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SUMMARY: 33 
Here, we present a new method for partial resection of the left hepatic lobe in neonatal (day 0) 34 
mice. This new protocol is suitable for studying acute liver injury and injury response in the 35 
neonatal setting. 36 
 37 
ABSTRACT: 38 
Morphological organ regeneration following acute tissue loss is common among lower 39 
vertebrates, but is rarely observed in mammalian postnatal life. Adult liver regeneration after 40 
70% partial hepatectomy results in hepatocyte hypertrophy with some replication in remaining 41 
lobes with restoration of metabolic activity, but with permanent loss of the injured lobe’s 42 
morphology and architecture. Here, we detail a new surgical method in the neonate that leaves 43 
a physiologic environment conducive to regeneration. This model involves amputation of the left 44 
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lobe apex and a subsequent conservative management regimen, and lacks the necessity for 45 
ligation of major liver vessels or chemical injury, leaving a physiologic environment where 46 
regeneration may occur. We extend this protocol to amputations on juvenile (P7-14) mice, during 47 
which the injured liver transitions from organ regeneration to compensatory growth by 48 
hypertrophy. The presented, brief 30 min protocol provides a framework to study the 49 
mechanisms of regeneration, its age-associated decline in mammals, and the characterization of 50 
putative hepatic stem or progenitors. 51 
 52 
INTRODUCTION: 53 
The ability to regenerate an organ, or to restore form and function, has been thought to be mostly 54 
lost over evolutionary time. The regenerative potential of the adult mammalian liver after acute 55 
chemical or physical injury has been found to involve the mobilization of all remaining 56 
hepatocytes resulting in waves of hypertrophy and few rounds of cell division, resulting in a 57 
functional but architecturally different organ1–5. Recently, studies have begun to characterize the 58 
regenerative response of neonatal mammalian organs to injury within the first week of life6–8. 59 
These studies have shown that when injured during neonatal development, certain mammalian 60 
organs respond with morphological regeneration instead of compensatory growth or fibrosis7,8. 61 
 62 
Recent studies have shown that regeneration of both global structure and function occurs during 63 
the early neonatal period6–8. Established liver injury protocols involve chemical injury or 64 
administration of ethanol9–11, acetaminophen12–15, carbon tetrachloride16–19, 70% partial 65 
hepatectomy4,20,21, or removal of the left and median lobes. Chemical administration leads to 66 
hepatocyte cell death, but often leaves micro- and macro-structures intact. Morphologic 67 
regeneration cannot be readily studied in this context, as the overall hepatic architecture was 68 
not obliterated. The 70% partial hepatectomy involves suture ligation of the major vessels, which 69 
is necessary to stop bleeding, but leaves a non-physiologic environment with permanent 70 
disruption of vasculature. Furthermore, this method has only been used on adult rodents, and its 71 
application to neonates is technically extremely difficult. With this in mind, we developed a 72 
method in which 20-30% of the apex of the left lobe is removed in a newborn P0 mouse (Figure 73 
1A-1B). This method is surgically conservative, minimally invasive, not technically challenging, 74 
and leads to gross loss of morphology without the ligation of vasculature, leaving room for 75 
regeneration to occur. The resulting step-by-step protocol, described below, allows for any 76 
researcher to perform a partial lobular hepatectomy on neonatal mice in order to study 77 
mammalian neonatal regeneration in the early stages of post-natal life. This method also has 78 
clear applications to comparative studies in regenerative medicine and stem cell biology, as it can 79 
be used in the liver during later stages of life. 80 
 81 
The most common acute liver injury studies are chemically-induced damage, adult liver 82 
amputation, or 70% partial hepatectomy. Chemical damage often involves intravenous, 83 
intraperitoneal or oral administration of acetaminophen, carbon tetrachloride, or ethanol, and is 84 
a relatively easy and non-invasive injury model. As previously discussed, chemical damage results 85 
in hepatocyte cell death, but often leaves stroma and parenchyma structures intact, making it 86 
difficult to make claims about morphologic regeneration. Chemical damage often centers on 87 
hepatic vessels, making it a useful technique to study site and cell-specific injury, but also makes 88 



 

it difficult to interrogate, at the whole organ level, other populations that may be situated further 89 
from vessels and that may contribute to regeneration. Despite these limitations, chemical 90 
damage still remains a useful and highly physiologically relevant injury model. 91 
 92 
Adult 70% partial hepatectomy involves the removal of the left and median lobes following 93 
ligation of hepatic vasculature. The response to hepatectomy has been well characterized: the 94 
amputated liver 14 days post 70% partial hepatectomy develops a grossly different architecture 95 
from that of the original undamaged lobe, as the hepatocytes of the remaining right and caudate 96 
lobes undergo hypertrophy and a few rounds of cell division4,5. This makes up lost mass and 97 
function, but fails to regenerate the two amputated lobes, and therefore does not replace gross 98 
morphology. As a result, the injury response to 70% partial hepatectomy is useful to study 99 
compensatory growth mechanisms with limited regeneration. 100 
 101 
Here, we fully describe a protocol for a neonatal partial lobular hepatectomy. The procedure 102 
involves appropriate animal selection and preparation, surgical field preparation, surgery, and 103 
recovery. Optimization and adaptation of each of these steps may be required for different 104 
applications of the protocol. 105 
 106 
We have extensively performed and optimized this protocol on wild type C57BL/6J pups (JAX 107 
000664), however, to study different cell populations and mechanisms of regeneration, we also 108 
used various transgenic animals including mice harboring various Cre and CreERT2 transgenes 109 
and/or knock-ins (Axin2CreERT2 JAX 018867, and Sox9CreERT2 JAX 018829) in combination with 110 
fluorescent reporters, such as the Rainbow and mTmG systems (R26VT2/GK3, R26mT/mG)22,23. We 111 
found no need to change this methodology for different mouse strains, as no differences in 112 
survival outcomes or regenerative potential were observed. 113 
 114 
In addition to using different animal strains, we also performed partial lobular hepatectomies on 115 
neonatal mice treated with small molecules, such as 4-hydroxy-tamoxifen and 5-ethynyl-2′-116 
deoxyuridine (EdU). Dimethyl sulfoxide (DMSO) and ethanol were used as solvents, as it was 117 
found that corn oil was a significant cause of morbidity. We otherwise found that intraperitoneal 118 
administration of small molecules did not affect survival or regenerative outcomes. We predict 119 
that this protocol will be adapted for use with other small molecules to interrogate various 120 
aspects of regeneration. 121 
 122 
Neonatal mouse surgeries can be technically challenging and may require special expertise in 123 
animal handling and microscopic dissection. Animal husbandry expertise is necessary to avoid 124 
maternal cannibalism following surgery and during the immediate recovery period. 125 
 126 
PROTOCOL: 127 
All animal experiments were carried out in strict accordance with the guidelines set forth by the 128 
Association for Assessment and Accreditation of Laboratory Animal Care International (AAALAC) 129 
and Stanford University’s Administrative Panel on Laboratory Animal Care (APLAC), (Protocol 130 
number #10266) and in the United States, or the European Animal Welfare Act, Directive 131 
2010/63/EU. The protocol was approved by the Committee on the Ethics of Animal Experiments 132 



