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SUMMARY: 31 

We present a two-part protocol that combines fluorescent calcium imaging with in situ 32 

hybridization, allowing the experimenter to correlate patterns of calcium activity with gene 33 

expression profiles on a single-cell level.  34 

 35 

ABSTRACT:  36 

Spontaneous intracellular calcium activity can be observed in a variety of cell types and is 37 

proposed to play critical roles in a variety of physiological processes. In particular, appropriate 38 

regulation of calcium activity patterns during embryogenesis is necessary for many aspects of 39 

vertebrate neural development, including proper neural tube closure, synaptogenesis, and 40 

neurotransmitter phenotype specification. While the observation that calcium activity patterns 41 

can differ in both frequency and amplitude suggests a compelling mechanism by which these 42 

fluxes might transmit encoded signals to downstream effectors and regulate gene expression, 43 

existing population-level approaches have lacked the precision necessary to further explore this 44 
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possibility. Furthermore, these approaches limit studies of the role of cell-cell interactions by 45 

precluding the ability to assay the state of neuronal determination in the absence of cell-cell 46 

contact. Therefore, we have established an experimental workflow that pairs time-lapse 47 

calcium imaging of dissociated neuronal explants with a fluorescence in situ hybridization assay, 48 

allowing the unambiguous correlation of calcium activity pattern with molecular phenotype on 49 

a single-cell level. We were successfully able to use this approach to distinguish and 50 

characterize specific calcium activity patterns associated with differentiating neural cells and 51 

neural progenitor cells, respectively; beyond this, however, the experimental framework 52 

described in this article could be readily adapted to investigate correlations between any time-53 

series activity profile and expression of a gene or genes of interest.  54 

 55 

INTRODUCTION: 56 

Free cytosolic calcium is critical to a variety of biological processes, ranging from cell 57 

proliferation and migration to apoptosis and autophagy1-3. Within these pathways, calcium can 58 

exert downstream effects on gene expression by interacting with calcium-binding domains to 59 

induce conformational changes that modulate protein activity and interactions. For example, a 60 

neuronal calcium sensor known as the Downstream Regulatory Element Antagonist Modulator 61 

(DREAM) is held in an unfolded intermediate conformation when bound by calcium, preventing 62 

it from interacting with its protein and DNA targets4. Beyond serving as a simple signaling 63 

molecule, however, the dynamic nature of intracellular calcium transients allows these activity 64 

patterns to encode more complex amplitude- or frequency-based signals5-6. Nuclear 65 

translocation of the transcription factor nuclear factor of activated T-cells (NFAT) is enhanced 66 

by high-frequency calcium oscillations but inhibited by low-frequency oscillations7. 67 

Compellingly, recent work has suggested that NFAT may actually responsive to cumulative 68 

calcium exposure8. Both calcineurin and Ca2+/calmodulin-dependent protein kinase II (CaMKII) 69 

also exhibit distinct responses to calcium transients of a specific frequency, duration, or 70 

amplitude9. To add an additional level of regulatory complexity, computational models suggest 71 

that many downstream calcium-binding proteins become more or less frequency-dependent in 72 

response to the presence or absence of binding competitors10-11.  73 

 74 

Within the developing nervous system, two main classes of calcium activity behaviors have 75 

been defined and associated with specific biological processes. Calcium influxes are classified as 76 

“spikes” if they occur within individual cells, reach a peak intensity of ~400% of baseline within 77 

five seconds, and exhibit double exponential decay12. This type of signal is associated primarily 78 

with neurotransmitter phenotype specification13. In contrast, “waves” are defined as slower, 79 

less extreme calcium transients in which a cell’s intracellular calcium concentration rises to 80 

~200% of baseline over a period of thirty seconds or more, then decays over several minutes12. 81 

These signals often propagate across multiple neighboring cells, and their presence has been 82 

associated with neurite outgrowth and cell proliferation14-15. However, although these two 83 

classes have been defined based on characteristic kinetic profiles, it remains unclear exactly 84 

which characteristics of these patterns are actually being detected by cells and translated by 85 

downstream effectors.  86 

 87 



   

 

 

Understanding the relationship between intracellular calcium oscillations and gene expression 88 

would provide crucial insight into one of the regulatory mechanisms that ensures appropriate 89 

development and patterning of the nervous system. To this end, studies of the embryonic 90 

spinal cord have demonstrated that increased calcium spike activity during development is 91 

associated with higher levels of inhibitory neurons, while decreased calcium spike activity is 92 

associated with higher levels of excitatory neurons13. However, these population-level assays 93 

have not been used to associate calcium activity with gene expression on a single-cell level.  94 

 95 

Approaching these questions on the level of the single cell offers several distinct advantages 96 

over previous work. For one, the ability to assess calcium activity and gene expression in many 97 

cells individually allows the full repertoire of distinct activity patterns to be observed without 98 

being obfuscated by a bulk-level measurement. Additionally, studying these relationships in 99 

single-cell primary culture means that cell-autonomous links between calcium activity and gene 100 

expression will be maintained, while interactions requiring cell-cell communication will be 101 

abrogated. Therefore, this approach allows these cell-autonomous mechanisms to be studied in 102 

isolation. However, it also allows the role of non-cell-autonomous calcium activity to be 103 

elucidated and interrogated. For example, cells can be dissected from an embryo at the neural 104 

plate stage, cultured until sibling controls reach the neural tube stage, and then compared to 105 

cells that have been freshly dissected from a neural-tube-stage embryo. This allows direct 106 

comparison of cells that retained cell-cell communication across a key developmental period to 107 

those in which cell-cell communication was abolished.  108 

 109 

In seeking to address the limitations of previous experimental approaches, we developed a 110 

protocol that would enable the assessment of both calcium activity and gene expression in 111 

individual neural progenitor cells, facilitating the correlation of specific activity patterns with 112 

subsequent differentiation programs. Neural tissue was dissected from Xenopus laevis at 113 

various stages of neural development, dissociated into single cells, and imaged via confocal 114 

microscopy in the presence of a fluorescent calcium indicator. Following live-cell imaging, 115 

samples were fixed and assayed via fluorescence in situ hybridization (FISH) to detect 116 

expression of a gene or isoform of interest. Importantly, individual cells can be tracked across 117 

both imaging experiments, meaning that a cell’s calcium activity profile and its gene expression 118 

level can be associated with one another (Figure 1). The protocol reported here is intended to 119 

probe relationships between calcium activity patterns and gene expression across embryonic 120 

neurodevelopment in Xenopus laevis. However, the broader experimental framework (single-121 

cell time-course imaging followed by FISH and image coregistration) can be modified and 122 

applied to virtually any cell type, fluorescent reporter, and gene of interest.  123 

 124 

PROTOCOL:  125 

All work involving animals was performed in accordance with protocols approved by the 126 

Institutional Animal Care and Use Committee (IACUC) at the College of William and Mary.  127 

 128 

1. Animal care and embryo handling 129 

 130 



   

 

 

1.1. Induce natural mating by administering a subcutaneous injection of human chorionic 131 

gonadotropin (HCG) into the dorsal lymph sac of adult Xenopus laevis at a dose of 600 U for 132 

females and 400 U for males.  133 

 134 

1.2. After injection, place at least one male and one female frog in a room-temperature 135 

holding tank overnight. Egg laying typically begins 9-12 h after HCG administration.  136 

