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SUMMARY 34 
Here we present a protocol for the induction of left ventricular cryoinjury followed by the 35 
implantation of a cardiac muscle patch, derived from human iPS-cell cardiomyocytes in a 36 
guinea pig model. 37 
 38 
ABSTRACT 39 
Due to the limited regeneration capacity of the heart in adult mammals, myocardial infarction 40 
results in an irreversible loss of cardiomyocytes. This loss of relevant amounts of heart muscle 41 
mass can lead to the heart failure. Besides heart transplantation, there is no curative 42 
treatment option for the end-stage heart failure. In times of organ donor shortage, organ 43 
independent treatment modalities are needed. Left-ventricular assist devices are a promising 44 
therapy option, however, especially as destination therapy, limited by its side-effects like 45 
stroke, infections and bleedings. In recent years, several cardiac repair strategies including 46 
stem cell injection, cardiac progenitors or myocardial tissue engineering have been 47 
investigated. Recent improvements in cell biology allow for the differentiation of large 48 
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amounts of cardiomyocytes derived from human induced pluripotent stem cells (iPSC). One 49 
of the cardiac repair strategies currently under evaluation is to transplant artificial heart 50 
tissue. Engineered heart tissue (EHT) is a three-dimensional in-vitro created cardiomyocyte 51 
network, with functional properties of native heart tissue. We have created EHT-patches from 52 
hiPSC derived cardiomyocytes. Here we present a protocol for the induction of left ventricular 53 
myocardial cryoinjury in a guinea pig, followed by implantation of hiPSC derived EHT on the 54 
left ventricular wall.  55 
 56 
INTRODUCTION  57 
The number of patients with heart failure is increasing in our aging population. For end-stage 58 
heart failure, orthotopic heart transplantation is the only curative treatment option. However, 59 
especially in European countries, there is an increasing organ donor shortage. Therefore, 60 
alternative treatment options are necessary. Recent achievements in mechanical circulatory 61 
support are promising, but especially in the long-term run, limited by its side effects like 62 
bleeding, pump thrombosis and infectious complications1. 63 
 64 
The endogenous regeneration capacity of the adult human heart is extremely limited. 65 
Therefore, cardiac regeneration therapies might become an alternative treatment option for 66 
end-stage heart failure patients2,3. Different techniques including stem cell-based cell 67 
injection or tissue engineering approaches have been described3-5.  68 
 69 
Human induced pluripotent stem cells (hiPSC), as well as human embryonic stem cells (hESC) 70 
can be effectively differentiated to spontaneously beating human cardiomyocytes6, which has 71 
been a major achievement in the field of cardiac regenerative therapies.  72 
 73 
To replace myocardium after a myocardial infarction and to improve the function of a failing 74 
heart, survival of a suitable number of cardiomyocytes and their mechanical and electrical 75 
coupling with the native heart is essential. To investigate the potential of cardiac regenerative 76 
therapies with human iPS cell derived cardiomyocytes, a suitable research model is needed. 77 
The ideal model should be cost-effective and have a human-like physiology and 78 
electrophysiology. Large animal models like pigs would be ideal from that point of view, 79 
however, those experiments are very expensive and large amounts of cardiomyocytes would 80 
be necessary to replace a relevant number of cardiomyocytes in order to see effects on the 81 
left ventricular function in a pig infarction model.  82 
 83 
To answer elementary biological questions towards human cell-based cardiac regeneration, 84 
e.g., cell survival, vascularization, and electrical coupling, small animal models are more 85 
suitable. From the available small animal models, the guinea pig is the most useful species, as 86 
compared to rats and mice, as their electrophysiology more closely resembles the situation in 87 
humans7. In this guinea pig model, we induced a transmural cryoinjury of the left ventricle. 88 
One week after induction of myocardial infarction implantation of a three-dimensional, 89 
spontaneously beating hiPS-cell derived cardiomyocyte patch was performed. Cardiomyocyte 90 
cell survival was evaluated 28 days after implantation by histological examination.  91 
 92 
PROTOCOL  93 
Animals received humane care in compliance with the Guide for the Principles of Laboratory 94 
Animals, prepared by the Institute of Laboratory Animal Resources, and published by the 95 
National Institutes of Health. All animal protocols were approved by the responsible local 96 