 

of the Government of Bavaria, Germany, and received the permission No: 55.2-1-54-2532-150-133 
2015. 134 
 135 
1. Animal Preparation 136 
 137 
1.1. Prepare an empty cage with appropriate bedding on a heating pad. 138 
 139 
1.2. Prior to touching animals with gloves, rub the mother’s bedding onto the gloves.  140 
 141 
1.3. Remove all pups from their mother and place into the empty cage. Remove some of the 142 
mother’s bedding and place it in the empty cage with the pups. 143 
 144 
1.4. Place the mother in a separate, clean, dry cage away from the surgical field. 145 
 146 
2. Surgical Field Preparation 147 
 148 
2.1. Using a 10-mL pipette, add 10 mL of phosphate buffered saline (PBS) to a 10-cm Petri 149 
dish. 150 
 151 
2.2. Pipette 2 mL of betadine or equivalent anti-septic solution in the 10-cm Petri dish. 152 
 153 
2.3. Place a dissecting scope on the surgical field. Turn on dissecting scope lamp and adjust 154 
the level of light to the surgeon’s comfort. A pup can be placed in the surgical field underneath 155 
the dissecting scope lamp. Adequate light can be confirmed by the absence of shadows on the 156 
ventral surface of the pup.  157 
 158 
2.4. Prepare the isoflurane anesthesia chamber (see Table of Materials) with a nose cone. The 159 
chamber should be cleaned without evidence of urine or feces. Place the nose cone and 160 
associated tubing under the dissecting scope in the surgical field. Divert the flow of oxygen and 161 
isoflurane solely to the nose cone.  162 
 163 
2.5. Prepare a post-operative recovery area with a heating pad set at approximately 37 °C. 164 
The post-operative recovery should consist of 4 pieces of gauze placed on top of the heating pad. 165 
If possible, rub gauze pads in the mother’s bedding, feces, and urine to preserve the mother’s 166 
scent.  167 
 168 
Note: It is ill-advised to use a heat lamp, as this makes it difficult to control the temperature. 169 
Elevated temperatures will result in the death of neonatal mice. 170 
 171 
2.6. Prepare and sterilize all surgical instruments with 70% ethanol or an equivalent anti-septic 172 
solution. The tools needed include: micro-dissecting scissors, micro-dissecting forceps, gauze, 173 
hemostat, and 6-0 silk sutures. 174 
 175 



 

3. Partial Lobular Hepatectomy 176 
 177 
3.1. Anesthetize the pup by placing it in the nose cone on its back and gently taping its feet 178 
and hands in place. The pup should be receiving 5% isoflurane in oxygen. 179 
  180 
3.1.1. Allow the pup to sit for 5 min or until adequately anesthetized, which can be verified by 181 
a toe pinch test. 182 
 183 
3.1.2. Inject 5 mg/kg of carprofen subcutaneously prior to incision. 184 
 185 
NOTE: The entire surgery should take no longer than 30 min. Poorer outcomes may be observed 186 
in neonates that are under general anesthesia for over 30 min. Take precautions to minimize the 187 
length of surgery through thorough field preparation and wetting of the skin prior to closure to 188 
minimize suture induced skin tears. 189 
 190 
3.2. Gently clean off the posterior abdominal wall with a small gauze pad wet with betadine. 191 
Allow the betadine to dry for 1 min. 192 
 193 
3.3. Make a right mid-clavicular 0.5 cm incision immediately below the rib cage with the micro-194 
dissecting scissors and forceps. Gently separate the skin using forceps and make a second deeper 195 
incision into the peritoneal cavity (See Figure 1C, left and center). 196 
 197 
3.4. Gently apply lateral pressure from both sides of the abdomen using the back, blunt ends 198 
of the micro-dissecting scissors and forceps to force the apex of the left lobe out of the peritoneal 199 
cavity. The left apex of the left lobe should be easily visualized (Figure 1C, right). 200 
 201 
3.5. From the apex, amputate and weigh the amount of tissue to be removed. 202 
 203 
3.5.1 Using the micro-dissection scissors, gently amputate the desired amount of tissue from 204 
the apex of the left lobe. 205 
 206 
3.5.2 Place the amputated tissue into a 1.5-mL tube filled with PBS. Weigh the amputated tissue 207 
using an analytical balance (see Table of Materials).  208 
 209 
Note: Place a piece of gauze or paper on the balance and tare it. Then place the amputated tissue 210 
on the gauze or paper and measure its mass.   211 
 212 
3.5.3 Fix the amputated area in 2% paraformaldehyde at room temperature for 1 h and place 213 
in optimal cutting temperature (OCT) compound over dry ice for frozen section analysis. Analyze 214 
frozen sections by cutting 7-10 µm sections using any standard cryostat.  215 
 216 
3.6. Using a rolled piece of gauze, gently replace the left lobe into the peritoneal cavity. Leave 217 
the gauze in the cavity until the bleeding stops. 218 
 219 



