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SUMMARY:  22 
The overall goal of this article is to standardize the protocol for the isolation, characterization, 23 
and differentiation of cardiac stem cells (CSCs) from the adult mouse heart. Here, we describe a 24 
density gradient centrifugation method to isolate murine CSCs and elaborated methods for CSC 25 
culture, proliferation, and differentiation into cardiomyocytes.  26 
 27 
ABSTRACT: 28 
Myocardial infarction (MI) is a leading cause of morbidity and mortality around the world. A 29 
major goal of regenerative medicine is to replenish the dead myocardium after MI. Although 30 
several strategies have been used to regenerate myocardium, stem cell therapy remains a major 31 
approach to replenish the dead myocardium of an MI heart. Accumulating evidence suggests the 32 
presence of resident cardiac stem cells (CSCs) in the adult heart and their endocrine and/or 33 
paracrine effects on cardiac regeneration. However, CSC isolation and their characterization and 34 
differentiation toward myocardial cells, especially cardiomyocytes, remains a technical 35 
challenge. In the present study, we provided a simple method for the isolation, characterization, 36 
and differentiation of CSCs from the adult mouse heart. Here, we describe a density gradient 37 
method for the isolation of CSCs, where the heart is digested by a 0.2% collagenase II solution. 38 
To characterize the isolated CSCs, we evaluate the expression of CSCs/cardiac markers Sca-1, 39 
NKX2-5, and GATA4, and pluripotency/stemness markers OCT4, SOX2, and Nanog. We also 40 
determine the proliferation potential of isolated CSCs by culturing them in a Petri dish and 41 
assessing the expression of the proliferation marker Ki-67. For evaluating the differentiation 42 
potential of CSCs, we select seven- to ten-days cultured CSCs. We transfer them to a new plate 43 
with a cardiomyocyte differentiation medium. They are incubated in a cell culture incubator for 44 
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12 days, while the differentiation medium is changed every three days. The differentiated CSCs 45 
express cardiomyocyte-specific markers: actinin and troponin I. Thus, CSCs isolated with this 46 
protocol have stemness and cardiac markers, and they have a potential for proliferation and 47 
differentiation toward cardiomyocyte lineage.  48 
 49 
INTRODUCTION 50 
Ischemic heart disease, including myocardial infarction (MI), is a major cause of death around the 51 
world1. Stem cell therapy for regenerating dead myocardium remains a major approach to 52 
improve the cardiac function of an MI heart2-5. Different types of stem cells have been used to 53 
replenish dead myocardium and to improve the cardiac function of an MI heart. They can be 54 
broadly categorized into embryonic stem cells6 and adult stem cells. In adult stem cells, various 55 
types of stem cells have been used, such as bone marrow-derived mononuclear cells7,8, 56 
mesenchymal stem cells derived from bone marrow9,10, adipose tissue11,12, and umbilical cord13, 57 
and CSCs14,15. Stem cells can promote cardiac regeneration through endocrine and/or paracrine 58 
actions16-20. However, a major limitation of stem cell therapy is obtaining an adequate number 59 
of stem cells that can proliferate and/or differentiate toward a specific cardiac lineage21,22. 60 
Autologous and allogenic transplantation of stem cells is an important challenge in stem cell 61 
therapy9. CSCs could be a better approach for cardiac regeneration because they are derived 62 
from the heart and they can be more easily differentiated into cardiac lineages than non-cardiac 63 
stem cells. Thus, it reduces the risk of teratoma. In addition, the endocrine and paracrine effects 64 
of CSCs, such as exosomes and miRNAs derived from the CSCs, could be more effective than other 65 
types of stem cells. Thus, CSCs remains a better option for cardiac regeneration 23,24.  66 
 67 
Although CSCs are a better candidate for cardiac regeneration in an MI heart due to their cardiac 68 
origin, a major limitation with CSCs is less yield due to the lack of an efficient isolation method. 69 
Another limitation could be the impaired differentiation of CSCs toward cardiomyocytes 70 
lineage2,25-27. To circumvent these limitations, it is important to develop an efficient protocol for 71 
CSC isolation, characterization, and differentiation toward cardiac lineage. There is no single 72 
acceptable marker for CSCs and a specific cell-surface marker-based isolation of CSCs yields less 73 
CSCs. Here, we standardize a simple gradient centrifugation approach to isolate CSCs from the 74 
mouse heart that is cost-effective and results in an increased yield of CSCs. These isolated CSCs 75 
can be selected for specific cell-surface markers by flow-assisted cell shorting. In addition to CSC 76 
isolation, we provide a protocol for CSC culture, characterization, and differentiation toward 77 
cardiomyocyte lineage. Thus, we present an elegant method to isolate, characterize, culture, and 78 
differentiate CSCs from adult mouse hearts (Figure 5). 79 
 80 
PROTOCOL: 81 
The housing, anesthesia, and sacrifice of mice were performed following the approved IACUC 82 
protocol of the University of Nebraska Medical Center. 83 
 84 
1. Materials 85 
 86 
1.1. Use 10- to 12-week-old C57BL/6J black male mice, kept in-house at the institutional animal 87 
facility, for the isolation of CSCs. CSCs can also be isolated from non-pregnant female mice.  88 