authority (‘‘Amt für Gesundheit und Verbraucherschutz, Hansestadt Hamburg’’/ Animal 97 
protocol # 109/16).  98 
 99 
1. Obtain Animals 100 
 101 
1.1. Commercially obtain female Guinea pigs weighing 500 - 600 g.  102 
 103 
1.2. House them under conventional conditions in animal cages. Feed standard rat chow and 104 
autoclaved water ad libidum.  105 
 106 
2. Transthoracic Echocardiography 107 
 108 
2.1. Place the guinea pig in an induction chamber and anesthetize the animal with isoflurane 109 
(2-3%). Check the depth of anesthesia by lack of response to the toe-pinch.  110 
 111 
2.2. Place the anesthetized Guinea pig on a warming platform (40 - 42 °C) in a supine position. 112 
Continue anesthesia via a nose cone (isoflurane 1.5-2%)  113 
 114 
2.3. Shave and depilate the guinea pig´s thorax using an electric animal hair shaver.  115 
 116 
2.4. Apply prewarmed (approx. 25 °C) ultrasound transducer gel. Use an echocardiography 117 
system that is equipped with a transducer frequency higher than 15 MHz.  118 
 119 
2.5. Acquire two-dimensional parasternal long axis views by placing the transducer on the 120 
guinea´s pig thorax facing from the right neck towards the left leg and record long axis B-mode 121 
images at the plane of the aortic valve with a concurrent visualization of the LV apex. 122 
Investigate the pre-operative left-ventricular function.  123 
 124 
2.6. Turn the transducer by 90° degrees to obtain a short axis B-mode view at the mid-papillary 125 
level.  126 
 127 
Note: The animal is then immediately transferred to the OR table. The animal is continuously 128 
anesthetized with 3% isoflurane. 0.05 mg/kg atropine (i.m.) is injected to avoid increased 129 
bronchial secretion during mechanical ventilation. 130 
   131 
3. Surgery 132 
 133 
3.1. Induction of Myocardial infarction 134 
 135 
3.1.1. Inject 4-5 mg/kg carprofen and 0.05 mg/kg buprenorphine subcutaneously with a 21 G 136 
needle and a 10 mL syringe.  137 
 138 
3.1.2. Place the guinea pig on its back and keep anesthesia with a facemask covering mouth 139 
and nose. Check the depth of anesthesia by pinching the hind feet (lack of pedal reflex).  140 
 141 
3.1.3. Spread the guinea pigs’ legs and fix the position using tape.  142 
 143 
3.1.4. Shave the chest and the tracheal region of the anesthetized animal with an electric 144 



shaver. Disinfect the area widely using iodine-based scrub, followed by 80% ethanol. Repeat 145 
this disinfection steps twice.  146 
 147 
3.1.5. Perform a 1.5 cm vertical incision in the tracheal area and bluntly dissect the muscles 148 
covering the trachea until you see the trachea. Puncture the trachea with 18 G i.v. cannula 149 
and insert the flexible part of the cannula as a tracheal tube.  150 
 151 
3.1.6. Connect the tracheal tube to an animal respirator to continuously ventilate the guinea 152 
pig during the procedure.  153 
 154 
Note: Now the anesthesia is maintained with isoflurane 3% via the tracheal tube (inspiration 155 
assisted ventilation with maximum inspiration pressure, respiration rate: 100-120/min, peak 156 
inspiration pressure: 18-22 cm Hg using PEEP-ventilation while the chest is open). 157 
 158 
3.1.7. Identify the 5th intercostal space by counting the rib spaces beginning at the first 159 
intercostal space. Perform a 2 cm horizontal incision on the 5th intercostal space on the left 160 
side of the guinea pig using scissors and a tweezer. Insert a small animal retractor. Dissect the 161 
muscles with an electrocautery until the intercostal muscles are reached, which can be seen 162 
after removing the subcutaneous tissue, are reached.  163 
 164 
3.1.8. Gently dissect the intercostal muscles with tweezers until the pleural space is reached 165 
and one can see the left lung in front. Insert the retractor between the ribs and open it 166 
carefully until a good view of the heart is obtained.  167 
 168 
3.1.9. Open the pericardium approximately 1 cm in the region of the anterior left ventricular 169 
wall with scissors. Place a compress on the left lung to protect it from damage when inducing 170 
the cryoinjury of the left ventricle. 171 
 172 
3.1.10. Place the tip of an eroded metal stamp with a cross-sectional diameter of 0.5 cm into 173 
liquid nitrogen for 3 min.  174 
 175 
3.1.11. Press the nitrogen cooled probe onto the left anterior wall of the heart for 30 s. Then 176 
separate it from the heart using an electric soldering iron (200 °C) which is placed inside the 177 
stamp to warm it up. Repeat this procedure 3 times to obtain a transmural myocardial injury. 178 
Observe the blanching of the myocardium. 179 
 180 
3.1.12. Inflate the lungs with maximum pressure (by clamping the outflow tube of the 181 
ventilator for 2 s), to avoid atelectasis of the lung. Remove the retractor from the intercostal 182 
space. 183 
 184 
3.1.13 Close the ribs with two 3-0 sutures. Close the muscles over the ribs with a 4-0 running 185 
suture. For closure of the skin use 5-0 suture single stitches.  186 
 187 
3.1.14. Reduce the isoflurane to 1%. When the animal is breathing spontaneously, remove the 188 
tracheal tube, and continue anesthesia with a facemask (isoflurane 2-3%).  189 
 190 
3.1.15. Assure the absence of reflexes by pinching the hind limb to monitor sufficient depth 191 
of anesthesia. Then use a single 8-0 suture to close the puncture site at the trachea. Close the 192 