 

3.7. Remove the gauze and wet the surgical site and the surrounding area with gauze soaked 220 
with PBS.   221 
 222 
3.8. Close the surgical site with 6-0 silk sutures with a running stitch. The peritoneum and skin 223 
can be closed separately or together. 224 
 225 
Note: Gently wetting the skin with gauze soaked with PBS may minimize suture induced tears. 226 
 227 
3.9. Gently but thoroughly clean the pup with gauze soaked with PBS and ensure no blood or 228 
betadine remains. Roll the soaked gauze pad and gently scrub over the wound sign to clean off 229 
any blood or betadine.  230 
 231 
Note: This is especially important as the mother may cannibalize the pups if they are cleaned 232 
inadequately. 233 
 234 
3.10. Remove the pup from the nose cone and place it on the recovery area that includes the 235 
gauze pads exposed to the mother’s feces and urine. Once the pup recovers, replace the pup in 236 
the empty cage with the mother’s bedding.   237 
 238 
Note: Do not use a heat lamp. The use of a heat lamp can cause the neonate to overheat. 239 
 240 
3.11. Repeat the procedure on the desired number of pups. Although all pups can be used, it is 241 
generally advisable to leave a few pups not operated on to be replaced together with the 242 
operated pups. 243 
 244 
3.12. Replace all pups simultaneously with their mother’s bedding in the mother’s cage. 245 
 246 
4. Recovery and Analysis 247 
 248 
4.1. Follow up on the mice daily. 249 
 250 
4.1.1. Check that the wound remains closed and remove any dead pups, if present. 251 
 252 
4.1.2. If the wound reopens, prepare the surgical site and recovery area as previously described, 253 
and repeat steps 3.8 to 3.12. 254 
 255 
4.1.3. Inject 5 mg/kg of carpofen subcutaneously 24 and 48 h following the procedure. 256 
 257 
4.1.4. Follow Pups for 56 days or more. 258 
 259 
4.2. Euthanize the animals after the desired amount of post-operative days by carbon dioxide 260 
(CO2) exposure and cervical dislocation. 261 
 262 
4.2.1. Place mice in the induction / euthanasia chamber and turn on the CO2 until mice stop 263 



 

breathing. 264 
 265 
4.2.2. Ensure euthanasia by cervical dislocation. Push down on the dorsal neck of the mouse 266 
using the fore-finger and thumb and using the other hand, pull down on tail. 267 
 268 
4.3. Remove the entire liver en bloc and weigh it. 269 
 270 
4.3.1. Carefully separate each lobe and weigh separately. 271 
 272 
Note: Remove the liver by careful dissection of the diaphragm and hepatic and portal vessels. 273 
Separate the lobes from each other by carefully dissecting each lobe at its proximal attachment. 274 
 275 
4.4. Determine the extent of regeneration by comparing the mass of the amputated left lobe 276 
to the mass of the whole liver. An uninjured left lobe is approximately 30% of the whole liver. 277 
 278 
REPRESENTATIVE RESULTS: 279 
Figure 1A details a general timeline of the neonatal partial lobular hepatectomy (schematic in 280 
Figure 1B), and the expected length of time to wait until regeneration is observed. Subtle 281 
regeneration of the left lobe can be observed 7-14 days post surgery. Full regeneration was often 282 
observed after 56 days post surgery. Mice should show no signs of physiologic abnormalities after 283 
surgery. 284 
 285 
Mice undergoing partial lobular hepatectomies were allowed to recover for 2, 7, 14, 35, and 56 286 
days. Hematoxylin and eosin (H&E) of injured left lobes from these mice after recovery are shown 287 
in Figure 2. Notably, after 56 days, the amputated left lobe may look indistinguishable from 288 
control, uninjured lobes. Surgeries done on P14 juvenile mice were done for comparison and 289 
allowed to recover for 7, 14, and 56 days post surgery (Figure S1).  290 
 291 
To characterize neonatal regeneration, 45 mice underwent partial lobular hepatectomy at day 0 292 
and the masses of all their lobes were taken 56 days post surgery. The mass of the injured left 293 
lobe underwent an increased change in mass when compared to the other uninjured median, 294 
right, and caudate lobes (Figure 3A) and uninjured controls, nearing the mass of an uninjured left 295 
lobe at P56. This indicates that regeneration following neonatal liver injury is localized to the left 296 
lobe. Surgeries done on P14 juvenile mice were done for comparison, which showed decreased 297 
regeneration in the left lobe and increased compensation from the uninjured lobes (Figure 3B), 298 
indicating that by 14 days, the injury response to acute resection switched from lobe specific 299 
regeneration to global compensation. Further characterization was done by staining areas of the 300 
left lobe from injured mice at post-operative day 56 with filamentous actin (f-actin) to visualize 301 
cell membranes (Figure 4A). Areas distal and proximal to the area of injury were compared to 302 
uninjured controls and adult lobes 14 days following 70% partial hepatectomies. Hepatocytes 303 
were found to have similar areas as uninjured controls, about 1.5-2x less than adult mice 304 
undergoing regeneration following classical 70% partial hepatectomy (Figure 4B). This suggests 305 
that hypertrophy does not play a role in regeneration. Finally, neonatal mice were injected with 306 
0.025 mg of 5-ethynyl-2’-deoxyuridine (EdU) in 90% PBS and 10% ethanol and 1, 3, 5, 7, and 14 307 



