may reflect reduced 320 
calcium stores in the SR. However no change was seen in the rise to peak time or the half decay 321 
time (Figure 3E,F). This suggests that evoked changes in cytosolic calcium from either external 322 
source such as calcium entry through acetylcholine receptors and/or voltage-gated calcium 323 
channels as well as from internal stores are not affected in sca-1(tm5339) mutants. Similar results 324 
can be observed using the nanobead preparation, as shown in Figure 419. This recapitulation of 325 
data provides evidence that both of these techniques are physiological for measuring body wall 326 
muscle resting cytoplasmic calcium levels as well as observing stimulated calcium transients. This 327 
also demonstrates that the dissection of the worm does not cause damage to the animal that 328 
alters its calcium handling or the ability to depolarize postsynaptic muscles. 329 
 330 
This protocol can also be used to examine mutants that indirectly impact calcium handling in C. 331 
elegans. Loss of function slo-1(eg142) mutants were evaluated to demonstrate this. The slo-1 332 
gene encodes a calcium-activated BK potassium channel, which is expressed in both neurons and 333 
muscles20,21. Studies have previously described a role for SLO-1 in body wall muscles, 334 
demonstrating that loss of function mutants have a defect in postsynaptic repolarization 335 
following muscle action potentials20,21. Possible changes in baseline calcium levels and calcium 336 
transient dynamics due to this hyperexcitability were examined using nanobead immobilization. 337 
When baseline levels of RCaMP were measured, slo-1(eg142) mutants displayed increase 338 
fluorescence as compared to the controls (Figure 5A,B)19. This suggests that BK channels may 339 
also regulate baseline levels of cytosolic calcium. No changes in peak calcium levels were seen as 340 
compared to the control (Figure 5C,D) when evaluating the kinetics of the evoked calcium 341 
transient. The slo-1(eg142) mutants, however, exhibited a significantly increased rise to peak 342 
time as compared to the control (Figure 5E). This may reflect a previously reported increase in 343 
presynaptic excitability20,21. There was, however, no significant change in the half decay time in 344 
slo-1(eg142) mutants as compared to the control (Figure 5F). Together, these data demonstrate 345 
that this method can be used to evaluate the effects of pre- and postsynaptic mutations on both 346 
resting and stimulated body wall muscle calcium. 347 
 348 
FIGURE AND TABLE LEGENDS:  349 
Table 1: Serial port settings for microcontroller plugin, which controls an external 350 



  

