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SUMMARY:  36 
This protocol describes how to slice and culture heart tissue under physiological conditions for 6 37 
days. This culture system could be used as a platform for testing the efficacy of novel heart failure 38 
therapeutics as well as reliable testing of acute cardiotoxicity in a 3D heart model. 39 
 40 
ABSTRACT:  41 
Many novel drugs fail in clinical studies due to cardiotoxic side effects as the currently available 42 
in vitro assays and in vivo animal models poorly predict human cardiac liabilities, posing a multi-43 
billion-dollar burden on the pharmaceutical industry. Hence, there is a worldwide unmet medical 44 
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need for better approaches to identify drug cardiotoxicity before undertaking costly and time 45 
consuming ‘first in man’ trials. Currently, only immature cardiac cells (human induced pluripotent 46 
stem cell-derived cardiomyocytes [hiPSC-CMs]) are used to test therapeutic efficiency and drug 47 
toxicity as they are the only human cardiac cells that can be cultured for prolonged periods 48 
required to test drug efficacy and toxicity. However, a single cell type cannot replicate the 49 
phenotype of the complex 3D heart tissue which is formed of multiple cell types. Importantly, 50 
the effect of drugs needs to be tested on adult cardiomyocytes, which have different 51 
characteristics and toxicity responses compared to immature hiPSC-CMs. Culturing human heart 52 
slices is a promising model of intact human myocardium. This technology provides access to a 53 
complete multicellular system that mimics the human heart tissue and reflects the physiological 54 
or pathological conditions of the human myocardium. Recently, through optimization of the 55 
culture media components and the culture conditions to include continuous electrical 56 
stimulation at 1.2 Hz and intermittent oxygenation of the culture medium, we developed a new 57 
culture system setup that preserves viability and functionality of human and pig heart slices for 58 
6 days in culture. In the current protocol, we are detailing the method for slicing and culturing 59 
pig heart as an example. The same protocol is used to culture slices from human, dog, sheep, or 60 
cat hearts. This culture system has the potential to become a powerful predictive human in situ 61 
model for acute cardiotoxicity testing that closes the gap between preclinical and clinical testing 62 
results.  63 
 64 
INTRODUCTION:  65 
Drug induced cardiotoxicity is a major cause of market withdrawal1. In the last decade of the 20th 66 
century, eight non-cardiovascular drugs were withdrawn from the market as they resulted in 67 
sudden death due to ventricular arrhythmias2. In addition, several anti-cancer therapies (while in 68 
many cases effective) can lead to several cardiotoxic effects including cardiomyopathy and 69 
arrhythmias. For example, both traditional (e.g., anthracyclines and radiation) and targeted (e.g., 70 
trastuzumab) breast cancer therapies can result in cardiovascular complications in a subset of 71 
patients3. A close collaboration between cardiologists and oncologists (via the emerging field of 72 
“cardio-oncology) has helped make these complications manageable ensuring that patients can 73 
be treated effectively2. Less clear are the cardiovascular effects of newer agents, including Her2 74 
and PI3K inhibitors, especially when therapies are used in combination. Therefore, there is a 75 
growing need for reliable preclinical screening strategies for cardiovascular toxicities associated 76 
with emerging anti-cancer therapies prior to human clinical trials. The lack of availability of 77 
culture systems for human heart tissue that is functionally and structurally viable for more than 78 
24 h is a limiting factor for reliable cardiotoxicity testing. Therefore, there is an urgent need to 79 
develop a reliable system for culturing human heart tissue under physiologic conditions for 80 
testing drug toxicity.  81 
 82 
The recent move towards the use of human induced pluripotent stem cell-derived 83 
cardiomyocytes (hiPSC-CMs) in cardiotoxicity testing has provided a partial solution to address 84 
this issue; however, the immature nature of the hiPSC-CMs and the loss of tissue integrity 85 
compared to multicellular nature of the heart tissue are major limitations of this technology4. A 86 
recent study has partially overcome this limitation through fabrication of cardiac tissues from 87 
hiPSC-CMs on hydrogels and subjecting them to gradual increase in electrical stimulation over 88 