 137 

1.3. Collect embryos. Dejelly by gently washing with 2% cysteine (pH 8.0) for 2-4 min.  138 

 139 

1.4. Rinse the embryos 3x in 0.1x Mark’s Modified Ringer’s solution (MMR) (100 mM NaCl, 2 140 

mM KCl, 1 mM MgSO4, 2 mM CaCl2, 5 mM HEPES, pH adjusted to 7.4–7.6).  141 

 142 

1.5. Transfer the embryos to 100 mm glass Petri dishes containing 0.1x MMR and 50 µg/mL 143 

gentamycin. A density of 50-100 embryos per plate is appropriate. 144 

 145 

1.6. Incubate the dishes at 14 °C–22°C and allow the embryos to develop until they reach the 146 

desired developmental stage(s). Periodically remove unfertilized cells and necrotic or 147 

abnormally developing embryos with a plastic transfer pipette.  148 

 149 

NOTE: To ensure consistency, developmental staging is performed according to morphological 150 

criteria defined by Nieuwkoop and Faber16. Stages of interest will vary based on experimental 151 

focus. For example, key neurodevelopmental landmarks are associated with Stage 14 (onset of 152 

neurulation), Stage 18 (onset of neural tube closure), and Stage 22 (onset of tailbud 153 

elongation).  154 

 155 

2. Embryo dissection and sample preparation 156 

 157 

2.1. Solution preparation  158 

 159 

2.1.1. Prepare 2 mM Ca2+ solution containing 116 mM NaCl, 0.67 mM KCl, 2 mM CaCl2·2H2O, 160 

1.31 mM MgSO4, and 4.6 mM Tris. For every 100 mL solution, add 1 mL of 161 

penicillin/streptomycin (10,000 U/mL penicillin; 10,000 µg/mL streptomycin). Adjust pH to 7.8 162 

and filter-sterilize.  163 

 164 

2.1.2. Prepare calcium- and magnesium-free (CMF) solution by combining 116 mM NaCl, 0.67 165 

mM KCl, 4.6 mM Tris and 0.4 mM EDTA. Adjust pH to 7.8 and autoclave to sterilize. For every 166 

100 mL solution, add 1 mL of penicillin/streptomycin (10,000 U/mL penicillin; 10,000 µg/mL 167 

streptomycin). Adjust pH to 7.8 and filter-sterilize.  168 

 169 

2.2. Preparation of plates for dissection and imaging 170 

 171 

2.2.1. UV-sterilize two 35 mm plastic Petri dishes and one 35 mm Cell Culture Dish (see Table 172 

of Materials).  173 

 174 



   

 

 

2.2.2. While working in a laminar flow hood, prepare two 50 mL plastic conical tubes 175 

containing 10 mL of 2 mM Ca2+ solution each.  176 

 177 

2.2.3. Remain working in the laminar flow hood and add 2 mL of 2 mM Ca2+ solution to one 35 178 

mm plastic Petri dish, 2 mL of 2 mM Ca2+ solution to one 35 mm Cell Culture Dish, and 2 mL of 179 

CMF solution to one 35 mm plastic Petri dish.  180 

 181 

2.2.4. Outside of the laminar flow hood, fill two 100 mm plastic Petri dishes and one 35 mm 182 

plastic Petri dish with 0.1x MMR with gentamycin (50 µg/mL). Fill a 60 mm plastic Petri dish 183 

with 70% ethanol.  184 

 185 

2.2.5. Immediately before dissection, add 0.01 g of Collagenase B to one of the 50 mL tubes 186 

containing Ca2+ solution. Mix well and transfer the solution to a fresh 60 mm plastic Petri dish.  187 

 188 

2.3. With the help of a dissecting microscope, identify embryos of the desired 189 

developmental stage. Use a sterile transfer pipette to transfer at least six appropriate embryos 190 

to one of the 100 mm plates containing 0.1x MMR + gentamycin prepared in step 2.2.4. This 191 

will serve as the holding plate.  192 

 193 

2.4. Use a sterile transfer pipette to transfer one embryo to the second 100 mm plate 194 

containing 0.1x MMR + gentamycin. This will serve as the dissection plate. 195 

 196 

2.4.1. If dissecting embryos old enough to move (approximately stage 23 or older), anesthetize 197 

each embryo prior to dissection by transferring it to a dish containing 0.1% 3-aminobenzoic acid 198 

ethyl ester diluted in 0.1x MMR with gentamycin (50 µg/mL). Once the embryo is immobilized, 199 

transfer it back to the dish containing 0.1x MMR with gentamycin (50 µg/mL) and continue with 200 

the dissection.  201 

 202 

2.5. Carefully remove the vitelline membrane that surrounds the embryo. This can most 203 

easily be done by using a pair of blunt forceps to stabilize the embryo while using a pair of fine 204 

forceps to grasp the membrane. Carefully pull with the fine forceps to peel the vitelline 205 

membrane apart.  206 

 207 

2.6. Use fine forceps to separate the dorsal and ventral regions of the embryo. This can be 208 

done by using the forceps to ‘pinch’ the embryo along the anterior-posterior axis, cutting it in 209 

half. With a sterile transfer pipette, transfer the dorsal portion to the 60 mm plate with 210 

collagenase solution prepared in step 2.2.6. Discard the ventral portion.  211 

 212 

2.7. Allow the dorsal explant to incubate in the collagenase solution for 1–2 min at room 213 

temperature. Gently transfer it back to the dissection plate.  214 

 215 

2.8. Complete the dissection by carefully removing all residual endodermal and mesodermal 216 

contamination from the presumptive neural tissue of the ectoderm. For embryos at Stage 22 or 217 

older, the neural tube should also be removed and discarded.  218 



   

 

 

 219 

NOTE: If necessary during the dissection, the dish of 70% ethanol prepared in step 2.2.4 can be 220 

used to clear or re-sterilize the forceps.  221 

 222 

2.9. Once the dissection is complete, gently transfer the explant to the 35 mm plate of Ca2+ 223 

solution prepared in step 2.2.3.  224 

 225 

2.10. Repeat steps 2.4-2.9 until four explants have been collected.  226 

 227 

2.11. Use a P1000 micropipette to transfer all four explants to the 35 mm plate containing 228 

CMF solution, taking care to avoid any contact between the explants and the air-water 229 

interface. Gently swirl the dish so that all of the explants cluster in the center of the plate.  230 

 231 

2.12. Incubate 1 h at room temperature to allow explants to dissociate.  232 

 233 

NOTE: To aid in dissociation, 0.025%–0.01% trypsin can be added to the CMF solution. This may 234 

be necessary for efficient dissociation of older embryos (Stage 22 and older).  235 

 236 

2.13. At this point, at least two appropriately staged embryos should remain on the holding 237 

plate. Transfer these embryos to a fresh dish filled with 0.1x MMR with gentamycin prepared in 238 

Step 2.2.4 and allow them to develop undisturbed with the dish covered to match the explant 239 

dish. These embryos will serve as sibling controls.  240 

 241 

2.14. Use superglue to attach a micro-ruled coverslip (see Table of Materials) to the bottom 242 

of the 35 mm Cell Culture Dish prepared in step 2.2.3.  243 

 244 

NOTE: Place small dabs of superglue around the edges of the coverslip, then press it firmly 245 

against the underside of the Cell Culture Dish. The positional markings will be obscured 246 

anywhere the glue contacts the grid, so it is important to keep the central gridded portion of 247 

the coverslip free from adhesive.  248 

 249 

2.15. After the explants have dissociated for 1 h, use a P100 micropipette to transfer them to 250 

the Cell Culture Dish. In order to plate as many cells as possible on the gridded portion of the 251 

dish, hold the pipette at a shallow angle close to the surface of the dish, position the pipette tip 252 

in the corner of the grid facing inwards, and firmly expel the cell suspension across the gridded 253 

area. Ideally, cells will settle in a tight dense cluster.  254 

 255 

2.16. Incubate for 1 h at room temperature to allow cells to adhere to the plate. Determine 256 

and record the developmental stage of the sibling control embryos when this incubation begins.  257 

