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Summary 28 

We provide a protocol for neonatal cardiac macrophage separation and 29 

transplantation into an adult mouse heart, which could be a promising way to promote 30 

cardiac repair. 31 

 32 

Abstract 33 

In an injured neonatal myocardium, macrophages facilitate cardiomyocyte 34 

proliferation and angiogenesis and promote heart regeneration. The present study 35 

reveals that transplantation of neonatal cardiac macrophages recruited by injury 36 

promotes adult heart regeneration after myocardial infarction with improvement of 37 

cardiac function and cardiomyocyte proliferation. The results indicate that neonatal 38 

cardiac macrophage transplantation could be a promising strategy for cardiac injury 39 

treatment. Here, we provide the technical details, including the isolation of neonatal 40 

cardiac macrophages from apical resection-injured neonatal mouse hearts, the 41 

transplantation of macrophages into myocardial-infarcted adult mice, and the 42 

estimation of heart regeneration after a macrophage graft. 43 

 44 

Manuscript Click here to access/download;Manuscript;62108_R2.docx

mailto:yandong_li1231@hotmail.com
mailto:fengjei0420@163.com
mailto:lyyy5125@163.com
mailto:peijianqiu0620@126.com
mailto:huss@fuwaihospital.org
mailto:nieyu@fuwaihospital.org
https://www.editorialmanager.com/jove/download.aspx?id=1278829&guid=da7fcb1e-d311-4a2d-b5e8-0b77047afebf&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1278829&guid=da7fcb1e-d311-4a2d-b5e8-0b77047afebf&scheme=1


Introduction 45 

Heart regeneration is a promising strategy to recover cardiac function after cardiac 46 

injury and to protect against heart failure1-3. Following myocardial injury, macrophages 47 

infiltrate the injured heart and have been explored as the key factors during neonatal 48 

heart regeneration4-6. Besides clearing necrotic cellular debris and inducing 49 

inflammation, macrophages promote angiogenesis5 and cardiomyocyte proliferation7 50 

after neonatal mice myocardial infarction.  51 

 52 

Our previous study illustrates that transplantation of neonatal cardiac macrophages 53 

isolated from injured neonatal heart enhances adult heart regeneration7, indicating 54 

that neonatal cardiac macrophage transplantation could be a promising strategy to 55 

treat cardiac injury. Here we provide the technical details, including isolation of 56 

neonatal cardiac macrophages from apical resection-injured neonatal mouse hearts, 57 

the transplantation of macrophages in to myocardial-infarcted adult mice, and the 58 

estimation of heart regeneration after macrophage graft (Figure 1). 59 

 60 

Protocol 61 

 62 

All experiments were conducted in accordance with the Guide for the Use and Care of 63 

Laboratory Animals. All animal protocols were approved by the Institutional Animal 64 

Care and Use Committee (IACUC), Fuwai Hospital, Chinese Academy of Medical 65 

Sciences. 66 

 67 

1. Apical resection operation in neonatal 1-day-old Cx3cr1GFP/+mouse (C57BL/6 68 

background) 69 

 70 

1.1. Anesthesia 71 

 72 

1.1.1. Take all the mouse pups out from the cages and put them in a clean dry box. 73 

 74 

1.1.2. Embed each mouse in the ice for about 2-3 minutes. Cover the pup with gauze 75 

to avoid frostbite.  76 

 77 

1.1.3. Identify sufficient anesthesia by observing for the following signs: pale skin 78 

and lack of limb movement. 79 

 80 

1.2. Thoracotomy 81 

 82 

1.2.1. Precool the bronze operating platform overnight at -20 °C.  83 

 84 



1.2.2. Take the anesthetized mouse out of the ice box and put it on a bronze 85 

operating platform. Anchor the mouse on the operating platform in a supine position 86 

using medical adhesive tape. 87 

 88 

1.2.3. Put the operating platform with the mouse on it under a stereoscope.  89 

 90 

1.2.4. Disinfect the mouse chest using a prep pad soaked with betadine and 70% 91 

alcohol. 92 

 93 

1.2.5. Incise the skin with a 1 cm cut at the fourth intercostal area of the chest cavity 94 

and then separate the intercostal muscles using microsurgical scissors until the heart 95 

