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Abstract

Background

The selection of the appropriate species is one of the key issues in experimental medicine.
Bile duct ligation is the mostly used experimental model in rodents to explore special
aspects of occlusive cholestasis. We aimed to clarify if rats or mice are suitable for the same
or different aspects in cholestasis research.

Methods

We induced biliary occlusion by ligation and transection of the common bile duct (tBDT) in
rats and mice (each n = 25). Recovery from surgical stress was assessed by daily scoring
(stress score, body weight). At five different time points (days 1, 3, 7, 14, 28 after tBDT) we
investigated hepatic morphometric and architectural alterations (Haematoxylin-Eosin stain-
ing, Elastica van Gieson staining) and the proliferative activities of parenchyma cells (Bro-
modeoxyuridine staining); as well as established systemic markers for liver synthesis,
hepatocellular damage and renal dysfunction.

Results

We found substantial differences regarding survival (rats: 100%, 25/25 vs. mice 92%, 22/
25, p=0.07) and body weight gain (p<0.05 at postoperative days 14 and 28 (POD)). Rats
showed a faster and progressive hepatobiliary remodelling than mice (p<0.05 at POD 7+14
+28), resulting in: i) stronger relative loss of hepatocellular mass (rats by 31% vs. mice by
15% until POD 28; p<0.05 at POD 7+14+28); ii) rapidly progressing liver fibrosis (p<0.05 at
POD 14); iii) a faster and stronger proliferative response of parenchyma cells (hepatocytes:
p<0.05 at POD 1+14+18; cholangiocytes: p<0.05 at POD 1+3+7+28); and iv) only tiny bile
infarcts compared to mice (p<0.05 at POD 1+3+7+14). Both species showed comparable
elevated markers of hepatocellular damage and serum bilirubin.
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Conclusion

The key difference between rats and mice are the severity and dynamics of histological
alterations, possibly accounting for their different susceptibilities for (septic) complications
with low survival (mice).

Introduction

The success of a project in experimental surgery is influenced by several major aspects: i) care-
fully defined scientific questions; ii) selection of the appropriate surgical model; iii) selection of
the appropriate species; iv) knowledge regarding the species-specific effects on the characteris-
tics of the “targeted human disease” [1, 2].

Selection of the appropriate species is often inspired by pragmatic reasons: costs and
requirements of laboratory animal husbandry, experiences with handling of the species, avail-
able literature regarding the use of the surgical model in the specific species, and finally the
skills of the research team. Since these pragmatic factors can be optimized, the knowledge-
based selection of the appropriate species remains a challenge. The combination of the selected
surgical model and the species needs to fulfil at least two requirements: resistance to surgical
stress and the reliable development of the characteristics of the targeted human disease.

For decades, the experimental model of biliary occlusion has been used to mimic human
cholestatic diseases to explore different aspects and potential mechanisms [2-11]. Mostly,
rodents (either rats or mice) have been used, because of practical and scientific reasons. Proj-
ects with surgical aims tend to use rats because of the organ sizes, whereas projects with medi-
cal and pharmacological objectives favour mice for their abundance of molecular targets.
Moreover, transgenic mice strains enable more detailed molecular research. Facing this chal-
lenge, we compared rats and mice after biliary occlusion regarding their similarities and differ-
ences in terms of resistance to surgical stress and hepato-biliary remodelling. We focussed on
a limited number of essential parameters, that are investigated in different species in almost all
related studies.

We intended to answer two specific questions with our study:

o Can we define relevant species-specific differences in hepatobiliary remodelling process after
biliary occlusion?

« Do these differences imply any recommendation for the preferred use of either species in
(surgical) cholestasis research?

Materials and methods
Experimental design

We performed the same experiment in two different species (rats and mice with each n = 25)
in this study. All animals (n = 50) were subjected to triple ligation and transection of the ligated
extrahepatic bile duct between the middle and distal ligature (tBDT) to induce total occlusive
cholestasis. At five time points (day 1, 3, 7, 14, 28, each with n = 5/ time point) after tBDT, the
animals were randomly assigned for sacrifice, and samples of blood and liver lobes were col-
lected for further analyses.
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Animals

All surgical procedures were performed in inbred male mice (C57BL/6N, aged 9-10 weeks,
body weight 25-28 g) or in inbred male rats (Lewis, aged 9-10 weeks, body weight 250-280 g).
All animals were obtained from a commercial breeding laboratory (Charles River, Sulzfeld,
Germany). The animals were fed a standard laboratory diet with water and (mouse or rat)
chow ad libitum until harvest. All animals were kept under constant environmental conditions
with a 12 h light-dark cycle in a conventional animal facility using environmentally enriched
type IV cages in groups (2-3 rats; 2-3 mice). All procedures and housing of the animals were
carried out according to the German Animal Welfare Legislation and approved by the local
authorities (Landesamt fiir Verbraucherschutz Thiiringen).

Surgical technique

We induced biliary occlusion by triple ligation and transection of the ligated main extrahepatic
bile duct (tBDT) between the middle and distal of three ligatures in 50 animals (n = 25 per spe-
cies) as described before [12]. In detail, all interventions were performed at daytime under
inhalation of isoflurane (mice: 1.5-2%, rats: 2.5-3% Isoflurane) mixed with pure oxygen at a
flow of (mice: 0.3 L/min; rats: 0.5 L/min) (isoflurane vaporizer, Sigma Delta, UK) in a dedi-
cated S1 operation room. At the end of the day the instruments were cleaned and sterilized in
a commercial autoclave (Systec DE-23, Germany). All procedures were done under an operat-
ing microscope (Leica, magnification 10-25x, Germany) to ensure preservation of the branches
of the hepatic artery and portal vein. All animals were weighed and then anaesthetized with
isoflurane (mice: 2%; rats: 3%) and oxygen (mice: 0.3 L/min; rats: 0.5 L/min) in an induction
chamber. The abdomen was shaved, the animals were placed in a supine position and the skin
was disinfected with iodine solution. After transverse laparotomy, the distal part of the com-
mon extrahepatic bile duct below the bile ducts of the inferior liver lobes (caudate inferior lobe
and right inferior lobe) was identified and separated from surrounding fat tissue. Special care
was taken to avoid any injury of the pancreas tissue. Three ligatures were placed around the
prepared segment of the common bile duct. The common bile duct was always transected
between the middle and distal ligature. Closure of the abdominal wound was always done by
two-layer running suture (Prolene 6-0, Ethicon) [12].

Postoperative care and analgesic treatment of the animals

Analgesic treatment was started immediately after the wound closure in all animals. Buprenor-
phine (mice: 0.005 mg/kg BW; rats: 0.05 mg/kg BW, Temgesic®)) was subcutaneously
injected; the analgetic therapy was given twice a day during the first three postoperative days.
During this time the animals were checked for their clinical condition twice per day; after-
wards the animals were routinely checked once per day. Clinical scoring was performed
according to Hawkins and GV-SOLAS [13, 14].