   

time5. However, their electromechanical properties did not achieve the maturity seen in the adult 89 
human myocardium. Moreover, the heart tissue is structurally more complicated, being 90 
composed of various cell types including endothelial cells, neurons and various types of stromal 91 
fibroblasts linked together with a very specific mixture of extracellular matrix proteins6. This 92 
heterogeneity of the non-cardiomyocyte cell population7-9 in the adult mammalian heart is a 93 
major obstacle in modeling heart tissue using individual cell types. These major limitations 94 
highlight the importance of developing methods to enable culture of intact cardiac tissue for 95 
optimal studies involving physiological and pathological conditions of the heart5.  96 
 97 
Culturing human heart slices is a promising model of intact human myocardium. This technology 98 
provides access to a complete 3D multicellular system that is similar to the human heart tissue 99 
which could reliably reflect the physiological or pathological conditions of the human 100 
myocardium. However, its use has been severely limited by the short period of viability in culture, 101 
which does not extend beyond 24 h using the most robust protocols reported until 201810-12. This 102 
limitation was due to multiple factors including the use of air-liquid interface to culture the slices, 103 
and the use of a simple culture medium that does not support the high energetic demands of the 104 
cardiac tissue. We have recently developed a submerged culture system which is able to provide 105 
continuous electrical stimulation and optimized the culture media components to keep cardiac 106 
tissue slices viable for up to 6 days13. This culture system has the potential to become a powerful 107 
predictive human in situ model for acute cardiotoxicity testing to close the gap between 108 
preclinical and clinical testing results. In the current article, we are detailing the protocol for 109 
slicing and culturing the heart slices using a pig heart as an example. The same process is applied 110 
to human, dog, sheep, or cat hearts. With this protocol, we are hoping to spread the technology 111 
to other laboratories in the scientific community. 112 
 113 
PROTOCOL:  114 
 115 
All animal procedures were in accordance with the institutional guidelines of the University of 116 
Louisville and approved by the Institutional Animal Care and Use Committee. 117 
 118 
1. Preparation for slicing (one day before slicing) 119 
 120 
1.1. Preparation of the vibrating microtome 121 
 122 
1.1.1. Place the ceramic blade into its holder by following these steps: after carefully unwrapping 123 
the blade, place the sharp edge first into the slot of the blade tool. Then, fit the blade into the 124 
holder by loosening the two screws on the arms of the holder and slide the blade under each 125 
washer and push it firmly back against the rear stops. Tighten the screws to secure the blade. 126 
 127 
NOTE: The screws should not be overtightened. 128 
 129 
1.1.2. Calibrate the blade using the calibration protocol and tools according to the manufacturer’s 130 
protocol.  131 
 132 



   

NOTE: Briefly, in order to facilitate alignment of the blade with the axis of travel and to minimize 133 
the Z axis deflections, the vibrating microtome uses a demountable calibration device. When the 134 
calibration device is plugged into the instrument its presence will automatically be detected, and 135 
the vibrating microtome will take control of adjusting the amplitude and frequency settings of 136 
the blade to a magnitude which best allows the adjustment of the blade alignment error.  137 
 138 
1.1.2.1. Press the Slice button to start the alignment process which will automatically move the 139 
blade so that the cutting edge is in optimal position relative to the calibration device for best 140 
alignment evaluation. Follow the on-screen instructions to make adjustments to the blade using 141 
the provided screwdriver to ensure that the Z-alignment is within 1 µm. 142 
 143 
1.1.3. Autoclave the inner bath and all the metal parts of the vibrating microtome.  144 
 145 
1.2. Autoclave the large metal trays (for collecting the slices and soaking the electrical stimulation 146 
plate covers), any glass containers, regular rectangle blades, forceps, scissors, printer timing belt 147 
(cut them into 6 mm wide pieces), metal washers and 5 L of double distilled water (ddH2O). 148 
 149 
1.3. Sterilize one 1 L jar, one 500 mL jar and one plastic tray for the heart in situ and in vitro 150 
perfusion with the cardioplegic solution.  151 
 152 
1.4. Prepare 2 L of the slicing Tyrode’s solution in a 2 L beaker.  153 
 154 
1.4.1. For 1 L of the slicing Tyrode’s solution, mix 3 g/L 2,3-butanedione monoxime (BDM), 140 155 
mM NaCl (8.18 g), 6 mM KCl (0.447 g), 10 mM D-glucose (1.86 g), 10 mM HEPES (2.38 g), 1 mM 156 
MgCl2 (1 mL of 1 M solution), 1.8 mM CaCl2 (1.8 mL of 1 M solution), up to 1 L of ddH2O. Adjust 157 
the pH to 7.40 using NaOH. Then, filter the solution using a 1000 mL, 0.22 µm, vacuum 158 
filter/storage system and store at 4 °C overnight. 159 
 160 
1.5. Prepare 4 L of the cardioplegic solution. 161 
 162 
1.5.1. For 1 L of the cardioplegic solution, mix 110 mM NaCl (6.43 g), 1.2 mM CaCl2 (1.2 mL of 1 163 
M solution), 16 mM KCl (1.19 g), 16 mM MgCl2 (3.25 g), 10 mM NaHCO3 (0.84 g), 1 U/mL heparin, 164 
up to 1 L of ddH2O. Adjust the pH to 7.40 using NaOH. Then, filter the solution using a 1000 mL, 165 
0.22 µm, vacuum filter/storage system and store at 4 °C overnight. 166 
 167 
NOTE: Add 1,000 U/L heparin in cardioplegia solution the day of slicing (see step 2.1). 168 
 169 
1.6. Freshly prepare 500 mL of culture medium in the original bottle in a biosafety cabinet: mix 170 
medium 199, 1x insulin-transferrin-selenium (ITS) supplement, 10% fetal bovine serum (FBS), 5 171 
ng/mL vascular endothelial growth factor (VEGF), 10 ng/mL FGF-basic, and 2x antibiotic-172 
antimycotic. Filter sterilize through the 0.22 µm, vacuum filter/storage system and store at 4 °C 173 
overnight. 174 
 175 
NOTE: Do not adjust pH, add VEGF and FGF freshly before use. 176 