microcontroller board. This is used to program external timing pulses to control fluorescence 351 
excitation.  352 
 353 
Figure 1: Graphical representation of different immobilization techniques. (A) This graphic 354 
demonstrates the dissection technique for immobilization. The body of the worm is glued down 355 
(blue) around the dorsal side of the animal. A dorsal incision along the cuticle generates a cuticle 356 
flap. This flap has been glued down to expose the intact NMJs formed between synapses of the 357 
ventral nerve cord in green (channelrhodopsin) and RCaMP expressing muscles in red. (B) This 358 
graphic demonstrates the nanobead immobilization technique. The intact worm is surrounded 359 
by a representation of the nanobeads in solution, that when compressed by the overlying 360 
coverslip, immobilize the worm. Due to the transparency of C. elegans, the ventral nerve cord 361 
can be visualized in green (channelrhodopsin) and RCaMP expressing muscles can be visualized 362 
in red. The ovoid in the middle of the worm represents the vulva, which is a landmark identifying 363 
the ventral body wall muscles.  364 
 365 
Figure 2: Representative traces of calcium transients. (A) Single trace representation of a 366 
calcium transient evoked by a train of 5, 2 ms blue light pulses at 50 ms interpulse intervals, 367 
recorded in an animal with limited body movement (- movement) grown in the presence of all-368 
trans retinal (+ all-trans retinal). The spike artifacts are the blue light stimulation pulses, as both 369 
LEDs are co-illuminated simultaneously. (B) Single trace representation showing the absence of 370 
a calcium transient in response to a train of 5, 2 ms blue light pulses with 50 ms interpulse 371 
intervals in an animal that has not been exposed to all-trans retinal (- all-trans retinal, - 372 
movement). (C) Single trace representation of a calcium transient that has been evoked by a train 373 
of 5, 2 ms blue light pulses with 50 ms interpulse intervals, recorded in an animal that had 374 
significant muscle contraction leading to movement artifacts (+ movement, + all-trans retinal).  375 
 376 
Figure 3: Baseline calcium levels and evoked calcium transients from control and sca-1(tm5339) 377 
samples prepared using the dissection technique. (A) Representative images of baseline RCaMP 378 
fluorescence in sca-1(tm5339) mutants and controls. Scale bar = 50 µm. (B) Baseline fluorescence 379 
levels quantification in sca-1(tm5339) mutants (n=13) and control (n=9). (C) Ensemble average 380 
traces of evoked calcium transients for sca-1(tm5339) mutants and control animals. (D) 381 
Quantification of peak RCaMP fluorescence from channelrhodopsin evoked calcium responses in 382 
sca-1(tm5339) mutants (n=12) and controls (n=9). (E) Quantification of the rise to peak time of 383 
channelrhodopsin evoked calcium transients in sca-1(tm5339) mutants (n=12) and controls 384 
(n=8). (F) Half decay time quantification of channelrhodopsin evoked calcium transients in sca-385 
1(tm5339) mutants (n=12) and controls (n=7). Statistically significant values were: not significant 386 
p>0.05, * p≤0.05, ** p≤0.01, *** p≤0.001. Error bars represent mean ± SEM. Data were 387 
normalized using Shapiro-Wilk tests and significance was determined with a Mann-Whitney test 388 
for non-normal distributions.  389 
 390 
Figure 4: Baseline calcium levels and evoked calcium transients from control and sca-1(tm5339) 391 
samples prepared using nanobead immobilization. (A) Representative images of baseline 392 
fluorescence in sca-1(tm5339) mutants and controls, scale bar 50 µm. (B) Quantification of 393 
baseline RCaMP fluorescence levels in sca-1(tm5339) mutants (n=14) and the control (n=13). (C) 394 



  

Average of evoked calcium transients for sca-1(tm5339) mutants and controls. (D) Quantification 395 
of peak RCaMP fluorescence following evoked calcium response in sca-1(tm5339) mutants (n=14) 396 
and controls (n=13). (E) Quantification of rise to peak time of evoked calcium transients in sca-397 
1(tm5339) mutants (n=14) and controls (n=12). (F) Quantification of half decay time of evoked 398 
calcium transients in sca-1(tm5339) mutants (n=14) and control (n=13). Figure is adapted from19. 399 
Statistically significant values were: not significant p > 0.05, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. 400 
Error bars show mean ± SEM. Data normality was assessed using Shapiro-Wilk tests and 401 
significance was determined with a Mann-Whitney test for non-normal distributions. This figure 402 
has been modified with permission from19.  403 
 404 
Figure 5: Baseline calcium levels and evoked calcium transients from control and slo-1(eg142) 405 
samples prepared using nanobeads immobilization. (A) Representative images of baseline 406 
fluorescence in slo-1(eg142) mutants and controls, scale bar 50 µm. (B) Quantification of baseline 407 
RCaMP fluorescence levels in slo-1(eg142) mutants (n=29) and the control (n=13). (C) Average of 408 
evoked calcium transients for slo-1(eg142) mutants and controls. (D) Quantification of peak 409 
RCaMP fluorescence following evoked calcium response in slo-1(eg142) mutants (n=29) and 410 
controls (n=13). (E) Quantification of rise to peak time of evoked calcium transients in slo-411 
1(eg142) mutants (n=29) and controls (n=13). (F) Quantification of half decay time of evoked 412 
calcium transients in slo-1(eg142) mutants (n=11) and controls (n=13). Figure is adapted from19. 413 
Statistically significant values were: not significant p > 0.05, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. 414 
Error bars show mean ± SEM. Data normality was assessed using Shapiro-Wilk tests and 415 
significance was determined with a Mann-Whitney test for non-normal distributions. This figure 416 
has been modified with permission from19.  417 
 418 
DISCUSSION:  419 
GECIs are a powerful tool in C. elegans neurobiology. Previous work has utilized calcium imaging 420 
techniques to examine a wide variety of functions in both neurons and muscle cells, including 421 
sensory and behavioral responses, with varied methods of stimulation. Some studies have used 422 
chemical stimuli to trigger calcium transients in sensory ASH neurons22,23 or to induce calcium 423 
waves in pharyngeal muscles24. Another group utilized mechanical stimulation while worms were 424 
held in microfluidic chips to examine calcium responses in touch receptor neurons25. Still, others 425 
have employed electrical stimulation to visualize calcium changes in both neurons26 and body 426 
wall muscles27. What is common between these studies is the requirement of external stimuli, 427 
such as solutions or equipment, to trigger calcium transients. The protocol outlined here 428 
capitalizes on the control gained from optogenetic stimulation, which provides neuronal 429 
specificity, coupled with the functional analysis of muscle expressed GECIs2 in the same 430 
experimental paradigm. 431 
 432 
Two forms of worm immobilization are described and, while each method should be evaluated 433 
when addressing experimental needs, both dissected and physiologically intact preparations 434 
produce complementary results allowing investigators to use either approach in their research. 435 
There is an increased technical challenge to using the dissection technique, with the user being 436 
required to master both precise use of the surgical glue and microdissection without damaging 437 
the nerve cord or muscles. Additionally, due to the level of difficulty of the dissection, only gravid 438 