Stress score and criteria for euthanasia of the animals

The stress score included four gradation according to Hawkins and GV-SOLAS [13, 14]: grade
“0” brightness of eyes (irrespective of signs of icterus), normal behaviour, weight gain and food
intake; grade “1” brightness of eyes (irrespective of signs of icterus), normal shining fur, weight
gain, or weight loss < 5% / 24 h, food intake, not sitting in one edge of the cages, no hunching;
grade”2” brightness of eyes (irrespective of signs of icterus), aggressive behaviour (against itself
and other animals in cage), no hunching, normal shining fur, reduced food intake, weight

loss < 14% / 24 h; grade “3”: dullness of eyes (irrespective of signs of icterus), untidy fur, nasal
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discharge, apathy of the animal, persistent hunching even after analgetic treatment, weight loss
of > 15% /24 h.

Since survival was an endpoint of the study, we defined criteria for euthanasia as follows: all
animals showing a stress score of 3 were euthanized, as the condition of the animal was consid-
ered as moribund. For euthanasia the animal was anaesthetized with isoflurane (mice: 2%;
rats: 3%) and oxygen (mice: 0.3 L/min; rats: 0.5 L/min) in an induction chamber and after-
wards euthanized by cervical dislocation [13, 14].

A yellow colouring of the paws, urine or brightening faeces were accepted as signs of biliary
occlusion (“icterus”) and did not lead to euthanasia of the animal.

Determination of the body weight gain, liver weights

The animals were daily weighed until the end of the observation period. The body weight gain
was calculated by dividing the weight of the animal of the dedicated day [g] by the starting
body weight [g] of the animal. The explanted liver was weighed using an analytical balance
(BLC-3000, Germany). Liver body weight ratio was calculated by dividing the weight of the
liver [g] by the starting body weight [g] of the animal, respectively.

We included the whole liver weight of an untreated male rat and mouse (representing “day
zero”) in our calculation for better understanding of the weight gain and ratio in either species
(rat: 10 g, BW 250 g; and mouse 1.2 g, BW 25 g).

Liver enzymes and systemic parameters

Serum was stored at -20°C until measurement of the liver enzymes using an automated chemi-
cal analyser (Bayer Advia 1650, Germany).

Histology and immunohistochemistry

Samples were taken from the middle part of every liver lobe assuring evaluation of comparable
areas of the liver lobes in all animals. Sections, 4 um thick, were cut after paraffin embedding.
Haematoxylin-Eosin staining (HE) was used for histologic and morphological analysis of
the liver tissue; Elastica van Gieson (EvG) for quantification of relative content (relative area
per slide) of collagen (Collagen Index) and for assessment of the distribution of fibrosis in rela-
tion to anatomical landmarks (Fibrosis Score); we used Bromodeoxyuridine (BrdU)-staining
for detection of the proliferation indices of hepatocytes and cholangiocytes. Detailed descrip-
tions of staining methods are listed in supplement. After staining all slides were digitalized
using a slide scanner (Nanozoomer, Hamamatsu Electronic Press Co., Ltd, Lwata, Japan).

Haematoxylin-Eosin staining (HE)

The samples were fixed in 4.5% buffered formalin for 48 h. Sections of 4 um thickness were cut
after paraffin embedding. Slides were stained with Haematoxylin-Eosin (HE) for histo-patho-
logical examination. After staining, all slides were digitalized using a slide scanner (Nanozoo-
mer 2.0 HT scanner and the software NDP.scan 2.3; Hamamatsu City, Japan).

Number and relative area of periportal fields as well as the biliary proliferates (diameter and
number of bile ducts in periportal area) were evaluated with the measuring tool of
NPG-Viewer (“NanoZoomer Digital Pathology”; Hamamatsu, Japan). Results were given as
numerical value, for size in mm?, and relative size in %. The relative area represents the area of
ductular reaction in relation to area of the total section [%].
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Bromodeoxyuridine (BrdU staining)

The staining procedure was based on a modified protocol of Sigma Inc. After deparaffinization
and rehydration, tissue sections were treated with prewarmed 0.1% trypsin solution at 37°C
for 20 minutes, followed by denaturation with 2 N HCI at 37°C for 30 minutes, and blocking
with avidin solution for 10 minutes, biotin solution for 10 minutes, and 5% goat serum
BSA-TBS at 37°C for 15 minutes. In the next step sections were incubated with 1:50 monoclo-
nal anti-BrdU antibody (DAKO Inc.) at 37°C for 1 hour, followed by 1:300 biotinylated Fab-
specific goat anti-mouse linked antibody (Sigma Inc.) for 30 minutes and AP-conjugated
streptavidin (DAKO Inc.) for 30 minutes, prior to the application of Neofuchsin solution for
20 minutes. The sections were washed, counterstained with Hematoxylin, and coverslipped
with Immu-Mount (Shandon Inc.).

Elastica-van-Gieson (EVG)

Formalin-fixed paraffin-embedded liver biopsy tissues were sectioned to a thickness of 4 pm
and underwent Elastica van Gieson (EVG) staining using the following procedure: Deparaffi-
nized and hydrated sections were dipped in 70% ethanol containing 1% hydrogen chloride,
incubated in resorcin—fuchsin solution for 60 minutes, and washed in 100% ethanol and in
water, followed by counterstaining with van Gieson’s solution (saturated picric acid containing
0.09% acid fuchsin) for 5 minutes, and coverslipped with Immu-Mount (Shandon Inc.).

Quantification of proliferation (BrdU)

The proliferative activity of hepatocytes (BrdU) and the quantification of accumulated fibrous
tissue (Collagen-Index, EVG) were determined using the HistoKAt software developed at
Fraunhofer MEVIS (Dr. Homeyer, Fraunhofer MEVIS, Bremen, Germany). This software can
be trained to recognize certain structures (e.g., cell nuclei) or defined patterns and is suitable
for batch analysis. The software was kindly provided by Fraunhofer-Institute (Fraunhofer
MEVIS, Bremen, Germany) [15].

Proliferative activity of cholangiocytes was determined by counting BrdU-positive cholan-
giocytes per bile ducts in 10 HPF (40x magn.) of periportal fields and in 10 HPF of intralobular
area (“extra-portal ductular reaction”) per slide (using NPG-Viewer).

Quantification of relative content of collagen and elastic fibres (Collagen-
Index) and semi-quantitative assessment of the severity of fibrosis (Fibrosis
score) using EVG staining
The Collagen Index was calculated irrespective of the location of the positively stained areas
(periportal, pericentral).

To assess the severity of fibrosis, we additionally used the established fibrosis staging score
according to Blunt modified for rodents by Lo and Gibson-Corley [16-18]. This score reflects

Table 1. Modified fibrosis score according to Blunt, Lo and Gibson-Corley [17,18].

Score Explanation
0 No fibrosis
1 periportal fibrosis
2 1 + with pericentral fibrosis
3 2 + with bridging fibrosis
4 cirrhosis

https://doi.org/10.1371/journal.pone.0271975.t001
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location and extent of fibrosis and includes periportal, pericentral and bridging fibrosis and
cirrhosis (see Table 1). We assessed 10 HPF (40x magn., EvG staining) of periportal and peri-
central areas per slide and animal using the NPD-Viewer. The median of the fibrosis score is
given to avoid under- or overscoring according to Lo and Gibson-Corley [17, 18].

Statistical analysis

The data are expressed as mean + standard deviation (SD) if not indicated otherwise. The data
were analysed using SPSS (IBM SPSS 22 for Windows).