 

days following surgery. The number of EdU positive cells were counted from mice allowed to 308 
recover for 7 days following surgery (Figure 4C). A significant increase in the number of EdU 309 
positive cells were found in the injured/regenerating left lobe when compared to uninjured 310 
controls, indicating that cell proliferation contributes to neonatal regeneration. 311 
 312 
FIGURE AND TABLE LEGENDS: 313 
Figure 1: Partial Lobular Hepatectomy Overview. (A) A general schematic and timeline of the 314 
partial lobular hepatectomy is shown with neonatal liver resection done at P0. Analyses were 315 
done at P7, P14, P35, or P56. Resections were also tried at P7 and P14. (B) A schematic of the 316 
extent of resection of the left lobe is shown, demarcating 20 and 30% resections. (This figure has 317 
been modified from Tsai et al.)6. (C) Images from neonatal surgeries showing: right sided mid-318 
clavicular incision (left, center) and exposure of the left lobe apex (right). 319 
 320 
Figure 2: Regeneration Following Partial Lobular Hepatectomy. Mice undergoing partial lobular 321 
hepatectomies at P0 were followed for 2, 7, 14, 35, and 56 days. Livers were fixed and stained 322 
with H&E, and the extent of regeneration of the left apex was noted. Arrows denote areas where 323 
regeneration occurred in P0 mice. Scale bar is 1 cm. This figure was modified from Tsai et al.6 324 
 325 
Figure 3: Regeneration per Lobe Following Partial Lobular Hepatectomy. (A) Mice undergoing 326 
partial lobular hepatectomies at P0 were analyzed at 7, 35, and 56 days post-operatively. Mice 327 
were euthanized and masses of all lobes from injured mice (red) were taken and compared to 328 
age matched masses of uninjured control (red). (B) Mice undergoing partial lobular 329 
hepatectomies at P14 were analyzed at 7, 35, and 56 days post-operatively. Masses of all lobes 330 
from injured mice (red) were taken and compared to masses of uninjured control (red). * = p < 331 
0.05, ** = p < 0.005, *** = p < 0.0005, NS = not significant. This figured has been modified from 332 
Tsai et al.6 333 
 334 
Figure 4: Characterization of Regeneration Post Hepatectomy. (A) Mice undergoing partial 335 
lobular hepatectomies at P0 were analyzed 56 days after resection and stained for F-actin. Images 336 
are shown of stains from areas proximal and distal to the area of amputation, as well as from 337 
age-matched uninjured controls, and from adult mice 14 days after 70% partial hepatectomy. 338 
Scale bars are 100 µm. (B) Areas of hepatocytes following injury at areas proximal or distal to the 339 
resection site were compared to areas of hepatocytes from uninjured controls and adult 70% 340 
partial hepatectomies. * = p < 0.05, ** = p < 0.005, *** = p < 0.0005, **** = p < 0.00005, NS = not 341 
significant. (C) Mice undergoing lobular hepatectomies at P0 were treated with EdU and were 342 
analyzed 7 days following resection. EdU+ cells in the left lobe are shown. (Scale bar, 100 μm). (D) 343 
Quantification of EdU+ cells in mice treated with EdU 7 and 14 days following partial lobular 344 
hepatectomy compared to controls. Values are means ± SEM. This figured been has modified 345 
from Tsai et al.6 346 
 347 
Figure S1: Incomplete Regeneration of Juvenile Mice. Mice undergoing partial lobular 348 
hepatectomies at P14 were followed for 7, 35, and 56 days. Livers were fixed and stained with 349 
H&E and the extent of regeneration of the left apex was noted. Arrows denote areas where 350 
regeneration occurred in P0 mice. Scale bar is 1 cm. This figured was modified from Tsai et al.6 351 



 

 352 
DISCUSSION: 353 
Acute hepatic injury has traditionally been studied using chemical (acetaminophen, ethanol, 354 
carbon tetrachloride), or surgical models (70% partial hepatectomy). The regenerative response 355 
after 70% partial hepatectomy has been characterized to involve global hepatocyte hypertrophy 356 
and multiple rounds of cell division4,5. To stop hemorrhaging, however, this model is limited, as 357 
the major vessels must be ligated leaving an abnormal environment for regeneration. Many 358 
studies have therefore employed other less invasive models of acute injury through chemical 359 
damage, leaving the gross architecture in place for regeneration to occur. Recently, Porrello et 360 
al. and Chang et al. have demonstrated a markedly different neonatal regenerative response 361 
after acute injury in the heart, digit tips, and ears7,8. Their results parallel presented conclusions 362 
that the liver also undergoes a distinct regenerative phenomenon in neonatal life6. With multiple 363 
similar findings in major organs, regeneration in the early stages of post-natal development is an 364 
emerging field with potential implications for stem cell biology. 365 
 366 
Early mortality from neonatal partial lobular hepatectomies often comes from inadequate 367 
recovery, major hemorrhage, or maternal neglect. As stated previously, the use of a higher 368 
intensity heat source such as a heat lamp for recovery, may lead to death following surgery. 369 
Neonatal mice are dependent on their mother for at least the first two weeks of life. At the same 370 
time, the mother will often neglect and or cannibalize her young if she senses an abnormality 371 
(such as the scent of blood or other chemicals)24,25. It is therefore highly important that the 372 
neonate is cleaned thoroughly post-operatively and rubbed with maternal bedding to mask any 373 
offensive scents. If these issues are adequately addressed, survival can reach up to 100%. If 374 
maternal cannibalism becomes an issue, the pups can be placed into a cage with a surrogate 375 
mother with some of her own pups. If this is the case, use the surrogate mother’s bedding in the 376 
previous steps. 377 
 378 
The resection of 20-30% of the neonatal left lobe and subsequent regeneration is likely not 379 
inherent to only the left lobe. Currently, this method has only been tested on the left, as exposing 380 
the median and more posterior right and caudate lobes would necessitate a larger laparotomy, 381 
resulting in a higher risk of hemorrhage and, indirectly, a higher risk of maternal cannibalism for 382 
the neonate. However, whether the mechanisms of neonatal regeneration are heterogeneous 383 
within the liver is an important question to be addressed, and therefore surgical adjustments to 384 
this protocol should be made to interrogate the other hepatic lobes. 385 
 386 
The results from these neonatal hepatectomy studies have shown a time period (P0-P7) during 387 
which regeneration is able to occur. Similar hepatic resections have been done on juvenile mice 388 
(P7, P10, P14) and do not result in full regeneration with demonstrated scar and fibrosis, marking 389 
a clear area where the amputation occurred. Although the injury response in juvenile mice 390 
following partial lobular hepatectomy was not the focus of an initial study, the discrepancy in 391 
regenerative potential between neonatal and juvenile mice, and the loss of the ability to 392 
reconstitute organ and tissue architecture, will be essential to understanding by what mechanism 393 
stem or progenitor cell neonatal regeneration occurs. 394 
 395 



