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April 15, 2019 
 
Dr. Nandita Singh, Senior Science Editor 
Journal of Visualized Experiments 
1 Alewife Center, Suite 200 
Cambridge, MA 02140  
 
Dear Dr. Nandita Singh 
 
Please find enclosed our manuscript entitled “Generation of Ventricular-like hiPSC-derived 
Cardiomyocytes and High-quality Cell Preparations for Calcium Handling Characterization”, which we 
would like to submit for publication as a Methods article in the Journal of Visualized Experiments.  
 
Our group has long investigated familial cardiomyopathies caused by mutations in cardiac proteins using 
human induced pluripotent stem cell-derived cardiomyocytes (iPSC-CMs). Ever since iPSCs opened a new 
era to uniquely investigate human diseases, the research and techniques to prepare and use these cells 
have grown significantly. Despite all the advances in techniques, however, it is still difficult to consistently 
obtain reliable iPSC-CMs. Based upon our experience, we would like to suggest an optimized protocol to 
generate high quality iPSC-CMs and characterize them effectively and without bias. We believe that this 
method will be of great interest to readers of the Journal of Visualized Experiments because it will aid in 
providing a more physiologically relevant model to characterize and study heart disease using iPSC-CMs.  
 
We confirm that this work has not been published elsewhere, nor is it under consideration by any other 
journal. All the authors have read and approved the manuscript and have reported that they have no 
relationships relevant to the contents of this paper to disclose.  
 
We look forward to hearing from you at your earliest convenience.  
 
Yours sincerely,  
 

 
Francesca Stillitano, on behalf of all the authors 
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SUMMARY: 22 
Here we describe and validate a method to consistently generate robust human induced 23 
pluripotent stem cell-derived cardiomyocytes and characterize their function. These techniques 24 
may help in developing mechanistic insight into signaling pathways, provide a platform for large-25 
scale drug screening, and reliably model cardiac diseases. 26 
 27 
ABSTRACT: 28 
Human induced pluripotent stem cell-derived cardiomyocytes (iPSC-CMs) provide a valuable 29 
human source for studying the basic science of calcium (Ca2+) handling and signaling pathways as 30 
well as high-throughput drug screening and toxicity assays. Herein, we provide a detailed 31 
description of the methodologies used to generate high-quality iPSC-CMs that can consistently 32 
reproduce molecular and functional characteristics across different cell lines. Additionally, a 33 
method is described to reliably assess their functional characterization through the evaluation of 34 
Ca2+ handling properties. Low oxygen (O2) conditions, lactate selection, and prolonged time in 35 
culture produce high-purity and high-quality ventricular-like cardiomyocytes. Similar to isolated 36 
adult rat cardiomyocytes (ARCMs), 3-month-old iPSC-CMs exhibit higher Ca2+ amplitude, faster 37 
rate of Ca2+ reuptake (decay-tau), and a positive lusitropic response to β-adrenergic stimulation 38 
compared to day 30 iPSC-CMs. The strategy is technically simple, cost-effective, and 39 
reproducible. It provides a robust platform to model cardiac disease and for the large-scale drug 40 
screening to target Ca2+ handling proteins.  41 
 42 
INTRODUCTION: 43 
Human induced pluripotent stem cell-derived cardiomyocytes (iPSC-CMs) are an attractive 44 
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human-based platform to model a large variety of cardiac diseases in vitro1-8. Moreover, iPSC-45 
CMs can be used for the prediction of patient responses to novel or existing drugs, to screen hit 46 
compounds, and develop new personalized drugs9,10. However, despite significant progress, 47 
several limitations and challenges need to be considered when using iPSC-CMs11. Consequently, 48 
methods to improve cardiac differentiation protocols, to enhance iPSC-CMs efficiency and 49 
maturation, and to generate specific cardiomyocyte subtypes (ventricular, atrial, and nodal) have 50 
been intensely studied and already led to numerous culture strategies to overcome these 51 
hurdles12-15.  52 
 53 
Notwithstanding the robustness of these protocols, a major concern for the use of iPSC-CMs is 54 
the reproducibility of long and complex procedures to obtain high-quality cardiomyocytes that 55 
can ensure the same performance and reproducible results. Reproducibility is critical not only 56 
when comparing cell lines with different genetic backgrounds, but also when repeating cellular 57 
and molecular comparisons of the same cell line. Cell variability, such as well-to-well differences 58 
in iPSCs density, may affect cardiac differentiation, generating a low yield and poor-quality 59 
cardiomyocytes. These cells could still be used to perform experiments that do not require a pure 60 
population of CMs (e.g., when performing Ca2+ transient measurements). Indeed, when 61 
performing electrophysiological analysis, the non-CMs will not beat, neither spontaneously nor 62 
under electrical stimulation, so it will be easy to exclude them from the analysis. However, 63 
because of the poor quality, iPSC-CMs can show altered electrophysiological characteristics (e.g., 64 
irregular Ca2+ transient, low Ca2+ amplitude) which are not due to their genetic makeup. 65 
Therefore, especially when using iPSC-CMs to model cardiac disease, it is important not to 66 
confuse results from a poor-quality CM with the disease phenotype. Careful screening and 67 
exclusion processes are required prior to proceeding to electrophysiological studies.  68 
 69 
This method includes optimized protocols to generate high-purity and high-quality 70 
cardiomyocytes and to assess their function by performing Ca2+ transient measurements using a 71 
calcium and contractility acquisition and analysis system. This technique is a simple, yet powerful, 72 
way to distinguish between high efficiency and low efficiency iPSC-CM preparations and provide 73 
a more physiologically relevant characterization of human iPSC-CMs.  74 
 75 
PROTOCOL: 76 
 77 
The experiments using adult rat cardiomyocytes in this study were conducted with approved 78 
Institutional Animal Care and Use Committee (IACUC) protocols of Icahn School of Medicine at 79 
Mount Sinai. The adult rat cardiomyocytes were isolated from Sprague Dawley rat hearts by the 80 
Langendorff-based method as previously described16. 81 
 82 
1. Preparation of media 83 
 84 
1.1. Prepare hiPSC media. 85 
 86 
1.1.1. Equilibrate the supplement and the basal medium to room temperature (RT). Ensure that 87 
the supplement has thawed completely. Mix 400 mL of the basal medium and 100 mL of the 88 