We did not include weight data in statistical analyses since rats presented always higher
weights due to their greater body weight compared to mice, respectively. Therefore, we
included only data expressing a relation (e.g., liver body weight ratio, body weight gain in %)
and the data from histology and immunohistochemistry for statistical analyses.

Type of distribution was determined using the Kolmogorow-Smirnow test (including the
correction of significance according to Lilliefors). As the tests revealed a non-normal distribu-
tion, the data were analysed using non-parametric tests (Kruskal-Wallis Test, Mann-Whitney-
U-Test). Differences were considered significant if p-value of less than 0.05 (2-tailed) were
obtained (NS: not significant).

Results

Tolerance to surgical stress was more pronounced in rats than in mice

Survival and recovery of the animals. All rats tolerated the procedure well throughout
the planned observation period (100% survival, p = 0.07 vs. mice) without experiencing any
complications. The rats showed a maximal weight loss of up to 9% within the first 3 postopera-
tive days (p vs. mice), followed by a constant weight gain exceeding the starting weight within
the first 7 days. Rats showed a significant stronger body weight gain at the late time points,
POD 14 and POD 28 compared to mice (p<0.05, see Table 2).

Mice tolerated tBDT to a lower extent. Three mice (3/25; 92% survival) died before the
intended sacrifice date: One mouse found dead in cage at POD 1, POD 3, POD 28, respec-
tively. The autopsy excluded surgical complications. The surviving mice showed an initial
weight loss until POD 3 by ~12% followed by a steady weight, albeit just reaching the starting
weight within the observation time (see Table 3).

No animal was euthanized before the planned sacrifice date.

Laboratory blood tests results. As expected, BDL induced a cholestasis in both species,
albeit following a different kinetic and severity. In rats, the total bilirubin in serum increased
until reaching a constant plateau on POD 3. In contrast, in mice the level increased until POD
7 followed by milder increase thereafter.

In both species, the liver enzymes, indicative for hepatocellular damage, increased sharply
at POD 1 and declined to persisting moderately elevated levels thereafter.

In contrast, albumin as a parameter of liver synthesis was slightly reduced. However, INR
also indicative of the synthesis function of the liver, remained within the normal range. Kidney
function was also not affected, with values within (rat) or below (mouse) normal range (see
Tables 2 and 3).

Liver weight gain. In rats, we observed a steady increase in liver and spleen weight, result-
ing in a similar increase in the liver body weight ratio. In mice, liver weight and liver body
weight ratio increased during the first week and remained stable thereafter. Rats showed a sig-
nificantly stronger liver weight gain at POD 14 and 28 compared to mice (p<0.05). Mice
showed a significant higher liver body weight ratio (Ibwr) at the early time points, POD 1 and
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Table 2. Results of laboratory chemistry and data of survival and weight data after tBDT in rats.

POD1 POD 3 POD 7 POD 14 POD 28

mean, * |STDV mean, * |STDV mean, * |STDV mean, * |STDV mean, * |STDV
Laboratory Chemistry
ASAT [<0.83 pmol/Ls] 16.83 | + |6.32 1029 | + |1.92 712 + | 1.18 691 + | 1.59 838 + | 1.95
ALAT [<0.74 umol/l.s] 12.00 | + |4.67 567 + | 1.63 233 + 053 1.60 | + |0.38 3.66 + | 249
Bilirubin (total) [<21 pmol/l] 63.17 | + |7.54 150.25 | + |18.86 166.13 | + |27.84 171.40 | + |13.38 168.86 | + |20.51
Albumin [33-53 g/1] 6.17 | + |0.69 625 + | 043 6.50 | + |0.87 540 + |0.49 560 + |0.49
Glucose [3.9-5.8 mmol/1] 737 + |0.87 6.13| + |0.58 7.65| + | 1.05 6.86 + | 1.05 6.18 + | 121
Creatinine [35-100 umol/1] 2650 | + | 293 28,50 | + | 1.50 29.25| + | 1.85 29.80 | + |3.06 2740 | + | 1.36
INR [71-120%] 117.90 | +2.81 118.27 | +3.28 117.82 | +4.01 119.01 | +|2.77 11838 | +|1.35
Survival, weight data
survival at time point [number; %] 5/5 100% 5/5 100% 5/5 100% 5/5 100% 5/5 100%
stress score 1.31 +|0.48 1.79 | +0.63 0.51 +(0.32 0.24| /020 0.09, =*/0.10
body weight [g] 248 | £ | 12.39 231 £ |15.12 252 + | 11.07 264 + | 14.76 269.59 | = | 15.06
body weight gain [%] 9739 £ |2.01 90.66  + | 2.86 9891 + |3.21 103.61 | + |1.98 105.72 | + |2.37
liver weight [g] 11.85| + |0.81 1430 | + |0.45 16.25| + |1.67 17.76 | £ |2.97 1893 | + [2.29
liver weight gain [%] 1185 £ |2.32 143 | £ | 218 1625 £ [291 17758 | + | 1.98 1893 £ [3.01
liver body weight ratio [%] 370 + |0.32 417 | £ 027 559 + |0.32 639 + | 1.11 6.81 | + |0.78
spleen weight [g] 052 + |0.03 0.58 | + |0.06 0.87 | + |0.18 073 | £ 023 1.06 | £ |0.21

https://doi.org/10.1371/journal.pone.0271975.t002

Table 3. Results of laboratory chemistry and data of survival and weight data after tBDT in mice.

POD 3 (p<0.05), compared to rats. Whereas rats showed again a significantly increased lbwr
at POD 28, compared to mice (p < 0.05 (see Fig 1, Tables 2 and 3).

Hepatobiliary remodelling in rats is significantly stronger compared to
mice

Histology (HE) and immunohistochemistry (BrdU, EvG). In both species hepatobiliary
remodelling occurred in response to the biliary occlusion. The ductular reaction due to tBDT