 258 

2.17. Combine 5 µL 1 mM Fluo-4 AM (see Table of Materials) with 2 µL of 10% Pluronic F-127 259 

acid.  260 

 261 



   

 

 

NOTE: Fluo-4 AM is light sensitive and should be kept in a light-safe or foil-covered tube at all 262 

times.  263 

 264 

2.18. After the incubation is complete, move the sample dish to a darkroom or other light-265 

protected location. Use a micropipette to remove 100 µL of solution from the edge of the dish. 266 

Add this solution to the aliquot of Fluo-4 AM/Pluronic F-127 acid, pipette up and down to mix, 267 

and return the full volume to the sample dish. Swirl gently to mix.  268 

 269 

2.19. Cover the plate with aluminum foil and allow to incubate for 1 h at room temperature. 270 

Determine and record the developmental stage of the sibling control embryos when this 271 

incubation begins.  272 

 273 

2.20. At the end of the incubation, use the remaining conical tube of 2 mM Ca2+ to perform 274 

three media washes in the following way: 1) remove 1 mL of solution from the dish, add 3 mL of 275 

fresh solution, 2) remove 3 mL of solution from the dish, add 3 mL of fresh solution, 3) remove 276 

3 mL of solution from the dish, add 3 mL of fresh solution.  277 

 278 

3. Calcium imaging 279 

 280 

NOTE: Calcium imaging was performed using an inverted confocal microscope (Table of 281 

Materials).  282 

 283 

3.1. Place the sample plate on the microscope stage, taking care to protect it from ambient 284 

light exposure. Once the plate is secured, use a marker to label the front point of the plate so 285 

that the same field of view can be found in subsequent imaging.  286 

 287 

3.2. Locate the sample under the microscope -- first at 10X and then at 20X magnification -- 288 

and select an appropriate field of view for imaging. An ideal field of view is cell-dense, but not 289 

so dense that cells are clumped or difficult to distinguish individually.  290 

 291 

3.3. Adjust microscope focus so that the grid-ruled coverslip is visible. The numbers marked 292 

on the coverslip serve as unique identifiers for particular grid locus and can be used to locate 293 

the same field of view for additional imaging. If the originally selected field of view does not 294 

overlap with any numbers, readjust until an identifiable number is in frame.  295 

 296 

3.4. Take a bright-field image of the selected field of view with the grid-ruled coverslip in 297 

focus.  298 

 299 

3.5. Adjust the focus settings and take a bright-field image of the selected field of view with 300 

the cells in focus.  301 

 302 

3.6. With the cell layer in focus, illuminate he tsamples with a 488 nm laser. HV and Offset 303 

values can be optimized for each experiment to ensure that a dynamic range of fluorescence is 304 

detected on the FITC channel.  305 



   

 

 

 306 

3.7. For a two-hour image, modify the imaging configuration to record 901 frames with a 307 

scan time of 3.93 s and an interval of 8 s. Run configuration to acquire image.  308 

 309 

3.8. Once imaging is complete, remove the plate from the microscope stage. Remove 3 mL 310 

of solution from the plate and replace it with 1 mL of 2x MEMFA (200 mM MOPS, 2 mM EGTA, 311 

and 2 mM MgSO4 in 7.4% formaldehyde).  312 

 313 

3.9. Incubate the plate for 2 h at room temperature or overnight at 4 °C. Determine and 314 

record the developmental stage of the sibling control embryos when this incubation begins.  315 

 316 

3.10. After fixation is complete, remove all solution from the plate and replace it with 2 mL of 317 

1x PBS. Store plates at 4 °C for further processing.  318 

 319 

4. Gene expression analysis: Probe synthesis  320 

 321 

4.1. As described below, generate an antisense RNA probe for in situ hybridization. 322 

Additionally, generate a sense probe for the same gene for use as a negative control.  323 

 324 

4.2. In order to purify plasmid DNA containing the probe template sequence, inoculate 150 325 

mL of LB broth with bacterial glycerol stocks containing the template plasmid. Incubate at 37 °C 326 

with shaking overnight or until culture is turbid.  327 

 328 

4.3. Purify plasmid DNA from the bacterial culture using your method of choice.  329 

 330 

NOTE: We use the McNary-Nagel midi-prep kit to obtain high yields of plasmid DNA. 331 

 332 

4.4. To confirm that the plasmid contains the expected insert, perform a restriction digest 333 

and analyze the products on an agarose gel. Uncut plasmid can also be analyzed on an agarose 334 

gel to check for genomic DNA contamination.  335 

 336 

4.5. To linearize the template DNA, set up a 100 µL restriction digest reaction containing 20 337 

µg of plasmid DNA, 2 µL of appropriate restriction enzyme, and 1x appropriate buffer. Incubate 338 

at 37 °C for at least 2 h.  339 

 340 

4.6. Extract linearized DNA by performing a phenol/chloroform extraction followed by a 341 

chloroform extraction.  342 

 343 

4.7. Precipitate DNA with 100% ethanol. This can be done quickly by adding two volumes of 344 

cold ethanol to the sample and incubating it at -80 °C until it solidifies (15-30 min).  345 

 346 

4.8. Use a refrigerated centrifuge to pellet DNA by spinning for 20 min at 12,000 x g/4 °C.  347 

 348 



   

 

 

4.9. Remove the supernatant and wash the pellet with 200 µL of 70% ethanol. Spin for 5 min 349 

at 12,000 x g/4 °C.  350 

 351 

4.10. Remove the supernatant and air-dry pellet for approximately 5 min. Resuspend in 20 µL 352 

of 1x TE and store at 4 °C until further use.  353 

 354 

4.11. To synthesize and purify antisense RNA probe, create a 2.5 mM rNTP mix by combining 355 

15 µL of 10 mM rCTP, 15 µL of 10 mM rGTP, 15 µL of 10 mM rATP, 9.75 µL of 10 mM rUTP , and 356 

5.25 µL of 10 mM dig-11 UTP (See Table of Materials).  357 

 358 

4.12. Set up a 50 µL in vitro transcription reaction containing 4 µg of linearized template DNA 359 

from Step 4.1.2, 15 µL of 2.5 mM rNTP mix from step 4.1.3.1, 10 µL of 5x transcription buffer, 5 360 

µL of 0.1 M DTT, 0.5 µL of RNAse inhibitor (20 U/µL), and 1.5 µL of appropriate RNA polymerase 361 

(T3, T7, or SP6). Incubate 1 h at 37 °C.  362 

 363 

4.13. Add an additional 1.5 µL of RNA polymerase to the reaction and return to 37 °C for an 364 

additional hour.  365 

 366 

4.14. Add 1 µL of RQ1 DNAse to reaction and incubate at 37 °C for 10 min to degrade DNA 367 

template.  368 

 369 

4.15. Add 30 µL of 7.5 M LiCl solution to sample. Pipette to mix and incubate at -20 °C for at 370 

least 1 h.  371 

 372 

4.16. Using a refrigerated centrifuge, spin the sample 25 min at 14,000 x g/4 °C.  373 

 374 

4.17. Remove the supernatant and rinse the pellet with 500 µL of 70% ethanol. Spin for 5 min 375 

at 14,000 x g/4 °C. 376 

 377 

4.18. Remove the supernatant and air-dry pellet for approximately 5 min. Resuspend in 20 µL 378 

of nuclease-free water.  379 

 380 

4.19. Create at 10x probe stock by diluting the sample to a concentration of 10 ng/µL in 381 

Hybridization Buffer (50% formamide, 5x SSC (saline-sodium citrate; 750 mM NaCl, 75 mM 382 

sodium citrate, pH 7.0), 1 mg/mL torula RNA, 0.1 % Tween-20, 1x Denhardt’s Solution, 0.1% 383 