supplement and filter using a 0.22 μm vacuum-driven filter. Store at 4 °C and equilibrate to RT 89 
before use.  90 
 91 
1.2. Prepare RPMI + B27. 92 
 93 
1.2.1. Equilibrate the B27 supplement and the basal medium (RPMI 1640) to RT. Ensure that the 94 
supplement has thawed completely. Mix 490 mL of the basal medium and 10 mL of the 50x 95 
supplement and filter using a 0.22 μm vacuum driven filter. Store at 4 °C and equilibrate to RT 96 
before use. 97 
 98 
1.3. Prepare RPMI + B27 (-) insulin. 99 
 100 
1.3.1. Equilibrate the B27 (-) insulin supplement and the basal medium (RPMI 1640) to RT. Ensure 101 
that the supplement has thawed completely. Mix 490 mL of the basal medium and 10 mL of the 102 
50x supplement and filter using a 0.22 μm vacuum driven filter. Store at 4 °C and equilibrate to 103 
RT before use. 104 
 105 
1.4. Prepare selection media (RPMI (-) glucose + B27 + lactate). 106 
 107 
1.4.1. Equilibrate the B27 supplement and the basal medium (RPMI 1640 (-) glucose) to RT. 108 
Ensure that the supplement has thawed completely. Mix 490 mL of the basal medium and 10 mL 109 
of the 50x supplement, add 4 mM sodium lactate constituted in sterile water, and filter using a 110 
0.22 μm vacuum driven filter. Store at 4 °C and equilibrate to RT before use. 111 
 112 
1.5. Prepare RPMI 20. 113 
 114 
1.5.1. Equilibrate the basal medium (RPMI 1640) to RT. Mix fetal bovine serum (FBS) (20% final 115 
concentration) and RPMI. Filter using a 0.22 μm vacuum driven filter and store at 4 °C. Equilibrate 116 
to RT before use.  117 
 118 
1.6. Prepare passaging media by adding Rho-associated, coiled-coil containing protein kinase 119 
(ROCK) inhibitor (2 μM final concentration) to hiPSC media.  120 
 121 
1.7. Prepare D0 media by adding GSK-3 inhibitor, CHIR 99021 to RPMI + B27 (-) insulin media (10 122 
μM final). 123 
 124 
1.8. Prepare D3 and D4 media by mixing RPMI + B27 (-) insulin media with IWR-1 (5 μM final). 125 
 126 
NOTE: D1 and D5 media is constituted of RPMI + B27 (-) insulin. D7 media is constituted of RPMI 127 
+ B27. 128 
 129 
1.9. Prepare blocking buffer (2% bovine serum albumin [BSA], 2% FBS, 0.05% NP-40 in 130 
phosphate-buffered saline [PBS]): In a 50 mL conical tube, add 1 g of BSA, 1 mL of FBS, 49 mL of 131 
PBS, and 250 μL of NP-40. Mix until fully dissolved. 132 



 133 
2. Preparation of human embryonic stem cell (hESC)-qualified matrix coated plates and 134 
coverslips 135 
 136 
NOTE: Perform all the steps under a sterilized tissue culture hood.  137 
 138 
2.1. Thaw hESC-qualified matrix stock solution overnight on ice at 4 °C. Refer to the product 139 
specification sheet to determine appropriate aliquot volumes as this may vary depending upon 140 
the stock. Store these aliquots at -20 °C in 1.5 mL microcentrifuge tubes.  141 
 142 
2.2. In order to use the matrix for coating plates or glass coverslips, first thaw an aliquot of hESC-143 
qualified matrix at 4 °C for 30 min.  144 
 145 
2.3. Aliquot 24 mL of cold Dulbecco’s modified Eagle medium (DMEM): nutrient mixture F-12 146 
(DMEM/F:12) media into a 50 mL conical tube.  147 
 148 
2.4. Mix the cold DMEM/F:12 media with a 2 mL glass pipette in order to cool down the surface 149 
of the pipette.  150 
 151 
2.5. Using the same pipette, take up approximately 500−700 μL of cold DMEM/F:12 and mix with 152 
the hESC-qualified matrix aliquot within the microcentrifuge tube itself.  153 
 154 
2.6. Once properly mixed, transfer the solution to the 50 mL conical tube containing the cold 155 
DMEM/F:12 and mix again.  156 
 157 
2.7. For a standard 6 well plate, add 1 mL of this mixture to each well. Ensure that the well is 158 
entirely covered. Leave the plates at RT underneath the tissue culture hood for at least 30 min. 159 
If desired, store at 4 °C immediately after plating for up to 1 week and equilibrate to RT for 30 160 
min prior to use. 161 
 162 
2.8. In order to use the plates, aspirate the matrix and replace with appropriate media. Use 163 
immediately. 164 
 165 
2.9. Store the glass coverslips in a sterile environment (e.g., inside a sterile tissue culture hood).  166 
 167 
2.10. Before coating, wipe each individual coverslip with 70% ethanol. Once the coverslip is dry, 168 
place it inside a well of a sterile 6 well plate.  169 
 170 
2.11. Take 250−300 μL of the hESC-qualified matrix solution and carefully dispense it directly 171 
onto the center of the glass coverslip. Leave the coverslips at RT underneath the tissue culture 172 
hood for at least 30 min before use.  173 
 174 
3. Preparation of small molecules 175 
  176 