POD 1 POD 3 POD 7 POD 14 POD 28

mean, * |STDV mean, * |STDV mean, * |STDV mean, * |STDV mean, * |STDV
Laboratory Chemistry
ASAT [<0.83 umol/Ls] 53.93 | + |26.50 13.25| + [3.32 19.01 | + |10.41 17.68 | + |10.97 11.14 | + |2.92
ALAT [<0.74 umol/l.s] 29.24| + |9.35 10.68 | + |1.78 11.11 | + |245 9.23| + |5.18 794 + | 212
Bilirubin (total) [<21 pmol/l] 127.83 | + |57.94 166.50 | + |49.32 187.98 | + |30.18 190.89 | + |84.46 199.01 | + |41.55
Albumin [33-53 g/l] 950 + | 1.71 8.83 | + |0.37 9.40 | + |0.80 9.50| + |0.50 8.00 + |0.63
Glucose [3.9-5.8 mmol/1] 8.63| + |0.48 830 + |0.95 9.12| + |0.80 7.10 + | 1.88 850 + |212
Creatinine [35-100 umol/1] 24.00 | + |5.89 21.00 | + |10.17 3320 + |4.35 1838 | + |11.44 3825 + |6.92
INR [71-120%] 11512 | + |1.57 116.86 | + |1.89 11492 | + |3.28 118.89 | + |2.95 119.83 | + |3.01
Survival, weight data
survival at time point [number; %] 4/5 80% 4/5 80% 5/5 100% 5/5 100% 4/5 80%
stress score 1.73 | £]0.51 220 +0.65 1.83| +/0.48 091 =027 032 +0.13
body weight [g] 26.81| + |0.70 25.25| + | 0.66 2598 | + |0.12 2661 | + |1.61 2697 | + | 1.05
body weight gain [%] 93.15| + |2.53 87.73| + |3.33 90.25| + | 221 9244 | + |8.84 93.69 | + |2.14
liver weight [g] 1.36 | £ |0.06 1.78 | £ |0.16 1.81| £ [0.33 1.74| £ |0.42 1.79 | £ |0.03
liver weight gain [%] 11292 | = | 1.05 148.33 | = | 1.33 150.83 | = | 1.41 14464 | = | 1.21 14893 | = | 1.01
liver body weight ratio [%] 469 + |0.08 568 + |0.09 580 + | 0.51 6.01 | + |0.38 6.06 + |0.12
spleen weight [g] 0.06 | + |0.01 0.13| + |0.04 0.15| + |0.02 0.15| + |0.06 0.13| + |0.02
https://doi.org/10.1371/journal.pone.0271975.t003
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Fig 1. A-D: Results of bilirubin (total) in serum, and the liver and body weight gain with the related liver body weight ratio of rats and mice

after tBDT.

https://doi.org/10.1371/journal.pone.0271975.g001

led to an enlargement of the portal fields and of the biliary proliferates in the hepatocellular
compartment. Morphometric analysis revealed a relative reduction of the hepatocellular com-
partment due to the relative increase of the biliary compartment (see Figs 2 and 3, Tables 2
and 3).

Morphometric analysis revealed substantial inter-species differences in the dynamics
and extent of the hepatobiliary remodelling. In rats, the hepatocellular compartment was
reduced by ~31% within the observation time of 28 days, in mice only by ~15% (p<0.05 at
POD 7, 14, 28, respectively).

The differences resulted predominantly from significantly different dynamics of the
enlargement of the cholangiocytes‘compartment (p<0.05 at POD 7, 14, 28, respectively). Rats
showed a constant and significant stronger increase of the ductular reaction in the portal field
and in the hepatocellular compartment (biliary proliferates), compared to mice (see Figs 2, 3
and 6; Tables 4 and 5).

In mice, we found a two-phased time course of hepato-biliary remodelling. We found an
almost simultaneous increase in ductular reaction and formation of necrotic areas until POD
3, followed by a further enlargement of the portal fields and a decrease of necrotic area until
POD 7, whereas at the late time points POD 14 and POD 28 we found a stable extension of the
portal fields with simultaneously weaker increase of the biliary proliferates area (see Figs 2, 3
and 6; Tables 4 and 5).

There were also striking differences in respect to the extent of confluent necrosis. Rats
developed small negligible areas of peribiliary necrosis. In mice, we found significantly more
(p<0.05 at all time-points, respectively) and larger confluent necrosis (p<0.05 at all time-
points, respectively) around the biliary proliferates developed with a maximum observed on
POD 3 after tBDT (see Fig 3).
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Rat
(n=25)

Mouse
(n=23)

POD 1 POD 3 POD7 POD 14 POD 28

Hepatocytes ~ 98% Hepatocytes ~ 92% Hepatocytes ~ 83% Hepatocytes ~ 78% Hepatocytes ~ 69%
[relative areal] [relative areal] [relative area] [relative area] [relative area]

Hepatocytes ~ 98% Hepatocytes ~ 90% Hepatocytes ~ 90% Hepatocytes ~ 87% Hepatocytes ~ 85%
[relative area] [relative area] [relative area] [relative area] [relative area]
( relative areas of: hepatocytes = [, portal fields =[__—" biliary proliferates = -, necrosis = ' )

Fig 2. Morphometric alterations of liver tissue compartments (using relative areas of hepatocytes, portal fields, biliary proliferates and
necrotic area) in rat and mouse at different time points after tBDT.

https://doi.org/10.1371/journal.pone.0271975.9002

Hepatobiliary proliferative activity in rats is significantly more pronounced than in
mice. In both species considerable proliferative activity of hepatocytes and cholangiocytes
was observed but peaking at different time points. Hepatocytes‘proliferation was significantly
stronger in rats at almost all time points, reaching a maximum of 10% at POD 14 (p<0.05 at
POD 1, 14,28, respectively). In mice, the peak proliferation reached only 5%, but occurred ear-
lier at POD 7 (see Figs 4 and 6; Tables 4 and 5).

The differences in cholangiocytes‘proliferation were even more striking. In rats, the signifi-
cantly stronger proliferative rate of about 22% was already observed on POD 3 (p<0.05 at
POD 1, 3,7, 28, respectively) and remained in this range throughout the first postoperative
week, before declining gradually to 10% on POD 28. In mice, the peak proliferate rate reached
only about 15% and was observed on POD 3 and decreased to 5% on POD 28 (see Figs 4 and
6; Tables 4 and 5, p < 0.05).

Periportal liver fibrosis develops faster in rats than in mice

Time courses and extent of collagen deposits were also different in both species. In rats, a
steady increase was observed and reached the maximum at 28 days (p<0.05 at POD14). In
mice, the maximum was also reached at the end of the observation time but followed a slower
progress with the maximal increase in the last week (see Fig 5A). We determined a significant
stronger Collagen Index in rats at POD 14 compared to mice (p<0.05). At the other time
points we found substantial but non-significant higher Collagen Indices in rats compared to
mice.

The fibrosis score revealed the differences in the distribution in addition to the severity. In
rats, the transition from periportal to bridging fibrosis occurred between POD 7 and 14; in
mice later between POD 14 to 28 (see Figs 5 and 6; Tables 4 and 5). We detected a significantly
stronger fibrosis score in rats only at POD 14 compared to mice (see Fig 5A and 5B, p < 0.05)
staining.
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Fig 3. A-H: Histological and immunohistochemical images (HE, BrdU, EVG) after tBDT in rats (A-D) and mice (E-H).

https://doi.org/10.1371/journal.pone.0271975.9g003

Discussion
Resistance to surgical stress

The literature describes two reliable parameters to assess resistance to surgical stress in experi-
mental surgery: Survival rate as the ultimate hard criteria and body weight gain as the strongest
parameter to judge the condition of the surviving animals [13, 14, 19]. In our study, the rats
showed a superior resistance indicated by the survival of all animals experiencing only minor
weight loss of less than 10%. In contrast, some mice died during the observation period result-
ing in a survival rate of 92% and experienced a substantial weight loss preventing the recovery
to the starting body weight within the observation period of 28 days. The distinct differences
of the survival rates were not statistical significant, maybe mostly related to a small group size
of 5 animals per time-point and species. However, our data showed a clear tendency for a bet-
ter survival and stronger robustness of rats after tBDT. The literature provides only limited
data regarding survival rate and causes of death after biliary occlusion in rodents. The reported
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Fig 4. A, B: Proliferative activity of hepatocytes and cholangiocytes in rats and mice after total biliary occlusion.

https://doi.org/10.1371/journal.pone.0271975.9004

survival data range from 60-97% [20-28]. In our study, no signs of surgical complication (e.g.,
bleeding, ischemia, biliary leakage), were identified during autopsy. Some authors concluded
that mice are not suitable as animal model of biliary occlusion due the high perioperative mor-
tality and the susceptibility to complications [2, 3, 26, 28]. However, in the three mice dying
spontaneously, the number of visible liver necroses was higher than in all other mice sacrificed
at the designated time points. Therefore, we attributed the death of the animals to complica-
tions due to tBDT. A current study in mice after BDL revealed so-called bile infarcts occurring
by rupture of the apical membrane of hepatocytes. The rupture of the apical membrane of
hepatocytes can lead to single-cell bile microinfarcts, or via a domino-effect to necrosis of mul-
tiple hepatocytes resulting in large bile infarcts [29]. In addition, the authors found no

Table 4. Morphology and results of immunohistochemistry (HE, BrdU, EVG) after tBDT in rats.