CHAPS, 10 mM EDTA, and 100 µg/mL heparin). Store at -20 °C until further use.  384 

 385 

5. Gene expression analysis: Fluorescence in situ hybridization  386 

 387 

NOTE: All washes should be performed with approximately 1 mL of solution using a sterile, 388 

individually wrapped transfer pipette. The pipette should be positioned at the edge of the plate 389 

when removing or adding solution, and washes should be performed as gently as possible to 390 

ensure that cells are not dislodged from the plate surface and lost.   391 

 392 



   

 

 

5.1. Remove 1x PBS from plate (from step 3.10). Replace with fresh 1x PBS and incubate 5 393 

min at room temperature.  394 

 395 

5.2. Combine 25 mL of 0.1 M triethanolamine (pH 8.0) with 62.5 µL of acetic anhydride. Mix 396 

well. Wash the plate with this solution for 10 min.  397 

 398 

5.3. Wash the plate with 1x SSC for 5 min.  399 

 400 

5.4. Wash the plate with 0.02 M HCl for 10 min to permeabilize cells.  401 

 402 

5.5. Wash 2x with 1x PBS for 5 min each.  403 

 404 

5.6. Remove the solution and add 1 mL of Hybridization Buffer (50% formamide, 5x SSC (750 405 

mM NaCl, 75 mM sodium citrate, pH 7.0), 1 mg/mL torula RNA, 0.1% Tween-20, 1x Denhardt’s 406 

Solution, 0.1% CHAPS, 10 mM EDTA, and 100 µg/mL heparin) to plate. Incubate with shaking for 407 

at least 6 h at 60 °C.  408 

 409 

5.7. Remove Hybridization Buffer and replace with 750 µL of 1x RNA Probe solution (diluted 410 

form the 10x stock made in Step 4.19. Sense RNA probes can be used as a negative control.  411 

 412 

5.8. Incubate with shaking for 8-14 h at 60 °C. 413 

 414 

5.9. Remove the probe and store at -20 °C.  415 

 416 

NOTE: 1x probe dilution can be reused up to three times before being discarded.  417 

 418 

5.10. Rinse the plate with 0.2x SSC.  419 

 420 

5.11. Wash with fresh 0.2x SSC for 1 h at 60 °C. 421 

 422 

5.12. Move the plates to room temperature and equilibrate for 5 min.  423 

 424 

5.13. Wash the plate with 0.2x SSC for 5 min.  425 

 426 

5.14. Wash the plate with 1x PBT for 15 min.  427 

 428 

5.15. Wash the plate with 2% H2O2 in 1x PBT (0.1% Triton-x-100) for 1 h. 429 

 430 

NOTE: This solution is light-sensitive, so it should be made fresh for each experiment and 431 

shielded from light. Plates should also be shielded from light or foiled during this incubation.  432 

 433 

5.16. Wash the plate with 1x TBST (150 mM NaCl, 50 mM Tris-HCl, pH 7.5, 0.1%Tween-20) for 434 

15 min.  435 

 436 



   

 

 

5.17. Dilute Blocking Reagent to 2% in Maleic Acid Buffer (100 mM maleic acid, 150 mM NaCl, 437 

pH 7.5). Block the cells in this mixture for at least 1 h at room temperature.  438 

 439 

5.18. Replace blocking solution with anti-digoxygenin-POD antibody diluted 1:1000 in 2% 440 

Blocking Reagent in Maleic Acid Buffer. Incubate overnight at 4 °C. 441 

 442 

5.19. Rinse the plate 3x with 1x TBST.  443 

 444 

5.20. Wash 4x with 2mL of 1x TBST for at least 15 min per wash with continuous rocking.  445 

 446 

5.21. Wash 2x with 1x PBT for at least 10 min per wash with continuous rocking.  447 

 448 

5.22. Dilute Cy3-conjugated tyramide 1:25 in 1x PBT. Wash the plate with 750 µL of this 449 

dilution for 5 min.  450 

 451 

NOTE: This solution is extremely light sensitive, and plates should be kept foiled or shielded 452 

from light for the remainder of the experiment to avoid signal deterioration.  453 

 454 

5.23. Add 2.5 µL of 0.3% H2O2 to this solution and incubate with continuous rocking for an 455 

additional 40 min at room temperature.  456 

 457 

5.24. Wash 4x with 1x TBST for at least 15 min per wash with continuous rocking.  458 

 459 

5.25. Rinse with 1x PBT.  460 

 461 

5.26. Fix the cells by incubating for 1 h at room temperature in 1x MEMFA (100 mM MOPS, 1 462 

mM EGTA, and 1 mM MgSO4 in 3.7% formaldehyde). 463 

 464 

5.27. Remove the solution and replace with 1x PBS. Store the plates in a foiled container at 4 465 

°C until further processing.  466 

 467 

6. Imaging cells  468 

 469 

NOTE: Imaging was performed using an inverted confocal microscope.  470 

 471 

6.1. Place the sample plate on the microscope stage, aligning the mark made in Step 3.1 to 472 

the front of the stage.  473 

 474 

6.2.  Focus the image so that the grid-lined coverslip is visible and, using the grid image 475 

taken in Step 3.4 as a reference, adjust the field of view to match the field of view captured in 476 

the calcium image (Section 3).  477 

 478 

6.3. Acquire bright-field images of both the grid and the cells.  479 

 480 



   

 

 

6.4. Illuminate the samples with a 595 nm TRITC later. Adjust gain values to appropriately 481 

distinguish signal from background using the images from the negative control cells and acquire 482 

a still image.  483 

 484 

NOTE: Ideally, background fluorescence levels are determined based on a negative control plate 485 

processed in parallel with a non-targeting sense RNA probe. Gain settings are adjusted so that 486 

this plate appears completely black (corresponding to background levels), then held constant 487 

for other plates imaged from that experimental batch.  488 

 489 

7. Data processing 490 

 491 

NOTE: Data processing was performed using Nikon Elements software.  492 

 493 

7.1. Open the 2-h calcium image from Step 3.7. Identify the pixels corresponding to each 494 

individual cell by selecting Binary > Spot Detection > Bright Spots. Make sure the FITC channel 495 

is selected. 496 

 497 

7.2. Colored circles will appear over individual cells after this layer has been generated. 498 

Adjust the cell distribution and size parameters so that as many cells as possible are recognized 499 

and associated with a unique identifier.  500 

 501 

7.3. Track the cells across all frames of the image by navigating to View > Analysis Controls > 502 

Tracking Options. Set 5 frames as the maximum gap between tracks, delete objects associated 503 

with fewer than 600 frames, and select the Close Gaps option. Select Track Binaries to apply 504 

cell tracking to the image.  505 

 506 

7.4. After the cells have been tracked, manually delete any object that does not correspond 507 

to an individual cell (for example a clump of cells). However, data points should not be excluded 508 

from further analysis based on the morphology of the calcium activity trace.  509 

 510 

7.5. On the Image pane, select View Overlay > Show Binary Object ID. Scroll to the end of 511 

the image (Frame 901) and select Edit > Create View Snapshot (8bit RGB)… > Current Frame > 512 

OK. This will create a snapshot of the last frame of the image with each cell’s associated binary 513 