   

 177 
1.7. Prepare 4% agar gel plates. 178 
 179 
1.7.1. Add 200 mL of sterilized ddH2O in a 500 mL sterilized flask. Weigh 8 g of agarose, and gently 180 
pour into the flask. Boil for 2 min in a microwave, then cool for 5 min at room temperature.  181 
 182 
1.7.2. Pour 25 mL in each 100 mm Petri dish in a biosafety cabinet (prepare 6 dishes) and wait for 183 
1 h to solidify. Then, seal the plates with paraffin film, wrap with clean wrap, and store at 4 °C. 184 
 185 
1.8. Prepare 4 L of 70% ethanol by diluting the 200-proof absolute ethanol in autoclaved ddH2O.  186 
 187 
1.9. Prepare 2x antibiotic-antimycotic in sterilized ddH2O: mix 980 mL of sterilized ddH2O with 20 188 
mL of antibiotic-antimycotic under the biosafety cabinet.  189 
 190 
2. Pig heart perfusion  191 
 192 
2.1. Add 1 mL of 1,000 U/mL heparin to each 1 L of cardioplegic solution. Keep the solution on 193 
ice.  194 
 195 
NOTE: At least 3 L are needed for the perfusion and preservation of the heart during the transfer 196 
to the tissue culture room.  197 
 198 
2.2. Take the following items to the pig surgery room: one large ice bucket full of ice, one 199 
sterilized metal tray (keep on ice bucket for heart perfusion), one sterilized 500 mL jar, one 1 L 200 
jar (to transfer the heart in cardioplegia solution back to the tissue culture room, on ice), and one 201 
sterilized plastic tray full of ice (to keep cardioplegic solution on ice).  202 
 203 
2.3. Prepare an in-situ heart perfusion system containing a 3-way stopcock, a 60 mL syringe, an 204 
18 G butterfly needle catheter, and extension tubing to the cardioplegic solution reservoir.  205 
 206 
2.4. Anesthetize the Yorkshire male pig (2−3-month-old, 20−25 kg) first with an intramuscular 207 
injection of a ketamine (20 mg/kg)/xylazine (2 mg/kg) cocktail. Confirm proper anesthesia by the 208 
loss of jaw tension. Then, transfer the pig to the surgery room, intubate and mechanically 209 
ventilate the lungs as previously described14.  210 
 211 
2.5. Maintain anesthesia with (1.5−2%) isoflurane.  212 
 213 
2.6. Place the animal on the right lateral position and shave the fur from the chest area. Clean 214 
the skin with alcohol scrub, then sterilize the surgical site with 10% (w/v) povidone-iodine 215 
solution.  216 
 217 
2.7. Open the chest by left thoracotomy incision using a scalpel at the 4th intercostal space, and 218 
use a chest retractor between ribs to hold the chest open and expose the heart.  219 
 220 