POD 1 POD 3 POD 7 POD 14 POD 28

mean |+ |STDV mean | + |STDV mean |+ |STDV mean |+ |STDV mean |+ |STDV
Portal fields (PF)
relative area of portal fields [%] 1.76 | + | 1.21 569 | + | 137 829 | + |1.03 1134 + | 2.79 16.87 | = |2.42
number of portal fields 1329 | + |2.85 15.03| + |1.51 14.00 | + |3.78 14.16 | + | 2.58 13.57 | = |3.62
number of bd per PF 735 £ |231 2238 | = |7.35 29.13 | = | 281 35.05| = |9.50 80.31 | = |6.78
diameter of bd per PF [um] 530 + |1.32 16.54 | = |3.24 20.09 | + |3.68 29.80 | = |5.14 33.18 | = |4.67
Extraportal ductular reaction
relative area [%] 0.25 | + 0.72 2.26 | = 0.98 8.61 | £ 1.21 10.68 | £ 1.67 14.21 | £ 2.53
number of biliary convolutes 538 |+ |1.32 12.75 |+ | 2.31 14.85 |+ | 3.11 1574 |+ | 7.07 21.09 |+ |83l
number of BD per convolute 34|+ | 131 1398 |+ | 1.26 51.09 |+ |2.01 653 |+ |6.56 8891 |+ |5.89
diameter of bd per convolute [um] 2.56 |+ | 1.57 1258 |+ | 1.83 16.13 | £ |3.21 1831 |+ | 5.78 2145 |+ 394
Hepatocytes
relative area [%)] 97.98 1.25 92.04 | + 1.93 82.94 | + 1.73 77.83 | + 1.64 68.92 | + 3.64
Necrosis
number 03|+ 0.72 041 | + 0.53 1.69 | + 0.78 1.18 | + 0.25 0|+
relative area [%)] 0.01 | + 0.51 0.01 | + 0.31 0.16 | + 0.42 0.15 | 0.36 +
Proliferation-Index (BrdU)
hepatocytes 4.13 | + 2.82 6.12 | + 2.39 7.54 | £ 2.81 10.2 | + 3.8 6.52 | + 3.17
cholangiocytes 19.34 | + 6.87 22.01 | + 7.37 18.31 | 2.93 12.00 | £ 3.21 10.39 | £ 3.28
EvG
Collagen-Index 6.45 | = 1.76 9.59 | = 1.89 12.32 | £ 2.01 19.37 | £ 3.97 27.66 | £ 9.51
Fibrosis score 0.75 | 0.43 0917 | £ 0.28 1.167 | £ 0.55 2.167 | £ 0.99 2.833 | £ 0.55

https://doi.org/10.1371/journal.pone.0271975.t1004
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Table 5. Morphology and results of immunohistochemistry (HE, BrdU, EVG) after tBDT in mice.

POD 1 POD 3 POD 7 POD 14 POD 28

mean |+ STDV mean |+ |STDV mean + |STDV mean | + |STDV mean + |STDV
Portal fields (PF)
relative area of portal fields [%] 1.02| = |0.57 392 £ 127 634 = |2.01 712 = |3.25 1156 | = |6.14
number of portal fields 1236 | + | 249 13.03 | = 284 1435| = |2.87 1478 | + | 431 15.01 | = |5.58
number of bd per PF 2,67 £ 098 798 £ | 131 11.65| = |2.57 1426 | + | 4.62 18.67 | = |4.38
diameter of bd per PF [um] 534 £ | 134 987 £ |2.64 1042 | = |4.81 934 £ |3.56 11.85| = | 3.31
Extraportal ductular reaction
relative area [%] 0.01 | + 0.34 0.89 | = 0.64 231 |+ 0.93 287 | 1.12 3.02 | £ 1.21
number of biliary convolutes 3.00 | 0.21 6.35 | = 1.82 15.83 | £ 3.25 2145 | + 5.45 24.53 | £ 6.51
number of bd per convolute 245+ |0.78 2.76 | £ | 1.56 457 |+ | 1.03 437 |+ | 1.73 531+ |1.83
diameter of bd per convolute [um] 487 |+ | 1.67 6.12 |+ |3.81 6.75 |+ |2.73 898 |+ |291 9.01 |+ |3.01
Hepatocytes
relative area [%] 97.99 1.72 89.99 | £ 5.24 89.85 | 3.76 86.88 | + 4.35 85.21 | 5.01
Necrosis
number 10.67 | £ 3.89 17.71 | £ 527 712 | £ 2.32 17.69 | £ 7.35 535 | £ 1.28
relative area [%] 098 |+ [0.52 52|+ 1.84 15|+ [0.49 313 |+ | 1.45 021 |+ |0.34
Proliferation-Index (BrdU)
hepatocytes 0.50 = 0.32 341 £ 0.82 543 | £ 0.65 352 £ 1.01 1.03 | = 0.74
cholangiocytes 4.36 | + 0.56 15.52 | + 2.71 9.82 | + 1.83 11.98 | + 2.58 6.03 | + 1.36
EvG
Collagen-Index 549 | 1.41 6.38 | = 1.19 7.34 | £ 2.37 1043 | £ 3.03 23.68 | £ 6.47
Fibrosis score 0.25 | + 0.43 1.11 | + 0.31 133 | + 0.43 144 | + 0.71 1.78 | = 0.43

https://doi.org/10.1371/journal.pone.0271975.t005
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evidence for intrahepatic perfusion disturbances resulting in a classic ischemia in their study.
Interestingly, the term bile infarcts was first used in 1887 and described a complication of cho-
lestasis in humans: intraparenchymal bile leakage leading to hepatocytes‘necrosis. The term
was first described by Jean-Martin Charcot and Albert Gombault and afterwards named as
“Charcot-Gombault necrosis” [29]. However, one experimental study reports about formation
of bile infarcts in rats within the acute phase after ligation of the common bile duct (cBDL)
[30]. The authors focussed on the first 30 h after cBDL and found periportal bile infarcts
already 6 h after cBDL without further increase in area until 30 h (= end of observation
period). In addition, their rats showed a stronger elevation of transaminases and a reduced
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Fig 5. A, B: Relative area of collagen (Collagen Index) and zonal distribution of fibrous tissue (Fibrosis score) in rats and mice after tBDT
(EvG staining).

