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SUMMARY:  28 

This protocol details the surgical steps of a mouse model of vascularized heterotopic spleen 29 

transplantation, a technically challenging model that can serve as a powerful tool in studying the 30 

fate and longevity of spleen cells, the mechanisms of distinct spleen cell populations in disease 31 

progression, and transplant immunity. 32 

 33 

ABSTRACT:  34 

The spleen is a unique lymphoid organ that plays a critical role in the homeostasis of the immune 35 

and hematopoietic systems. Patients that have undergone splenectomy regardless of 36 

precipitating causes are prone to develop an overwhelming post-splenectomy infection and 37 

experience increased risks of deep venous thrombosis and malignancies. Recently, 38 

epidemiological studies indicated that splenectomy might be associated with the occurrence of 39 

cardiovascular diseases, suggesting that physiological functions of the spleen have not yet been 40 

fully recognized. Here, we introduce a mouse model of vascularized heterotopic spleen 41 

transplantation, which not only can be utilized to study the function and behavioral activity of 42 

splenic immune cell subsets in different biologic processes, but also can be a powerful tool to 43 

test the therapeutic potential of spleen transplantation in certain diseases. The main surgical 44 
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steps of this model include donor spleen harvest, the removal of recipient native spleen, and 45 

spleen graft revascularization. Using congenic mouse strains (e.g., mice with CD45.1/CD45.2 46 

backgrounds), we observed that after syngeneic transplantation, both donor-derived splenic 47 

lymphocytes and myeloid cells migrated out of the graft as early as post-operative day 1, 48 

concomitant with the influx of multiple types of recipient cells, thus generating a unique chimera.  49 

Despite relatively challenging techniques, this procedure can be performed with >90% success 50 

rate. This model allows tracking the fate, longevity, and function of splenocytes during steady 51 

state and in a disease setting following a spleen transplantation, thereby offering a great 52 

opportunity to discover the distinct role for spleen-derived immune cells in different disease 53 

processes.  54 

 55 

INTRODUCTION: 56 

The spleen is the largest secondary lymphoid organ in the body and is critical in the immune and 57 

hematopoietic systems. Its functions are primarily carried out by two morphologically distinct 58 

compartments, the red pulp and the white pulp1. The red pulp is a three-dimensional meshwork 59 

of venous sinuses and splenic cords that consist of reticular fibers, reticular cells, and associated 60 

macrophages. This unique structure allows the red pulp to act as an effective blood filter that 61 

removes foreign materials and old or damaged erythrocytes. The white pulp includes follicles, 62 

marginal zone, and the periarteriolar lymphoid sheaths (PALS) and is an important site for antigen 63 

trapping and processing, lymphocyte homing, transformation, proliferation, and maturation2. 64 

Nevertheless, the spleen has commonly been considered as a dispensable organ because other 65 

lymphatic organs, such as lymph nodes, can also carry out some of its functions and the loss of 66 

spleen does not usually lead to death. Splenectomy has therefore been widely performed as a 67 

therapeutic method for patients with splenic injury or benign hematologic diseases3. However, 68 

patients with splenectomy face a number of long-term complications. Bacterial infections are the 69 

best-recognized complications of splenectomy4,5. Recently, the overwhelming post-splenectomy 70 

sepsis has been recognized as an intensive complication of splenectomy associated with a high 71 

mortality6. Moreover, recent epidemiological studies indicate that splenectomy may be 72 

associated with the occurrence of cardiovascular diseases, suggesting that further physiological 73 

functions of the spleen remain to be explored7,8. 74 

 75 

Both spleen autotransplantation and spleen allotransplantation have been utilized in the clinic. 76 

Currently, spleen autotransplantation by implanting sections of splenic tissue into pouches 77 

created in the greater omentum is considered as the only possibility for preserving splenic 78 

function after traumatic splenectomy9,10. However, the efficacy of this surgery is debatable as 79 

post-surgery complications like aseptic necrosis of the splenic tissue and small bowel obstruction 80 

due to postoperative adhesions could occur11. Spleen allotransplantation is involved in 81 

multivisceral transplantation12. Clinical evidence from multivisceral transplantation suggests that 82 

spleen allotransplantation may play a protective role in small bowel allograft rejection without 83 

causing graft-versus-host disease (GVHD)12. Yet literature regarding the beneficial effect of 84 

spleen allotransplantation as a component of multivisceral transplantation is still limited and the 85 

underlying mechanisms remain to be defined. In 2006, Yair Reisner et al. reported that 86 

transplanting pig embryonic spleen tissue that has no T cells to mice could cure hemophilia A, a 87 

genetic disease without causing GVHD13, supporting that spleen transplantation holds 88 



therapeutic promise in certain diseases. Therefore, there is a need for further investigations on 89 

the therapeutic potential of spleen transplantation. 90 

 91 

Animal models of spleen transplantation are valuable to explore the unappreciated function of 92 

the spleen-derived immune cells in disease progression as well as to test the potential 93 

therapeutic effect of spleen transplantation. Experimental whole spleen transplant models have 94 

been documented since early 1900s, as reviewed by Cohen14. In 1969, Coburn Richard J. and Lee 95 

et al. detailed the technique of spleen transplantation in rats15,16. More recently, Swirski FK et al. 96 

described a mouse model of spleen transplantation17. Compared to rat models, mouse models 97 

of spleen transplantation are more attractive due to its several inherent advantages. For 98 

example, by utilizing a mouse model, we can access an expansive variety of reagents unavailable 99 

to that of rat models. Moreover, by using congenic mice (e.g., mice with CD45.1/CD45.2 100 

background), a syngeneic spleen transplantation makes it possible to track the fate, longevity, 101 

and function of splenocytes18. Based on the work by Swirski FK et al.17, we further established 102 

this simplified and enhanced protocol of spleen transplantation in mice. The protocol described 103 

below combines both reliability and feasibility in a standardized manner and can be utilized as a 104 

tool to study spleen biology and transplant immunity. 105 

 106 

PROTOCOL:  107 

All procedures and animal use in this study were performed according to protocols approved by 108 

the Northwestern University Internal Animal Care and Use Committee (IACUC). In this study, 8 to 109 