wound with three single stich 4-0 sutures.   193 
 194 
3.1.16. Use buprenorphine (0.05 mg/kg per 12 h) and carprofen (5 mg/kg per 24 h) for pain 195 
medication for the following 5 days.  196 
 197 
3.2. Implantation of EHT (7 days after cryoinjury) 198 
 199 
3.2.1. Place the guinea pig in an induction chamber and anesthetize the animal with isoflurane 200 
Check the depth of anesthesia by the lack of response to the toe-pinch.  201 
 202 
3.2.2 Inject 4-5 mg/kg carprofen and 0.05 mg/kg buprenorphine subcutaneously with a 21 G 203 
needle and a 10 mL syringe after induction of anesthesia. Place the guinea pig on its back and 204 
keep anesthesia with a facemask covering mouth and nose.  205 
 206 
Note: Sufficiency of anesthesia should be checked by pinching the hind feet. 207 
 208 
3.2.3. Spread the guinea pig’s legs and fix the position using tape.  209 
 210 
3.2.4. Perform the pre-surgical preparations as described in step 3.1.4-3.1.6. Perform a 2 cm 211 
horizontal skin incision in the scar area of the left lateral side using scissors and tweezers. 212 
 213 
3.2.5. Gently dissect the extrapleural adhesions using an electrocautery. Carefully open the 214 
pleural space with scissors. Insert a rib spreader to expose the heart.  215 
 216 
3.2.6. Visually identify the region of the infarction by its pale color in comparison to the 217 
healthy surrounding myocardium. Place the engineered heart tissue patch over the infarction 218 
region.  219 
 220 
3.2.7. Secure it with two 8-0 sutures at both sides. Make sure to secure the patch in the non-221 
infarcted area of the heart (Figure 1). Inflate the lungs with pressure, to avoid atelectasis of 222 
the lung. Remove the retractor from the intercostal space. 223 
 224 
3.2.8. Close the ribs with two 3-0 sutures. Close the muscles over the ribs with a 4-0 running 225 
suture. For closure of the skin use 5-0 suture single stitches.  226 
 227 
3.2.9. Reduce the isoflurane to 1%. When the animal is breathing spontaneously, remove the 228 
tracheal tube, and continue anesthesia with a facemask (isoflurane 2-3%).  229 
 230 
3.2.10. Assure the absence of reflexes by pinching the hind limb to monitor sufficient depth 231 
of anesthesia. Then use a single 8-0 suture to close the puncture site at the trachea. Close the 232 
wound with three single stitch 4-0 sutures.   233 
 234 
3.2.11. Use buprenorphine (0.05 mg/kg per 12 h) and carprofen (5 mg/kg per 24 h) for pain 235 
medication for the following 5 days.  236 
 237 
3.2.12. Four weeks after EHT implantation perform a transthoracic echocardiography (as 238 
described in step 2) to monitor LV function over time.   239 
 240 