https://doi.org/10.1371/journal.pone.0271975.g005

PLOS ONE | https://doi.org/10.1371/journal.pone.0271975  July 26, 2022

12/18


https://doi.org/10.1371/journal.pone.0271975.t005
https://doi.org/10.1371/journal.pone.0271975.g005
https://doi.org/10.1371/journal.pone.0271975

PLOS ONE

Occlusive cholestasis in rodents: Similar but different

late fibrosis (~28days) «

survival
100

body weight gain

early fibrosis (~ 14 days) “ductular reaction

—0—rat © mouse

Fig 6. Comparison of the differences in essential parameters for selecting the appropriate species (rat vs. mouse) in cholestatic

https://doi.org/10.1371/journal.pone.0271975.g006

survival of 65% (13/20) until 30 h after cBDL than our rats, respectively. In contrast, we found
a different time course of bile infarcts in rats after tBDT, with slow progression of small necro-
ses peaking on day 7, followed by rather fast regression until day 28 (= end of observation
period). However, the literature provides no explanation for our striking differences in forma-
tion of necrosis/ bile infarcts after tBDT between rats and mice. Assuming the same mecha-
nism for bile infarcts in rodents, a best potential explanation for the differences might be the
(organ) size differences between rats and mice. Since mice have ca. 10% of the rats’ size (e.g.,
liver weight, body weight, blood volume), such a micro structured organism mice might react
extremely more sensitive to changes (e.g., intraductal pressure, surgical stress, bleeding) than a
macro structured organism rat (see Table 6). Furthermore, considering size as a relevant factor
in experimental surgical research, it is still noteworthy, that the anatomical proportions in
mice demand for very profound experiences in hepato-biliary microsurgery [31].

Anatomical differences

Focussing on the liver, four main differences between rodents and humans are well known: i)
the absence of a gall bladder in rats; ii) the distinct lobulation of the rodent liver; iii) the
increased liver body weight ratio in rodents; iv) and the increasing arterial blood supply with
increasing liver size among the mammals [2, 3, 8, 28, 32] (see Table 6). Regarding the absent
gall bladder in rats, the literature provides no information about the relevance for cholestasis
research yet. The latter three are critical issues in surgical research and projects addressing the
hepatic regenerative capacity, especially when subjecting the animal to repeated regeneration
stimuli as in multi-staged hepatectomy [32-36]. In our study, we observed the characteristic
responses to biliary occlusion in both species: the ductular reaction and a persistently
increased bilirubin (total) level in serum.
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Table 6. Summary of characteristics of either species regarding hepatobiliary modelling after tBDT.

Characteristics Special features Mouse Rat Human
(biliary occlusive diseases: e.g., extra and intrahepatic
tumours)
Size Body weight 25-30g 250-300g 70-100kg
liver weight (untreated | ~ 1.2g 10g ~ 1.8kg
liver) (untreated male (untreated male (healthy male, BW 75kg)
Cholestatic liver C57BL/6N mouse, lewis rat, BW 250g) | no data
weight (tBDT): BW 25g) ~ 16g
1 week ~1.5g
2 weeks ~1.7g ~18g
4 weeks ~1.8g ~19g
Costs depending on age, weight, genetic not applicable
background of the animals and the pricing
of the supplier
+ costs for the animal husbandry
Anatomical differences gall bladder present absent present
Liver lobules 4 lobes 4 lobes (if not already removed for benign reasons)
2 lobes

Tolerance to surgical stress

Susceptibility to complications

low/ moderate high low-moderate-high
(depending on patient’s characteristics,
pre-existing “liver function” and
liver diseases (e.g., hepatitis, PBC), and tumour
localisation)

high low low-moderate-high
(depending on patients‘characteristics: see above)

Kinetic and characteristics of blood bilirubin levels | stable elevated stable elevated Dynamics and extent of cholestatic alterations (e.g.,
hepatobiliary remodelling ductular reaction present present blood tests, liver tissue) depend on localisation of
(assuming tBDT in rodents) Replacement of HC (moderate, slow (strong, rapid tumour (biliary occlusion) and
compartment (%, progression) progression) pre-existent liver diseases (e.g., hepatitis, PBC)
peak) slow progression rapid progression
Fibrosis (~13%, POD 14) (~22%, POD 14)
(score, peak) (~15%, POD 28) (~30%,POD 28)
slow progression rapid progression
(1, POD 14) (3,POD 14)
(3, POD 28) (3, POD 28)

Knowledge about genetic models or
genetic background of cholestatic
diseases

https://doi.org/10.1371/journal.pone.0271975.t1006

high low not applicable (maybe the epigenetic background might
be one of the future topics to address in research)

Dynamics of hepatobiliary remodelling

However, we found impressive and significant differences in the dynamics and the extent of
the hepato-biliary remodelling. The rats showed a rapid remodelling of the liver architecture
with expansion of portal fields and partial replacement of the hepatocellular compartment by
biliary proliferates as well as the development of hepatic fibrosis. Despite principally similar
characteristics, the dynamic of these alterations was different in mice. Mice showed a compa-
rable distorted liver architecture much later—after four weeks. The literature describes in part
similar results predominantly for rats, whereas we found more studies with divergent results
in mice [26-28, 33]. The literature provides no explanation for the differences between the
studies and species (see Table 6). Interestingly, in mice the genetic background seems to have a
greater impact on the development of fibrosis, compared to rats [37].

Limitations of our study

Our study contains some limitations. One challenge of our study was to focus on a limited
number of essential parameters assuring their reliable comparison in either species. In
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planning of the study we found that only the male animals and almost two strains of either spe-
cies (without any genetical modifications) were used. Furthermore, a broad spectrum of genet-
ically modified mice strains were used to address various specialised pathophysiological,
pharmacological and molecular topics. In order to avoid a never ending project, we used only
the male animals of one strain without genetical modifications per species and limited the
study design on three endpoints. The strains were inbred C57BL/6N mice and inbred Lewis
rats [2, 28, 37]. The endpoints were survival, stress resilience (e.g., body weight gain, stress
score) and the hepato-biliary remodelling after tBDT. In retrospect, another limitation of
the study could be the use of only male animals. Since the literature provides mainly studies
using male animals in experimental research (irrespective of the species and the topic in chole-
stasis research), we decided to include only male animals in our project. To date, a discussion
raised in the research community about using also female animals in order to balance the sex
ratio in experimental research. Finally, all limitations harbour the risk of challenging results.
However, our intention was not to summarize the knowledge of cholestasis research in mice
and rats.

We wanted to create a robust data basis enabling fast and reliable decision for either species
in relation to the end points of the project (e.g., timing of investigation).

Genetic models

Our intention was to compare the most frequently used strains of rats and mice regarding
their differences and similarities in hepatobiliary remodelling after biliary occlusion. Since
genetically modified mice are primarily used for highly specialized projects, we focussed on
projects without genetically modified rodents. The literature provides no data regarding the
impact of certain genetically modified strains of either species on the basic characteristics of
biliary occlusion. Finally, we restrained from including genetically modified mice strains, since
we have not found equivalent genetically modified strains of either species in cholestasis
research that could be used for a detailed evaluation, especially to define species‘specific differ-
ences in hepatobiliary remodelling after tBDT.