10-week old male CD45.2 and CD45.1 mice (both on BALB/c background, from Jackson 110 

laboratory) were used as spleen donors and recipients, respectively, to create syngeneic spleen 111 

transplantation models. All animals were housed in the sterile environment in the animal 112 

facilities of Northwestern University. The eye lubricant was applied to all mice post-113 

anesthetization to prevent dryness. 114 

 115 

1. Surgical preparation, anesthetization, and analgesia regimen. 116 

 117 

1.1. Place a sterile disposable drape (45.7 cm x 66 cm) on the surgical platform. Gently grab 118 

the mouse, inject ketamine (50 mg/kg) and xylazine (10 mg/kg) intraperitoneally (i.p) for 119 

anesthesia, and inject 0.05 mg/kg buprenorphine subcutaneously for analgesia. 120 

 121 

1.2. Ensure the depth of anesthesia by toe-pinch, shave the hair in the whole abdomen area 122 

with a razor and place the mouse on the sterile surgical platform under the operating microscope 123 

at 6-10X magnification.  124 

 125 

2. Donor spleen harvest 126 

 127 

2.1. Sterilize the abdomen with an alcohol prep pad, secure the limbs with surgical tape, and 128 

make a 3-4 cm midline vertical skin incision from the pubis to the xiphoid process with scissors. 129 

 130 

2.2. Retract the abdominal wall with sterile retractors made from paperclips. Move the 131 

intestines to the right flank of the abdomen (surgeon’s left) side with a sterile cotton swab to 132 



expose the spleen. Cauterize the short gastric vein attached to the spleen with a sterile low 133 

temperature cautery (Figure 1A). Place a piece of sterile gauze soaked with 37 °C saline over the 134 

spleen to keep it moist (Figure 1B). 135 

 136 

2.3. Separate and mobilize the portal vein from the pancreatic tissue (Figure 1C) by ligating 137 

the portal vein branches (superior pancreaticoduodenal vein and right gastric vein); place a 138 

suture around the portal vein distal from the splenic vein (Figure 1D). 139 

 140 

2.4. Flip the spleen to the right side to expose the aorta and celiac trunk with the splenic artery 141 

(Figure 1E). Dissect and mobilize aortic-celiac-splenic artery by ligating the hepatic artery and 142 

gastric artery; place a suture around the aorta proximal to the celiac artery (Figure 1F-G). 143 

 144 

2.5. Inject 100 international units (IU) heparin into the inferior vena cava (IVC) to heparinize 145 

the whole body and wait 3 min to ensure the heparin take effects. Ligate the aorta proximal to 146 

celiac artery, transect the portal vein, and then perfuse the whole body using 10 mL of 147 

heparinized cold (4 °C) saline (10 mL/20 s) from the abdominal aorta distal to celiac trunk (Figure 148 

1H). 149 

 150 

2.6. Collect the spleen graft en bloc with the associated aortic-celiac-splenic segment and the 151 

portal vein along with a segment of splenic vein and a small portion of pancreatic tissue. Preserve 152 

the graft in 5 mL of 4 °C saline before transplant. Euthanize the mouse by cervical dislocation. 153 

 154 

3. Recipient splenectomy and spleen graft implantation 155 

 156 

3.1. Place a heating pad on the surgical platform and adjust the temperature to 37 °C. Place a 157 

sterile drape (45.7 cm x 66 cm) on top of the heating pad to create a sterile surgical platform. 158 

Repeat steps 2.1 and 2.2 for surgical preparation and anesthetization. Make a 3-4 cm midline 159 

incision and retract the abdominal wall as described in step 2.1 and step 2.2. 160 

 161 

3.2. Carefully move the intestine to right side of the mouse with a sterile cotton swab to 162 

expose the recipient’s spleen. Ligate the splenic vein and artery and remove the spleen. 163 

 164 

3.3. Carefully move the intestine to left side of the mouse and cover the intestines with wet 165 

gauze (soaked with sterile 37 °C saline). Dissect and ligate the lumbar branches of the infrarenal 166 

aorta and IVC; cross-clamp the infrarenal aorta and IVC by using two 4-mm microvascular clamps. 167 

 168 

3.4. Place an 11-0 nylon suture through the infrarenal aorta (a full thickness) and retract to 169 

create an elliptical aortotomy by a single cut with microscissors (the length should match the 170 

diameter of the donor aorta, Figure 2A). Pierce the IVC using a 30G needle to create an elliptical 171 

venotomy and extend the opening to donor portal vein-matched length using microscissors 172 