ID visible. Save this image.  514 

 515 

7.6. Export time-series data by selecting all objects followed by Export Data to Excel. Save 516 

output as a CSV file.  517 

 518 

7.7. Open the FISH image. Optimize spot detection as in steps 7.1–7.2, using the TRITC 519 

channel instead of the FITC channel. Manually delete any incorrectly assigned binaries, then 520 

select Automated Measurement Results > Update Measurement to calculate the signal 521 

intensity of each cell. Export an image snapshot and data table by repeating steps 7.5 and 7.6.  522 

 523 



   

 

 

7.8. Create a spreadsheet where Column A is labeled FISH Binary ID and Column B is labeled 524 

Calcium Binary ID. Open the images exported in steps 7.5 and 7.7. For each object identified in 525 

the FISH image (step 7.7), record the binary ID in Column A. Then, locate the corresponding cell 526 

in the calcium image (step 7.5) and record that binary ID in Column B. Cells that cannot be 527 

confidently identified in both images should not be added to the spreadsheet.  528 

 529 

NOTE: It can be helpful to use a photo editing program such as Adobe Photoshop or GIMP 530 

image editor to open both images, make one semi-transparent, and overlay it onto its partner 531 

image to more easily identify and link the two binary IDs associated with each cell.  532 

 533 

7.9. For each identified cell, collate (either manually or with a script) its time-series calcium data 534 

(associated with the Calcium Binary ID and exported in step 7.6) and its gene expression data 535 

(associated with the FISH Binary ID and exported in step 7.7).  536 

 537 

NOTE: Downstream data processing and analysis may involve collating these data into a single 538 

data table and applying an array of analytical techniques including spike counting, fractal 539 

analysis, and Markovian entropy that allow the investigator to discern novel patterns of calcium 540 

activity 17-18. 541 

 542 

REPRESENTATIVE RESULTS: 543 

A successful example of dissociated cells prepared for calcium imaging can be seen in Figure 2A. 544 

Cells are densely plated, allowing the maximum amount of information to be collected from 545 

each image, but not so densely plated that individual cells cannot be confidently distinguished 546 

form one another. Fluorescence is detected for each defined cell over the 2-h imaging period. 547 

Visualization of a composite plot containing the traces for all cells recorded in an experiment 548 

reveals the degree to which bulk or population measurements can obscure more nuanced 549 

patterns of spiking behavior (Figure 2B). When the recorded profiles of individual cells are 550 

isolated, examples of the irregular spiking activity characteristic of neural progenitor cells can 551 

be clearly identified. Unlike mature neurons, embryonic neuronal cells exhibit irregular, highly 552 

variable and complex nature of calcium activity (Figure 2B). In order to quantify this complexity, 553 

application of different data analysis methods have been applied17-18, including diverse 554 

parameters to define a spike (Figure 2C). 555 

 556 

Successful fluorescence in situ hybridization, including successful design and synthesis of an 557 

antisense mRNA probe, can be assessed by comparing the experimental plate against a 558 

background control incubated with a non-binding sense RNA control (Figure 3A,B). A positive 559 

probe control can also be performed by processing a cell type known to express the target 560 

mRNA at detectable levels.  561 

 562 

Identification of the same cell across calcium and FISH imaging requires that cells retain roughly 563 

the same position during probe hybridization and processing. If plates are handled roughly or 564 

washes are performed too forcefully, cells can be dislodged from the plate surface and either 565 

lost when solution is discarded or deposited on a different location on the plate, making it 566 

impossible for them to be matched across images (Figure 4A). If this disruption affects only 567 



   

 

 

some of the cells in the field of view, it may still be possible to detect and assign some cells 568 

within the image (Figure 4B). However, the maximum amount of data is gained from an 569 

experiment in which FISH is performed carefully and few cells are lost or repositioned between 570 

images (Figure 4C).  571 

 572 

Once data has been collected to describe both the calcium activity and gene expression of a 573 

reasonable number of cells at the developmental stage(s) of interest, further analyses can be 574 

performed to assess correlations between these two features (Figure 1). A number of metrics 575 

have been applied to quantify calcium activity patterns, including spike counting/frequency, 576 

average power, Hurst exponent estimation, and Markovian entropy measurement17-18. Gene 577 

expression can be defined quantitatively by absolute fluorescence level or graded on a binary 578 

(yes/no) scale, depending on the experimental questions being addressed.  579 

 580 

Results from experiments collating calcium activity with the expression of neural progenitor 581 

marker genes revealed numerous associations between specific patterns of calcium activity and 582 

neurotransmitter phenotypes. At the neural plate stage (Stage 14), GABAergic cells expressing 583 

the inhibitory neuron marker gad1.1 exhibit calcium activity that is more regular and higher-584 

amplitude than that of cells that lack gad1.1 expression (Figure 5A). Furthermore, while these 585 

gad1.1-expressing cells are associated with higher levels of high-amplitude spiking, low-586 

amplitude spiking is more frequent in glutamatergic cells expressing the excitatory neuron 587 

marker slc17a7. 588 

 589 

FIGURE AND TABLE LEGENDS:  590 

Figure 1: Schematic of experimental workflow. Scale bar = 100 μm. Images in panels 3-5 were 591 

taken from Paudel et al. (2019)17. 592 

 593 

Figure 2: Calcium imaging and example activity profiles. (A) Intracellular calcium activity as 594 

reported by Fluo4-AM. Each 2-h image is composed of 901 frames, with one representative 595 

frame show here. (B) Composite plot of fluorescence intensity over time in all cells within the 596 

imaged field of view. The traces clearly indicate photobleaching of indicator dye (Fluo4) 597 

overtime. Raster plot on top left shows representative traces of calcium activity after 598 

application of a de-trending algorithm developed by Eilers and Boelen19, where cells shown 599 

here exhibit diverse pattern of spiking behavior. (C) Application of different thresholds (150% 600 

and 200% of baseline, where the baseline is the average of de-trended fluorescent intensity) to 601 

define a spike (green and blue arrows). Scale bar = 100 μm.  602 

 603 

Figure 3: FISH imaging. (A) FISH performed with a non-binding sense RNA probe as a negative 604 

control. Imaging settings have been adjusted so that no cells appear fluorescent. Some fields of 605 

view may include non-cell debris with some fluorescence, such as seen in the top right and 606 

bottom right corners of (A); these can be ignored for the purpose of background setting. (B) The 607 

same imaging settings are then used to image an experimental plate (antisense RNA probe). 608 

Fluorescence under these conditions corresponds to gene expression above background. Scale 609 

bar = 100 μm. 610 

 611 



   

 

 

Figure 4: Image overlay and coregistration. Schematic representations of a sample imaged for 612 

calcium activity (cells represented by filled green circles) and after FISH (cells represented by 613 

shaded red circles). (A) Cells that have moved significantly during sample handling and 614 

processing cannot be reliably identified across the two images. (B) Cell disruption may affect 615 

only some cells in the field of view. Some cells can be clearly identified in both images, while 616 

others cannot be confidently matched. (C) If samples are handled carefully, most cells will 617 

remain undisturbed and can be identified in both images. Scale bar = 100 μm. 618 

 619 

Figure 5: An example of application of this method, boxplots showing associations between 620 

calcium activity and gene expression (GABA and Glut for genes gad1.1 and slc17a7 621 

respectively) in neural plate stage Xenopus laevis. At stage 14, gad1.1-postive cells (GABA) 622 

exhibit higher-amplitude and more regular calcium activity as defined by (A) Markovian 623 

entropy18 and (B) spike counts using thresholds 125%, 150%, 200% and 300% of the average of 624 

the de-trended fluorescent intensity (baseline)17 than slc17a7 positive cells (Glut). Stars 625 

indicate statistically significant differences according to both Bonferroni-corrected two-sample 626 