  

adults should be used, which could limit the experimental time points. Furthermore, the 439 
dissection technique is also much harder to perform on mutants that produce small, thin, or sickly 440 
animals, again possibly limiting experimental parameters. The advantage of this technique is that 441 
it limits the body motion artifact resulting from depolarization, gluing prevents excess movement 442 
of the worm’s body, and also provides access to the NMJ for solution changes and drug 443 
applications. Additionally, each preparation exposes the same area of the worm, which 444 
guarantees body wall muscles will be consistently in focus. The second technique, using 445 
nanobeads to immobilize the worms, is less involved and can be quickly learned. Also, any age 446 
animals can be used with this method, allowing for changes in calcium handling through 447 
development to be monitored. Care does need to be taken when placing the worms into the 448 
nanobead solution, as too much manipulation of the animals may cause them to burst. Also, the 449 
coverslip must not be moved once placed on top of the animals, as this may cause the animals to 450 
roll or twist on themselves, again leading to the damage. Although using the nanobeads can 451 
provide a high-throughput assay in which the animals could potentially be recovered, there is no 452 
standardization of the animal’s body position, thus every animal may not have body wall muscles 453 
in a clear focal plane. If the experiment calls for a large number of animals, different methods of 454 
immobilization may be necessary, such as agar-based micro-wells, which allow for the bulk 455 
calcium fluorescence imaging28. Regardless of the limitations of these two techniques, either can 456 
be utilized to obtain reliable, easily quantifiable calcium transients within C. elegans body wall 457 
muscles. 458 
 459 
C. elegans provide many advantages as an in vivo system for the functional imaging studies. The 460 
animals are transparent, allowing the pairing of optogenetic neuronal depolarization through the 461 
use of channelrhodopsin with the GECI RCaMP to measure the resulting postsynaptic calcium 462 
transients in the muscle. Pre-stimulation levels of RCaMP fluorescence can also be used to assess 463 
baseline cytosolic calcium levels. The genetic tractability of C. elegans makes the study of novel 464 
mutations that may affect calcium homeostasis or handling easy to pursue, often with readily 465 
available mutant alleles. Using the techniques outlined in this protocol, postsynaptic calcium-466 
imaging data can be obtained efficiently and at relatively low cost, making this an attractive 467 
system for a wide range of imaging experiments. 468 
 469 
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Serial Setting Value

Answer timeout 500

Baud rate 57600

DelayBetweenCharsMs 0

Handshaking Off

Parity None

StopBits 1

Verbose 0
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Name of Material/ Equipment Company Catalog Number Comments/Description

all-trans  retinal Sigma-Aldrich R2500 Necessary for excitation of channel rhodopsin