(Figure 2A). 173 

 174 

3.5. Clear the intraluminal blood or blood clot (in the aorta and IVC) with 500 μL of heparinized 175 

saline (10 units/mL). 176 



 177 

3.6. Place the spleen graft in the right flank of the recipient mouse abdomen; carefully identify 178 

the donor’s aortic cuff and the donor’s portal vein. After making sure that the vessels are not 179 

twisted, cover the spleen graft with gauze soaked with cold (4 °C) saline.   180 

 181 

3.7. Connect the donor’s aortic cuff to the proximal and distal apex of the recipient’s 182 

aortaotomy with two stay sutures (11-0 nylon suture, same as below) (Figure 2B,C). Make an 183 

anastomosis with 2-3 bites of continuous 11-0 nylon sutures between the donor’s aortic cuff and 184 

the recipient’s aortaotomy (anterior wall) (Figure 2D). Turn the spleen graft over to the left side 185 

of the recipient; make the anastomosis between the donor’s aortic cuff and the recipient’s 186 

aortotomy (posterior wall) (Figure 2E). 187 

 188 

3.8. Perform an anastomosis to connect the donor’s portal vein to the posterior wall of the 189 

recipient’s IVC, using 4 to 5 bites of continuous sutures on the inside of the IVC and then close 190 

the suture on the outside of the IVC (Figure 2F,G). 191 

 192 

3.9. Release the vessel clamps and use sterile cotton swab to tamponade bleeding until the 193 

spleen color is recovered (Figure 2H). 194 

 195 

3.10. Close the abdomen with a 5-0 synthetic absorbable vicryl suture in a continuous pattern. 196 

Close the skin layer with a 5-0 nylon suture in an interrupted pattern. 197 

 198 

NOTE: For the steps 4.7-4.8, alternatively, make an anastomosis between the donor’s portal vein 199 

and the recipient’s IVC first (step 4.8); then make an anastomosis between the donor’s aortic cuff 200 

and the posterior wall of the recipient’s aortotomy, using 2 to 3 continuous sutures in the inside 201 

of the aorta and close the suture on the outside of the aorta. 202 

 203 

4. Animal recovery 204 

 205 

4.1. Inject 1 mL of warm saline subcutaneously via 4 separate locations (0.25 mL/location) 206 

after closing the abdomen. 207 

 208 

4.2. Keep the mouse in a temperature-controlled incubator (30 °C) for the first few hours post-209 

operation, monitor the mouse until it has regained sufficient consciousness, and then transfer 210 

the mouse to a new clean cage with regular food and water, with a heating pad (30 °C) 211 

underneath the cage. Keep the mouse post-surgery in a separate cage. 212 

 213 

5. Post-surgical pain management 214 

 215 

5.1. Inject 0.05 mg/kg buprenorphine subcutaneously 24 h and 48 h post-surgery to maintain 216 

analgesia regimen.  217 

 218 

REPRESENTATIVE RESULTS:  219 



The entire procedure of mouse spleen transplant can be completed within 90 min by experienced 220 

microsurgeons. Our laboratory has performed over 100 spleen transplants in mice. The success 221 

rate is over 90%, as defined by the survival of both recipient mouse and the spleen graft to post-222 

operative day (POD) 1 or POD 7 (our study endpoint). The survival of the spleen graft was 223 

confirmed by the macroscopic appearance and flow cytometry analysis of the splenocytes. Based 224 

on our experience, the flow cytometry analysis (LIVE/DEAD Cell Viability Assays) is very sensitive 225 

to determine whether a spleen graft is survived, as the majority of the spleen cells would be dead 226 

if the spleen grafts were necrotic. The technical challenges of this procedure, common 227 

complications, and their troubleshooting are summarized in Table 1. 228 

 229 

To test the graft morphology post-transplantation, Haemotoxylin and Eosin (H&E) staining was 230 

performed in spleen isografts of BALB/c mice at POD 1 and POD 7. The representative pictures 231 

are shown in Figure 3. The architecture of the spleen isografts remained intact during the first 232 

postoperative week. The red pulp, white pulp, and the marginal zone were still clear and 233 

distinguishable. To investigate the cell migration after spleen transplantation, flow cytometry 234 

was performed at POD 1 and POD 7 to examine the phenotypes of leukocytes in the spleen 235 

isografts, lymph nodes, blood, and bone marrow. As shown in Figure 4A, at POD 1, 51 ± 7% (mean 236 

± SD, same as below) of the spleen cells were donor-derived and 46 ± 3% were recipient-derived. 237 

At POD 7, donor-derived leukocytes accounted for 32 ± 10 % of total spleen cells, and recipient-238 

derived cells were up to 56 ± 13%. We also observed that spleen leukocytes migrated into the 239 

lymph nodes, blood, and bone marrow as early at day 1 and maintained at day 7 (Figure 4B), 240 

generating a unique chimera valuable for splenocyte trafficking research. 241 

 242 

TABLE AND FIGURE LEGENDS 243 

Table 1. Troubleshooting methods. 244 

 245 

Figure 1. Donor spleen harvest. (A) Cauterize the short gastric vein attached to the spleen. (B) 246 

Place a small piece of sterile warm wet gauze over the spleen to keep it moist. (C) Dissect and 247 

isolate the portal vein behind the pancreas. (D) Ligate the side branches of the portal vein and 248 

place a suture round the portal vein distal to the splenic vein. The dashed lines represent the 249 

location transecting later for the anastomosis with the recipient IVC. (E) Flip the spleen over to 250 

the right side of the abdomen (surgeon’s left) to expose the aorta and celiac trunk with its 251 

branches including splenic artery. (F) Dissect and mobilize aortic -celiac -splenic artery by ligating 252 

the two other branches. (G) Place a suture around the aorta proximal to the celiac artery. The 253 

dashed lines represent the location transecting later used for the anastomosis with recipient 254 

abdominal aorta. (H) After ligating the aorta and transecting the portal vein, perfuse the spleen 255 

graft with 10 mL of heparinized saline through the aorta. 256 

 257 

Figure 2. Spleen graft implantation. (A) After isolation and cross clamping the aorta and IVC, 258 

make a longitudinal aortotomy and venotomy in the aorta and IVC, respectively. (B-D) Place the 259 

spleen graft on the right side of the abdomen (surgeon’s left side). Make the end-to-side 260 

anastomosis between donor aortic cuff and the anterior wall of the recipient’s aortotomy, using 261 