NOTE: Reconstitute all small molecules and Wnt modulators in DMSO unless otherwise stated.  177 
  178 
3.1. Prepare 10 mM aliquots of 25 µL each of IWR-1 and CHIR 99021 and store at -20 °C.  179 
 180 
3.2. Reconstitute 10 mM aliquots of 50 µL each of Thiazovivin (ROCK inhibitor) and store at -20 181 
°C.  182 
 183 
4. Maintenance and passaging of iPSCs 184 
 185 
NOTE: Perform all of the following steps under a sterile tissue culture hood. 186 
 187 
4.1. Maintain the iPSCs in standard 6 well plates and perform all steps under sterile conditions. 188 
Maintain the cells with 2 mL of hiPSC media per well. Change the media every other day. Keep 189 
the cells at 37 °C, 6% O2, 5% CO2. Passage the cells when they are between 70−80% confluent.  190 
 191 
4.2. Equilibrate PBS without Ca2+ and Mg2+ to RT.  192 
 193 
4.3. To start the passaging process, add 1 mL of PBS without Ca2+ and Mg2+ to the well that needs 194 
to be passaged. Incubate at RT for 7−10 min. Check the cells underneath the microscope to 195 
ensure that PBS treatment has not resulted in complete dissociation of the monolayer.  196 
 197 
4.4. Remove PBS and replace with 1 mL of passaging media. Use a cell lifter to gently scrape and 198 
lift the cells from the surface of the well.  199 
 200 
4.5. Mechanically dissociate the cells using a sterile 2 mL glass pipette. Repeat until the cells are 201 
well dissociated evenly into small colonies when observed under a microscope.  202 
 203 
4.6. Once the cells have been sufficiently dissociated, add 5 mL of passaging media to split the 204 
cells 1:6. Adjust the amount of passaging media to be added to match the preferred split ratio. 205 
 206 
4.7. Aspirate the hESC-qualified matrix from the hESC-qualified matrix-coated plate and replace 207 
with 1 mL of passaging media per well. Add 1 mL of dissociated cells per well. 208 
 209 
5. Cardiomyocyte differentiation  210 
 211 
5.1. Use hiPSC lines that are well-established (more than 20 passages) and exhibit a 212 
homogeneous morphology before starting cardiac differentiation. 213 
 214 
5.2. Ensure that the iPSCs are around 70−80% confluent. 215 
 216 
5.3. Wash the cells 1x in PBS without Ca2+ and Mg2+.  217 
 218 
5.4. Add 2 mL of D0 media (step 1.7) per well and transfer the cells back to the incubator. 219 
 220 



5.5. After 24 h, replace with 3 mL of D1 media per well for 48 h. 221 
 222 
5.6. On day 3, replace the media with 2 mL of D3 media per well. Repeat with D4 media on day 223 
4. 224 
 225 
5.7. On day 5, replace the media with 3 mL of D5 media per well.  226 
 227 
5.8. On day 7, replace the media with 3 mL of D7 media per well and transfer to an incubator 228 
with 37 °C, 5% CO2, and normal O2 concentration. Replace the D7 (RPMI + B27) media every 2 229 
days. 230 
 231 
6. Selection procedure and iPSC-CM dissociation 232 
 233 
6.1. Ten days before performing the Ca2+ transient measurements or any functional analysis, 234 
replace the RPMI + B27 media with 3 mL of selection media per well for 48 h.  235 
 236 
6.2. Replace the media with 3 mL of selection media for another 48 h. 237 
 238 
6.3. Replace the media with 2 mL of RPMI + B27 media per well for 24 h. 239 
 240 
6.4. Coat standard 6 well plates as described in section 2.  241 
 242 
6.5. Add 1 mL of sterile 0.25% trypsin with EDTA to each well. Incubate the plate at 37 °C for 5 243 
min.  244 
 245 
6.6. Using a 1000 μL pipette, mechanically dissociate the cells so that single cells can be seen 246 
when observed under a microscope.  247 
 248 
6.7. Transfer the cells to a sterile 15 mL conical tube and add 2 mL of RPMI 20 media per well. 249 
Centrifuge for 5 min at 800 x g. 250 
 251 
6.8. Aspirate the supernatant and resuspend the cells in RPMI + B27 media. Aspirate the hESC-252 
qualified matrix from the plates and replace with 1 mL of RPMI + B27 media. 253 
 254 
6.9. Using a 2 mL glass pipette, mechanically dissociate the cell pellet until the solution appears 255 
homogeneous.  256 
 257 
6.10. Transfer roughly 500,000 cells to each well. Transfer to incubator for 24 h.  258 
 259 
6.11. Replace the media with 3 mL of selection media per well for 48 h. 260 
 261 
6.12. Replace the media with 3 mL of RPMI + B27 per well. Maintain cells in D7 media (RPMI + B2 262 
changing media every 2 days until ready for functional analysis. 263 
 264 



7. Preparation of iPSC-CMs for flow cytometry 265 
 266 
7.1. Once the cells are of the desired age and have undergone metabolic selection (section 6), 267 
wash the cells with PBS without Ca2+ and Mg2+. 268 
 269 
7.2. Add 1 mL per well of trypsin 0.25% and incubate for 5−7 min at 37 °C. 270 
 271 
7.3. Pipette the mixture 5−10x with a P1000 tip to singularize the cells, and transfer to a 15 mL 272 
tube containing 2 mL of RPMI 20. 273 
 274 
7.4. Spin the cells at 600 x g for 5 min. 275 
 276 
7.5. Add 100 µL of fixation solution (4% PFA) to the cell pellet. Add the solution dropwise with 277 
continuous, gentle vortexing and then set on ice for 15 min. 278 
 279 
7.6. Add 1.5 mL of PBS. Collect the cells by centrifugation and aspirate the supernatant. 280 
 281 
7.7. For every experiment, include one unstained control per fixation/permeabilization 282 
condition. 283 
 284 
7.8. Resuspend cells in 500 µL of blocking solution (2% FBS/2% BSA in PBS with 0.1% NP-40) for 285 
30 min at RT. 286 
 287 
7.9. Without removing the blocking solution, add the primary antibody MLC2V/MLC2A (5 288 
mg/mL), and incubate 45 min at RT. 289 
 290 
7.10. Wash with blocking buffer. Collect cells by centrifugation and aspirate solution. 291 
 292 
7.11. Add secondary antibody Alexa Fluor 555/488(1:750) diluted in the blocking buffer for 45 293 
min at RT or overnight at 4 °C. 294 
 295 
7.12. Add 1.5 mL of PBS. Collect cells by centrifugation and aspirate solution.  296 
 297 
7.13. Resuspend cells in 250−300 µL of PBS. Use a P1000 pipette to disaggregate the cells. 298 
 299 
7.14. Prepare round bottom tubes with a 35 µm nylon mesh cell strainer cap. Pre-wet the cell 300 
strainer with 50 µL of PBS and set the tube on ice. 301 
 302 
7.15. Transfer the solution with the disaggregated cells to the round bottom tubes with the cell 303 
strainer caps. Allow the cell solution to drain naturally or tap the bottom of the tube against a 304 
flat surface, as necessary, to ensure complete drainage and collection of the cells into the tube. 305 
Make sure to set the tube back on ice as soon as possible.  306 
 307 
7.16. Rinse the cell strainer with 250 µL of PBS to recover any residual cells.  308 