   

NOTE: Use all sterilized instruments for this procedure. 221 
 222 
2.8. Insert the butterfly needle catheter into the left atrium and fix the needle with a purse string 223 
closure. After intravenous injection of a bolus dose of heparin (100 U/kg), start to perfuse the 224 
heart in situ with 500 mL of ice-cold cardioplegic solution (to slow down the heart rate) via the 225 
left atrial catheter.  226 
 227 
2.9. Deeply anesthetize the pig with 5% isoflurane. Quickly excise the heart out of the chest with 228 
surgical scissors. Cannulate the aorta with an aortic cannula and perfuse the heart in vitro with 229 
another 1 L of ice-cold cardioplegic solution (100 mL/min) to flush out vasculature blood. 230 
 231 
2.10. Following heart perfusion, keep the heart in a 1 L jar filled with ice-cold cardioplegia solution 232 
and keep on ice during the transfer to the tissue culture room. 233 
 234 
3. Pig heart tissue slicing  235 
 236 
3.1. Set up the tissue bath on the vibratome, add ice to the tissue bath cooling jacket, then add 237 
Tyrode’s solution into the tissue bath. Set up 1 L plastic jar to collect the disposal of melted ice 238 
from the tissue bath cooling jacket. 239 
 240 
3.2. Under the biosafety cabinet, transfer the pig heart to a tray containing 1 L of fresh cold 241 
cardioplegic solution. 242 
 243 
3.3. Dissect the heart to isolate the left ventricle using retractable sterile scalpels. Then, cut the 244 
left ventricle into blocks of 1−2 cm3 each using razor rectangle blades. Use one piece for slicing 245 
and keep the remaining pieces in a 50 mL tube in cold Tyrode’s solution on ice for cutting later, 246 
if needed.  247 
 248 
NOTE: Massage the tissue before slicing with hands, especially if this is the second block. 249 
Massaging helps to restore the correct muscle fiber configuration and prevents any stiffness 250 
within the heart block. 251 
 252 
3.4. Add 1−2 drops of tissue glue (Table of Materials) to the metal sample holder and stick a piece 253 
of the 4% agar block with a surface area of approximately 1 cm2. 254 
 255 
3.5. Add 1−2 drops of tissue glue on the agar. 256 
  257 
3.6. Stick the heart block to the agar with the cardiac epicardium side facing down on the tissue 258 
glue and make sure it is as flat as possible. Then, transfer the tissue holder with the heart block 259 
to its position in the slicing bath of the vibratome. 260 
 261 
3.7. Attach the oxygen tube to the slicing bath and the metal tray filled with Tyrode’s solution for 262 
collecting the slices (oxygenated Tyrode’s bath). Then, add 40 µm cell strainers in the metal tray 263 
to collect the slices after cutting.  264 



   

 265 
3.8. Adjusting the slicing position 266 
 267 
3.8.1. Using the vibratome operating software and the dashboard, adjust the height of the 268 
blade/sample. Select the height button and follow the on-screen instructions for adjusting the 269 
height. Ideally, have the blade close to the top of the tissue but below the papillary muscles and 270 
make sure there is liquid covering the tissue and the blade before slicing. 271 
 272 
3.8.2. Adjust where to begin slicing the tissue by selecting the advance button. Press the slice 273 
button and increase the speed using the knob to move the blade towards the edge of the tissue. 274 
Then, press slice again to stop, and press the advance button to inactivate the process. 275 
 276 
3.8.3. Adjust the cutting parameters: advance speed = 0.03 mm/s, vibration frequency = 80 Hz, 277 
and horizontal vibration amplitude = 2 mm. Then, start slicing by selecting the slice button. 278 
 279 
3.8.4. Let the vibratome slice until it reaches the end of the tissue but before it hits the back end 280 
of the specimen holder. At this point, press slice again to stop. Hit the Return button to go back 281 
to the start position.  282 
 283 
3.8.5. Select auto repeat (clicking it twice) which will allow the vibrating microtome to auto 284 
repeat the slicing process for up to 99 times. 285 
 286 
3.9. Collecting slices 287 
 288 
3.9.1. Wait until slices are full length and appear good (after getting past the papillary muscle 289 
layers), then start collecting the slices.  290 
 291 
3.9.2. Collect the slices using a plastic Pasteur pipette filled with cold Tyrode’s solution to gently 292 
grab the tissue from the bath. If necessary, use forceps and spring scissors to dissociate the slice 293 
from the heart block if the tissue is still attached.  294 
 295 
3.9.3. Transfer the slice to one cell strainer in the oxygenated Tyrode’s bath (see step 3.7) and 296 
use the liquid in the plastic Pasteur pipette to get the tissue to lie flat on one of the cell strainers, 297 
then add a metal washer on the top to hold the tissue down.  298 
 299 
NOTE: The slices need to be incubated at least for 1 h in the Tyrode’s solution before processing 300 
(this is for the BDM to relax the tissue). 301 
 302 
4. Culturing heart slices 303 
 304 
4.1. Preparing the slices for culture 305 
 306 
4.1.1. Trim the slice from the edges to avoid any uneven edges. Then, glue it from both ends to 307 
sterilized polyurethane 6 mm wide printer timing belt with metal wires embedded using tissue 308 