2-3 bites of continuing suture. (E) Turn the spleen graft over to the left flank of the recipient; 262 

repeat the previous procedure between the donor aortic cuff and the posterior wall of the 263 



recipient’s aortotomy and close the suture on the outside of aorta. (F-G) Make an end-to-side 264 

anastomosis between the donor portal vein and the posterior wall of the recipient’s IVC, using 4 265 

to 5 bites of continuous 11-0 nylon suture in the inside of the IVC and then close the suture on 266 

the outside of the IVC. (H) After completing the anastomosis, release the vessel clamps and place 267 

some cotton buds to help stop the bleeding. 268 

 269 

Figure 3. Representative histology of spleen isografts on day 1 and day 7 post-operation. 270 

Syngeneic spleen transplantations were performed using BALB/c mice. Spleen isografts were 271 

harvested on day 1 and day 7 post-transplantation and fixed in 10% formalin for 48 h. H&E 272 

staining was performed using paraffin-embedded tissue section. The representative histology 273 

shows that the spleen isografts remain intact at 1-week post-transplantation. Scale bar is 250 274 

μm. POD, post-operative day. 275 

 276 

Figure 4. The chimera created by syngeneic spleen transplantation. Three syngeneic spleen 277 

transplantations were performed using BALB/c CD45.2 mice as donors and BALB/c CD45.1 mice 278 

as recipients. The spleen grafts, blood, lymph node (LN), and bone marrow (BM) in recipient mice 279 

were harvested on day 1 and day 7 post-transplantation. Single cell isolation and flow cytometry 280 

analysis were performed to analyze the phenotype of the cells. (A) Representative dot plots 281 

(gating from live singlets) showing the percentages of donor or recipient - derived leukocytes in 282 

the indicated samples. (B) Percentages (mean ± SEM) of the indicated populations in donor- 283 

derived cells in the indicated samples at day 1 and day 7. POD, post-operative day. 284 

 285 

Supplementary Figure 1. Representative plots (n = 3) showing the percentages of donor-286 

derived versus recipient-derived lymphocytes in the transplanted spleen, lymph node, blood, 287 

and bone marrow. 288 

 289 

Supplementary Figure 2. Representative plots (n = 3) showing the percentages of donor-290 

derived versus recipient-derived CD11b+Ly6C+monocytes in the transplanted spleen, lymph 291 

node, blood, and bone marrow. 292 

 293 

DISCUSSION: 294 

Compelling evidence suggests that spleen-derived monocytes play an important role in sterile 295 

inflammatory processes such as atherosclerosis19, acute ischemic brain20 or lung injury18, as well 296 

as myocardial I/R injury and remodeling21-23. These reports highlight the under-recognition role 297 

of the spleen in many chronic diseases, of which cardiovascular disease is an important one 298 

(especially given it is the number one killer globally). The mouse model of spleen transplantation 299 

offers a great opportunity to discover the role of spleen-derived immune cells in various diseases 300 

as well as how they are primed in the spleen. For example, by using the mouse models of spleen 301 

transplantation, Swirski et al. found that in response to ischemic myocardial injury, spleen-302 

derived monocytes increase their motility, migrate out of the spleen, adhere to injured tissue, 303 

and contribute to the wound healing17. Furthermore, this model is useful to address the 304 

longevities of mature immune cells in the spleen and underlying mechanisms and to explore 305 

therapeutic potentials of spleen transplantation. 306 

 307 



Several aspects should be taken into consideration to improve the success of this protocol. First, 308 

it is critical to choose the proper experimental animals during the design process since the mouse 309 

weight, strain, and health condition could affect the difficulty of the surgical steps and 310 

experimental results. Our laboratory recommends using 8 to 12-week old mice with over 25 g 311 

weight to decrease the mortality that might be caused by bleeding. Second, during the spleen 312 

harvest procedure, too much manipulation of the spleen vessels could easily lead to breeding or 313 

vasospasm and potentially result in micro thrombosis in the spleen graft. Getting familiar with 314 

the anatomy of the mouse abdomen before surgery would be helpful to accelerate the learning 315 

process. Third, during the recipient surgery, the spleen graft should be always maintained moist 316 

and cool. Appropriate protection of spleen grafts could reduce the transplant 317 

ischemia/reperfusion (I/R) injury and prevent graft failure after transplantation. In addition, 318 

considering that the donor vessels for anastomosis are relatively long, positioning the spleen 319 

grafts properly before the anastomosis is critical to prevent twisting of the vessels. Moreover, 320 

the diameters of the recipient aortotomy and venotomy of IVC should be always comparable to 321 

those of the donor aorta and portal vein to ensure the proper blood flow and prevent thrombosis.  322 

 323 

The average storage time of spleen grafts in 4 °C saline is around 10 min. The total ischemic time 324 

should be limited to less than 50 min to ensure minimum transplant failure. We recommend 325 

using the University of Wisconsin (UW) cold storage solution to preserve the spleen graft, if over 326 

1 h cold, ischemic time is needed in studies. It should be noted that a small portion of the 327 

pancreas intimately attach with the spleen, and attempt to remove the whole from the spleen 328 

grafts would easily lead to graft or vascular complications and markedly increase the operation 329 

time. We observed that the pancreas tissue attached to the spleen graft would undergo atrophy 330 

at POD 7 though some remained viable with the spleen grafts. Whether or not to remove the 331 

pancreas tissue attached with spleen grafts depends on the research purposes. 332 