 309 
7.17. Maintain the tubes on ice and cover with aluminum foil until flow cytometry analysis. 310 
 311 
8. Plating cardiomyocytes onto glass coverslips 312 
 313 
NOTE: Perform all steps in a sterile environment.  314 
 315 
8.1. Prepare the glass coverslips as described in steps 2.10 and 2.11.  316 
 317 
8.2. Once the iPSC-CMs have been selected and are of the desired age, follow steps 6.5−6.7 to 318 
dissociate the iPSC-CMs. 319 
 320 
8.3. Aspirate the supernatant and resuspend the cells in a sufficient amount of RPMI 20 media to 321 
have roughly 300,000 cells per 250 μL. 322 
 323 
8.4. Using a 2 mL glass pipette, mechanically dissociate the cell pellet until the solution appears 324 
homogeneous.  325 
 326 
8.5. Aspirate the hESC-qualified matrix from the coverslips.  327 
 328 
8.6. Using a 1000 μL pipette, mix and pull 250 μL of the solution from the 15 mL conical tube.  329 
 330 
8.7. Slowly dispense the 250 μL of the solution onto the glass coverslips, taking extra care to only 331 
add to the area where the hESC-qualified matrix coating is present.  332 
 333 
8.8. Transfer carefully to the incubator and leave overnight, taking care not to shake or spread 334 
the cells on the coverslips. The next morning, gently add 2 mL of D7 (RPMI + B27) media to each 335 
well with the coverslip. Change the media after 24 h and every 2 days after that. 336 
 337 
9. Fixing cells  338 
 339 
9.1. Ensure that an adequate amount of PBS with Ca2+ and Mg2+ is equilibrated to 4 °C. 340 
 341 
9.2. Prepare a 4% paraformaldehyde (PFA) solution diluted in PBS with Ca2+ and Mg2+ and 342 
equilibrate to 4 °C. 343 
 344 
9.3. Once the iPSC-CMs are of appropriate age, have undergone metabolic selection (section 6), 345 
and have been plated on coverslips (section 8), wash the cells 3x with 1 mL of cold PBS with Ca2+ 346 
and Mg2+ per well. 347 
 348 
9.4. Add 1 mL of cold 4% PFA and leave the cells at RT underneath the hood for 15 min. 349 
 350 
9.5. Wash the cells with cold PBS to remove excess PFA.  351 
 352 



9.6. Add 2 mL of PBS with Ca2+ and Mg2+ and store at 4 °C. 353 
 354 
10. Immunofluorescence staining 355 
 356 
10.1. Remove PBS from the fixed cells and add 1 mL of blocking buffer. Incubate for 1 h at RT. 357 
 358 
10.2. Remove blocking buffer and add the primary antibody (5 mg/mL) diluted in blocking buffer. 359 
Incubate overnight at 4 °C.  360 
 361 
10.3. Wash 3x in PBS with Ca2+ and Mg2+ for 5 min each.  362 
 363 
10.4. Add secondary antibody diluted in blocking buffer 1:1,000.  364 
 365 
10.5. Cover the plate with aluminum foil to protect it from light and incubate for 45 min at RT. 366 
Keep the aluminum foil for the following steps.  367 
 368 
10.6. Wash 3x in PBS with Ca2+ and Mg2+, 5 min each.  369 
 370 
10.7. Add a sufficient amount of DAPI working solution to completely cover the cells and incubate 371 
at RT for 10 min.  372 
 373 
10.8. Wash the sample thoroughly with PBS with Ca2+ and Mg2+ to remove excess DAPI. 374 
 375 
10.9. Take new glass slides and add a drop of mounting media in the middle. Use the dropper to 376 
evenly spread the mounting media. Put the coverslips with the cells face down on the slides.  377 
 378 
NOTE: Cells can be stored for 30 days if protected from light.  379 
 380 
11. Assessment of intracellular Ca2+ transients 381 
 382 
11.1. Once the iPSC-CMs are at least 3 months old, have undergone metabolic selection (section 383 
6), and have been plated on coverslips, treat them with 2 μL of Fura-2, AM (final concentration: 384 
1 μM) and incubate at 37 °C for 10 min.  385 
 386 
NOTE: Fura-2 is light-sensitive. Perform all loading procedures and experiments in the dark. 387 
 388 
11.2. Prepare the calcium and contractility acquisition and analysis system. 389 
 390 
11.2.1. Power the system ensuring that the arc lamp is initiated (Figure 1B). 391 
 392 
11.2.2. Place the chamber on the system and connect the tubes from the pump to the 393 
appropriate inlet and outlets and the electric wire from the stimulator to the chamber as shown 394 
in Figure 1C. 395 
 396 