is accessed. 96 

 97 

1.2.6. Alternately press the chest and abdomen with the help of two forceps until 98 

the heart is exteriorized out of chest without any mechanical damage.  99 

 100 

1.2.7. Set the ribs below and above the small incision as a natural fixation to 101 

immobilize the heart. 102 

 103 

1.3. Ventricular apex resection 104 

 105 

1.3.1. Locate the apex of the left ventricle. Cut a 1 mm diameter of ventricular apex 106 

tissue using iridectomy scissors under a stereoscope. 107 

 108 

1.3.2. Confirm that the left ventricular chamber is exposed, and begin oozing. 109 

 110 

1.3.3. Gently press the heart back to chest cavity using a cotton swab. 111 

 112 

1.3.4. Suture the muscles, ribs, and skin using 8-0 Prolene sutures. 113 

 114 

1.3.5. Clean the mouse thoroughly after the operation.  115 

 116 

1.4. Post-operation care 117 

 118 

1.4.1. Transfer the mouse from the operating platform to a 37 °C heating blanket to 119 

warm up the body immediately after the operation. 120 

 121 

1.4.2. Confirm anabiosis of the mouse by observing for the following signs: 122 

spontaneous respiration restoration, skin color change from pale to pink, and 123 

movement of limbs. 124 

 125 

1.4.3. Take the operated mouse back to its mother once it has recovered. 126 

 127 

1.4.4. Mingle the operated mouse and its mother’s nesting materials if necessary. 128 



 129 

NOTE: It is important to remove all the 1-day-old pups from the mother at once and 130 

then return them all at once after all the pups are recovered.  131 

 132 

2. Preparation of the neonatal cardiac macrophage suspension 133 

 134 

NOTE: All these experimental procedures should be carried out in a dark place and 135 

under sterile conditions. 136 

 137 

2.1. Harvest the heart of a neonatal Cx3cr1GFP/+ mouse 1-day after apical resection 138 

 139 

2.1.1. Euthanize the Cx3cr1GFP/+ mouse one day after the apical resection. Use an 140 

excess of carbon dioxide and decapitate the mouse sequentially to apply euthanasia.  141 

 142 

2.1.2. Take the heart out of the chest and immerse it in a 10 cm dish with PBS. 143 

 144 

2.1.3. Cut the vessels and remaining connective tissue away from the ventricles. Cut 145 

the auricular appendix and outflow tract away from the heart.  146 

 147 

2.1.4. After the heart stops beating, cut the heart into 1-2 mm3 pieces in PBS buffer 148 

using microsurgical scissors (Figure 2A). 149 

 150 

2.2. Neonatal mouse heart dissociation 151 

 152 

2.2.1. Transfer the harvested heart tissue to a tube containing 2.5 mL of preheated 153 

enzyme mix (Table of Materials), and tightly close the tube. 154 

 155 

2.2.2. Invert the tube and place it with the cap down (Figure 2B). 156 

 157 

2.2.3. Run the neonatal heart dissociation program (Table of Materials). 158 

 159 

2.2.4. Detach the tube from the dissociator after the program completes. 160 

 161 

2.2.5. Add 7.5 mL of 1x DMEM with 10% FBS to the tube. 162 

 163 

2.2.6. Filter and transfer the suspension to a 15 mL centrifuge tube (Figure 2C). 164 

Centrifuge the cell suspension at 300 x g for 5 minutes.  165 

 166 

2.2.7. Resuspend the cell pellet in 1 mL of blood cell lysis solution and incubate for 167 

2 minutes at room temperature.  168 

 169 

2.2.8. Add 5-10 mL of PBS buffer to the suspension and centrifuge at 300 x g for 5 170 

minutes. 171 

 172 



2.2.9. Resuspend the cell pellet in 1 mL of DMEM with 10% FBS. 173 

 174 

2.3. Neonatal cardiac macrophage isolation 175 

 176 

2.3.1. Sort GFP+ neonatal cardiac macrophages by FACS. Receive the sorted 177 

macrophages in a sterile tube containing 500 mL of DMEM with 10% FBS. 178 

 179 

2.3.2. Count the GFP+ macrophages (Figure 2D). Resuspend the macrophage in 180 

DMEM with 10% FBS at the concentration of 1 x 106 macrophages per 200 mL of 181 

DMEM for later injection. 182 

 183 

NOTE: The number of GFP+ macrophages are small in one neonate (approximate 1 x 184 