 333 

Availability of congenic mice has made it possible to track the origin of the spleen cells, donor 334 

versus recipient after transplantation. In this study, we used BALB/c CD45.2 and BALB/c CD45.1 335 

congenic mice as spleen donors and recipients to create a syngeneic spleen transplantation 336 

model. Organ or tissue transplantation between these congenic mouse strains has been widely 337 

used to track the origin and the development of immune system. Despite the recent report 338 

regarding a point mutation associated with CD45.1 that influences NK cell response24, no 339 

transplant rejection was reported between these strain combinations. We observed a substantial 340 

influx of recipient cells into spleen grafts that occurred as soon as at POD 1. It is likely that 341 

recipient cells responded to the transplant I/R injury as the majority of the recipient cells were 342 

granulocytes. Our results showed that a relatively high percentage of splenic lymphocytes 343 

remained of donor origin. More interestingly, these lymphocytes migrated to (repopulated) in 344 

other lymphoid compartments (lymph node, bone marrow, and circulation). These findings 345 

prompt us to speculate that lymphocytes that originated from spleens are very important in the 346 

adaptive immunity. However, more investigations are required to delineate the distinct roles of 347 

splenic lymphocytes in adaptive versus innate immunity (Figure 4, Supplementary Figure 1 and 348 

Supplementary Figure 2).  349 

 350 



The major limitation of this protocol is that it requires extensive microsurgical training for 351 

individuals with limited microsurgical experience to master this technique. Based on our learning 352 

experience in overall mouse solid organ transplant models (e.g., mouse heart, lung, or kidney 353 

transplant), it may take 6-10 months for a newly trained person (without any experimental 354 

microsurgical technique) to skillfully master this technique. Compared to mouse models of heart, 355 

or kidney transplantation, this model could be more challenging since it involves additional tissue 356 

dissection steps to isolate the spleen graft during the donor procedures. Moreover, the diameter 357 

of the donor portal vein (around 0.6 mm) is smaller than the IVC, which makes it more difficult 358 

for the anastomosis. Another limitation is that it is not clear if the grafted spleen would be 359 

massively invaded by recipient’ cells at later transplant phase (e.g., POD 60). However, this model 360 

is also very attractive for its several inherent advantages. Firstly, mice and humans share a 361 

substantial range of similar genomes, thereby allowing for a relatively accurate representation 362 

of a realistic application. Moreover, comparing to the mouse model of non-vascularized spleen 363 

autotransplantation using the sections of splenic tissue, this vascularized spleen transplant model 364 

is less likely to develop complications such as aseptic necrosis of the splenic tissue and small 365 

bowel obstruction due to postoperative adhesions. 366 

 367 

The mouse model of spleen transplantation has been previously reported by Swirski FK et al. 368 

However, no detailed information was not described.  Our study provides a comprehensive step-369 

by-step protocol of mouse spleen transplantation for interested researchers to follow and to 370 

mater this technique. Moreover, this protocol eliminates several unnecessary steps described in 371 

the report by Swirski FK et al. (e.g., the bile duct ligation) and introduces the 11-0 suture for 372 

anastomosis, which would help shorten the surgical time and prevent the bleeding. 373 

 374 

In conclusion, this model could be a powerful tool to explore the mechanisms of the splenic cell 375 

population in responses to pathogens, injury, inflammation, or transplant rejection and is 376 

valuable for the test of the therapeutic potential of the spleen transplantation. With proper 377 

training and practice, this procedure can be performed with >90% success. 378 

 379 
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       February 10, 2019 
 
 
Dear Dr. Wu and the reviewers, 

 
We are submitting a revised version of our manuscript (JoVE59616) entitled “A Mouse Model of 
Vascularized Heterotopic Spleen Transplantation for Studying Spleen Cell Biology and 
Transplant Immunity” by Jiao-jing Wang, et al. for reconsideration for publication in the Journal 
of Visualized Experiments.  
We thank the editors for the enthusiasm towards our work. We deeply appreciate the reviewers 
for their insightful and constructive comments. The following are our point-by-point responses (in 
blue) to reviewers’ comments: 
 
 
 
Editorial comments: 
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no 
spelling or grammar issues. 
        We have proofread the manuscript to ensure there are no spelling or grammatical issues. 
 
2. Unfortunately, there are a few sections of the manuscript that show significant overlap with 
previously published work. Though there may be a limited number of ways to describe a 
technique, please use original language throughout the manuscript. Please check the 
iThenticateReport attached to this email. 
        We have revised the protocol description as suggested (lines 156-190 and lines 198-201). 
  
3. Please use 12 pt font and single-spaced text throughout the manuscript. 
        We have adjusted the font size and the spacing of the text as required.  
 
4. Please obtain explicit copyright permission to reuse any figures from a previous publication. 
Explicit permission can be expressed in the form of a letter from the editor or a link to the editorial 
policy that allows re-prints. Please upload this information as a .doc or .docx file to your Editorial 
Manager account. The Figure must be cited appropriately in the Figure Legend, i.e. “This figure 
has been modified from [citation].” 
        All figures represented in this manuscript are original. 
 
5. Please include an ethics statement before all of the numbered protocol steps indicating that 
the protocol follows the animal care guidelines of your institution. 
        We have added the ethics statement as suggested (please see lines 111-117). 
 
6. Please specify the use of vet ointment on eyes to prevent dryness while under anesthesia. 
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        The utilization of vet ointment on eyes has been specified (please see lines 116-117). 
 
7. For survival strategies, discuss post-surgical treatment of animal, including recovery conditions 
and treatment for post-surgical pain. 
        The protocols of post-surgery analgesia treatments and recovery conditions were added in 
lines 203-214. 
 
8. Discuss maintenance of sterile conditions during survival surgery. 
        The discussion was added (lines 120, 129, 132-133 and 156-157). 
 
9. Please specify that the animal is not left unattended until it has regained sufficient 
consciousness to maintain sternal recumbency. 
        This step was specified in the protocol (line 208). 
 
10. Please specify that the animal that has undergone surgery is not returned to the company of 
other animals until fully recovered. 
        This step was specified in the protocol (line 210). 
 