  

 89 
1.2. Sterilize all the necessary surgical instruments, including surgical scissors, fine surgical 90 
scissors, curved shank forceps, and a surgical blade, by autoclaving them before the euthanasia 91 
of the mouse. 92 
 93 
1.3. Prepare CSC isolation buffers in a sterilized condition and store them at 4 °C on ice. These 94 
buffers include polysucrose and a sodium diatrizoate solution adjusted to a density of 1.077 g/mL, 95 
incomplete Dulbecco’s modified Eagle’s Medium, 1x Ham’s balanced salt solution (HBSS), and 96 
cell culture-grade 1x phosphate-buffered saline (PBS). Prepare a 1% collagenase II stock solution 97 
(filtered and sterilized) and a 0.2% working solution in HBSS.  98 
 99 
1.4. Keep the tissue culture materials in the sterilized condition in the biosafety cabinet, including 100 
a 10-mm Petri dish, a 6-well plate, a 24-well plate, T-25 and T-75 culture flasks, 15-mL and 50-mL 101 
conical tubes, and disposable serological pipettes with 40-µm and 100-µm cell strainers with 102 
0.22-µm filters. 103 
 104 
1.5. Sterilize the 10-µL, 200-µL, and 1,000-µL pipette tips by autoclave. 105 
 106 
1.6. Use powder-free nitrile gloves and 70% ethanol to maintain a sterile condition throughout 107 
the experiment. 108 
 109 
1.7. Use 10% bleach as a disinfectant. 110 
 111 
1.8. Use commercially available CSC maintenance medium and cardiomyocytes differentiation 112 
medium for the culture and differentiation of CSCs, respectively.  113 

 114 
2. Isolation Method of Cardiac Stem Cells 115 

 116 
2.1. Euthanize four to five adult male (or non-pregnant female) mice using a CO2 chamber. Fix 117 
each mouse’s arms on a separate dissection cardboard with pins or sticky tapes.  118 
 119 
2.2. Spray 70% ethanol on the mouse to get rid of outside germs and maintain the sterilized 120 
condition during the harvesting of the heart. Make an incision with scissors in the middle of the 121 
abdomen and cut the skin from the abdomen up to the thorax in a straight line. Remove the skin 122 
from both sides of the middle cut to clear the abdominal area of skin and hairs. Using scissors 123 
and tweezers, cut the diaphragm below the ribcage.  124 
 125 
2.3. Open the thoracic cavity of the mouse by cutting the ribcage inside the hood. Expose the 126 
heart and remove the blood near the heart. Wash the surrounding area of the heart with ice-cold 127 
PBS to get rid of any blood in the vicinity of the heart. 128 
 129 
2.4. Dissect the heart using surgical scissors and tweezers. Place the heart in a 100-mm Petri dish 130 
containing 10 mL of ice-cold PBS. 131 
 132 



  