105); therefore, at least 10 neonates should be used to obtain enough macrophages 185 

for per adult mouse injection. 186 

 187 

3. Neonatal cardiac macrophage transplantation 188 

 189 

3.1. Perform a myocardial infarction operation on an adult (6-8-week-old) male 190 

C57BL/6 mouse by ligation of the left anterior coronary artery8. 191 

 192 

3.2. Put the operated mouse on a 37 °C heated blanket until it recovers. 193 

 194 

3.3. Intravenously inject 200 mL of DMEM with 1 x 106 GFP+ neonatal cardiac 195 

macrophages into the infarcted adult mouse after the operation (approximate 6 hours 196 

later) via the tail vein. 197 

 198 

3.4. Send the mouse back to a clean cage. 199 

 200 

4. Result evaluation 201 

 202 

4.1. Injection efficiency validation 203 

 204 

4.1.1. Anesthetize the operated mouse and harvest the heart 7 days after the 205 

myocardial infarction operation. 206 

 207 

4.1.2. Immerse the heart in the pre-cooled PBS buffer. 208 

 209 

4.1.3. Fix the heart tissue with 4% polyformaldehyde for 72 hours at room 210 

temperature with shaking. 211 

 212 

4.1.4. Dehydrate the heart tissue in dimethylbenzene and ethanol.  213 

 214 

4.1.5. Embed the heart tissue in paraffin and slice it into sections with a thickness 215 

of 5 μm.  216 



 217 

4.1.6. Perform the standard immunofluorescence staining protocol1. Use α-actinin 218 

to mark cardiomyocytes. 219 

 220 

4.1.7. Detect the GFP+ macrophages in the heart receiving transplantation.  221 

 222 

4.1.8. Perform the standard immunofluorescence staining protocol1. Use α-actinin 223 

and pH3 to mark cardiomyocytes and cell proliferation, respectively (Figure 3A). 224 

 225 

4.2. Cardiac repair evaluation after the transplantation 226 

 227 

4.2.1. Use echocardiography on the operated mouse one month after the 228 

operation1. 229 

 230 

4.2.2. Analyze the cardiac function by comparing the left ventricular ejection 231 

fraction and fractional shortening in different groups (Figure 3B).  232 

 233 

4.2.3. Anesthetize the operated mouse and harvest the heart. 234 

 235 

4.2.4. Repeat steps 4.1.2-4.1.5. 236 

 237 

4.2.5. Perform a Masson’s staining protocol. 238 

 239 

4.2.6. Analyze the infarcted area after macrophage injection (Figure 3C). 240 

 241 

Representative results 242 

The protocol described here is summarized in a flow chart (Figure 1). We performed 243 

apical resection operation on 1-day-old Cx3cr1GFP/+ mouse. As shown in Figure 2A, the 244 

neonatal Cx3cr1GFP/+ mouse was anchored on the operating platform under the 245 

stereoscope after anesthesia. We applied pressure alternately on the mouse chest and 246 

abdomen with the help of two forceps, which can be set up as a tract to guide the 247 

heart popping out of the chest. Any extra mechanical damage to the heart that may 248 

affect heart regeneration should be avoided. The heart was immobilized by the 249 

surrounding chest tissues, which facilitated the operation on the myocardium. We 250 

found that cutting off less than a 1 mm diameter of the resected apex tissue by 251 

iridectomy scissors was appropriate when the left ventricular chamber began oozing. 252 

Successful induction of apical resection model is necessary for macrophage 253 

transplantation8,9.  254 

 255 

We sorted the GFP+ macrophages strictly following a neonatal heart dissociation 256 

protocol1 (Figure 2).  257 

 258 

Neonatal cardiac macrophages were injected into the myocardial infarcted adult 259 

mouse heart shortly after the isolation. In order to confirm the efficiency of the 260 



macrophage transplantation, we performed immunofluorescence staining at 7 days 261 

after the injection. The results showed that GFP+ macrophages could be found in the 262 

adult myocardial infarcted mouse heart, indicating the successful transplantation of 263 

neonatal cardiac macrophage. We employed co-immunostaining of pH3 and Aurora B 264 

respectively with α-actinin. The co-localization was considered to be cardiomyocyte 265 

proliferation. The results illustrated that the number of proliferative cardiomyocytes 266 

was upregulated in the macrophage-injected group, indicating that adult 267 

cardiomyocyte proliferation ability was enhanced after the transplantation (Figure 3). 268 

 269 

Adult mouse heart regeneration was evaluated 1 month after the transplantation. We 270 

performed echocardiogram on the adult mouse and found that macrophage injection 271 

could enhance the cardiac function after myocardial infarction. Masson’s staining was 272 

performed, and the results illustrated that infarcted area was remarkably reduced 273 

after the neonatal cardiac macrophage transplantation (Figure 3). All these results 274 

demonstrated that neonatal cardiac macrophage transplantation promotes adult 275 

mouse heart regeneration and cardiomyocyte proliferation. 276 

 277 

Figure and Table legends 278 

Figure 1: Schematic representation of neonatal cardiac macrophage transplantation. 279 