   

glue.  309 
 310 
4.1.2. Transfer the supported heart slices to 6 well plates that contain 6 mL of culture medium in 311 
each well. 312 
  313 
4.1.3. Place the stimulation plate cover (Table of Materials) on the top of the 6 well plate and 314 
connect the cover to the cell culture electrical stimulator (Table of Materials). Adjust the 315 
stimulator to electrically stimulate the heart slices at 10 V, 1.2 Hz continuously all the time.  316 
 317 
NOTE: After plugging in the stimulation, the heart slices will start to beat, and this movement will 318 
be visually obvious.  319 
 320 
4.1.4. Transfer the plates to an incubator and maintain at 37 °C with humidified air and 5% CO2.  321 
 322 
4.2. Change culture medium 3x per day and add 6 mL of culture medium per well during each 323 
media change. 324 
 325 
NOTE: Culture medium is oxygenated for 5 min prior to each media change. Medium must be 326 
changed at least 1x per day; this is okay on weekends if necessary. Two days of only 1 media 327 
change per day is the maximum that is tested. 328 
 329 
4.3. Change the stimulation plate cover every day to prevent release of toxic graphite particles in 330 
the culture medium (usually during the mid-day media change). 331 
 332 
4.3.1. Remove the stimulation plate cover from the culture dish and insert the white foam plug 333 
where the cover connects to the cable for the cell culture electrical stimulator, to prevent water 334 
damage to the electric circuit. 335 
 336 
4.3.2. Place the plate cover in a bath of autoclaved water with 2x antibiotic-antimycotic. Keep it 337 
in this bath (i.e., rinsing bath) overnight.  338 
 339 
4.3.3. The next day, move the plate cover into a 70% ethanol bath for 5−15 min to decontaminate. 340 
Shake off as much liquid from the device before switching baths.  341 
 342 
4.3.4. Then, transfer the plate cover to the third and final bath (i.e., clean bath), which consists 343 
of autoclaved water and 2x antibacterial-antimycotic, to rinse any remaining ethanol traces. 344 
 345 
4.3.5. After rinsing the plate cover in the clean bath, use a clean lint-free wipe (sprayed down 346 
with ethanol) to dry off any residual water on the plastic parts, then remove the white foam piece 347 
and carefully place the plate cover back on the culture plate. 348 
 349 
NOTE: Do not touch the black graphite electrodes that go into the well, as the device will no 350 
longer be sterile. 351 
 352 



   