Kolmogorov–Smirnov Test (p < 0.05) and Cohen’s d statistics for effect size (n = 5 cultures and 627 

>100 cells; * 0.2 ≤ |d| < 0.5). The figure was redrawn and adapted from data set obtained from 628 

Paudel et al.17.  629 

 630 

DISCUSSION:  631 

Characteristic patterns of calcium activity have been observed in the cells that make up the 632 

developing nervous system, with specific types of activity associated with distinct 633 

neurodevelopmental processes. However, further understanding of the mechanisms by which 634 

these information-dense activity patterns are translated into transcriptional responses requires 635 

information about calcium activity and gene expression to be collected with single-cell 636 

resolution. While systems that exhibit more stereotypical calcium activity, such as mature 637 

neurons, can be reasonably assayed on a bulk level, the irregular patterns that characterize the 638 

embryonic nervous system are easily masked by less precise recordings. 639 

 640 

The experimental framework established in this protocol is easily adaptable to a wide variety of 641 

cell types and fluorescent reporters. Tissue containing virtually any cell type or combination of 642 

cell types can be dissected from a model organism of interest and plated for single-cell imaging. 643 

In addition to allowing cell identification and isolating the effect of cell-autonomous processes, 644 

a primary cell culture approach allows the experimenter to define media components as 645 

desired. For example, experiments comparing the activity of neuronal precursors in 2 mM Ca2+ 646 

solution have been performed to investigate whether the relationships between spike 647 

frequency and neurotransmitter phenotype in the embryonic spinal cord can be recapitulated 648 

without the influence of cell-cell interactions13,20.  649 

 650 

While this protocol leverages the fluorescent marker Fluo4-AM to detect intracellular calcium 651 

activity, depending upon the selection criteria, users can select other commercially available 652 

markers21, including genetically encoded calcium indicators. Similarly, alternative markers could 653 

be used to monitor dynamic changes to concentration of an ion of interest (including K+, Na+, 654 



   

 

 

and Zn2+), membrane potential, or cellular pH. Imaging settings and image duration can be 655 

modified as necessary.  656 

 657 

Although we correlated calcium activity and neuronal phenotype as a specific application, this 658 

method is also applicable for a variety of other cellular properties. For example, fluorescence in 659 

situ hybridization can be performed with probes against any gene of interest, including the 660 

neuronal marker ChAT or the transcription factor Engrailed, allowing sensitive detection of a 661 

customizable panel of mRNA species. These probes can be designed to be isoform-specific, 662 

supporting additional target specificity if desired. Double FISH can be performed using probes 663 

conjugated to several two different fluorophores, allowing the simultaneous assessment of the 664 

expression of multiple genes. However, the additional washes required by this type of 665 

experiment are associated with an increased chance of cell loss or movement and require 666 

experience and delicacy to be performed successfully.  667 

 668 

Regardless of any experiment-specific modifications made to this protocol, there are several 669 

key steps that require careful attention. Dissections should be performed with care to remove 670 

all contaminating tissues or cell populations; because spatial patterning is lost when the 671 

explants are dissociated, any remaining cells from neighboring tissues will become interspersed 672 

with and indistinguishable from the cells of interest. After cells are plated, samples should be 673 

handled as gently as possible to prevent cells from being dislodged. Most importantly, this 674 

means that all solution changes should be performed slowly and carefully, with the pipette 675 

placed at the edge of plate when solution is being removed and added. This will ensure that 676 

cells can be confidently identified in both calcium and FISH images. If cells are disrupted during 677 

processing, it may be impossible to identify some or all of the corresponding cells between the 678 

two images. We advise erring on the side of caution with these assignments, such that only 679 

unambiguously corresponding cells are used for further analysis.  680 

 681 

Depending on the biological question being addressed, a variety of analysis approaches may be 682 

appropriate. Time-series calcium activity can be processed and quantified in a variety of ways, 683 

with experimenter flexibility in choosing de-trending parameters, analysis metrics, and analysis 684 

parameters (for example, the % of baseline threshold used to define a calcium spike). 685 

Correlations between calcium activity and level of gene expression can be drawn by analyzing 686 

gene expression as an absolute or relative fluorescence value extracted from the FISH image. 687 

Alternatively, correlations between calcium activity and gene expression (presence/absence) 688 

can be drawn by defining a fluorescence threshold for positive gene expression signal and 689 

assigning ‘yes’ or ‘no’ identifiers to individual cells. As a whole, this experimental schema 690 

provides an incredibly flexible pipeline for the collection and preliminary analysis of time-series 691 

data in conjunction with cell-matched gene expression data. Such experiments will be critical 692 

for better understanding the complex relationships between cellular dynamics and 693 

transcriptional changes, as exemplified by the identification of calcium activity patterns 694 

characteristic of inhibitory-fated and excitatory-fated neuronal precursors in embryonic 695 

Xenopus laevis.  696 

 697 
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Name of Material/Equipment Company Catalog Number Comments/Description

For Animal Husbandry & Cell Culture

CHORULON (chorionic gonodotropin) Merck Animal Health

Gentamycin sulfate salt Millipore Sigma G1264

Penicillin-Streptomycin (10,000 U/mL) Thermo Fisher Scientific 15140122

Pyrex petri dishes, 100 mm x 20 mm Millipore Sigma CLS3160102

Corning Falcon Easy-Grip Tissue Culture Dishes, 35mm Fisher Scientific 08-772A

Corning Falcon Easy-Grip Tissue Culture Dishes, 60mm Fisher Scientific 08-772F

Falcon Standard Tissue Culture Dishes Fisher Scientific 08-772E

Thermo Scientifc Nunc Cell Culture / Petri Dishes, 35x10mm Dish, Nunclon DeltaFisher Scientific 12-565-90

Fisherbrand Standard Disposable Transfer Pipettes, Nongraduated; Length: 5.875 in.; Capacity: 7.7 mL Fisher Scientific 13-711-7M

Ethyl 3-aminobenzoate methanesulfonate Millipore Sigma E10521

Collagenase B Millipore Sigma 11088807001

Dumont #55 Forceps, Dumostar Fine Science Tools 11295-51

Dumont #5 Forceps, Dumostar Fine Science Tools 11295-00

Cellattice Micro-Ruled Cell Culture Surface Nexcelom Bioscience CLS5-25D-050

For Calcium Imaging

Fluo-4, AM, cell permeant Thermo Fisher Scientific F14201

Pluronic F-127, 0.2 µm filtered (10% Solution in Water) Thermo Fisher Scientific P6866

For RNA Probe Generation

PureYield Plasmid Miniprep System Promega A1222

rATP Promega P1132

rCTP Promega P1142

rGTP Promega P1152

rUTP Promega P1162

Digoxigenin-11-UTP Millipore Sigma 3359247910

Rnase Inhibitor Thermo Fisher Scientific N8080119

T3 RNA Polymerase Promega P2083

T7 RNA Polymerase Promega P2075
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SP6 RNA Polymerase Promega P1085

RQ1 Rnase-Free Dnase Promega M6101

LiCl Precipitation Solution (7.5 M) Thermo Fisher Scientific AM9480

For Fluorescence In Situ Hybridization

Acetic Anhydride Thermo Fisher Scientific 320102

Blocking Reagent Millipore Sigma 11096176001

Anti-Digoxigenin-POD, Fab fragments Millipore Sigma 11207733910

Cy3 Mono-Reactive NHS Ester Millipore Sigma GEPA13105

Solution Components

Calcium chloride, 96% extra pure, powder, anhydrous, ACROS OrganixsFisher Scientific AC349610