11. Please revise the text in Protocol to avoid the use of any personal pronouns (e.g., "we", "you", 
"our" etc.). 
        We have revised the text in Protocol and no “we’, “you”, or “our” was used. 
 
12. Please add a one-line space between each of your protocol steps. 
        We have adjusted the spacing as required. 
 
13. Step 4.1: Please write this step in the imperative tense. 
        We have rewritten this step in the imperative tense (please see lines 156-159).  
 
14. Please do not abbreviate journal titles for all references. 
       The references format has been revised as required. 
 
Reviewers' comments: 
Reviewer #1: 
1. The authors state in lines 1, 31 and 43 that this procedure is heterotopic model of spleen 
transplantation. As stated in line 148 the recipient's own spleen is being removed. Please explain 
why this is heterotopic and not orthotopic technique. 
        We considered this as a heterotopic model because the venous drainage of the transplanted 
spleen is different from the native spleen. While the blood of the native spleen drains to the portal 
vein, the blood of the transplanted spleen drains from donor portal vein to the recipient’s IVC.   
 
2. Does the donor animal (BALB/c CD45.2) and the recipient animal (BALB/c CD45.1) are 
considered syngeneic or allogeneic? Although it might be obvious to you, take into account that 
this is not clear for other readers. 
        We thank the reviewer for this important point. CD45.1 and CD45.2 congenic mice have 



been widely used for in vivo studies tracking the development or the origin of immune cells as 
they differ only at the CD45 locus (5 amino acids). Transplantation between BALB/c CD45.2 and 
BALB/c CD45.1 are generally considered as syngeneic models. We have specified this in the 
manuscript (lines 49, 103, and 280-286). 
 
3. I have no doubt that the authors perform this procedure in a highly standards of sterility. 
However, it is better to add a paragraph that explain the surgical field preparation, including sterile 
conditions, draping and scrubbing of the animals and the surgical team. 
        We thank the reviewer’s suggestions and have added the description to specify the sterile 
conditions of the surgical steps (please see lines 120, 129, 132-133 and 156-157). 
 
4. Line 116 - is there any induction anesthesia taking place before injecting IP? 
        For this step, no induction anesthesia is used. We gently grab the mice and perform the i.p 
injection as specified in line 120.  
 
5. Line 119 - please indicate whether the surgical platform is heated, and if yes, on what 
temperature? 
        We thank the reviewer for this suggestion. Yes, we place a heating pad and adjust the 
temperature to 37oC during the surgery. We have specified this step in the revised manuscript 
(please see line 156-157).  
 
6. Line 124 - please indicate in which way the skin incision is made 
(scalpel/scissors/monopolar/etc), and what is the length of the incision? 
        We used the scissors to make a 3-4 cm skin incision. We have specified this step in the 
revised manuscript (please see lines 129-130, and 158).  
 
 
7. Line 126 - how does the intestines and abdominal wall is being retracted? Do you use specific 
retractor? 
        We used the self-made retractor (using paperclips) to expose the abdominal wall and used 
sterile cotton swabs to gently retract the intestines. We have specified this step in the revised 
manuscript (please see lines 132-133). 
 
8. Line 127 - how does the short gastric vein is being cauterized? monopolar?/unipolar? 
        We cauterized the short gastric vein using a sterile low temperature cautery (please see lines 
134-135). 
 
9. Line 129 - the authors described they dissect the portal vein behind the pancreatic tissue. Is 
there any physiologic or biologic implication of dissecting through the pancreatic tissue? For 
example, is there hyperamylasemia or other implications that the authors found out? 
       To clarify this step, we have modified the previous line 129 (now line 138 in the revised): 
please refer to line 138 for the changes. To avoid damaging the pancreatic tissue, extra 
precautions are taken while separating the portal vein from the pancreas. No hyperamylasemia 
or complications were observed. 
 
10. Line 130 - could you please name the branches? Also, is "away" means "distal"? I think it is 



better to use the word "distal" here. 
        We thank the reviewer for this suggestion. We have specified the name of branches (please 
see line 139). We agree with the reviewer and have replaced the word “away” with “distal” (please 
see line 140). 
 
11. Line 134 - please name the two other branches. 
        We have specified the name of the other branches (please see lines 143-144). 
 
12. Line 136 - how does the Heparin injection into IVC is being performed? Since it is a challenging 
procedure I wonder if it is possible to inject Heparin sub-cutaneous before the surgery starts and 
get the same effect? 
        We use the insulin syringe (301/2G) for the heparin injection into IVC. This step is actually 
less challenging when performed under the microscope. Normally we do not recommend injecting 
the heparin before the surgery starts because it may increase the risk of bleeding during the 
procedures of dissecting the portal vein and aortic-celiac-splenic artery.   
 
13. Line 138 - "cold saline" - what is the temperature? 
        We used the cold saline (4oC). We have specified the temperature in the manuscript (please 
see lines 148, 153, and 179).  
  
14. Line 140 - where the harvested spleen is stored and in what conditions till it's being 
transplanted? For how long it is stored before starting anastomosis? 
        The spleen was stored in the cold saline (4oC) before being transplanted into the recipients. 
The average storage time was approximately 10 mins. We have specified this information in the 
revised manuscript (please sees lines 153 and 270). 
 
15. What is the ischemic time of the spleen transplant? 
        The average ischemic time of the spleen transplant was 30-45 mins in this study. We 
recommend to keep the total ischemic time <50 mins. We have specified this information in the 
revised manuscript (please see line 270). 
 
16. It is not clear when and how the donor is euthanized. Please add more details to the 
manuscript. 
        We thank the reviewer for this suggestion. We have added the step to specify the method of 
euthanizing the donor mice (please see line 153). 
 