Amber LED RCaMP illumination

Arduino UNO Mouser 782-A000066 Controls fluorescence illumination

Blue LED channelrhodopsin illumination

BX51WI microscope Olympus Fixed state compound microscope
Current controlled low noise 

linear power supply

Ametek Sorenson Controls LED intensity

Igor Pro Wavemetrics Wavemetrics.com Graphing software

ImageJ NIH imagej.nih.gov Image processing software

LUMFLN 60x water NA 1.4 Olympus Water immersion objective for dissected preparation

Master-8 Stimulator A.M.P.I Master timer for image acquisition and LED illumination

Micro-Manager 

micro-

manager.org Controls camera acquisition and LED excitiation

Microsoft Excel Microsoft Spreadsheet software

pco.edge 4.2 CMOS camera pco. 4.2 High-speed camera

PlanApo N 60x oil NA 1.4 Olympus Oil immersion objective for nanobead preparation

Polybead microspheres Polysciences, 

Inc.
00876-15 For worm immobilization

solid state switches Sensata 

Technologies
Crydom 

CMX100D6

Controls timing of LED illumination

Transgenic strain, sca-1(tm5339); 

[zxIs6{Punc17::chop-

2(h134R)::yfp,lin-

15(+)};Pmyo3::RCaMP35]

Richmond Lab SY1627 Excitatory neuronal channelrhodopsin and body wall 

muscle RCaMP expressing worm line with SERCA 

mutant allele

Transgenic strain, slo-1 (eg142); 

[zxIs6{Punc17::chop-

2(h134R)::yfp,lin-

15(+)};Pmyo3::RCaMP35]

Richmond Lab Excitatory neuronal channelrhodopsin and body wall 

muscle RCaMP expressing worm line with calcium-

activated BK potassium channel mutant allele
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Transgeneic strain, 

[zxIs6{Punc17::chop-

2(h134R)::yfp,lin-

15(+)};Pmyo3::RCaMP35]

Gottschalk Lab ZX1659 Excitatory neuronal channelrhodopsin and body wall 

muscle RCaMP expressing worm line
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1. Defined Terms.  As used in this Article and Video License

Agreement, the following terms shall have the following

meanings: “Agreement” means this Article and Video License

Agreement; “Article” means the article specified on the last

page of this Agreement, including any associated materials

such as texts, figures, tables, artwork, abstracts, or summaries 

contained therein; “Author” means the author who is a

signatory to this Agreement; “Collective Work” means a work,

such as a periodical issue, anthology or encyclopedia, in which

the Materials in their entirety in unmodified form, along with a

number of other contributions, constituting separate and

independent works in themselves, are assembled into a

collective whole; “CRC License” means the Creative Commons

Attribution-Non Commercial-No Derivs 3.0 Unported

Agreement, the terms and conditions of which can be found

at: http://creativecommons.org/licenses/by-nc-

nd/3.0/legalcode; “Derivative Work” means a work based

upon the Materials or upon the Materials and other pre-

existing works, such as a translation, musical arrangement,

dramatization, fictionalization, motion picture version, sound

recording, art reproduction, abridgment, condensation, or any

other form in which the Materials may be recast, transformed,

or adapted; “Institution” means the institution, listed on the

last page of this Agreement, by which the Author was

employed at the time of the creation of the Materials; “JoVE”

means MyJove Corporation, a Massachusetts corporation and

the publisher of The Journal of Visualized Experiments;
“Materials” means the Article and / or the Video; “Parties” 

means the Author and JoVE; “Video” means any video(s) made

by the Author, alone or in conjunction with any other parties,

or by JoVE or its affiliates or agents, individually or in

collaboration with the Author or any other parties,

incorporating all or any portion of the Article, and in which the

Author may or may not appear.

2. Background.  The Author, who is the author of the Article,

in order to ensure the dissemination and protection of the

Article, desires to have the JoVE publish the Article and create

and transmit videos based on the Article.  In furtherance of

such goals, the Parties desire to memorialize in this Agreement

the respective rights of each Party in and to the Article and the

Video.