Calcium chloride dihydrate Millipore Sigma C3306

CHAPS hydrate Millipore Sigma C3023

Denhardt's Solution (50X) Thermo Fisher Scientific 750018

DTT, Molecular Grade (DL-Dithiothreitol) Promega P1171

Ethylenediaminetetraacetic Acid, Disodium Salt DihydrateFisher Scientific S311

Ethylene glycol-bis(2-aminoethylether)-N,N,N',N'-tetraacetic acidMillipore Sigma E3889

Formamide (Deionized) Thermo Fisher Scientific AM9342

Herparin sodium salt from porcine intestinal mucosa Millipore Sigma H3393

HEPES (Ultra Pure) Thermo Fisher Scientific 11344041

Hydrogen peroxide solution Millipore Sigma H1109

L-Cysteine Millipore Sigma 168149

Magnesium chloride, pure, ACROS Organics Fisher Scientific AC223211000

Magnesium sulfate, 97% pure, ACROS Organixs, anhydrousFisher Scientific AC413480050

Maleic Acid, 99%, ACROS Organics Fisher Scientific ACS125231000

MOPS (Fine White Crystals/Molecular Biology), Fisher BioReagentsFisher Scientific BP308

Potassium chloride Millipore Sigma P9541

Ribonucleic acid from torula yeast, Type IX Millipore Sigma R3629

Sodium chloride Millipore Sigma S7653

Triethanolamine Millipore Sigma 90279

Tris Millipore Sigma GE17-1321-01



TWEEN 20 Millipore Sigma P9416

Equipment

Laminar Flow Hood model of choice

Dissecting Microscope model of choice

Inverted Fluorescence Microscope Nikon TE200

NIS-Elements Imaging Software Nikon

Shaking Incubator model of choice

Refrigerated Centrifuge model of choice

Miscellaneous

Corning bottle-top vaccum filter system, 0.22 μm pore, 500 mL bottle capacityMillipore Sigma CLS430769

Falcon 50mL Conical Centrifuge Tubes Fisher Scientific 14-432-22
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with appropriate generic terms.  
 
 
5. Steps 2.7, 2.12, 2.16, 2.19, 5.1, 5.23, 5.26: Please specify the temperature of 
incubation. 
 
--These steps have been amended to include specific incubation temperature.  
 
6. 4.1: Please write this step in the imperative tense. 
 
--This step has been rewritten in the imperative tense. 
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7. 7.4: Please write this step in the imperative tense. 
 
--This step has been rewritten in the imperative tense.  
 
8. 7.9: Please write this step in the imperative tense. 
 
--This step has been rewritten in the imperative tense. Example downstream analysis 
techniques were removed from this protocol step and moved to a Note immediately 
following the step to maintain clarity. 
 
 
Reviewers' comments: 
Reviewer #1:  
 
Major Concerns: 
 
Data processing. Figure 2B shows the presence of photobleaching in most of the 
recorded traces. The authors must explain how does photobleaching influences 
analysis. How is baseline defined? How is a spike defined? This is a key aspect to 
detect spikes and to quantify calcium oscillations inside a cell. I would like to see in 
more detail how traces are selected and processed. Techniques mentioned in lines 531-
533 depend on the quality of the traces. 

 
--Due to space constraints, and with an eye to the generalizability of the protocol, we chose to 
limit this manuscript to the data generation and preliminary data processing steps of this 
experimental pipeline since this is the challenging aspect, is not described elsewhere, and 
requires visualization. Detailed descriptions of our group’s data analysis methods have been 
previously published in detail in Marken et al. and Paudel et al. (cited in the references and 
text).  
 
We have addressed the other issues raised by the reviewer.  Briefly, we account for the effects of 
photobleaching (or any other overall trends in fluorescent intensity) by applying a de-trending 
algorithm developed by Eilers and Boelen. In Paudel et al.  We define ‘baseline’ as the average 
value of all time points and employ multiple thresholds for spike definition (i.e., 125%, 150%, 
200%, 300%, 400%, and 800% of baseline).  
 
Marken, J.P. et al. A Markovian Entropy Measure for the Analysis of Calcium Activity 
Time Series. PLoS One. 11(12), e0168342 (2016). doi:10.1371/journal.pone.0168342 

Paudel, S. et al. Calcium Activity Dynamics Correlate with Neuronal Phenotype at a 
Single Cell Level and in a Threshold-Dependent Manner. International Journal of 
Molecular Science. 20 (8), 1880 (2019). doi:10.3390/ijms20081880. 

Eilers, P.H.C, Boelens, H.F.M. Baseline Correction with Asymmetric Least Squares 
Smoothing. Leiden University Medical Centre Report. (2005).  



 
The authors must also explain what are the exclusion criteria used. 
 
--We have clarified exclusion criteria in the text. The following text has been added to 

step 7.4. “After cells have been tracked, manually delete any object that does not correspond 
to an individual cell (for example a clump of cells).  However, data points should not be 
excluded from further analysis based on the morphology of the calcium activity trace.” 
 
Minor Concerns: 
 
1) Line 63 . The authors use the term "calcium" to actually make reference to the 
"intracellular calcium concentration" or "free calcium in the cytosol" throughout the 
manuscript. It is necessary to state that "calcium" makes reference to calcium inside 
cells. 
 
--The line has been edited to replace “calcium” with “free cytosolic calcium.” 
 
2) Line 81. I do not understand what are "distinct calcium activity behaviors". 
 
--The phrase has been replaced with the phrase “two main classes of calcium activity 
behaviors” for clarity.  
 
3) Lines 82-86. Provide a quantitative difference between spikes and waves. It is 
unclear what are the differences between both signals. 
 
--Characteristic quantitative metrics (peak intensity, rise time, decay time) have been 
added for both spikes and waves.  
 
4) Line 91. Calcium activity = [Ca2+]i oscillations? 
 
--The phrase “calcium activity patterns” has been replaced with “intracellular calcium 
oscillations” for clarity.  
 
5) Line 166. Why does the solution contains EDTA? Please explain why CMF solution 
has to be calcium free. Why do not use a more specific calcium buffer such as EGTA? 
 
--The provided composition is consistent with a number of previously published works – 
both by our own group and others -- that have employed similar CMF solutions to 
dissociate embryonic Xenopus tissue. We wished to be consistent with leading 
investigators  in this field.  
 
Ferrari, M.B., Spitzer, N.C. Calcium Signaling in the Developing Xenopus Myotome. 
Developmental Biology. 213 (2), 269-82 (1999). doi:10.1006/dbio.1999.9387 
 



Kleiman, R.J. et al. BDN-Induced Potentiation of Spontaneous Twitching in Innervated 
Myocytes Requires Calcium Release From Intracellular Stores. Journal of 
Neurophysiology. 85 (1), 472-83 (2000). doi.org/10.1152/jn.2000.84.1.472 
 
Sidlauskaite, E., et al. Mitochondrial ROS cause motor deficits induced by synaptic 
inactivity. Redox Biology. (16): 344-51 (2018). doi:10.1016/j.redox.2018.03.012 
 
McDonough, M.J. et al. Dissection, Culture, and Analysis of Xenopus laevis Embryonic 
Retinal Tissue. Journal of Visualized Experiments. (70): 4377 (2012). doi:10.3791/4377 
 
6) Line 180. Fisherbrand is a trademark. Use a generic name instead. 
 
--This has been corrected throughout the text.  
 
7) Line 212. Is it a room temperature? The activity of collagenase varies with 
temperature, so please specify. 
 