11.2.3. Fill the perfusion tube that runs through the fluidic inline heater with 37 °C prewarmed 397 
Tyrode’s solution. 398 
 399 
11.2.4. Adjust the camera and framing aperture dimensions to minimize background area. 400 
 401 
11.3. Mount a glass coverslip with iPSC-CMs into the chamber and fasten. 402 
 403 
11.4. Add 500 μL of Tyrode’s solution directly on top of the fastened glass coverslip gently and 404 
start perfusing the chamber (1.5 mL/min) with Tyrode’s solution.  405 
 406 
11.5. Pace iPSC-CMs with 1 Hz field stimulation using the electrical stimulator (10 V, 4 ms). 407 
 408 
11.6. Incubate iPSC-CMs in the chamber with stimulation for at least 3−5 min for the cells to wash 409 
the Fura-2 dye and adapt to the environment and to wash out the fluorescent dye. 410 
 411 
11.7. Adjust the viewing window to the left upper area of the glass coverslip. 412 
 413 
11.8. Begin recording. 414 
 415 
11.9. After collecting a consistent stream of 5−10 peaks, click Pause to temporarily stop 416 
recording.  417 
 418 
11.10. Ensuring that neither the focus nor dimensions of the viewing window are altered, move 419 
the microscope’s stage to the adjacent area, moving toward the opposite end, and resume 420 
recording. 421 
 422 
11.11. Repeat steps 11.9 and 11.10 to scan across the coverslip, initially moving to the left, then 423 
downwards in a zig-zag fashion to cover the whole coverslip area. This consists of 80−100 424 
measurements per coverslip.  425 
 426 
NOTE: Restrict the total measurement time to 10 min as secondary factors cause a decrease in 427 
Ca2+ transient. 428 
 429 
11.12. Once the Ca2+ transients are acquired, analyze the data with the fluorescence traces 430 
analysis software according to the manufacturer’s instructions. 431 
 432 
REPRESENTATIVE RESULTS: 433 
The protocol described in Figure 1A generated highly pure cardiomyocytes that acquire a 434 
ventricular/adult-like phenotype with time in culture. As assessed by immunofluorescence 435 
staining for the atrial and ventricular myosin regulatory light chain 2 isoforms (MLC2A and 436 
MLC2V, respectively), the majority of the cells generated by this protocol were MLC2A-positive 437 
at day 30 after induction of cardiac differentiation, while MLC2V was expressed in much lower 438 
amounts at the same time point (Figure 2A, top panels). As the time in culture increased (day 60 439 
and 90), a complete switch of MLC2 isoforms (MLC2A to MLC2V) was observed (Figure 2A, 440 



bottom panels). In order to quantify the MLC2A and MLC2V-positive cells, flow cytometry 441 
analysis was performed. In accordance with the immunofluorescence results, the flow cytometry 442 
data demonstrated early stage (day 30) iPSC-CMs mostly expressing MLC2A (29.8% MLC2A + vs. 443 
1.9% MLC2V +) (see Figure 2B, left panel), as compared to late stage (day 90) iPSC-CMs, which 444 
mostly expressed MLC2V (41.3% MLC2V + vs. 16.7% MLC2A +) (see Figure 2B, right panel). 445 
Because the expression pattern of MLC2A and MLC2V is known to be a hallmark of cardiac 446 
differentiation and maturation, these results suggest that prolonged culture time increases 447 
maturation of iPSC-CMs and that the majority of cells appear to be committed to the ventricular 448 
phenotype. We then assessed the time dependence of Ca2+ handling maturation. Ca2+ transient 449 
was measured in iPSC-CMs at the three differentiation times (day 30, 60, and 90), and compared 450 
to isolated adult rat cardiomyocytes (ARCMs). The Ca2+ amplitude was significantly increased in 451 
the iPSC-CMs at day 90 and was similar to the ARCMs (Figure 3A,B). The rate of Ca2+ reuptake 452 
(decay-tau) at day 90 was significantly faster compared to day 30 iPSC-CMs, and closer to ARCMs 453 
(Figure 3C). The effect of β-adrenergic stimulation on Ca2+ transients was further evaluated by 454 
treating the cells with 10 nM of isoproterenol (ISO) for 10 min at 37 °C. As observed in ARCMs, 455 
ISO significantly increased Ca2+ transient and accelerated the rate of Ca2+ reuptake in day 90 iPSC-456 
CMs. No changes were observed in day 30 iPSC-CMs (Figure 3D-F). Interestingly, day 90 iPSC-CMs 457 
were able to follow increasing electrical stimulation (from 0.5−3 Hz), in a similar manner to that 458 
observed in ARCMs (Figure 4B). Taken together, these results show that iPSC-CMs derived from 459 
this method have similar characteristics to those seen in native CMs, specifically ventricular-like 460 
phenotypes, mature Ca2+ handling properties, and positive β-adrenergic responses.  461 
 462 
Contaminating noncardiac cells may influence the functional maturation of human iPSC-CMs 463 
during differentiation17. Figure 4A shows a comparison between 3-month-old cells obtained from 464 
high efficiency differentiations (top panels, Video 1), robustly expressing the specific ventricular 465 
marker (MLC2V), and 3-month-old cells obtained from low efficiency differentiations (bottom 466 
panels, Video 2), showing iPSC-CMs mixed with alpha-smooth muscle actin (αSMA)-positive cells. 467 
Interestingly, functional analysis demonstrated altered Ca2+ transients in the mixed iPSC-468 
CMs/non-CMs preparation compared to the iPSC-CMs from the high efficiency differentiation. In 469 
particular, the cells obtained from low efficiency differentiations exhibited very small Ca2+ 470 
amplitude and automaticity (Figure 4B, middle panel) compared to pure iPSC-CMs (Figure 4B, 471 
top panel) and ARVCs (Figure 4B, bottom panel). In addition, cells from low efficiency 472 
differentiations presented arrhythmic patterns (Figure 4C). 473 
 474 
It is important to note that the iPSC-CMs shown in the top panel of Figure 4A also underwent 475 
metabolic selection, which is an important step to further enrich a population of iPSC-CMs that 476 
is already derived from a highly efficient differentiation. These data indicate that high efficiency 477 
cardiac differentiation protocols that generate high-quality CMs are necessary to accurately 478 
recapitulate a cardiac phenotype in vitro. 479 
 480 
Figure 5 shows the Ca2+ amplitude variability throughout different areas of the CMs monolayer, 481 
plotted over a time course of 1,200 s. The Ca2+ amplitudes measured at the beginning of a 482 
stimulation frequency of 1 Hz (200 s) were highly variable and became more consistent as the 483 
stimulation continued (200−900 s). However, after a time period of 900 s the Ca2+ amplitude was 484 