 

We have previously demonstrated that neonatal regenerated livers not only appear the same in 396 
architecture and structure, but are also indistinguishable by function. Immunofluorescence stains 397 
for functional hepatic enzymes such as glutamine synthetase (GS), carbamoylphosphate 398 
synthetase (CPS), and cytochrome p450 2E1 show a similar distribution within regenerated areas 399 
when compared to uninjured lobes. However, the secondary regenerative potential of a 400 
regenerated neonate has not been tested. As neonatal mice allowed to recovery for 56 days are 401 
physiologically indistinguishable from uninjured controls, it is likely that the classical regenerative 402 
response following adult 70% partial hepatectomy would occur. However, this liver regeneration 403 
is often limited by hepatocyte exhaustion, and therefore serial hepatectomies following partial 404 
lobular hepatectomies would be an important study. 405 
 406 
ACKNOWLEDGMENTS: 407 
We thank P. Chu for performing H&E and histology; and C. Wang and A. McCarty for helpful 408 
discussions. Research was supported through funding from the Virginia and D. K. Ludwig Fund 409 
for Cancer Research; the National Heart, Lung, and Blood Institute (R01HL058770 and 410 
U01HL099999); and the California Institute for Regenerative Medicine (RC1 00354) grants to I.W. 411 
Y.R. was supported by the Human Frontier Science Program Career Development Award 412 
(CDA00017), the German Research Foundation (RI 2787/1), the Siebel Stem Cell Institute, and 413 
the Thomas and Stacey Siebel Foundation (1119368-104-GHBJI). J.M.T. was supported by the NIH 414 
(T32GM007365), the National Research Service Award (1F30DK108561), and the Paul and Daisy 415 
Soros Fellowship for New Americans. 416 
 417 
DISCLOSURES: 418 
The authors have no disclosures. 419 
 420 
REFERENCES: 421 
1. 1. Michalopoulos, G. K., DeFrances, M. C. Liver Regeneration. Science (80). 276, 60–422 

66 (1997). 423 
2. Ponfick, V. A. Surgery of the Liver. Lancet 1, 881 (1890). 424 
3. Higgins G, A. G. Experimental Pathology of the liver. Restoration of the liver of the white 425 

rat following partial surgical removal. Arch. Pathol. 12, 186–202 (1931). 426 
4. Miyaoka, Y. et al. Hypertrophy and unconventional cell division of hepatocytes underlie 427 

liver regeneration. Curr. Biol. 22, 1166–75 (2012). 428 
5. Miyaoka, Y. & Miyajima, A. To divide or not to divide: revisiting liver regeneration. Cell Div. 429 

8, 8 (2013). 430 
6. Tsai, J. M. et al. Localized hepatic lobular regeneration by central-vein-associated lineage-431 

restricted progenitors. Proc. Natl. Acad. Sci. U. S. A. 114, 3654–3659 (2017). 432 
7. Porrello, E. R. et al. Transient regenerative potential of the neonatal mouse heart. Science 433 

331, 1078–80 (2011). 434 
8. Shyh-Chang, N. et al. Lin28 enhances tissue repair by reprogramming cellular metabolism. 435 

Cell 155, 778–92 (2013). 436 
9. Yin, M. et al. Essential role of tumor necrosis factor alpha in alcohol-induced liver injury in 437 

mice. Gastroenterology 117, 942–52 (1999). 438 
10. Gao, B. & Bataller, R. Alcoholic liver disease: pathogenesis and new therapeutic targets. 439 



 

Gastroenterology 141, 1572–85 (2011). 440 
11. Uesugi, T., Froh, M., Arteel, G. E., Bradford, B. U. & Thurman, R. G. Toll-like receptor 4 is 441 

involved in the mechanism of early alcohol-induced liver injury in mice. Hepatology 34, 442 
101–8 (2001). 443 

12. Coen, M. et al. An integrated metabonomic investigation of acetaminophen toxicity in the 444 
mouse using NMR spectroscopy. Chem. Res. Toxicol. 16, 295–303 (2003). 445 

13. Oz, H. S. et al. Diverse antioxidants protect against acetaminophen hepatotoxicity. J. 446 
Biochem. Mol. Toxicol. 18, 361–8 (2004). 447 

14. Ruepp, S. U., Tonge, R. P., Shaw, J., Wallis, N. & Pognan, F. Genomics and proteomics 448 
analysis of acetaminophen toxicity in mouse liver. Toxicol. Sci. 65, 135–50 (2002). 449 

15. Gunawan, B. K. et al. c-Jun N-terminal kinase plays a major role in murine acetaminophen 450 
hepatotoxicity. Gastroenterology 131, 165–78 (2006). 451 

16. Manibusan, M. K., Odin, M. & Eastmond, D. a. Postulated carbon tetrachloride mode of 452 
action: a review. J. Environ. Sci. Health. C. Environ. Carcinog. Ecotoxicol. Rev. 25, 185–209 453 

17. Recknagel, R. O., Glende, E. a, Dolak, J. a & Waller, R. L. Mechanisms of carbon 454 
tetrachloride toxicity. Pharmacol. Ther. 43, 139–54 (1989). 455 

18. Sell, S. Heterogeneity and plasticity of hepatocyte lineage cells. Hepatology 33, 738–750 456 
(2001). 457 

19. Malato, Y. et al. Fate tracing of mature hepatocytes in mouse liver homeostasis and 458 
regeneration. J. Clin. Invest. 121, 4850–60 (2011). 459 

20. Greene, A. K. & Puder, M. Partial hepatectomy in the mouse: technique and perioperative 460 
management. J. Invest. Surg. 16, 99–102 461 

21. Kan, N. G., Junghans, D. & Belmonte, J. C. I. Compensatory growth mechanisms regulated 462 
by BMP and FGF signaling mediate liver regeneration in zebrafish after partial 463 
hepatectomy. FASEB J. 23, 3516–3525 (2009). 464 