17. Line 230 - the authors explain that positioning of the graft is important to prevent twisting of 
vessels. Please explain how do you inset the graft in place and prevent wandering of the spleen. 
        We have added a description of the way we inset the graft (please see lines 177-179) 
 
18. How do you manage vasospasm during anastomosis? Do you use irrigating solution 
containing lidocaine or papaverine? 
        We did not use any irrigating solutions in this study. The anti-vasospasm drug may help 
improve the transplant success; however, we have not tested it yet. 
 



19. Do you house the post-op animals separately or together? 
        In this study, we housed the post-operative animals separately. 
 
20. Do you use lacrimal ointment to prevent recipient's corneal abrasion? If yes, please include 
in the manuscript. 
        Yes, we have provided this information in the manuscript (please see lines 116-117). 
 
21. What is the diameter of the artery and vein that are anastomosed? I think this it would be good 
to get estimated diameters, so the readers will be able to understand how much this procedure is 
challenging. 
        The diameters of the artery and vein are approximately 0.4 mm and 0.6 mm respectively. 
We have specified the diameter of the artery and vein in the revised manuscript (please see line 
303). 
 
22. How does this model different / similar to Swirski's model (ref, 17)? 
        Overall, this model is similar to the one reported by Swirski FK et al. However, there were 
few technical details included in Swirski's report; it is not specifically clear how the surgery is 
performed. The current study provides a comprehensive step-by-step protocol of mouse spleen 
transplantation for interested researchers to follow and to master this technique. In addition, this 
protocol eliminated some unnecessary surgical steps (e.g. the bile duct ligation) described in the 
report by Swirski FK et al. and introduces the 11-0 suture for anastomosis, which would help 
shorten the surgical time and prevent the bleeding. This information was discussed in the revised 
manuscript (please see lines 313-318). 
 
23. Line 192 - the authors state that success rate is defined by survival of both recipient mouse 
and transplanted spleen. How do you monitor the transplanted spleen while the animal is alive? 
Do you use doppler probe? Ultrasound? Other tests? 
        We thank the reviewer for raising these questions. We defined the success of the procedures 
based on the survival of both recipient mouse and the spleen graft to post-operative day (POD) 1 
or POD7 (our study endpoint). The survival of the spleen graft was confirmed by the macroscopic 
appearance and flow cytometry analysis of the splenocytes. Based on our experience, the flow 
cytometry analysis (LIVE/DEAD Cell Viability Assays) is very sensitive to determine whether a 
spleen graft is survived, as the majority of the spleen cells would be dead if the spleen grafts were 
necrotic. We have not used doppler probe or Ultrasound, but believe these methodologies could 
be very helpful to in vivo longitudinal monitoring and will explore its utility if needed. This 
information was discussed in the revised manuscript (please see lines 220-224). 
 
 
24. Table 1 - What is "step 1.5"? I could not find this on the text. 
        This was written in error. It has been corrected to reflect “steps 3.3, 3.4”. 
 
25. Table 1 - What is "step 2.3"? I could not find this on the text. 
        This was written in error. It has been corrected to reflect “step 4.3”. 
 
26. Table 1 - please explain what is "UW solution"? 
        “UW solution” refers to “University of Wisconsin cold storage solution”. We have specified 



this information in our revised manuscript.  
 
27. When harvesting the post-transplanted spleen, do you see any adhesions of fibrosis related 
to surgical wound healing? 
        We did observe some fibrotic donor pancreas tissue attached to the spleen graft, but we did 
not observe any adhesions related to the wound healing.   
 
Reviewer #2: 
Major Concerns: 
1. The author claimed 90% of successful rate could be reached based on survival rate of animals 
and grafts. However in the manuscript only data from POD7 was shown and no description for 
long-term phenotype. How "survival " was defined? How long the animals and grafts have been 
monitored and analyzed after surgery? 
        We thank the reviewer for raising these questions. We defined the success of the procedures 
based on the survival of both recipient mouse and the spleen graft to post-operative day (POD) 1 
or POD7 (our study endpoint). The survival of the spleen graft was determined by the macroscopic 
appearance and flow cytometry analysis of the splenocytes. Based on our experience, the flow 
cytometry analysis (LIVE/DEAD Cell Viability Assays) is very sensitive to determine whether a 
spleen graft is survived, as the majority of the spleen cells would be dead if the spleen grafts were 
necrotic. Two transplants were monitored for >POD60 with surviving spleen grafts as confirmed 
by histology and flow cytometry. The data are not included in this manuscript as we plan to 
perform additional transplants for long term monitoring. 
 
 
2. In table 1 only "Anesthetic overdose" was given as the potential cause of death. Have the 
authors encountered other causes? Like bleeding, infection etc. 
        We thank the reviewer for this question. Yes, we encountered other causes such as 
bleeding, thrombosis, infection, etc. We have added these causes to Table 1. 
 
Minor Concerns: 
1. Protocol 3.6 states perfusing the whole body with 10ml saline through abdominal aorta. The 
authors should give a rate for perfusion that would damage the blood vessels in the graft. 
        We thank the reviewer for this suggestion. The perfusion rate is 10 ml/20 s. We have 
specified this step in the revised manuscript (please line 148). 
 
2. Line 248 says " These findings suggest that the turnover of splenic lymphocytes is much slower 
than that of the myeloid populations, which underscores the importance of lymphocytes that 
originated from spleens in adaptive immunity". Please explain how this conclusion was made? 
Also murine spleen also contains marginal zone B cells which are part of innate immune system. 
        Thank you for this notion. Our results showed that a relatively high percentage of splenic 
lymphocytes remained of donor origin. More interestingly, these lymphocytes migrated to 
(repopulated) in other lymphoid compartments, e.g. Lymph node, bone marrow, and circulation. 
These findings prompt us to speculate that lymphocytes that originated from spleens are very 
important in the adaptive immunity. However, more investigations are required to delineate the 
distinct roles of splenic lymphocytes in adaptive versus innate immunity.  
 