considerably reduced. These data indicate that, when recording Ca2+ transients in iPSC-CMs, it is 485 
necessary to let the cells stabilize at 37 °C under constant stimulation for at least 200 s. 486 
Additionally, recordings have to be restricted to a specific time window (200−900 s) to ensure 487 
reproducible results. 488 
 489 
FIGURE AND TABLE LEGENDS: 490 
Figure 1: Overall schematic of iPCS-CMs preparation and Ca2+ transient instruments. (A) 491 
Schematic of cardiac differentiation protocol showing the developmental stages of 492 
differentiating iPSCs. Scale bar = 50 μm. (B) The calcium and contractility acquisition and analysis 493 
system. a) Peristalitic pump b) Inverted microscope c) Power source for the digital camera d) 494 
Electrical stimulator e) Fluorescence system interface f) Filter wheel controller (C) System 495 
chamber. a) System chamber body. b) Fluid inlet. c) Fluid outlet. d) Fluidic inline solution heater. 496 
f) Electrodes connecting the system chamber to the electrical stimulator. 497 
 498 
Figure 2: Comparison of MLC2A and MLC2V expression in iPSC-CMs at different days of 499 
differentiation. (A) Immunofluorescence staining of iPSC-CMs at day 30, 60, and 90 after 500 
differentiation induction for MLC2A and MLC2V. Scale bar = 20 μm. (B) Flow cytometry analysis 501 
of iPSC-CMs for MLC2V and MLC2A at 1 month and 3 months post differentiation.  502 
 503 
Figure 3: Comparison of iPSC-CMs properties at different days of differentiation. (A) 504 
Representative Ca2+ transient traces at different days of differentiation. (B-C) Average Ca2+ 505 
amplitude and Ca2+ decay elicited during stimulation at 1 Hz. (D-F) Effect of isoproterenol (ISO, 506 
10 nM) treatment in iPSC-CMs at different days of differentiation. ARCMs indicate isolated rat 507 
adult cardiomyocytes. N = 70−100 areas; *p < 0.05; ***p < 0.001, as determined by Student’s t-508 
test. Data are represented as Mean ± S.E.M.  509 
 510 
Figure 4: Comparison between high efficiency and low efficiency differentiations of iPSC-CMs. 511 
(A) Immunofluorescence staining of iPSC-CMs for αSMA and MLC2V. Scale bar = 20 μm. (B) 512 
Representative traces showing Ca2+ transients from high efficiency (above) and low efficiency 513 
(middle) differentiations, and isolated rat adult cardiomyocytes (below). The myocytes were 514 
stimulated at 0.5 Hz, 1 Hz, 1.5 Hz, 2 Hz, and 3 Hz. (C) Representative trace showing an arrhythmic 515 
pattern from a bad differentiation. Arrows indicate point pacing. ARCMs indicates isolated rat 516 
adult cardiomyocytes. 517 
 518 
Figure 5: Time-dependent Ca2+ amplitude from a single coverslip. Ca2+ amplitudes from different 519 
areas in a coverslip were plotted in a time-dependent manner. Non-recommended time periods 520 
to measure Ca2+ transient are indicated in the dashed areas (<200 s or >900 s). 521 
 522 
Video 1: Representative video showing an example of a high efficiency differentiation.  523 
 524 
Video 2: Representative video showing an example of a low efficiency differentiation.  525 
 526 
Video 3: Representative video showing an example of a homogeneous monolayer distribution 527 
of iPSC-CMs on a glass coverslip. This video shows the recommended cell density to be used for 528 



functional analysis.  529 
 530 
Video 4: Representative video showing an example of cells from a low efficiency differentiation 531 
plated onto a glass coverslip. The cells in the video were obtained from a low efficiency 532 
differentiation. Cells from such differentiations are usually not distributed homogeneously across 533 
the coverslip and it is difficult to consistently find beating cells. 534 
 535 
DISCUSSION: 536 
Critical steps for using human iPSC-CMs as experimental models are: 1) generating high-quality 537 
cardiomyocytes (CMs) that can ensure the consistent performance and reproducible results; 2) 538 
allowing the cells to mature in culture for at least 90 days to adequately assess their phenotype; 539 
3) performing electrophysiological studies, e.g. calcium (Ca2+ ) transient measurements, to 540 
provide a physiologically relevant functional characterization of human iPSC-CMs. We developed 541 
a monolayer-based differentiation method that produces high-quality ventricular-like iPSC-CMs. 542 
Our method relies on several crucial factors and is a variant of existing protocols14,18. Unlike other 543 
protocols, this one uses low oxygen conditions (5% O2) for iPSCs maintenance as well as during 544 
the first week of their differentiation into CMs. Low levels of oxygen mimic the environmental 545 
condition during embryonic and fetal heart development19. Hypoxic conditions have also been 546 
shown to increase iPSCs proliferation and their subsequent differentiation to CMs20. Seeding 547 
density and proper iPSCs passaging are also critical factors for a successful cardiac differentiation. 548 
High differentiation efficiency is observed when 70−80% confluent iPSCs are dissociated into 549 
small cell aggregates using an enzyme-free solution, and seeded at a split ratio of 1:6. Cardiac 550 
differentiation can be started when the cells reach a confluency of 70−80%, expected about 4 551 
days after splitting. CHIR99021 (10 μM) treatment at the beginning of the differentiation will 552 
cause significant cell death. However, cell proliferation is observed when CHIR99021 is removed 553 
from culture the following day. A correct balance between cell death and proliferation is essential 554 
for preserving a monolayer culture throughout the differentiation, which is another important 555 
factor for a successful differentiation. If the iPSC density is either too low or too high, the 556 
subsequent differentiation will be a low efficiency cardiac differentiation (Figure 4A, Video 2). 557 
Figure 4A shows such an example of a low efficiency differentiation, where the cardiomyocytes 558 
derived from a healthy donor are mixed with other cell types, such as α-smooth muscle actin-559 
positive cells. Importantly, Ca2+ transients recorded from such preparations showed altered 560 
characteristics, such as low Ca2+ amplitude and arrhythmic patterns, which could easily be 561 
misinterpreted as biological variation. A successful and high efficiency differentiation from the 562 
same cell line, instead, generated a pure population of ventricular-like cardiomyocytes (Figure 563 
4A, Video 1) along with regular Ca2+ transients (Figure 4B, top panel). Thus, the quality of the 564 
differentiation plays an important role in the overall magnitude, shape, regularity, and frequency 565 
of a Ca2+ transient.  566 
 567 
Another important aspect of a successful and efficient differentiation is obtaining an enriched 568 
population of cardiomyocytes. While undifferentiated stem cells and other iPSC-derived cell 569 
types use glucose as an energy source, CMs can use lactate efficiently for ATP and glutamate 570 
production21. Thus, in order to obtain an even purer population of CMs, the cells are cultured in 571 
lactate-supplemented and glucose-depleted culture medium. Culturing iPSC-CMs in this selecting 572 