2.5. Palpitate the heart using curved shank forceps and remove the residual blood inside the 133 
heart. 134 
 135 
2.6. Use the whole heart for the isolation of CSCs. 136 
 137 
2.7. Transfer all four or five whole hearts to a 50-mL conical tube containing 10 mL of ice-cold 138 
HBSS. Keep the tube on ice until further processing. 139 
 140 
2.8. Wipe inside and outside of a biosafety cabinet with 70% ethanol to create a sterilized 141 
environment. Sterilize the heart-containing tube and other required materials with 70% ethanol. 142 
Place the heart-containing tube into the biosafety cabinet for further processing.  143 
 144 
2.9. Transfer the hearts to a 100-mm Petri dish containing 10 mL of ice-cold HBSS. Wash the 145 
hearts again by palpating to remove any residual blood inside the heart. Change the HBSS 146 
solution after each wash to ensure the complete removal of the blood. 147 
 148 
2.10. Cut the hearts into small pieces using fine surgical scissors or a surgical blade in a 100-mm 149 
Petri dish containing 5 - 7 mL of HBSS solution. Hold each heart with a pair of forceps and use a 150 
pair of surgical fine scissors or a surgical blade to cut the heart into 2- to 4-mm pieces. Change 151 
the HBSS solution frequently to ensure blood-free HBSS. Mince the hearts in the HBSS solution.  152 
 153 
2.11. Centrifuge the minced tissue at 500 x g at 4 °C for 5 min. Discard the supernatant and keep 154 
the pellet. 155 
 156 
2.12. Resuspend the pellet in 5 - 6 mL of 0.2% collagenase II solution in a 50-mL conical tube. The 157 
volume of collagenase solution should be almost 1.5- to 2-fold to the volume of the pellet.  158 
 159 
Note: For the digestion of tissue, 0.2% collagenase I and 2.5 U/mL dispase solution can replace 160 
0.2% collagenase II. Use an almost equal volume of dispase solution to the collagenase I solution. 161 
 162 
2.13. Thoroughly mix the pellet with 0.2% collagenase II solution by agitating the tube or by 163 
rocking the tube on a shaker at 75 x g for 60 - 90 min at 37 °C. Shake the tube vigorously by hand 164 
after every 20 - 30 min to enhance the lysis. 165 
 166 
2.14. Triturate the lysed tissue mix using a 1-mL pipette tip to dissociate the tissue lump into 167 
the single-cell suspension. 168 

 169 
Note: To get the maximum recovery of the CSCs, triturate the lysis mix for at least 5 min. If the 170 
tissue lumps are relatively big, cut the tip of a 1-mL pipette tip with scissors or a surgical blade 171 
and use it for trituration. 172 
 173 
2.15. Stop the enzymatic lysis of the tissue by adding commercially available CSC maintenance 174 
medium. Add almost 2 - 3x as much maintenance medium as the volume of the lysed tissue in 175 
step 2.14. 176 



  

 177 
2.16. Pass the digested cell suspension through a 100-µm cell strainer to remove any 178 
undigested tissue pieces. 179 
 180 
2.17. Repeat step 2.16 using a 40-µm cell strainer. 181 
 182 
2.18. Separate the cells through density gradient centrifugation. For the separation of cells, 183 
gently overlay an equal volume of the filtrate over polysucrose and sodium diatrizoate 184 
solution. For example, first, add 20 mL of polysucrose and sodium diatrizoate solution in a 50-185 
mL conical tube and then, add 20 mL of filtrate from step 2.17 over the polysucrose and 186 
sodium diatrizoate solution. 187 
 188 
2.18.1. Prewarm the polysucrose and sodium diatrizoate solution at 37 °C before use with the 189 
cells. Add the filtrate from step 2.17 over the polysucrose and sodium diatrizoate solution very 190 
carefully and slowly to avoid any mixing of the two solutions. This is considered to be a crucial 191 
step. 192 
 193 
2.19. Centrifuge the tube containing both solutions at 500 x g for 20 min at room temperature 194 
using a swing bucket centrifuge. Set the centrifuge at a lower acceleration and deceleration 195 
speed to avoid mixing the two solutions and for proper separation of the CSCs. This is an 196 
important step in CSC isolation. Put the tube containing the gradient mixture very slowly 197 
without disturbance inside the centrifuge and set it for centrifugation. 198 
 199 
2.20. Take out the buffy coat along with extra solution from the upper layer using either a 1-200 
mL pipette or a plastic Pasteur pipette in a 15-mL sterilized tube. This buffy layer will contain 201 
the CSCs.  202 
 203 
Note: Take extra precaution during the pipetting of the buffy coat not to take out the 204 
polysucrose and sodium diatrizoate solution layer because it is toxic to CSCs. 205 
 206 
2.21. Add an equal volume of CSC maintenance medium to the cell suspension from step 2.20 207 
and mix it properly to neutralize the residual polysucrose and sodium diatrizoate solution, if 208 
present. 209 
 210 
2.22. Centrifuge the above cell suspension at 500 x g for 5 min at 4 °C. Discard the supernatant.  211 
 212 
2.23. Resuspend the pellet in 7 - 10 mL of incomplete DMEM medium and centrifuge it at 500 213 
x g for 5 min at 4 °C to get rid of any residual polysucrose and sodium diatrizoate solution. 214 
 215 
2.24. Collect the pellet, which contains the purified CSCs. 216 
 217 
2.25. Resuspend the pellet in 1 mL of CSC maintenance medium, count the CSC number, and 218 
use the pellet for culture. To count the CSC number, use Trypan blue staining and a 219 
hemocytometer. With four male mice hearts, the yield of CSCs is ~1.8 million. 220 