22. Red-Horse, K., Ueno, H., Weissman, I. L. & Krasnow, M. A. Coronary arteries form by 465 
developmental reprogramming of venous cells. Nature 464, 549–53 (2010). 466 

23. Muzumdar, M. D., Tasic, B., Miyamichi, K., Li, L. & Luo, L. ARTICLE A Global Double-467 
Fluorescent Cre Reporter Mouse. 605, 593–605 (2007). 468 

24. Poley, W. Emotionality related to maternal cannibalism in BALB and C57BL mice. Anim. 469 
Learn. Behav. 2, 241–244 (1974). 470 

25. Smotherman, W. P., Bell, R. W., Starzec, J., Elias, J. & Zachman, T. A. Maternal responses 471 
to infant vocalizations and olfactory cues in rats and mice. Behav. Biol. 12, 55–66 (1974). 472 



Day 56Day 0

Distal

Proximal

20% Amputation

30% Amputation

   P7  P14 P35

Partial lobular hepatectomy

A

B C

Figure 1 Click here to download Figure Figure 1.pdf 

http://www.editorialmanager.com/jove/download.aspx?id=749472&guid=4496eb6d-9f31-4c5a-916c-d0e233a8bc96&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=749472&guid=4496eb6d-9f31-4c5a-916c-d0e233a8bc96&scheme=1


day 2 day 7 day 14 day 56day 35

Figure 2 Click here to download Figure Figure 2.pdf 

http://www.editorialmanager.com/jove/download.aspx?id=749479&guid=ed941cf7-b1b1-4f7d-a659-86129c328a8c&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=749479&guid=ed941cf7-b1b1-4f7d-a659-86129c328a8c&scheme=1


7 14 21 28 35 42 49 56
0.0

10

20

30

40
Pe

rc
en

ta
ge

 o
f W

ho
le

 
Left Day 0 Surgery

***

**

**

n = 45
n = 34
***

7 14 21 28 35 42 49 56
0.0

10

20

30

40

Pe
rc

en
ta

ge
 o

f W
ho

le
 

Left Day 14 Surgery

****

n = 7

n = 45

7 14 21 28 35 42 49 56
0.0

10

20

30

40

Pe
rc

en
ta

ge
 o

f W
ho

le
 

Median Day 0 Surgery

7 14 21 28 35 42 49 56
0.0

10

20

30

40

Days Post Surgery

Pe
rc

en
ta

ge
 o

f W
ho

le
 

Caudate Day 0 Surgery

NS NS

NS

7 14 21 28 35 42 49 56
0.0

10

20

30

40

Pe
rc

en
ta

ge
 o

f W
ho

le
 

Right Day 0 Surgery

**

NS NS

NS

n = 45
n = 34

NS

n = 34
n =45

*
n = 45
n = 34

Day 0 Hx
Control

7 14 21 28 35 42 49 56
0.0

10

20

30

40

Pe
rc

en
ta

ge
 o

f W
ho

le
 

Median Day 14 Surgery

Day 14 Hx
Control

7 14 21 28 35 42 49 56
0.0

10

20

30

40

Pe
rc

en
ta

ge
 o

f W
ho

le
 

Right Day 14 Surgery

7 14 21 28 35 42 49 56
0.0

10

20

30

40

Days Post Surgery

Pe
rc

en
ta

ge
 o

f W
ho

le
 

Caudate Day 14 Surgery

*

NS

NS

n = 7
n = 45

n = 7
n = 45

n = 7
n = 45

A B

NSNS

** **

*
NS

NS
**

Figure 3 Click here to download Figure Figure 3.pdf 

http://www.editorialmanager.com/jove/download.aspx?id=749474&guid=a9a333ca-2245-4169-a728-17e2addb760a&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=749474&guid=a9a333ca-2245-4169-a728-17e2addb760a&scheme=1


Distal Proximal 

70% Partial HxNo Injury
F-actin

A

Contro
l

    
    

 D
ist

al

    
Pro

xim
al

70
% PHx

0

5000

10000

15000
Cellular Area

A
re

a 
(μ

m
2 )

NS NS

**

EdU

B

C

Contro
l (D

7)

D7 p
ost-

op

Contro
l (D

14
)

D14
 post-

op
0

20

40

60

80
EdU+ Cells

ED
U

 L
ab

el
ed

 C
el

ls ****

NS

EdU+ Cells at D7 post-op

D

Figure 4 Click here to download Figure Figure 4.pdf 

http://www.editorialmanager.com/jove/download.aspx?id=749475&guid=d0d71dbc-de9b-4f81-bc8b-a07fcc770332&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=749475&guid=d0d71dbc-de9b-4f81-bc8b-a07fcc770332&scheme=1


day 7 day 35 day 56

Figure S1 Click here to download Figure Figure S1.pdf 

http://www.editorialmanager.com/jove/download.aspx?id=749478&guid=239dce20-f065-49cd-a703-05cb9b40f699&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=749478&guid=239dce20-f065-49cd-a703-05cb9b40f699&scheme=1


Materials and Reagents Company

Animals

Mother with litter of day 0 neonatal pups (any strain)

Surrogate mother and surrogate litter (optional)

Standard Reagents

Phosphate Buffered Serum (PBS)

Providine-iodine or equivalent antiseptic solution 

Surgical Equipment

Dissecting microscope Zeiss

3mm straight spring micro scissors Vannas

5SF Forceps Dumont

Straight Kelly forceps Grainger

Heating pad Sunbeam

Isoflurane Abbott Labs

Rodent Anesthesia System Kent Scientific

Gauze, 10.16 x 10.16cm Fisher Scientific

Standard Equipment

1.5ml microcentrifuge tube Eppendorf

6-0 monocryl sutures Ethicon

Petri dish Fisher Scientific

Pipet-Aid, Plain, 110V Drummond

Mettler Toledo NewClassic ME Analytical Balances Fisher Scientific

Low Cost Induction Chamber Kent Scientific
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Dear Dr. Alaghemandi, 
 
We would like to thank you for considering our manuscript for publication. We 
have gone through the editor and reviewer comments and addressed them to the 
best of our ability, and have submitted a rebuttal as seen below.  We hope that 
you will view our manuscript favorably as we believe that our novel method will 
be of interest to those in the stem cell and liver regeneration fields and hope to 
hear from you soon, 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sincerely, 
 
Yuval Rinkevich 
Jonathan Tsai 
Irving L Weissman  
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Editorial comments: 
1. Please take this opportunity to thoroughly proofread the manuscript to ensure 
that there are no spelling or grammar issues. The JoVE editor will not copy-edit 
your manuscript and any errors in the submitted revision may be present in the 
published version. 
 