 



Reviewer #3: 
Manuscript Summary: 
Major Concerns: 
1. This protocol did require a certain level of experience. They claimed the success rate for this 
protocol is >90% for experience one. What about that rate for a newly trained person then? 
        Based on our learning experience in overall mouse solid organ transplant models (e.g. 
mouse heart, lung, or kidney transplant), it may take 6-10 months for a newly trained person 
(without any experimental microsurgical technique) to skillfully master this technique. 
 
2. For the potential applications of this protocol, the author only indicated it can be used to study 
the immune cell and spleen transplantation. However, the author has cited references several 
times to imply the spleen may also be related to cardiovascular diseases. How this protocol can 
be used to study cardiovascular diseases should be addressed. 
        We thank the reviewer for this suggestion. We have addressed this question in the revised 
manuscript (please see lines 246-249: For example, by using the mouse models of spleen 
transplantation, Swirski et al. found that in response to ischemic myocardial injury, spleen-derived 
monocytes increase their motility, migrate out of the spleen, adhere to injured tissue, and 
contribute to the wound healing.) 
 
3.On line 109, they stated to use mice with proper age, gender and weight. Please specify what 
range is considered to be proper. They discussed a little about the weight in the discussion part. 
But they didn't talk about the age or gender. 
        We thank the reviewer for this question. We recommend using 8 to 14-week old mice for this 
model (as specified in line 256). Concerning the gender, we used male mice in this study. 
However, whether there is a gender difference regarding the transplant outcome requires further 
study. Therefore, which gender to use may depend on the study design. 
 
4. For Figure 4, they should include a panel of control mice for comparison. 
        We thank the reviewer for this suggestion. With consideration of the limited timing for the 
revision, we are not be able to add a parallel control analysis for this particular study. Based on 
studies from our group and others, we found that the cellular compositions of syngeneic spleen 
grafts are similar to that of the spleen from a naive BALB/c mice.  
 
5. On line 209, they mentioned monocytes play an important role. Their representative results 
should include a flow cytometry for monocyte to show that monocyte is also recovered. 
        We thank the reviewer for this suggestion. The flow cytometry data of monocyte were added 
to the supplementary figure 2. 
 
 
Minor Concerns: 
1. On line 103, they said this is a simplified and enhanced protocol compared with Swiski FK et 
al's protocol. They may need to clarify the difference. 
        We thank the reviewer for this suggestion. This information was discussed in the revised 
manuscript (please see lines 307-313). Overall, this model is similar to the one reported by Swirski 
FK et al. However, there were few technical details included in Swirski's report; it is not specifically 
clear how the surgery is performed. The current study provides a comprehensive step-by-step 



protocol of mouse spleen transplantation for interested researchers to follow and to master this 
technique. In addition, this protocol eliminated some unnecessary surgical steps (e.g. the bile duct 
ligation) described in the report by Swirski FK et al. and introduces the 11-0 suture for 
anastomosis, which would help shorten the surgical time and prevent the bleeding. 
 
2. For the abbreviation used, they need to define that first, such as i.p., POD etc. 
        We thank the reviewer’s suggestion. We have specified these abbreviations (please see 
lines 121, 220). 
 
3. On line 211. "under-recognition of the role the spleen" should be "under-reconition role of the 
spleen". 
        We thank the reviewer’s suggestion. We have revised this sentence (please see lines 243-
244). 
 
 
Reviewer #4:  
Major Concerns: 
The authors only investigate host versus recipient leukocyte turnover in the spleen, 1 and 7 days 
after surgery. I would recommend to add a longer timepoint, such as 4 weeks, to evaluate the % 
of donor cells remaining in the spleen and the risk of graft rejection. For leukocyte turnover in the 
spleen, please refer to Liu K et al, Nat Immunol 2007 (PMID 17450143) who used parabionts and 
compare the rates of leukocyte turnover at 4 weeks. I would fear that grafted spleen might be 
massively invaded by recipient cells, which would decreases the impact of this technique for 
immunological questions. 
Is there any fibrosis developing around the grafted spleen? 
        We thank the reviewer’s suggestion. Two transplants were monitored for >POD60 day with 
surviving spleen grafts as confirmed by histology and flow cytometry. The data are not included 
in this manuscript as we plan to perform additional transplants for long-term monitoring to address 
this interesting question.  
 
Thanks again for your consideration! 
 
Sincerely 
 

 
 
 
Zheng Jenny Zhang, MD 
Research Professor of Surgery 
Director, Microsurgery Core, Comprehensive Transplant Center 
Northwestern University, Feinberg School of Medicine 
300 E Superior St. Tarry Building, 11-753 
Chicago, IL 60611 
Tel: 312.503.1682 
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Supplementary Figure 1. Representative plots (n=3) showing the percentages of
donor-derived versus recipient-derived lymphocytes in the transplanted spleen, lymph
node, blood, and bone marrow. CD3+ cells and B220+ cells were gated from live single
cells isolated from transplanted spleen, lymph node (LN), blood, and bone marrow (BM)
at day 7 post-transplantation. The percentages of CD45.2+ (donor) and CD45.1+
(recipient) cells are indicated.
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(Figures, Permissions, etc.);supplemental figures.pdf
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Supplementary Figure 2. Representative plots (n=3) showing the percentages of
donor-derived versus recipient-derived CD11b+Ly6C+monocytes in the transplanted
spleen, lymph node, blood, and bone marrow. CD11b+Ly6C+monocytes were gated
from live single cells isolated from transplanted spleen, lymph node (LN), blood, and
bone marrow (BM) at day 7 post-transplantation. The percentages of CD45.2+ (donor)
and CD45.1+ (recipient) cells are indicated.