  

 221 
2.26. Seed the CSCs in a 6-well culture plate coated with a 0.02% gelatin solution containing 222 
0.5% fibronectin. Use 2 mL of complete maintenance medium for seeding. Incubate the 223 
culture plate in an incubator at 37 °C with 5% CO2.  224 
 225 
2.27. Replace the medium of culture CSCs with complete CSC maintenance medium every day 226 
until the third day. After that, change the medium on alternate days. 227 
 228 
2.28. Determine the growth of the CSCs by observing them under a microscope. 229 
 230 
3. Culture Maintenance and Passage of Cardiac Stem Cells  231 

 232 
3.1. Culture the isolated CSCs in a commercially available maintenance medium. Replace the 233 
culture medium with fresh maintenance medium on alternate days. When the CSC culture has 234 
reached confluency, transfer the CSCs to a new plate coated with gelatin and fibronectin, as 235 
mentioned in step 2.26. Detach the cultured CSCs by enzymatic cell dissociation buffer. Follow 236 
the standard protocol of cell dissociation from the culture plate. At this stage, CSCs are 237 
considered at passage 0 (P0) stage. 238 
 239 
3.2. Culture P0 CSCs in a new gelatin and fibronectin-coated plate in complete CSC maintenance 240 
medium at 37 °C in a 5% CO2 incubator, allow them to be confluent, and then follow step 3.1 to 241 
get passage 1 (P1) CSCs. Store P1 CSCs in liquid nitrogen or use them for experiments. 242 
 243 
3.3. Seed 0.5 million cells in a 6-well plate or 1 million cells in T-25 to maintain the CSC culture at 244 
its initial stage. 245 
 246 
3.4. Passage the CSCs when they become 85% - 90% confluent. CSCs can be cultured in the 247 
maintenance medium up to four to six weeks. 248 
 249 
Note: Keep the initial seeding density of the CSCs relatively high (40% - 50%) because, at a lower 250 
seeding density, the CSCs may change their morphology to flat and elongated.  251 

 252 
4. Characterization of Cardiac Stem Cells 253 

 254 
4.1. To characterize the cultured CSCs, observe them under a phage-contrast or a bright-field 255 
microscope. Place the CSC-containing plate on the objective of a fluorescent microscope. Set the 256 
magnification fairly low (10X) to focus the cells. Use phase-contrast aperture to observe the cells. 257 
Increase the magnification to 20X by changing the objective lens and image the CSCs. Increase 258 
the objective to 40X and image the CSCs. In two days, the CSCs appear almost round in shape, 259 
but the size of the cell increases with time, and in seven days, the CSCs appear almost cylindrical 260 
in shape (Figures 1A - 1C).  261 
 262 
4.2. Perform immunostaining of the CSCs with markers of pluripotency/stemness (OCT4, SOX2, 263 
or Nanog), proliferation (Ki-67) (Figures 2A - 2D), and cardiac origin/progenitor cells (Sca-1, NKX2-264 



  

5, or GATA4) (Figures 3A - 3C). 265 
 266 
4.2.1. For the immunostaining of the CSCs, seed 10,000 CSCs in a 24-well culture plate. 267 