--The incubation temperature has been clarified in the text.  
 
8) Line 231. I do not understand. Do the explants dissociate in the absence of any 
enzyme? Is this the reason why trypsin can be added? State also temperature. X. laevis 
are raised at 16-18 C. If dissociation takes place at, let's say 23 C, it can affect cell 
metabolism. Please explain. This is a key aspect to be highlighted in the method. 
 
--As first reported by Sargent in 1985, embryonic Xenopus tissue dissociates when 
incubated in the absence of calcium and magnesium without the need for additional 
enzymes. As you note, the addition of trypsin is suggested when processing older 
embryos to ensure that the tissue is fully dissociated after one hour.  
 
The text has been edited to clarify that this incubation step occurs at room temperature. 
While it is true that Xenopus are typically raised at lower temperatures, the majority of 
published works (including both the reference below and those provided in response to 
Reviewer #1 Point #5) carry out this step at room temperature. Furthermore, the sibling 
control embryos set aside in Step 2.13 are allowed to develop at room temperature, 
such that their developmental stage can serve as an appropriate proxy for the 
development of the dissociated cells. 
 
Sargent, T.D., Jamrich, M., Dawid, I.B. Cell Interactions and the Control of Gene Activity 
during Early Development of Xenopus laevis. Developmental Biology. (114): 238-46 
(1986). doi:10.1016/0012-1606(86)90399-4 
 
9) Line 377. What is the concentration of 5X SCC? 
 
--The final concentration of the solution is 5X SSC, as stated. For clarity, we have 
replaced “5x SSC (saline-sodium citrate)” with “5x SSC (saline-sodium citrate; 750 mM 
NaCl, 75 mM sodium citrate, pH 7.0).” 



 
10) Fig. 2C shows a cell with well-defined spikes, however, it is unclear what would be 
the number of spikes in Fig. 2D. Could the authors label the spikes in 2B and 2C? 
 
--This figure has been replaced with a new figure, where we have provided the spike 
detection method in detail.  
 
 
 
11) Figure 5. Data should be illustrated in a box-plot to show the dispersion of values. 
The legend must explain what do >125%, >150%, …, baseline mean. Data come from 5 
cultures but how many cells? 
 

--We have replaced this figure with new figure illustrating the data in a box-plot and 
we have explained baseline and the threshold in detail in figure 2. We analyzed 101 
gad1.1 positive cells and 212 slc17a7 positive cells. The number of cells is now 
mentioned in the figure legend, figure 5, n = 5 cultures and >100 cells.  

 
12) Line 635. State reference.  
 
--We have now included the reference in the text. 
 
13) Line 641. Use of other probes. Fluo-4, which is a very good indicator already shows 
a significant photobleaching. Changing to other fluorophores might require a significant 
amount time to resolve oscillations. It is not straightforward. This aspect must be 
mentioned.  
 
We have made the following changes and cited ref#21 for additional details on dye 

selection. While this protocol leverages the fluorescent marker Fluo4-AM to detect 
intracellular calcium activity, depending upon the selection criteria, users can select other 
commercially available markers, including genetically encoded indicators. We have also 
addressed photobleaching in a previous section above.  
 
Reviewer #2:  
 
Major Concerns: 
The main concern is that there would seem to be key limitations that should be 
discussed. I still think that the protocol has considerable potential but I could see some 
points that should be identified.  
 
First, the method will identify one marker to match up with the calcium images. This 
limits how well the cell type could be defined. I agree, as in the discussion, that adapting 
to two markers with different fluorophores that would expand the ability to define cell 
types. Perhaps a few specific examples of what markers would be useful are warranted. 
For example, a marker of neuronal physiology (ChAT) or a cell type transcription factor 
(Engrailed).  



 
--We have incorporated these specific examples in our discussion, which reads as 
follows: 

Although we correlated calcium activity and neuronal phenotype as a specific application, this 
method is also applicable for a variety of other cellular properties. For example, fluorescence in 
situ hybridization can be performed with probes against any gene of interest, including the 
neuronal marker ChAT  or the transcription factor Engrailed, allowing sensitive detection of a 
customizable panel of mRNA species. 
 
 
Another limitation is that the tissue needs to be dissociated and that could well alter 
calcium dynamics. Again, that does not alter the utility of the method but it would be in 
the back of my mind. I would think that this needs to be commented on. 
 
We state the following in the Introduction:  
 
“[S]tudying these relationships in single-cell primary culture means that cell-autonomous 
links between calcium activity and gene expression will be maintained, while 
interactions requiring cell-cell communication will be abrogated.  Therefore, this 
approach allows these cell-autonomous mechanisms to be studied in isolation. 
However, it also allows the role of non-cell-autonomous calcium activity to be elucidated 
and interrogated. For example, cells can be dissected from an embryo at the neural 
plate stage, cultured until sibling controls reach the neural tube stage, and then 
compared to cells that have been freshly dissected from a neural-tube-stage embryo. 
This allows direct comparison of cells that retained cell-cell communication across a key 
developmental period to those in which cell-cell communication was abolished.”  
 
Minor Concerns: 
A couple of wording suggestions... 
 
Step 2.1.1 - I would call it "2mM Ca culture solution containing" or a variation on that. It 
reads as a straight calcium solution as it stands and then you see the other ingredients. 
 
--We have incorporated your suggested phrasing for clarity.  
 
 
Step 2.5 - Clarify the removal of vitelline or fertilization envelope. I would change "it" to 
the membrane. One could interpret "it" as the whole embryo. I often use the word peel 
as it gives people a better image of how to do it. 
 
--We have edited the step to read “…while using a pair of fine forceps to grasp the 
membrane. Carefully pull with the fine forceps to peel the vitelline membrane apart.”  
 
Step 2.8 - perhaps a brief description of how one can easily discriminate between the 
layers (is that part of the video?) 
 



--The video will clearly demonstrate this aspect. It is quite obvious when visualized. 
 
Step 2.13 - ensure that the stage control embryo dish is covered the same as the 
explants (amazing how evaporative cooling can slow down the rate of development). 

 
--This step has been edited to clarify this point.  
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Item 1: The Author elects to have the Materials be made available (as described at 
http://www.jove.com/publish) via: 

 Standard Access   Open Access
 
Item 2: Please select one of the following items: 

 The Author is NOT a United States government employee. 

 The Author is a United States government employee and the Materials were prepared in the 
course of his or her duties as a United States government employee. 

 The Author is a United States government employee but the Materials were NOT prepared in the 
course of his or her duties as a United States government employee. 

 
ARTICLE AND VIDEO LICENSE AGREEMENT 

 
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. Protection of the Work. The Author(s) authorize 
JoVE to take steps in the Author(s) name and on their behalf 
if JoVE believes some third party could be infringing or 
might infringe the copyright of either the Author’s Article 
and/or Video. 
9. 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. 
10. 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. 
11. 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 
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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 
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.  
12. 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. 
13. Fees. To cover the cost incurred for publication, 
JoVE must receive payment before production and 
publication of 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. 
14. Transfer, Governing Law. This Agreement may be 
assigned by JoVE and shall inure to the benefits of any of 
JoVE’s successors and assignees. This Agreement shall be 
governed and construed by the internal laws of the 
Commonwealth of Massachusetts without giving effect to 
any conflict of law provision thereunder. This Agreement 
may be executed in counterparts, each of which shall be 
deemed an original, but all of which together shall be 
deemed to me one and the same agreement. A signed copy 
of this Agreement delivered by facsimile, e-mail or other 
means of electronic transmission shall be deemed to have 
the same legal effect as delivery of an original signed copy 
of this Agreement.
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