4.3.6. Using sterile forceps, make sure the tissue is in the center of the well so the plate cover 353 
does not touch the tissue. Ensure that the curved side of the plate cover matches up with the 354 
angled side of the plate and that the square corners line up. 355 
 356 
NOTE: To minimize contamination of the stimulation plate covers, keep them in clean and empty 357 
6 well plates after finishing the experiment. 358 
 359 
4.4. Perform an MTT assay, calcium measurements and contractile function assessments on 360 
fresh pig heart slices (day 0), and after 6 days in culture according to Ou et al.13. 361 
 362 
REPRESENTATIVE RESULTS:  363 
Using a commercially available cell culture electrical stimulator that can accommodate eight 6 364 
well plates at once, we emulated the adult cardiac milieu by inducing electrical stimulation at the 365 
physiological frequency (1.2 Hz), and screened for the fundamental medium components to 366 
prolong the duration of functional pig heart slices in culture13. Since pig and human hearts are 367 
similar in size and anatomy15, we developed a biomimetic heart slice culture system using pig 368 
hearts and subsequently validated it in human heart slices. Here, we detailed the protocol for pig 369 
heart slices which is the same procedure for human heart slicing and culturing. The new 370 
biomimetic culture setup described here, maintained the viability of the pig heart slices for 6 days 371 
as assessed by MTT assay (Figure 1A). We confirmed the functional viability of these slices over 372 
6 days by assessing their calcium homeostasis and contractile force. In the first 6 days, there is 373 
no spontaneous calcium transients in cardiomyocytes, and the cardiomyocytes responded to 374 
external electrical stimulation as well as β-adrenergic stimulation similar to fresh heart slices 375 
(Figure 1B). In addition, the contractile force and responses to isoproterenol are maintained in 376 
cultured heart slices for up to 6 days, similar to that of fresh heart slices (Figure 1C,D). 377 
 378 
FIGURE AND TABLE LEGENDS:  379 
Figure 1: Validation of the viability and functionality of pig heart slice culture. (A) Quantification 380 
of heart slice viability over time using the MTT assay in either stimulated or unstimulated culture 381 
system in optimized medium (n = 5 pig hearts each in triplicate, SEM is represented as error bars; 382 
two-way ANOVA test was conducted to compare between groups, *p < 0.05). (B) Representative 383 
calcium signal trace from a fresh heart slice (day 0) and after 6 days in culture (day 6) with and 384 
without 1 µM isoproterenol (Iso) stimulation. Transients were recorded after loading the heart 385 
slices with Fluo-4 calcium dye and using 1 Hz/20 V electrical stimulation at the time of recording. 386 
Quantification of calcium signal amplitude with and without stimulation with isoproterenol 387 
shows a similar pattern of calcium transients at day 0 and day 6 in culture (n = 4 pig hearts, 10−15 388 
cells analyzed in each, SEM is represented as error bars; two-way ANOVA test was conducted to 389 
compare between groups, *p < 0.05 comparing baseline to Iso stimulation at the same time 390 
point, p-value D0 vs D6 = 0.95, and p-value D0 Iso vs D6 Iso = 0.93). (C) Contractile force assessment setup 391 
(left panel); the heart slice (HS) is hung between a force transducer (FT) and a stable post (P) 392 
between two electric electrodes (EE) for electrical stimulation. Upon stimulation, the slice 393 
contracts and the contractions are recorded using the designated software (right panel). (D) Bar 394 
graph shows the quantification of the contractile force in the presence or absence of 395 
isoproterenol (Iso) generated by fresh pig heart slices (day 0) and after 6 days in biomimetic 396 



   

culture (n = 4 pig hearts each in triplicate, SEM is represented as error bars; two-way ANOVA test 397 
was conducted to compare between groups, *p < 0.05 comparing baseline to Iso stimulation at 398 
the same time point, twitch force: p-value D0 vs D6 = 0.96, p-value D0 Iso vs D6 Iso = 0.81; time to 50% 399 
relaxation: p-value D0 vs D6 = 0.47, p-value D0 Iso vs D6 Iso = 0.43). This figure has been modified from 400 
Ou et al.13.  401 
 402 
Table 1: Comparison between the slicing and culturing conditions used in Fischer et al.16 and 403 
Ou et al.13.  404 
 405 
DISCUSSION:  406 
Here we describe the detailed video protocol for our recently published method for simplified 407 
medium throughput (processes up to 48 slices/device) method that enables culture of pig heart 408 
slices for a period sufficiently long to test acute cardiotoxicity13. The proposed conditions mimic 409 
the environment of the heart, including frequency of electrical stimulation, nutrient availability, 410 
and intermittent oxygenation. We attribute the prolonged viability of heart slices in our 411 
biomimetic stimulated culture to our focus on recreating the physiological conditions 412 
experienced by the intact heart. This concept is supported by our data showing that electrical 413 
stimulation alone, without providing essential nutrients, is not sufficient to maintain heart slice 414 
viability13. Therefore, the new components of the culture medium are the major driver for 415 
prolonging the heart slice viability and functionality in culture. We found that it is essential to 416 
include FBS in the medium to maintain the viability, which is likely due to the requirement for a 417 
variety of fatty acids, trace elements, enzymes, proteins, macromolecules, chemical components, 418 
and hormones, which are usually present in the serum and delivered to heart tissue in vivo17. 419 
Furthermore, we found that the addition of FGF and VEGF to the culture medium are needed to 420 
enhance the tissue viability. FGF and VEGF are known angiogenic factors which are essential for 421 
maintenance of cultured endothelial cells18. Therefore, it is likely that FGF and VEGF are needed 422 
to maintain the endothelial cells and connective tissues in culture to support tissue viability. Our 423 
work is the first to modify the simplified culture medium previously reported for culturing heart 424 
slices, and it opens the possibility for further optimization of the media components in 425 
subsequent studies. 426 
 427 
In a timely manner with our new method, there were three other studies that have demonstrated 428 
the importance of continuous electromechanical stimulation in maintaining slices in culture in 429 
bioengineered systems16,19,20. However, these studies used the basal M199/ITS medium, which 430 
is not sufficient to maintain the metabolic needs of heart slices. This led to several compromises 431 
in the slice contractility and calcium homeostasis early during culture16,19,20. Qiao et al.19 432 
developed a highly sophisticated bioengineered chips, which can maintain the 433 
electrophysiological properties of the heart slices for 4 days, but no assessment of the contractile 434 
function was provided. Watson et al.20 have bioengineered a low throughput culture system 435 
(processes up to 4 slices/device) to demonstrate the importance of diastolic sarcomere length 436 
for the maintenance of cardiac muscle properties for 24 h. Finally, Fischer et al.16 have shown 437 
that failing human heart slices can be maintained in vitro for up to 4 months when cultured under 438 
0.2 Hz stimulation, auxotonic loading and media agitation in a bioengineering device. However, 439 
these conditions induced a variety of changes in the heart slices, as reflected in their RNAseq 440 