3. Grant of Rights in Article.  In consideration of JoVE agreeing

to publish the Article, the Author hereby grants to JoVE,

subject to Sections 4 and 7 below, the exclusive, royalty-free,

perpetual (for the full term of copyright in the Article,

including any extensions thereto) license (a) to publish,

reproduce, distribute, display and store the Article in all forms,

formats and media whether now known or hereafter

developed (including without limitation in print, digital and

electronic form) throughout the world, (b) to translate the

Article into other languages, create adaptations, summaries or

extracts of the Article or other Derivative Works (including,

without limitation, the Video) or Collective Works based on all

or any portion of the Article and exercise all of the rights set

forth in (a) above in such translations, adaptations,

summaries, extracts, Derivative Works or Collective Works and

(c) to license others to do any or all of the above.  The

foregoing rights may be exercised in all media and formats,

whether now known or hereafter devised, and include the

right to make such modifications as are technically necessary

to exercise the rights in other media and formats.  If the “Open

Access” box has been checked in Item 1 above, JoVE and the

Author hereby grant to the public all such rights in the Article

as provided in, but subject to all limitations and requirements

set forth in, the CRC License.
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4. Retention of Rights in Article.  Notwithstanding the

exclusive license granted to JoVE in Section 3 above, the

Author shall, with respect to the Article, retain the non-

exclusive right to use all or part of the Article for the non-

commercial purpose of giving lectures, presentations or

teaching classes, and to post a copy of the Article on the

Institution’s website or the Author’s personal website, in each

case provided that a link to the Article on the JoVE website is

provided and notice of JoVE’s copyright in the Article is

included.  All non-copyright intellectual property rights in and

to the Article, such as patent rights, shall remain with the

Author.

5. Grant of Rights in Video – Standard Access.  This Section 5
applies if the “Standard Access” box has been checked in Item
1 above or if no box has been checked in Item 1 above.  In

consideration of JoVE agreeing to produce, display or

otherwise assist with the Video, the Author hereby

acknowledges and agrees that, Subject to Section 7 below,

JoVE is and shall be the sole and exclusive owner of all rights of

any nature, including, without limitation, all copyrights, in and

to the Video.  To the extent that, by law, the Author is

deemed, now or at any time in the future, to have any rights

of any nature in or to the Video, the Author hereby disclaims

all such rights and transfers all such rights to JoVE. 

6. Grant of Rights in Video – Open Access.  This Section 6
applies only if the “Open Access” box has been checked in

Item 1 above.  In consideration of JoVE agreeing to produce,

display or otherwise assist with the Video, the Author hereby

grants to JoVE, subject to Section 7 below, the exclusive,

royalty-free, perpetual (for the full term of copyright in the

Article, including any extensions thereto) license (a) to publish,

reproduce, distribute, display and store the Video in all forms,

formats and media whether now known or hereafter

developed (including without limitation in print, digital and

electronic form) throughout the world, (b) to translate the

Video into other languages, create adaptations, summaries or

extracts of the Video or other Derivative Works or Collective

Works based on all or any portion of the Video and exercise all

of the rights set forth in (a) above in such translations,

adaptations, summaries, extracts, Derivative Works or

Collective Works and (c) to license others to do any or all of

the above.  The foregoing rights may be exercised in all media

and formats, whether now known or hereafter devised, and

include the right to make such modifications as are technically

necessary to exercise the rights in other media and formats.

For any Video to which this Section 6 is applicable, JoVE and 

the Author hereby grant to the public all such rights in the

Video as provided in, but subject to all limitations and

requirements set forth in, the CRC License.

7. Government Employees.  If the Author is a United States

government employee and the Article was prepared in the

course of his or her duties as a United States government

employee, as indicated in Item 2 above, and any of the

licenses or grants granted by the Author hereunder exceed the

scope of the 17 U.S.C. 403, then the rights granted hereunder

shall be limited to the maximum rights permitted under such

statute.  In such case, all provisions contained herein that are 

not in conflict with such statute shall remain in full force and 

effect, and all provisions contained herein that do so conflict 

shall be deemed to be amended so as to provide to JoVE the 

maximum rights permissible within such statute. 

8. Likeness, Privacy, Personality.  The Author hereby grants

JoVE the right to use the Author’s name, voice, likeness,

picture, photograph, image, biography and performance in any

way, commercial or otherwise, in connection with the

Materials and the sale, promotion and distribution thereof.

The Author hereby waives any and all rights he or she may

have, relating to his or her appearance in the Video or

otherwise relating to the Materials, under all applicable

privacy, likeness, personality or similar laws.