2. Please provide at least 6 keywords or phrases. 
 
3. Please define all abbreviations before use. 
 
4. JoVE cannot publish manuscripts containing commercial language. This 
includes trademark symbols (™), registered symbols (®), and company names 
before an instrument or reagent. Please remove all commercial language from 
your manuscript and use generic terms instead. All commercial products should 
be sufficiently referenced in the Table of Materials and Reagents. 
 
5. Please revise the table of the essential supplies, reagents, and equipment. 
The table should include the name, company, and catalog number of all relevant 
materials in separate columns in an xls/xlsx file. 
 
6. Please include an ethics statement before your numbered protocol steps, 
indicating that the protocol follows the animal care guidelines of your institution. 
 
7. Protocol: Please remove the Regents and Equipment from the beginning of 
the protocol. Please list them in the Material Table. 
 
8. Please ensure you answer the “how” question, i.e., how is the step performed? 
Alternatively, add references to published material specifying how to perform the 
protocol action. 
 
9. Protocol: 1.4 What is the appropriate environment? Please provide a 
quantitative measure. 
 
10. Protocol: 2.3 What is the standard dissecting scope? How much light is 
adequate? 
 
11. Protocol: 2.4 What is the standard isoflurane anesthesia chamber? 
 
12. Protocol: 2.5 What are the temperature settings used? 
 
13. After revising the protocol, please highlight 2.75 pages or less of the Protocol 
(including headings and spacing) that identifies the essential steps of the protocol 
for the video, i.e., the steps that should be visualized to tell the most cohesive 
story of the Protocol. Remember that non-highlighted Protocol steps will remain 
in the manuscript, and therefore will still be available to the reader. 
 



14. Please include a title of each figure legend. 
 
15. Figure 3: Please make sure that the vertical axis is in percent not a fraction of 
1. Please provide more information in the figure legend. 
 
16. Figure 4: Please label all the panels and use SI units (i.e. m, mm). Also, 
please describe all the panels in the figure legend. In the bottom right, is that part 
of panel B or C or panel D? Please use the Greek symbol mu in the micron 
abbreviation. 
 
17. Figure S1 Should arrows for “day 7” and “day 56” point to a white space? 
 
18. 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].” 
 
We thank the editor for these comments and have made all the corresponding 
changes in the text.  
 
 
  



Reviewers' comments: 
Reviewer #1: Manuscript Summary: 
 
This is a well written protocol on an important model of liver regeneration in 
neonatal mice. This protocol adds to the recent body of work on the important 
regenerative window in neonatal mice. The protocol is clear, and should be a 
very useful method for investigators. 
 
 
Major Concerns: None 
 
 
 
Minor Concerns: The current figures do not show crucial steps of the surgery, 
which would make it easier for investigators to perform the surgery (in addition to 
the video). It would be important for the authors to discuss the reproducibility of 
the protocol, as well as potential pitfalls and percentages of survival. 
 
Due to the microscope nature of this surgery, we have found it difficult to obtain 
high quality images of the intermediate steps of the surgery, and hope that the 
video will be able to adequately show these steps. We have added text regarding 
the reproducibility, pitfalls, and survival rates in the manuscript.  
 
Thus, I recommend it for publication in JOVE after addressing these minor 
points. 
 
 
  



Reviewer #2: Manuscript Summary: 
The authors present a surgical method to study liver regeneration in neonates. 
This is done to assess real liver regeneration when compared to compensatory 
hyperplasia of the remaining lobe which is the result of partial hepatectomy in 
adult mice. The authors present their protocol of resecting the apex of the liver in 
neonate mice and show by HE staining and EDU as a regeneration marker that 
there is specific regeneration at the site of resection. 
 
The specified method woulb be of particular interest as regeneration is studied in 
resected lobes but not in remaining lobes as after standard two third partial 
hepatectomy. Therefore the physiologic environment stays intact. 
 
Major Concerns: 
- It remains unclear if the model can show specific biological processes that add 
information in addition to standard hepatectomy. 
 
We acknowledge this reviewers’ point and invite the reviewer to read the 
publication of which this method is based on for biological relevance and our 
pertinent findings.  
 
- To standardize the extent of resection will be extremely difficult. First, because 
of the lack of anatomic landmarks and second because of the small size of livers 
in neonates. How did the authors ensure standardization of experiments. 
- It remains unclear if the lack of liver tissue or just surgical injury leads to the 
differences desbried in figure 3 and 4. The authors should add other controls and 
also show that the effect is dose dependent: They should assess Proliferation 
with different extent of liver resection in neonates. 
- The authors show only differences in liver weight in figure 3 but not other 
regeneration markers. To measure liver weight is typically not specific and 
precise enough because of inherent high variability and blood contents of the 
liver. 
- Morphology: The authors need to show by the use of specific markers that that 
parenchymal and non-parenchymal cells (stellate cells, vasculature, infiltrating 
and resident inflammatory cells and others) are similar in the regenerated lobe 
compared to remaining tissue. 
 
We acknowledge that all the points that the reviewer has raised are highly 
important but we believe are ultimately out of the scope of our methods 
manuscript and have been already covered in our recent publication. Please see 
Tsai et al, 2017 for the all the information requested.  
 
- The authors need to state that approval for this type of experiments has been 
obtained. 
 
We have added this line under an ethical statement preceding our Procedures 
section.  