Recommendation when to select mice and when to select rats

Our results support the obvious choice of rats for surgical questions (e.g., repeated surgical
intervention within one project) and mice for investigating molecular mechanism. Delicate
hepatobiliary surgery is easier in rats and surgical procedures are better tolerated [12]. Our
intention was and is not to discourage researchers from projects including hepatobiliary
microsurgery in mice. Since the anatomy in mice demands highly precise knowledge and skills
of hepatobiliary microsurgery, on should not undervalue the influence of the surgeon/ surgical
part on the final results besides species‘specific differences. Whereas, projects with genetically
modified mice strains clearly benefit from the broad spectrum of further and specialised
molecular analyses [1-3].

In summary, the key differences between rats and mice are their significantly different
severity and dynamics of histological alterations and their different susceptibility to stress and
injury (e.g., surgery, anaesthesia, body weight recovery, blood loss). These differences can gain
important influence on results and success of projects, especially when the timing of special
analyses is the most relevant issue. Key features of the molecular findings in mice might be
confirmed in the rat model for an eventual species-specific effect. Furthermore, the knowledge
of species-specific alterations can help minimising misleading data and unneeded usage of
animals.
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Conclusion

The key difference between rats and mice is the severity and dynamics of histological alter-
ations. In view of these differences, simple translation of the results obtained in mice on the sit-
uation in rats or even humans should be at least well considered.

Acknowledgments

The authors would like to express their gratefulness to the excellent support of the technicians:
Mrs. I. Jank for organisation of the office work, Mrs. St. Lange for her animal care, J. Schrimpf
for measuring the blood samples, Mrs. E. Oswald and St. Lange for preparation of the histolog-
ical slides and K. Schulze for staining and scanning of all the slides.

Author Contributions

Conceptualization: Beate Richter.

Data curation: Beate Richter, Constanze Sanger, Franziska Mussbach.
Formal analysis: Beate Richter, Constanze Singer, Franziska Mussbach.
Funding acquisition: Beate Richter, Utz Settmacher, Uta Dahmen.
Investigation: Beate Richter, Constanze Singer.

Methodology: Beate Richter.

Project administration: Beate Richter.

Resources: Hubert Scheuerlein, Utz Settmacher, Uta Dahmen.
Software: Uta Dahmen.

Supervision: Hubert Scheuerlein, Uta Dahmen.

Validation: Beate Richter.

Visualization: Beate Richter.

Writing - original draft: Beate Richter.

Writing - review & editing: Beate Richter, Constanze Singer, Franziska Mussbach, Hubert
Scheuerlein, Utz Settmacher, Uta Dahmen.

References

1. Rosenthal N, Brown S. The mouse ascending: perspectives for human-disease models. Nat Cell Biol.
2007 Sep; 9(9):993-9. https://doi.org/10.1038/ncb437 PMID: 17762889.

2. Mariotti V, Strazzabosco M, Fabris L, Calvisi DF. Animal models of biliary injury and altered bile acid
metabolism. Biochim Biophys Acta Mol Basis Dis. 2018 Apr; 1864 (4 Pt B):1254—1261. https://doi.org/
10.1016/j.bbadis.2017.06.027 Epub 2017 Jul 11. PMCID: PMC5764833. PMID: 28709963

3. Yanguas SC, Cogliati B, Willebrords J, et al. Experimental models of liver fibrosis. Arch Toxicol. 2016;
90(5):1025—-1048. https://doi.org/10.1007/s00204-015-1543-4 PMID: 26047667

4. O’Hara SP, Tabibian JH, Splinter PL, LaRusso NF. The dynamic biliary epithelia: molecules, pathways,
and disease. J Hepatol. 2013; 58(3):575-582. https://doi.org/10.1016/j.jhep.2012.10.011 PMID:
23085249

5. LiMK, Crawford JM. The pathology of cholestasis. Semin Liver Dis. 2004 Feb; 24(1):21-42. Review.
https://doi.org/10.1055/s-2004-823099 PMID: 15085484

6. Roskams TA, Theise ND, Balabaud C, Bhagat G, Bhathal PS, Bioulac-Sage P, et al. Nomenclature of
the finer branches of the biliary tree: Canals, ductules, and ductular reactions in human livers. Hepatol-
ogy 2004, 39: 1739—-1745. https://doi.org/10.1002/hep.20130 PMID: 15185318

PLOS ONE | https://doi.org/10.1371/journal.pone.0271975  July 26, 2022 16/18


https://doi.org/10.1038/ncb437
http://www.ncbi.nlm.nih.gov/pubmed/17762889
https://doi.org/10.1016/j.bbadis.2017.06.027
https://doi.org/10.1016/j.bbadis.2017.06.027
http://www.ncbi.nlm.nih.gov/pubmed/28709963
https://doi.org/10.1007/s00204-015-1543-4
http://www.ncbi.nlm.nih.gov/pubmed/26047667
https://doi.org/10.1016/j.jhep.2012.10.011
http://www.ncbi.nlm.nih.gov/pubmed/23085249
https://doi.org/10.1055/s-2004-823099
http://www.ncbi.nlm.nih.gov/pubmed/15085484
https://doi.org/10.1002/hep.20130
http://www.ncbi.nlm.nih.gov/pubmed/15185318
https://doi.org/10.1371/journal.pone.0271975

PLOS ONE

Occlusive cholestasis in rodents: Similar but different

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

Vartak N, Vartak A, Richter B, Dirsch O, Dahmen U, Hammad S, et al. Cholestasis-induced adaptive
remodeling of interlobular bile ducts. Hepatology 2016, 63: 951-964. https://doi.org/10.1002/hep.
28373 PMID: 26610202

Kaneko K, Kamimoto K, Miyajima A, Itoh T. (2015), Adaptive remodelling of the biliary architecture
underlies liver homeostasis. Hepatology 2015, 61: 2056—-2066. https://doi.org/10.1002/hep.27685
PMID: 25572923

Yoshioka K, Mori A, Taniguchi K, Mutoh K. Cell proliferation activity of proliferating bile duct after bile
duct ligation in rats. Vet Pathol. 2005 May; 42(3):382-5. https://doi.org/10.1354/vp.42-3-382 PMID:
15872390

Glaser SS, Onori P, Wise C, Yang F, Marzioni M, Alvaro D et al. Recent advances in the regulation of
cholangiocyte proliferation and function during extrahepatic cholestasis. Dig Liver Dis. 2010 Apr; 42
(4):245-52. https://doi.org/10.1016/j.dld.2010.01.008 Review. PMID: 20153989

Zimmermann H, Blaser H, Zimmermann A, Reichen J. Effect of development on the functional and his-
tological changes induced by bile-duct ligation in the rat. Journal of Hepatology. 1994; 20(2):231-239.
https://doi.org/10.1016/s0168-8278(05)80063-7 PMID: 8006404

Richter B, Sanger C, Mussbach F, Scheuerlein H, Settmacher U, Dahmen U. Benefit of an implanted
solid barrier for the feasibility of a sequence of three different hepato-biliary operations in a small animal
model. J Visc Surg. 2017; 154(5):321-328. https://doi.org/10.1016/j.jviscsurg.2017.02.005 PMID:
28395956