 268 
4.2.2. The next day (after 18 - 24 h), fix the CSCs in 300 µL of 4% paraformaldehyde for 10 min. 269 
 270 
4.2.3. Wash the CSCs with 500 µL of ice-cold PBS, 3x with 5-min intervals. 271 
 272 
4.2.4. Permeabilize the CSCs with 300 µL of 0.2% Triton X-100 diluted in PBS for 10 min. 273 
 274 
4.2.5. Wash the CSCs with 500 µL of ice-cold PBS, 3x with 5-min intervals. 275 
 276 
4.2.6. Perform the blocking of the CSCs with 300 µL of 1% BSA diluted in PBST (PBS + 0.1% Tween 277 
20) or 300 µL of 10% normal chicken serum diluted in PBST for 1 h. 278 
 279 
4.2.7. Incubate the CSCs in 200 µL of primary antibody diluted in blocking solution overnight at 4 280 
°C. Dilute the primary antibody as recommended by the datasheet of antibodies or as per 281 
standardization. 282 
 283 
4.2.8. Wash the CSCs with 500 µL of ice-cold PBS, 3x with 5-min intervals. 284 
 285 
4.2.9. Incubate the CSCs in 200 µL of secondary antibody diluted in blocking solution (see step 286 
4.2.6) for 1 h at room temperature. Dilute the secondary antibody as recommended by the 287 
datasheet of antibodies or as per standardization. 288 
 289 
4.2.10. Wash the CSCs with 500 µL of ice-cold PBS, 3x with 5-min intervals. 290 
 291 
4.2.11. Counterstain the CSCs with 200 µL of DAPI (1 µg/mL) diluted in PBS for 5 min.  292 
 293 
4.2.12. Wash the CSCs 1x with 500 µL of ice-cold PBS. Then, add 300 µL of ice-cold PBS in each 294 
well. 295 
 296 
4.2.13. Perform imaging using a fluorescence microscope. Follow the instructions of fluorescent 297 
imaging, such as to avoid direct light on the plate. Keep the culture plate under the microscope. 298 
Focus the cells at different magnifications. Observe the cells under phase-contrast and/or 299 
different excitation filters and save the images.  300 
 301 
4.2.14. Store the plate in the dark at 4 °C. 302 
 303 
5. Differentiation of Cardiac Stem Cells into Cardiomyocyte 304 

 305 
5.1. For the differentiation of CSCs, seed 500,000 CSCs in a 6-well plate with 200 µL of prewarm 306 
(37 °C) commercially available CSC maintenance medium. 307 
 308 



  

5.2. Incubate the plate containing the CSCs in a CO2 incubator at 37 °C. Allow the CSCs to attach 309 
and proliferate until sub-confluent growth. If the medium turns yellow, replace the culture 310 
medium with fresh maintenance medium. 311 
 312 
5.3. At 85% - 90% confluency, replace the maintenance medium with 2 mL of prewarm (37 °C) 313 
cardiomyocytes differentiation medium. Incubate the plate in a CO2 incubator at 37 °C for up to 314 
2 - 3 weeks. 315 
 316 
5.4. Change the differentiation medium every 2 - 3 d. Observe the CSCs’ morphology under a 317 
microscope every time during the medium change to ensure the good culture conditions. 318 
 319 
5.5. After 12 d of CSC culture in differentiation medium, image the CSCs for differentiation 320 
markers following a standard immunostaining protocol (see steps 4.2.1 - 4.2.14). Save the 321 
fluorescent images for the expression of cardiomyocytes markers (Figures 4A - 4B). 322 
 323 

REPRESENTATIVE RESULTS: 324 
In the present study, we isolated CSCs from 10- to 12-week-old C57BL/6J male mice hearts. Here, 325 
we have presented a simple method for CSC isolation and characterization using markers of 326 
pluripotency. We also presented an elegant method for CSC differentiation and the 327 
characterization of CSCs that differentiated toward cardiomyocytes lineage. We observed a 328 
spindle shape morphology of 2- to 3-days-cultured CSCs under a phase-contrast microscope 329 
(Figures 1A and 1B). We found a change in the morphology of CSCs at 7 days of culture in 330 
maintenance medium, during which time the stem cells become elongated (Figure 1C). We 331 
characterized CSCs for markers of pluripotency and found that they express OCT4, SOX2, and 332 
Nanog (Figures 2A - 2C). We also found that CSCs proliferate in culture medium and express the 333 
proliferation marker Ki-67 (Figure 2D). To characterize the cardiac origin of CSCs, we determined 334 
the expression of cardiac markers Sca-1, NKX2-5, and GATA4 in CSCs. We found an expression of 335 
cardiac markers in the cultured CSCs (Figures 3A - 3C). To determine the differentiation of CSCs 336 
toward cardiomyocyte lineage, we cultured CSCs in cardiomyocyte differentiation medium for 12 337 
days. After 12 days, we imaged the differentiated CSCs for the cardiomyocyte markers actinin 338 
and troponin I. We observed that cardiomyocyte markers were expressed in differentiated CSCs 339 
(Figures 4A - 4B). Overall, these results demonstrate that we successfully isolated CSCs from 340 
mouse heart and that these CSCs can proliferate and differentiate toward cardiomyocytes 341 
lineage. 342 
 343 
FIGURE LEGENDS: 344 
 345 
Figure 1: Morphology of cultured CSCs. These panels show phase-contrast imaging of cultured 346 
CSCs, namely representative CSCs after 2 days of culturing in maintenance medium at (A1) 20X 347 
and (A2) 40X objectives, representative CSCs after 3 days of culturing in maintenance medium at 348 
(B1) 20X and (B2) 40X objectives, and representative CSCs after 7 days of culturing in 349 
maintenance medium at (C1) 20X and (C2) 40X objectives. The scale bars are 100 µm for the 40X 350 
magnifications and 200 µm for the 20X magnifications. 351 
 352 