 
- What should be the primary read out after partial lobular hepatectomy. 
Proliferation marker or percentage of whole in comparison to an unresected 
lobe? Please specify. After defining a primary read out, the authors should 
suggest a power calculation in order to detect differences in regeneration. 
 
There are multiple read outs depending on the question being tested 
experimentally. We have shown both proliferation in terms of EdU positivity and 
regeneration as a percentage of the whole.  
 
Minor Concerns: 
- What are the reasons that the authors did not use analgetic drugs? 
 
We apologize for this omission and have added in the analgesic regimen.  
 
- The results of individual mice should be shown with dots rather than mean and 
error bars. 
 
As we have done n > 30 surgeries, we believe this data would be better 
represented as mean with error bars.  
 
- The authors described that they used various genetic modified animals. The 
results with these mice are not described. 
 
The results for these mice are ultimately very similar to the C57BL6 mice and 
were used for functional studies and were thus not included in the methods 
manuscript. Please see Tsai et al 2017 for these results.  
 
  



Reviewer #3: Manuscript Summary: 
 
Tsai et al have presented a methods paper on a new surgical approach for 
studying liver regeneration in neonatal and juvenile mice. The paper is interesting 
and the method presented could advance studies on liver regeneration relevant 
to clinical pediatric adverse events. This is in contrast to existing rodent liver 
regeneration methodologies, which are performed on predominantly adult 
rodents and are used not to model a clinical situation, but rather to study more 
fundamental regenerative processes. Overall, the submission is judged 
favorably. However, in my evaluation, some major corrections, clarifications, and 
additions are required before this paper can be accepted for publication, as 
specified below. 
 
Major Concerns: 
 
 
1) In the abstract, introduction, and elsewhere, the mechanistic presentation of 
liver regeneration is misleading. Thus, it is stated in the abstract (lines 33-36) and 
in various related ways elsewhere that "Adult liver regeneration after 70% partial 
hepatectomy results in hepatocyte hypertrophy in remaining lobes with 
restoration of metabolic activity but with permanent loss of the injured lobe's 
morphology and architecture." Whereas this is not untrue, it is misleading, in 
particular in the focus on hypertrophy and omission of cell cycle events. During 
regeneration there is, indeed, some hepatocyte hypertrophy, but the regenerative 
growth is matched by DNA replication, such that there is no change in hepatic 
nuclear:cytoplasmic ratios. The hypertrophy is associated with increased cell 
ploidy that has been shown, at least in some situations, to result from complex 
dysregulation of cell cycle checkpoints (Duncan, 2009; Gentric, 2015 - both 
citations missing from manuscript). Among adult organs, the cells of the liver 
(hepatocytes and others) are eccentric in their ability to reenter the cell cycle, 
proliferate, and occasionally escape checkpoints to allow some degree 
endoreduplication and thus some degree of hypertrophy. A more complete and 
less misleading presentation of the liver regenerative process should be used. 
 
We thank the reviewer for this point and have changed our wording in this line to 
reflect this.  
 
2) Lines 75-77. The highly speculative conjecture about non-liver organs is not 
supported by data in this paper nor by cited literature. This should be omitted. 
 
We have omitted this statement as this reviewer has requested.  
 
3) Lines 68-99 require careful exhaustive citation of the original literature to 
support each of the many statements. 
4) Lines 111-115. All mouse strains used need citation and accession numbers 
(e.g., JAX stock #s or equialent). All strains reported must be available for 



unrestricted use to the research community, and this should be explicitly stated. 
 
We have included these citations as this reviewer has requested.  
 
5) Lines 120-122. Complete scientific details of the relative juvenile hepatotoxicity 
of corn oil, DMSO, and alcohol this should be presented. DMSO and ethanol are 
generally considered far more hepatotoxic than corn oil, so this is a potentially 
important observation in juveniles that needs to be supported by complete 
detailed statistically validated data. 
 
We believe this is out of the scope of the manuscript as we are not testing the 
use of chemical damage in the liver, but proposing a new injury model. We are 
consistent in the use of DMSO in our neonatal mice and do not use corn oil in 
these procedures, therefore the use of alternate chemicals should have no 
impact on our method.  
 
6) Lines 128-129. The specialized animal care needs to be specified in enough 
detail to allow other researchers to replicate the procedure and survival rates. 
 
We have included this as the reviewer has requested.  
 
7) Use of analgesic, or rationale for not using analgesic, should be addressed. 
 
We have included our analgesic regimen as the reviewer has requested.  
 
8) Statement of institutional ethical approval of procedures is not provided. 
 
We have included this as the reviewer has requested.  
 
 
Minor Concerns: 
 
1) Lines 59-62. Confusing sentence structure. Rewrite for clarity 
2) Line 67. This is also true for other rodents, in particular rats, not just mice. 
3) Lines 118-120. Specific formulations and any specialized procedures for 
preparing 4-OHT and 5-EdU should be specified in sufficient detail to allow other 
researchers to replicate the procedure and reported survival rates. 
 
We have revised these lines as the reviewer has requested.   
 
 
4) Line 234. Silk sutures are used so the protocol likely needs to include removal 
of suture. 
 
We do not remove the suture and have found that they fall out from the dermis as 
the mice grow in size.  



Thank you for your message - it was sent on to PNAS Permissions for handling. 
You can contact PNASpermissions@nas.edu with any future permissions 
requests. 
 
Authors do not need to obtain permission for the following uses of material they 
have published in PNAS: (1) to use their original figures or tables in their future 
works; (2) to make copies of their papers for their own personal use, including 
classroom use, or for the personal use of colleagues, provided those copies are 
not for sale and are not distributed in a systematic way; (3) to include their papers 
as part of their dissertations; or (4) to use all or part of their articles in printed 
compilations of their own works. 
 
Please cite the original PNAS article in full when re-using the material. Because 
this material published after 2008, a copyright note is not needed. Feel free to 
contact us with any additional questions you might have. 
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Kay McLaughlin for 
Diane Sullenberger 
Executive Editor 
PNAS	
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