9. Author Warranties.  The Author represents and warrants

that the Article is original, that it has not been published, that

the copyright interest is owned by the Author (or, if more than

one author is listed at the beginning of this Agreement, by

such authors collectively) and has not been assigned, licensed,

or otherwise transferred to any other party. The Author

represents and warrants that the author(s) listed at the top of

this Agreement are the only authors of the Materials.  If more

than one author is listed at the top of this Agreement and if

any such author has not entered into a separate Article and

Video License Agreement with JoVE relating to the Materials,

the Author represents and warrants that the Author has been

authorized by each of the other such authors to execute this

Agreement on his or her behalf and to bind him or her with

respect to the terms of this Agreement as if each of them had

been a party hereto as an Author. The Author warrants that

the use, reproduction, distribution, public or private

performance or display, and/or modification of all or any

portion of the Materials does not and will not violate, infringe

and/or misappropriate the patent, trademark, intellectual

property or other rights of any third party.  The Author

represents and warrants that it has and will continue to

comply with all government, institutional and other

regulations, including, without limitation all institutional,

laboratory, hospital, ethical, human and animal treatment,

privacy, and all other rules, regulations, laws, procedures or

guidelines, applicable to the Materials, and that all research

involving human and animal subjects has been approved by

the Author's relevant institutional review board.

10. JoVE Discretion.  If the Author requests the assistance of

JoVE in producing the Video in the Author’s facility, the Author

shall ensure that the presence of JoVE employees, agents or

independent contractors is in accordance with the relevant

regulations of the Author's institution.  If more than one

author is listed at the beginning of this Agreement, JoVE may, 

in its sole discretion, elect not take any action with respect to

the Article until such time as it has received complete,

executed Article and Video License Agreements from each

such author.  JoVE reserves the right, in its absolute and sole

discretion and without giving any reason therefore, to accept

or decline any work submitted to JoVE.  JoVE and its

employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the 

Author’s institution as necessary to make the Video, whether 

actually published or not.  JoVE has sole discretion as to the 

method of making and publishing the Materials, including, 

without limitation, to all decisions regarding editing, lighting, 

filming, timing of publication, if any, length, quality, content 

and the like. 

 

11.  Indemnification.  The Author agrees to indemnify JoVE 

and/or its successors and assigns from and against any and all 

claims, costs, and expenses, including attorney’s fees, arising 

out of any breach of any warranty or other representations 

contained herein.  The Author further agrees to indemnify and 

hold harmless JoVE from and against any and all claims, costs, 

and expenses, including attorney’s fees, resulting from the 

breach by the Author of any representation or warranty 

contained herein or from allegations or instances of violation 

of intellectual property rights, damage to the Author’s or the 

Author’s institution’s facilities, fraud, libel, defamation, 

research, equipment, experiments, property damage, personal 

injury, violations of institutional, laboratory, hospital, ethical, 

human and animal treatment, privacy or other rules, 

regulations, laws, procedures or guidelines, liabilities and 

other losses or damages related in any way to the submission 

of work to JoVE, making of videos by JoVE, or publication in 

JoVE or elsewhere by JoVE.  The Author shall be responsible 

for, and shall hold JoVE harmless from, damages caused by 

lack of sterilization, lack of cleanliness or by contamination 

due to the making of a video by JoVE its employees, agents or 

independent contractors.  All sterilization, cleanliness or 

decontamination procedures shall be solely the responsibility 

of the Author and shall be undertaken at the Author’s 

expense.  All indemnifications provided herein shall include 

JoVE’s attorney’s fees and costs related to said losses or 

damages.  Such indemnification and holding harmless shall 

include such losses or damages incurred by, or in connection 

with, acts or omissions of JoVE, its employees, agents or 

independent contractors. 

 

12.  Fees.  To cover the cost incurred for publication, JoVE 

must receive payment before production and publication the 

Materials. Payment is due in 21 days of invoice. Should the 

Materials not be published due to an editorial or production 

decision, these funds will be returned to the Author. 