  

Figure 2: Characterization of CSCs for pluripotency markers. These panels show representative 353 
fluorescence imaging of cultured CSCs for markers of pluripotency (OCT4, SOX2, and Nanog) and 354 
proliferation (Ki-67). Panels A show expressions of OCT4 (green) and DAPI (blue) in CSCs at (A1) 355 
20X and (A2) 40X magnifications. Panels B show expressions of SOX2 (green) and DAPI (blue) in 356 
CSCs at (B1) 20X and (B2) 40X magnifications. Panels C show expressions of Nanog (green) and 357 
DAPI (blue) in CSCs at (C1) 20X and (C2) 40X magnifications. Panels D show expressions of Ki-67 358 
(red) and DAPI (blue) in CSCs at (D1) 20X and (D2) 40X magnifications. The scale bars are 100 µm 359 
for the 40X magnifications and 200 µm for the 20X magnifications. 360 
 361 
Figure 3: Characterization of CSCs for cardiac markers. These panels show representative 362 
fluorescence imaging of cultured CSCs for cardiac markers. Panels A show expressions of Sca-1 363 
(red) and DAPI (blue) in CSCs at (A1) 20X and (A2) 40X magnifications. Panels B show expressions 364 
of NKX2-5 (green) and DAPI (blue) in CSCs at (B1) 20X and (B2) 40X magnifications. Panels C show 365 
expressions of GATA4 (red) and DAPI (blue) in CSCs at (C1) 20X and (C2) 40X magnifications. The 366 
scale bars are 100 µm for the 40X magnifications and 200 µm for the 20X magnifications. 367 
 368 
Figure 4: Characterization of CSC differentiation toward cardiomyocyte lineage. These panels 369 
show representative phase-contrast and fluorescence imaging of 12-days differentiated CSCs. (A) 370 
This panel shows the expression of cardiomyocyte marker actinin in differentiated CSCs, with (a) 371 
a phase-contract image, (b) a fluorescence image of DAPI (staining nucleus), (c) a fluorescence 372 
image of actinin (green), and (d) a merged image of panels a - c. The magnifications are 40X. (B) 373 
This panel shows the expression of the cardiomyocyte marker troponin I in differentiated CSCs, 374 
with (a) a phase-contract image, (b) a fluorescence image of DAPI (staining nucleus), (c) a 375 
fluorescence image of troponin I (green), and (d) a merged image of panels a - c. The 376 
magnifications are 40X. The scale bars are 100 µm for the 40X magnifications and 200 µm for the 377 
20X magnifications. 378 
 379 
Figure 5: Schematic representation of the different steps of CSC isolation, culture, and 380 
differentiation. We used surgically removed hearts from four to five adult mice for the isolation 381 
of CSCs. The stepwise process of CSC isolation, culture, and differentiation toward 382 
cardiomyocytes lineages are presented.  383 
 384 
DISCUSSION: 385 
The critical steps of this CSC isolation protocol are as follows. 1) A sterilized condition must be 386 
maintained for extraction of the hearts from the mice. Any contamination during the heart 387 
extraction may compromise the quality of the CSCs. 2) The blood must be completely removed 388 
before mincing the heart, which is done by several washes of the whole heart and the heart 389 
pieces with HBSS solution. 3) The heart pieces must be completely lysed into a single-cell 390 
suspension with collagenase solution. 4) The polysucrose and sodium diatrizoate gradient 391 
solution for the separation of the cells must be prewarmed. 5) The medium for the CSC culture 392 
must be prewarmed. 6) The confluence of the CSCs during the seeding in a culture dish should 393 
be high because, in low confluency, CSCs may change their morphology. 7) The CSC number 394 
should be scored after the isolation from the heart and before the plating into a culture dish. The 395 
number of CSCs indicates the efficiency of the isolation from the heart. The counting of the CSCs 396 