   

data, which showed over 10 fold downregulation of cardiac gene expression as early as the first 441 
time point of assessment (day 8)16. However, in our optimized culture system, only 2 and 5 442 
transcripts were significantly differentially expressed after 2 and 6 days in culture compared to 443 
fresh heart tissue, respectively. However, after 10 days in culture, there were significant changes 444 
in the expression of over 500 transcripts. The downregulated genes after 10 days in culture were 445 
mostly related to cardiac muscle, while the upregulated genes are related to fibroblasts, 446 
extracellular matrix, and inflammation13. Table 1 includes a full comparison of slicing and culture 447 
protocols between Fischer et al.16 and Ou et al.13. Therefore, our biomimetic stimulated culture 448 
system emulates the controllable conditions experienced by the heart in situ and, therefore, 449 
should provide a reliable readout of the functional and the structural outcomes of drug treatment 450 
with regard to acute cardiotoxicity or efficacy compared to compromised culture systems. 451 
 452 
One of the major limitations of this culture system is that although our culture system can 453 
emulate several physiological conditions, it cannot mimic changes in mechanical load and shear 454 
stress during the cardiac contractile cycle. Further optimization of physiological and metabolic 455 
factors could help prolong heart slice viability and function. Additionally, we noticed an early 456 
adaptation which leads to diminishment of oxidative phosphorylation which might instigate 457 
deterioration of the heart slice viability13. Unfortunately, so far, we were not able to identify an 458 
optimal method to maintain oxidative phosphorylation. It is likely that enhancing fatty acid 459 
metabolism in heart slices is not as simple as adding fatty acids to the growth medium, and will 460 
require further optimization, which could be addressed in future studies. Furthermore, a general 461 
weakness of this approach is the missing measurement of action potentials on single 462 
cardiomyocytes within the heart slice, which is essential to demonstrate disruption in 463 
electrocardiogram and ventricular arrhythmia. Therefore, there is a need to optimize protocols 464 
to isolate single cardiomyocytes from the heart slices after treatment with cardiotoxins that 465 
induce disruption in electrocardiogram and assess their effect on the action potential on the 466 
isolated cardiomyocytes. 467 
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Condition