Withdrawal by the Author of any submitted Materials after 

final peer review approval will result in a US$1,200 fee to 

cover pre-production expenses incurred by JoVE.  If payment is 

not received by the completion of filming, production and 

publication of the Materials will be suspended until payment is 

received. 

 

13.  Transfer, Governing Law.  This Agreement may be 

assigned by JoVE and shall inure to the benefits of any of 
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Response to Editorial comments: 

The authors thank the editor for their comments and our response is as follows (the 
editor's comments are in italics). 

Editorial comments: 
1. The editor's comments are marked in the attached file which has been formatted to 
match the journal's style. Please use this version for incorporating revisions. 

Reply: This has been done. 
 

2. Please address all the specific comments marked in the manuscript. 

Reply: These comments have been addressed. 
 

3. Please ensure you answer the how question - how is this step performed and provide 
all specific details with respect to your experiment. 

Reply: This has been addressed in the steps throughout the manuscript. 
 

4. Once done please highlight 2.7.5 pages of the protocol including headings and 
spacings for video. 

Reply: This has been done 
 

5. Please alphabetically sort the materials table. 

Reply: This has been done. 
 
Response to Reviewer #1: 

The authors would like to thank the reviewer for their continued contributions to 
improving the quality of the manuscript. Our response is as follows (the reviewer's 
comments are in italics). 
 
Major Concerns: 
1. In their rebuttal, the authors state that 'step 3.9 has been written to contain more 
information for better reader understanding.' I cannot find any step 3.9 in the 
manuscript. 

Reply: The authors apologize for this error. The protocol has again been rewritten 
with steps 3.8 and 3.9 reflecting clearer instruction. 

Rebuttal Letter Click here to access/download;Rebuttal
Letter;JoVE_Rebuttal_2.docx

https://www.editorialmanager.com/jove/download.aspx?id=1078714&guid=8d0c69b4-3eb6-472b-9bcd-74d6656d5374&scheme=1
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2. L159: "Create a stock of OP50 supplemented with all-trans retinal at a final 
concentration of 100 µM." How does one actually do this step? Add ATR as dry powder 
to the culture of OP50 bacteria and shake until dissolved? If this is not the procedure, 
then the authors should add essential details (e.g. solvent to dissolution, concentration, 
etc.) and its subsequent dilution in OP50. Be specific on volumes and scale or cite a 
paper that does so. Once made, how long does this stock in OP50 last? 

Reply: This information has been added to step 2.2. 
 

3. The paper should include some discussion of this method and how it compares to 
other calcium imaging and optogenetic techniques, if any. Right now, the paper 
focuses on the biological results not the technique and its use by other investigators. 

Reply: Within the manuscript an examination of other methods of calcium imaging 
appear in the 4th paragraph of the introduction where standard immobilization 
methods for calcium imaging are explored. The first paragraph of the discussion has 
been expanded to include a more thorough comparison of other methods of 
stimulation for calcium imaging. 

 
Minor Concerns: 
1. In the rebuttal, the authors state that different stages of animals can be used, the 
details of which are left to the experimenter and discussed in step 2.2. I think this 
information is found in step 2.4. 

Reply: Thank you for correcting this error, in the edited version of the manuscript 
this information is now found in step 2.5. 
 

2. The authors amend but do not really address the genotype / strain nomenclature 
issues. 

Reply: The author's feel that for ease of understanding of the representative results 
in this paper the current labeling of graphs is preferred, as not everyone reading this 
manuscript for the methods may be familiar with C. elegans nomenclature. 
 

3. I agree with the other reviewers that the use of a +1 adjustment on the y axis of the 
graph is confusing. 

Reply: This has already been addressed in the first round of revisions. 
 

4. The authors dismiss this reviewer's request for scatterplots or box and whisker plots, 
but in the legend describing the data, the authors concede their data may not be 
normally distributed, necessitating a non-parametric Mann-Whitney statistical test. 



This would be more clearly evident if the underlying data were shown as requested. As 
such, I am not sure what value is given by emphasizing the mean +/- SEM. But, since 
this detail is outside the scope of a methods paper, I will let the author's do what they 
will. 

Reply: The authors appreciate the reviewer's comment, however we have elected to 
keep the representation of the data as it is as we agree it is outside the scope of a 
methods paper. 
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