media for a long time, however, may lead to functional impairment. Therefore, to purify iPSC-573 
CMs and still preserve their function, metabolic selection is performed only for 10 days, from 574 
days 80−90 since differentiation induction. After this period, the selection media is replaced, and 575 
the cells are maintained in RPMI/B27 media. While the selection protocol can be implemented 576 
much earlier22 (e.g., around day 15), it is advisable to wait until day 80, as doing so can prevent 577 
residual iPSCs or other cell types from proliferating by the time the cells are ready for functional 578 
studies (day 90). It is vital therefore, that for a successful, efficient, and robust cardiac 579 
differentiation, all of the above-mentioned factors are taken into consideration.  580 
 581 
In addition to the robustness and efficiency of cardiac differentiation protocols, maturation and 582 
cell type specification (e.g., atrial and ventricular cell types) also pose a major challenge for using 583 
iPSC-CMs to model cardiac disease. Over the last few years, many promising maturation 584 
strategies have been reported, including electrical stimulation, mechanical stretch, and substrate 585 
stiffness23. However, prolonged in vitro culture of iPSC-CMs continues to be a simple and practical 586 
approach to generate adult-like cardiomyocytes24,25.  587 
 588 
Consistent with other published reports12, iPSC-CMs generated by this in vitro differentiation 589 
protocol show robust expression of ventricle-specific MLC2V and much lower levels of MLC2A at 590 
day 90 (Figure 2A,B). While fetal CMs contain both MLC2A and MLC2V isoforms, adult ventricular 591 
CMs only contain MLC2V. This switch in MLC isoform prevalence occurs during the neonatal 592 
stage26. 593 
 594 
Cardiomyocytes generated through this protocol express ventricular specific marker, such as 595 
MLC2V, which progressively increases in abundance as the cells are kept in culture longer (Figure 596 
2A,B). This indicates that a prolonged in vitro culture enhances the maturation of CMs that 597 
appear to be committed to the ventricular phenotype. 598 
 599 
Time in culture also greatly affects Ca2+ handling maturation24, 25. Previous reports described that 600 
after 20 days of the differentiation induction, there were no major changes in the calc Ca2+ 601 
transients as the cells grew older25. However, the cardiomyocytes generated from the protocol 602 
detailed here show progressive changes in Ca2+ amplitude and Ca2+ decay over the three time 603 
points evaluated (30, 60, and 90 days after induction of cardiac differentiation) (Figure 3A-C). 604 
Interestingly, these data show that Ca2+ transient parameters, such as Ca2+ amplitude and Ca2+ 605 
decay, measured in day 90 iPSC-CMs were similar to those measured in isolated rat adult 606 
cardiomyocytes (ARCMs). Moreover, the 90 days old iPSC-CMs were also able to follow various 607 
electrical stimulations ranging from 0.5 Hz to 3 Hz consistently, similar to ARCMs (Figure 4B). In 608 
future work, it would be interesting to see how an even longer time in culture affects the 609 
functional characteristics of these iPSC-CMs as compared to ARCMs. 610 
 611 
Additionally, since β-adrenergic receptor signaling shows a distinct time-dependent maturational 612 
pattern after cardiac induction27, the effect of isoproterenol on Ca2+ transient in iPSC-CMs 613 
generated through this protocol was tested. Stimulation with isoproterenol led to a positive 614 
lusitropic response in day 90 iPSC-CMs, similar to what is observed in ARCMs (Figure 3 D-F). 615 
 616 



The functional assessments of iPSC-CMs performed in this study have some differences and 617 
limitations as compared to isolated adult CMs. The adult CMs have well-developed and well-618 
arranged sarcomeres. This allows for contractility measurements through detection of sarcomere 619 
movement. Because none of the current protocols generate fully matured, adult-like iPSC-CMs, 620 
contractility measurements through sarcomere detection are not feasible. While it is possible to 621 
detect the movement of the cell edges when the cell contracts, it is significantly more challenging 622 
to track those movements in a precise manner in iPSC-CMs. As of now, technological 623 
advancements are needed to allow for accurate assessments of contractility in these cells. On 624 
the other hand, it is possible to measure Ca2+ transients of iPSC-CMs using a Ca2+ indicator like 625 
Fura-2. Unlike adult CMs, however, iPSC-CMs are clustered and do not have a well-defined 626 
border. Therefore, the recorded Ca2+ transients usually do not represent a single cell, but rather 627 
a group of cells in a specific area. While it is possible to adjust the area size, recording Ca2+ 628 
transients from a single cell is incredibly challenging. It is critical that when CMs are plated onto 629 
the coverslips, the density is such that they achieve a homogenous monolayer distribution (Video 630 
3), which allows for consistently finding areas with cells. If the cells are not distributed as a 631 
monolayer on the coverslip (Video 4), there will be areas without cells, and if the coverslip is 632 
screened specifically for areas with beating cells to perform the measurements, this can lead to 633 
a “selection bias”. Instead of selecting a specific area of beating cells, it is recommended to collect 634 
data from multiple areas throughout the coverslip, which is only possible when the cells are 635 
distributed as a homogenous monolayer. Measurements from 100 such different areas, which 636 
take about 10 min, are sufficient to provide reliable functional properties of the cells. Lastly, as 637 
shown in Figure 5, iPSC-CMs need time to adjust to the measurement conditions. For reliable 638 
measurements, it is recommended that the cells should be stabilized at the measurement 639 
conditions for at least 3 min. 640 
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Name of Reagent/ Equipment Company Catalog Number Comments/Description
Anti-Actin, α-Smooth Muscle antibody, Mouse 