  

is important for the seeding of the CSCs in the culture plate. 397 
 398 
We used adult mice to isolate CSCs, which has been used by other investigators in rodent 399 
models23,28. CSCs can be isolated from neonatal rodent hearts29,30 and even from the biopsy of a 400 
human heart31. The previously reported CSC isolation protocols have some limitations, such as 401 
less yield, a complex isolation procedure, a long duration for differentiation, and less 402 
cardiomyocyte differentiation potential32-34. The CSC isolation protocol presented here is simple: 403 
it takes less time and is cost-effective and more efficient in CSC yield. Moreover, the isolated CSCs 404 
are Sca-1+ve (a well-accepted marker for mouse CSCs) (Figures 1A1 - 3C2). For the differentiation 405 
of CSCs, other protocols need three to four weeks35,36. However, this protocol requires 12 days 406 
(Figures 4A - 4B). The gradient centrifugation-based CSC isolation presented here yields ~1.8 407 
million CSCs from four male mice hearts.  408 
 409 
Although the yield of CSCs is high, a limitation of this protocol is the uniformity and purity of the 410 
isolated CSCs. Because there is no single acceptable marker for CSCs, it is difficult to use a single-411 
cell-surface marker to select CSCs. However, CSCs isolated by this protocol can be used to obtain 412 
a uniform population of CSCs based on a specific marker or several markers of CSCs, using flow-413 
assisted cell shorting. Thus, this method of CSC isolation is cost-effective with a high yield and 414 
has the option to get a uniform CSC population based on specific cell-surface marker(s). 415 
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Name of Material/ Equipment Company Catalog Number

Mice The Jackson laboratory, USA Stock no. 000664

Antibodies:

OCT4- Abcam ab18976 (rabbit polyclonal)

SOX2 Abcam ab97959 (rabbit polyclonal)

Nanog Abcam ab80892 (rabbit polyclonal)

Ki67 Abcam ab16667 (rabbit polyclonal)

Sca I Millipore AB4336 (rabbit polyclonal)

NKX2-5 Santa Cruz sc-8697 (goat polyclonal)

GATA4 Abcam ab84593 (rabbit polyclonal)

MEF2C Santa Cruz sc-13268 (goat polyclonal)

Troponin I Millipore MAB1691 (mouse monoclonal)

Actinin Millipore  MAB1682 (mouse monoclonal)

ANP Millipore AB5490  (mouse polyclonal)

Alex Fluor-488 checken anti-rabbit Life technology Ref no. A21441

Alex Fluor-594 goat anti-rabbit Life technology Ref no. A11012

Alex Fluor-594 rabbit anti-goat Life technology Ref no. A11078

Alex Fluor-488 checken anti-mouse Life technology Ref no. A21200

Alex Fluor-594 checken anti-goat Life technology Ref no. A21468

Culture medium: 

CSC maintenance medium Millipore SCM101

cardiomyocytes differentiation medium Millipore SCM102

DMEM Sigma-Aldrich D5546

Cell Isolation buffer:
polysucrose and sodium diatrizoate 

solution (Histopaque1077) Sigma 10771

HBSS Gibco 2018-03

Collagenase I Sigma C0130
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Dispase solution STEMCELL Technologies 7913

PBS LONZA S1226
StemPro Accutase Cell Dissociation 

Reagent Thermoscientific A1110501

Other reagents:

BSA Sigma A7030

Normal checken serum Vector laboratory S3000

DAPI solution Applichem A100,0010

Trypan blue Biorad 145-0013

Trypsin Sigma T4049
StemPro Accutase Cell Dissociation 

Reagent Thermo Fisher Scientific
A1110501

Formaldehyde Sigma 158127

Triton X-100 ACROS Cas No. 900-293-1

Tween 20 Fisher Sceintific Lot No. 160170

Ethanol Thermo Scientific

Tissue culture materials:

100 mm petri dish Thermo Scientific

6-well plate Thermo Scientific

24-well plate Thermo Scientific

T-25 flask Thermo Scientific

T-75 flask Thermo Scientific

15 ml conical tube Thermo Scientific

50 mL conical tube Thermo Scientific

40 µm cell stainer Fisher Scientific 22363547

100 µm cell stainer Fisher Scientific 22363549

0.22 µm filter Fisher Scientific 09-719C

10 mL syring BD Ref no. 309604

10 µL, 200 µL, 1000 µL pipette tips Fisher Scientific 
5 mL, 10mL, 25 mL disposible plastic 

pipette Thermo Scientific



Instruments

Centrufuge machine Thermo Scientific LEGEND X1R centrifuge

EVOS microscope Life technology

Automated cell counter Biorad

Cell counting slide Biorad 145-0011

Pippte aid Thermo Scientific S1 pipet filler

Surgical Instruments:
Surgical scissors Fine Scientific Tool

Fine surgical scissors Fine Scientific Tool

Curve shank forceps Fine Scientific Tool

Surgical blade Fine Scientific Tool



Comments/Description

OCT4-Primary antibody- 1:100 dilution, Secondar antibody- 1:200 dilution, in blocking solution