Species

Disease

Preservation

Slice thickness

Medium Oxygenation

Culture Medium

Agitation

Pacing rate

Duration of the culture

Cuture Temperature

Mechanical loading

Tested time points with no change in gene expression 

compared to fresh heart slice

First tested time point to show change in gene 

expression
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Fischer et al.16

Human

Failing hearts

Preserved tissue

300 µm

No

M199/ITS

Yes

0.2 Hz

4 months with compromise

37

auxotonic loading 

N/A

Day 8



Ou et al.13

Pig and human

Normal healthy hearts

Fresh tissue

300 µm

Intermittant oxygenation

M199/ITS/FBS/VEGF/FGF

No

1.2 Hz

6 days with no compromise

37

no loading  

2 and 6 days

Day 10



Name of Material/ Equipment Company Catalog Number Comments/Description

1000ml, 0.22µm, Vacuum

Filter/Storage Systems 
VWR 28199-812

2,3-Butanedione monoxime 

(BDM) 
Fisher AC150375000

500ml, 0.22µm, Vacuum

Filter/Storage Systems 
VWR 28199-788

6-well C-Dish Cover (electrical-

stimulation-plate-cover)
 Ion Optix CLD6WFC 

6-well plates Fisher 08-772-1B

Agarose Bioline USA BIO-41025

Antibiotic-Antimycotic Thermo 15-240-062
C-Pace EM (cell-culture-electrical-

stimulator)
 Ion Optix CEP100

Calcium Chloride (CaCl2) Fisher C79-500

Ceramic Blades for Vibrating

Microtome 

Campden 

Instruments 
7550-1-C 

Cooley Chest Retractor
Millennium 

Surgical
63-G5623

D-Glucose Fisher D16-1

Disposable Scalpel # 20
Biologyproducts.c

om

DS20X 

Falcon Cell Strainers, Sterile,

Corning
VWR 21008-952

Fetal Bovine Serum Thermo A3160502

Graefe Forceps Fisher NC9475675

Heparin sodium salt Sigma-Aldrich H3149-50KU

HEPES Fisher BP310-1
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Histoacryl BLUE Tissue glue Amazon

https://www.amazon.com/HISTOACRYL-FLEXIBLE-1051260P-

Aesculap-

Adhesive/dp/B074WB5185/ref=sr_1_2?ie=UTF8&qid=152210

1102&sr=8-2&keywords=histoacryl 

Iris Spring scissors Fisher NC9019530

Iris Straight Scissors Fisher 731210

Isoflurane, USP Piramal
NDC 66794-017-

25

ITS Liquid Media Supplement Sigma-Aldrich  I3146-5ML 

Ketamine HCl (500 mg/10 mL) West-Ward NDC 0143-9508

Magnesium Chloride (MgCl2) Fisher M33-500

Mayo SuperCut Surgical Scissors

AROSurgical 

Instruments 

Corporation

AROSuperCut™ 

07.164.17

Medium 199, Earle’s Salts Thermo 11-150-059

Oxygen regulator Praxair

Oxygen tanks - Praxair

Plastic Pasteur pipettes Fisher 13-711-48 

Potassium Chloride (KCl) Fisher AC193780010

Printer Timing Belt Amazon
https://www.amazon.com/Uxcell-a14081200ux0042-PRINTER-

Precision-Timing/dp/B00R1J3KDC 

Razor rectangle blades Fisher 12-640

Recombinant Human FGF basic R&D Systems 233-FB-025/CF

Recombinant Human VEGF R&D Systems 293-VE-010/CF

Retractable scalpels Fisher 22-079-716

Sodium Bicarbonate (NaHCO3) Fisher AC217125000

Sodium Chloride (NaCl) Fisher AC327300010

Vibrating Microtome
Campden 

Instruments 
7000 SMZ-2

https://www.amazon.com/HISTOACRYL-FLEXIBLE-1051260P-Aesculap-Adhesive/dp/B074WB5185/ref=sr_1_2?ie=UTF8&qid=1522101102&sr=8-2&keywords=histoacryl#
https://www.amazon.com/HISTOACRYL-FLEXIBLE-1051260P-Aesculap-Adhesive/dp/B074WB5185/ref=sr_1_2?ie=UTF8&qid=1522101102&sr=8-2&keywords=histoacryl#
https://www.amazon.com/HISTOACRYL-FLEXIBLE-1051260P-Aesculap-Adhesive/dp/B074WB5185/ref=sr_1_2?ie=UTF8&qid=1522101102&sr=8-2&keywords=histoacryl#
https://www.amazon.com/HISTOACRYL-FLEXIBLE-1051260P-Aesculap-Adhesive/dp/B074WB5185/ref=sr_1_2?ie=UTF8&qid=1522101102&sr=8-2&keywords=histoacryl#


Xylazine HCl (100 mg/mL)
Heartland 

Veterinary Supply
NADA 139-236
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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
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
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discretion andwithout 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 contaminationdue 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.