monoclonal
Sigma Aldrich A5228

Alexa Fluor 488 goat anti mouse Invitrogen A11001

Alexa Fluor 555 goat anti rabbit Invitrogen A21428

B27 Supplement Gibco 17504-044

B27(-) insulin Supplement Gibco A18956-01

CHIR-99021 Selleckchem  S2924

DAPI nuclear stain ThermoFisher  D1306

DMEM/F12 (1:1) (1X) + L- Glutamine + 15mM Hepes Gibco 11330-032

Double Ended Cell lifter, Flat blade and J-Hook Celltreat 229306

Falcon Multiwell Tissue Culture Plate, 6 well Corning 353046

Fluidic inline heater Live Cell Instrument IL-H-10

Fura-2, AM Invitrogen F1221

hESC-qualified matrix Corning 354277 Matrigel Matrix 

hPSC media Gibco A33493-01 StemFlex Basal Medium 

IWR-1 Sigma Aldrich I0161

Live cell imaging chamber Live Cell Instrument EC-B25

MLC-2A, Monoclonal Mouse Antibody Synaptic Systems 311011

Myocyte calcium and contractility system Ionoptix ISW-400
Myosin Light Chain 2 Antibody, Rabbit Polyclonal 

(MLC2V)  
Proteintech 10906-1-AP

Nalgene Rapid Flow Sterile Disposable Filter units with 

PES Membrane
ThermoFisher 124-0045

PBS with Calcium and Magnesium Corning 21-030-CV

PBS without Calcium and Magensium Corning 21-031-CV

Premium Glass Cover Slips Lab Scientific 7807

RPMI medium 1640 (-) D-glucose (1X) Gibco 11879-020

RPMI medium 1640 (1X) Gibco 11875-093

Sodium L-lactate  Sigma Aldrich L7022

StemFlex Supplement Gibco A33492-01

Thiazovivin Tocris 3845

Trypsin-EDTA (0.25%) ThermoFisher 25200056
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Title of Article: 

Author(s): 

 
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. 

Jae Gyun Oh, Jaydev Dave, Changwon Kho, Francesca Stillitano 

Generation of Ventricular-like hiPSC-derived Cardiomyocytes and High-
quality Cell Preparations for Calcium Handling Characterization 

Author License Agreement (ALA) Click here to access/download;Author License Agreement
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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. 

 

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission. 

 

CORRESPONDING AUTHOR 

`Name: 

Department: 

Institution: 

Title: 

 
Signature:  Date: 4/12/19 

 
Please submit a signed and dated copy of this license by one of the following three methods: 

1. Upload an electronic version on the JoVE submission site 

2. Fax the document to +1.866.381.2236 

3. Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02140 

Francesca Stillitano 

Cardiovascular Research Center 

Icahn School of Medicine at Mount Sinai 

Assistant Professor 
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We would like to thank the editor for the detailed comments on our manuscript. The manuscript has 
been carefully revised according to the editor’s concerns. Please find a point-by-point response to the 
editor’s comments below: 
 
Editorial comments:  

1. Please note that the editor has formatted the manuscript to match the journal's style. Please 
retain the same. The updated manuscript is attached and please use this version to 
incorporate the changes that are requested. 
We thank the editor for the formatting and we have retained that style throughout this new 
manuscript. 
 

2. Please revise lines 419-426 (i.e., steps 11.5.2-11.5.4) to avoid previously published text. 
We thank the editor for pointing this out. We have modified the lines to avoid overlap with 
previously published text.  
 

3. Please organize the sections/steps properly so that the protocol can be followed in 
chronological order. 
We thank the editor for this suggestion. We have now re-organized the protocol to make it 
follow a chronological order.  
 

4. Please address specific comments marked in the attached manuscript. Please turn on Track 
Changes to keep track of the changes you make to the manuscript. 
We thank the editor for the comments. We have addressed each of them by making the 
recommended changes in the manuscript.  
 

5. After you have made all the recommended changes to your protocol section (listed above), 
please highlight in yellow up to 2.75 pages (no less than 1 page) of protocol text (including 
headers and spacing) to be featured in the video. Bear in mind the goal of the protocol and 
highlight the critical steps to be filmed. Our scriptwriters will derive the video script directly from 
the highlighted text. 

6. Please highlight complete sentences (not parts of sentences). Please ensure that the 
highlighted steps form a cohesive narrative with a logical flow from one highlighted step to the 
next. The highlighted text must include at least one action that is written in the imperative voice 
per step. Notes cannot usually be filmed and should be excluded from the highlighting. 

7. Please include all relevant details that are required to perform the step in the highlighting. For 
example: If step 2.5 is highlighted for filming and the details of how to perform the step are 
given in steps 2.5.1 and 2.5.2, then the sub-steps where the details are provided must be 
highlighted. 

8. When reviewing the highlighting length for the protocol, please watch out for repeated steps. 
Please ensure that the repeated step has been highlighted previously. 
5-8: We thank the editor for these suggestions. We have highlighted the protocol and have 
carefully reviewed it to make it appropriate for filming. 
 

9. Each reference cited in text must appear in the reference list, and each entry in the reference 
list must be cited in text. 
We thank the editor for pointing this out. We have now modified the manuscript to ensure that 
each of the references are listed in the reference list.  
 

10. Figure 1: Please include a space between all numbers and the corresponding unit (2 µM, 10 
µM, 5 µM). 

11. Figure 4 and Figure 5: Please change the time unit “sec” to “s”. 

Rebuttal Letter (R) Click here to access/download;Rebuttal Letter;Rebuttal Letter
(R2).docx
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10-11: We thank the editor for these recommendations. We have now implemented these 
changes in the figures.  