 280 

Figure 2: Images of macrophage isolation. A) The hearts are cut into small pieces. B) 281 

The mouse hearts are dissociated. C) The suspension is filtered and transferred to a 15 282 

mL centrifuge tube. D) The number of neonatal cardiac macrophages is calculated. 283 

 284 

Figure 3: Neonatal cardiac macrophage transplantation promote adult heart 285 

regeneration. A) (Left) Immunofluorescence images show the proliferative 286 

cardiomyocytes (arrow, pH3 green, α-actinin red). (Right) Statistical analysis show that 287 

cardiomyocyte proliferation increases after macrophage transplantation. B) (Left) 288 

Echocardiogram images show the cardiac function in adult mouse 1-month after 289 

myocardial infarction. (Right) Statistical analysis show that cardiac function is 290 

enhanced after macrophage transplantation. C) Masson’s staining shows the infarcted 291 

area in adult mouse 1-month after myocardial infarction. (Right) Statistical analysis 292 

show that infarcted area is reduced after macrophage transplantation. 293 

 294 

Discussion 295 

Here, we provide an effective approach to prepare, acquire, and transplant neonatal 296 

cardiac macrophages to promote adult mouse heart regeneration. 297 

 298 

Apical resection is a simple and effective operation to stimulate heart regeneration. 299 

We have optimized the details of apical resection to ensure the maximum survival rate 300 

of the animals involved in the operation10. Anesthesia time should not be longer than 301 

3 minutes, which lead to hypothermia-induced death, or shorter than 2 minutes, 302 

which would cause excessive bleeding during the operation. The standard apical 303 

resection was supposed to amputate about 1.5 mm diameter of the apex tissue. 304 



However, the purpose of the operation here was to stimulate abundant macrophage 305 

infiltration during heart regeneration process. Resection of less than 1.5 mm diameter 306 

was acceptable as it could guarantee a maximum survival rate and effective 307 

macrophage recruitment at the same time. Only the skillfulness of the operator 308 

influenced the survival rate, and the operated mice could not survive the prolonged 309 

operation duration. The operator should complete the whole procedure within 5 310 

minutes. 311 

 312 

In our former study, we found that acute inflammation promoted neonatal heart 313 

regeneration. Intramyocardial microinjection of immunogenic zymosan A particles 314 

into neonatal mouse heart could promote cardiomyocyte proliferation6. Recently, 315 

Molkentin et al. claimed that macrophage infiltration that is stimulated by intracardiac 316 

injection of zymosan A, cell debris, and freeze/thaw killed cells can promote cardiac 317 

repair, confirming that acute inflammation and macrophages are essential in cardiac 318 

repair rather than stem cells differentiating into cardiomyocytes11. Sadek et al.5 319 

reported that macrophages could promote neonatal heart regeneration via 320 

angiogenesis. Our recent study revealed that neonatal cardiac macrophage injection 321 

could promote adult heart regeneration and increase the ability of adult 322 

cardiomyocyte proliferation1,7. Neonatal cardiac macrophage transplantation might be 323 

a promising strategy to promote adult mouse heart regeneration. Here we present the 324 

protocols to help more researchers on the regenerative application development and 325 

explore of heart regeneration mechanisms. 326 

 327 
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Name of Material/Equipment Company Catalog Number Comments/Description
Anti-mouse alpha actinin Abcam Ab9465

Anti-phospho-Histone H3 Millipore 06-570

Anti-rabbit Aurora B Abcam Ab239837

Anti-rabbit Ki67 Abcam Ab15580

gentleMACS Octo Dissociator Miltenyi Bio Tech, Teterow, Germany N/A

Goat anti-mouse Alexa Fluor 555 Invitrogen A-21137

Goat anti-rabbit Alexa Fluor 488 Invitrogen A-11008

Neonatal Heart Dissociation Kit Miltenyi Bio Tech, Teterow, Germany 130-098-373
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Response to editors 

Editorial 

Please present some of the staining results. You can use previously published figures with reprint 

permissions. The inclusion of these images will help further validate and support the efficacy of 

the protocol. 

Re: Thanks for your comment. We have added the previously unpublished images of 

immunofluorescence staining, echocardiography, and Masson’s staining after macrophage 

transplantation. Please see the Figure 3 in our manuscript.  

 

Rebuttal Letter Click here to access/download;Rebuttal Letter;Response to
editors.docx

https://www.editorialmanager.com/jove/download.aspx?id=1278550&guid=85b837b7-5fca-4212-8a79-7de0b840cd22&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1278550&guid=85b837b7-5fca-4212-8a79-7de0b840cd22&scheme=1