SOX2-Primary antibody- 1:100 dilution, Secondar antibody- 1:200 dilution, in blocking solution

Nanog-Primary antibody- 1:100 dilution, Secondar antibody- 1:200 dilution, in blocking solution

Ki67-Primary antibody- 1:100 dilution, Secondar antibody- 1:200 dilution, in blocking solution

Sca I Primary antibody- 1:100 dilution, Secondar antibody- 1:200 dilution, in blocking solution

NKX2-5-Primary antibody- 1:50 dilution, Secondar antibody- 1:200 dilution, in blocking solution

GATA4-Primary antibody- 1:100 dilution, Secondar antibody- 1:200 dilution, in blocking solution

MEF2C-Primary antibody- 1:50 dilution, Secondar antibody- 1:200 dilution, in blocking solution

Troponin I-Primary antibody- 1:100 dilution, Secondar antibody- 1:200 dilution, in blocking solution

Actinin-Primary antibody- 1:100 dilution, Secondar antibody- 1:200 dilution, in blocking solution

ANP-Primary antibody- 1:100 dilution, Secondar antibody- 1:200 dilution, in blocking solution

Note: For CSC culture, PBS or incomplete DMEM medium was used for washing the cells



Dapi, working concentration-1 µg/mL
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Pointwise rebuttal to Editorial comments 

Dear Dr. Wu 

Please find below the pointwise rebuttal to editorial comments. 

Comment: The manuscript has been modified and the updated manuscript, 58448_R1.docx, is 

attached and located in your Editorial Manager account. Please use the updated version to 

make your revisions. 
Response: Thank you for your comments, We have revised the manuscript in the light of the 

editorial comments. The revised version with and without track changes is uploaded. We have 

also revised the Figures and excel file with Materials and Reagents, and uploaded it. 

 

Comment #1. Please take this opportunity to thoroughly proofread the manuscript to ensure that 

there are no spelling or grammar issues. 

Response: We have proof-read the manuscript for typos and grammatical errors. 

 

Comment #2. The Short Abstract is over the 50 word limit. 

Response: We have revised the short abstract and in the R2 manuscript, it is within the 50 word 

limit. 

 

 

Comment #3. JoVE cannot publish manuscripts containing commercial language. This includes 

company names of an instrument or reagent. Please remove all commercial language from your 

manuscript and use generic terms instead. All commercial products should be sufficiently 

referenced in the Table of Materials and Reagents. Examples of commercial language in your 

manuscript include histopaque, etc.  

Response: The revised R2 manuscript is without any commercial language. The commercial 

products are included in the Table of Materials and Reagents. 

 

Comment # 4. Please highlight complete sentences (not parts of sentences) for filming. 

Response: In the revised R2 manuscript, complete sentences are used. 

 

Comment # 5. Please define all abbreviations before use, e.g., PBS, etc. 

Response: It is included in the revised R2 manuscript. 

 

Comment # 6. Please use degree symbol instead of superscripted 0 for degree signal. 

Response: It is corrected throughout the R2 manuscript. 

 

Comment # 7. Step 1.1: Please write this step in imperative tense. 

Response: It is corrected in the R2 manuscript. 

 

Comment # 8. 2.3: How to open the thoracic cavity? Using what? How to remove blood? 

Response: It is included in the R2 manuscript. 
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Comment # 9. 2.15: What’s the composition of CSCs maintenance? 

Response: We used commercially available medium and in the revised R2 manuscript included 

it. 

 

Comment # 10. 3.2: What’s the condition of the culture? 

Response: In the revised R2 manuscript, we included the condition of culture. It is 37 ᵒC with 5% 

CO2. 

 

Comment # 11. 5.3: What’s the composition of cardiomyocytes differentiation medium? 

Response: We used commercially available medium and in the revised R2 manuscript included 

it. 

 

Comment # 12. Please do not abbreviate the journal titles for all references. 

Response: It is corrected in the R2 manuscript. 

 