NOTE: The LV function is monitored before EHT implantation and 4 weeks after implantation 241 
to monitor for improvement of cardiac function by EHT implantation 242 
 243 
3.2.13. Euthanize the animal which IACUC approved protocol and surgically explant the heart 244 
for further analysis. 245 
 246 
RESULTS 247 
This guinea pig model is a suitable model to investigate cardiac regeneration after 248 
implantation of hiPSC derived EHT-patches. It reproducibly leads to large transmural 249 
myocardial injuries. Scar size is evaluated by histology four weeks after cryoinjury. Mason 250 
trichrome staining reveals large transmural scars (Figure 2). Scar size was similar over a large 251 
number of injured animals reflecting a high degree of reproducibility8. On average 25% of the 252 
left ventricular myocardium was replaced by scar tissue. Dystrophin staining demonstrated 253 
large myocardial grafts that partially remuscularized the scar (Figure 3a). Staining for human 254 
Ku80 proved the human origin of this newly formed myocardium (Figure 3b). Higher 255 
magnification revealed that these grafts consisted of densely packed myocytes. Left 256 
ventricular function was monitored using transthoracic echocardiography. A successful EHT 257 
implantation is characterized by an improvement in LVEF, Fractional area shortening, and a 258 
decrease in Left ventricular end-diastolic diameter (Figure 4).  259 
 260 
FIGURE LEGEND 261 
Figure 1: hEHT-patches after implantation. (A) Patch immediately after implantation. (B) 262 
Patch four weeks after implantation. 263 
  264 
Figure 2: Determination of infarction on Masson’s trichrome stained paraffin section 265 
28 days after cryoinjury. The infarction is determined by the blue color in Masson’s 266 
trichrome staining, representing fibrotic tissue. Scale bar 2mm. 267 
 268 
Figure 3: Staining with Dystrophin and Human Ku80. (A) Dystrophin staining shows 269 
large muscle islands (brown) in the scar area (B) Ku-Staining of paraffin sectioned 270 
heart. Ku-80 is a human-specific antibody. Therefore, the positively stained cells (brown color) 271 
are from human origin.  272 
 273 
Figure 4: M-Mode measurement of the left ventricle using transthoracic echocardiography. 274 
(A) at baseline and (B) one week after cryoinjury. (IVS: Intraventricular septum, LV: Left 275 
ventricle, PW: Posterior wall). Measurements are performed 3 times. At baseline, 1 week after 276 
cryoinfarction and 4 weeks after EHT implantation 277 
 278 
DISCUSSION 279 
A variety of small animal models are available to study the effect that cell transplantation 280 
exerts on injured hearts9-11. We chose a guinea pig model because of all small animal models 281 
its (electro)physiology resembles most closely that of humans. The advantages of small animal 282 
models are simple housing, manageable costs, and few workforces. In comparison with mice 283 
and rats, guinea pigs´ cardiac (electro)physiology is more similar to humans. In particular heart 284 
frequency is lower (~250/min), ventricular action potential shows a plateau phase and the 285 
potassium current Ikr is important for repolarization7. Furthermore, the larger size of the 286 
animals facilitates surgeries, which is especially important as a re-thoracotomy is required one 287 

 



week after the induction of injury. However, guinea pigs are sensitive to anesthesia requiring 288 
some experience.   289 
 290 
Shiba et al., described the use of 50 mg/kg ketamine and 2 mg/kg xylazine (i.p.) to anesthetize 291 
guinea pigs for cardiac cryoinjury4. We have also evaluated this anesthesia regiment. One of 292 
the disadvantages is the fact that it is impossible to suspend the narcotic effect of xylazine and 293 
ketamine due to missing potent antidotes. Considering that guinea pigs are at high risk of 294 
hypoglycemia during surgical procedures, we decided to use a narcotic gas whose effect is 295 
easy to control and therefore leading to a very short anesthetic recovery phase. A 296 
tracheotomy is used to ensure a safe ventilation throughout the procedure.  An oro-tracheal 297 
intubation is technically very demanding in guinea pigs, as the visualization of the opening of 298 
the trachea is often difficult and a safe intubation cannot be guaranteed.   299 
 300 
Although cryo-injury induces a severe myocardial injury it does not precisely mirror a coronary 301 
artery disease/ myocardial infarction in humans. In this respect, the ligation of the LAD or even 302 
an ischemia-reperfusion injury model more closely recapitulates the human pathophysiology. 303 
However, the coronary artery anatomy in guinea-pigs is characterized by an extensive 304 
collateralization. Therefore, a ligation of the left anterior descending coronary artery does not 305 
reproducibly result in large myocardial injuries in guinea pigs12,13. LAD-ligation in mice and rats 306 
leads to an extensive remodeling and eventually thinning of the anterior wall, a characteristic 307 
that is not seen in humans to this extent. The guinea-pig cryo-injury model induces remodeling 308 
processes and thinning of the ventricular wall, but to an extent, that more closely resembles 309 
a myocardial injury seen in humans. Therefore, a cryoinjury model resulting in a more reliable 310 
myocardial injury was chosen13. Periprocedural mortality is a major problem with this model. 311 
Initially, about 30% of the animals died during the first operation or within 7 days after cardiac 312 
injury. Another 30% died during EHT implantation accounting for an overall mortality of 60%. 313 
Several modifications lead to a significant decrease in mortality. Isoflurane induces heavy 314 
salivation and bronchial secretion. Atropine reduces bronchial secretion and was a major 315 
factor to decrease mortality. The second factor that heavily decreased mortality is the use of 316 
a soldering iron to release the cold metal stamp from the heart. Warm water was initially used 317 
to detach the stamp from the myocardium. However, it was difficult to remove the water from 318 
the thoracic cavity. Remaining water negatively influenced respiration and lead to the 319 
development of adhesion that worsened the animal´s prognosis. Another modification that 320 
positively influenced the procedure was the protection of the left lung from the cold metal 321 
stamp with a compress. After these modifications were implemented mortality dropped to 322 
~20% for the cardiac injury operation (including the first postoperative week) and another 25 323 
% for EHT transplantation. Induction of cryo injury represents the technically easier operation 324 
and consistent results can be achieved after 5-10 animals have been operated under 325 
supervision. EHT-transplantation is more demanding and about 20 surgeries under 326 
supervision are recommended until reproducible results can be obtained. 327 
 328 
In the beginning, we used warm saline to rinse the heart and, therefore, detach the frozen 329 
probe from the left ventricular wall. This procedure is easier to handle but a few milliliters of 330 
saline remain in the thorax increasing the risk of respiratory failure. 331 
 332 
In conclusion, the depicted guinea pig model is reproducible, inexpensive and leads to 333 
consistent results. Transthoracic echocardiography offers a feasible and non-invasive tool to 334 



evaluate the presence of cardiac injury before re-operation and graft-implantation is 335 
performed.  336 
 337 
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Atropin Braun PZN 00648037
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Metal stamp

Electric soldering iron Claytools
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Extra fine Graefe Forceps FST No.11150-10
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Baby Mixter FST No. 13013-14
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Dear Prof. Singh,  

 

attached please find the revised version of out manuscript entitled "Implantation of 

hiPSC derived cardiac-muscle patches after myocardial injury in a guinea pig model".  

The reviewers comments have been very helpful in improving the manuscript. Please 

find attached a revised version with the changes highlighted in yellow. 

 

Editor: Converted to a note please check. 

Answer: We agree with the Editor that this should be a note. 

 

Editor: Please provide a figure for this.  This is important 

Answer: We have now provided a figure showing Dystrophin, as well as Ku80 Staining 

 

Editor: Yes, monitoring is fine... please describe your observation as well.  

Answer: A successful EHT implantation is characterized by an improvement in LVEF, 

Fractional area shortening, and a decrease in Left ventricular end-diastolic diameter.   

 

Editor: Please expand on what is being observed with the staining. Please provide a scale 

bar in the figure and describe it in the figure legend. 

Answer: The infarction is determined by the blue color in Masson’s trichrome staining, 
representing fibrotic tissue. Scale bar 2mm. 
 

 

Sincerely 

Simon Pecha 
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