Hawkins P. Recognizing and assessing pain, suffering and distress in laboratory animals Laboratory
Animals 2002 36, 378-395

Statements of GV-SOLAS (german Gesellschaft fir Versuchstierkunde / Society of Laboratory Animal
Science) concerning stress assessment, abort criterions, analgesia and welfare of laboratory animals

[Links: Schmerztherapie_bei_Versuchstieren_09-2020.pdf (gv-solas.de), 2020tie_belastungsbeurtei-
lung.pdf (gv-solas.de)]

ArltJ, Homeyer A, Sénger C, Dahmen U, Dirsch O. One Size Fits All: Evaluation of the Transferability of
a New "Learning" Histologic Image Analysis Application. Appl Immunohistochem Mol Morphol. 2016;
24(1):1-10. https://doi.org/10.1097/PAI.0000000000000120 PMID: 25517866

Brunt EM, Janney CG, Di Bisceglie AM, Neuschwander-Tetri BA, Bacon BR. Nonalcoholic steatohepa-
titis: a proposal for grading and staging the histological lesions. Am J Gastroenterol. 1999 Sep; 94
(9):2467-74. https://doi.org/10.1111/1.1572-0241.1999.01377.x PMID: 10484010.

Lo RC, Kim H. Histopathological evaluation of liver fibrosis and cirrhosis regression. Clin Mol Hepatol.
2017 Dec; 23(4):302—307. https://doi.org/10.3350/cmh.2017.0078 Epub 2017 Dec 20. PMID:
29281870; PMCID: PMC5760001.

Gibson-Corley KN, Olivier AK, Meyerholz DK. Principles for valid histopathologic scoring in research.
Vet Pathol. 2013 Nov; 50(6):1007—15. https://doi.org/10.1177/0300985813485099 Epub 2013 Apr 4.
PMID: 23558974; PMCID: PMC3795863.

Beery AK, Kaufer D. Stress, social behavior, and resilience: Insights from rodents, Neurobiology of
Stress. 2015; 1:116-127. ISSN 2352-2895, https://doi.org/10.1016/j.ynstr.2014.10.004

Richter B, Khodaverdi S, Bechstein W, Gutt C, Krdhenbiihl L, Schmandra T. Reversible biliary occlusion
in a small animal model: first description of a new technique. Innovative Surgical Sciences. 2018; 3(4):
261-270. https://doi.org/10.1515/iss-2018-0021 PMID: 31579790

Zimmermann H, Reichen J, Zimmermann A, Sagesser H, Thenisch B, Hofflin F. Reversibility of second-
ary biliary fibrosis by biliodigestive anastomosis in rats. Gastroenterology 1992; 103:579-89.10.1016/
0016-5085(92)90850-X1634077 https://doi.org/10.1016/0016-5085(92)90850-x PMID: 1634077

Krahenbihl L, Hagenbuch B, Berardi S, Schéafer M, Krahenbihl S. Rapid normalization of hepatic glyco-
gen metabolism in rats with long-term bile duct ligation after biliodigestive anastomosis. J Hepatol 1999;
31:656-63.1055138910.1016/S0168-8278(99)80345-6 https://doi.org/10.1016/s0168-8278(99)80345-
6 PMID: 10551389

Yamauchi H, Koyama K, Otowa T, Ouchi K, Anezaki T, Sato T. Morphometric studies on the rat liver in
biliary obstruction. Tohoku J Exp Med 1976; 119:9-25.https://doi.org/10.1620/tfem.119.9 Suche in
Google Scholar PMID: 951707

Rodriguez S, Raurell |, Torres-Arauz M, Garcia-Lezana T, Genesca J, Martell M. A nitric oxide-donating
statin decreases portal pressure with a better toxicity profile than conventional statins in cirrhotic rats.
Sci Rep 2017; 7:40461.10.1038/srep4046128084470 Suche in Google Scholar https://doi.org/10.1038/
srep40461 PMID: 28084470

Kountouras J, Billing BH, Scheuer PJ. Prolonged bile duct obstruction: a new experimental model for
cirrhosis in the rat. Br J Exp Pathol. 1984 Jun; 65(3):305—11. PMID: 6743531; PMCID: PMC2040968.

PLOS ONE | https://doi.org/10.1371/journal.pone.0271975  July 26, 2022 17/18


https://doi.org/10.1002/hep.28373
https://doi.org/10.1002/hep.28373
http://www.ncbi.nlm.nih.gov/pubmed/26610202
https://doi.org/10.1002/hep.27685
http://www.ncbi.nlm.nih.gov/pubmed/25572923
https://doi.org/10.1354/vp.42-3-382
http://www.ncbi.nlm.nih.gov/pubmed/15872390
https://doi.org/10.1016/j.dld.2010.01.008
http://www.ncbi.nlm.nih.gov/pubmed/20153989
https://doi.org/10.1016/s0168-8278%2805%2980063-7
http://www.ncbi.nlm.nih.gov/pubmed/8006404
https://doi.org/10.1016/j.jviscsurg.2017.02.005
http://www.ncbi.nlm.nih.gov/pubmed/28395956
https://doi.org/10.1097/PAI.0000000000000120
http://www.ncbi.nlm.nih.gov/pubmed/25517866
https://doi.org/10.1111/j.1572-0241.1999.01377.x
http://www.ncbi.nlm.nih.gov/pubmed/10484010
https://doi.org/10.3350/cmh.2017.0078
http://www.ncbi.nlm.nih.gov/pubmed/29281870
https://doi.org/10.1177/0300985813485099
http://www.ncbi.nlm.nih.gov/pubmed/23558974
https://doi.org/10.1016/j.ynstr.2014.10.004
https://doi.org/10.1515/iss-2018-0021
http://www.ncbi.nlm.nih.gov/pubmed/31579790
https://doi.org/10.1016/0016-5085%2892%2990850-x
http://www.ncbi.nlm.nih.gov/pubmed/1634077
https://doi.org/10.1016/s0168-8278%2899%2980345-6
https://doi.org/10.1016/s0168-8278%2899%2980345-6
http://www.ncbi.nlm.nih.gov/pubmed/10551389
https://doi.org/10.1620/tjem.119.9
http://www.ncbi.nlm.nih.gov/pubmed/951707
https://doi.org/10.1038/srep40461
https://doi.org/10.1038/srep40461
http://www.ncbi.nlm.nih.gov/pubmed/28084470
http://www.ncbi.nlm.nih.gov/pubmed/6743531
https://doi.org/10.1371/journal.pone.0271975

PLOS ONE

Occlusive cholestasis in rodents: Similar but different

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Taylor SA, Yeap X-Y, Wang J-J, et al. A novel murine model of reversible bile duct obstruction demon-
strates rapid improvement of cholestatic liver injury. Physiol Rep. 2020; 8:e14446. https://doi.org/10.
14814/phy2.14446 PMID: 32441483

Tag CG, Sauer-Lehnen S, Weiskirchen S, Borkham-Kamphorst E, Tolba RH, Tacke F, et al. Bile Duct
Ligation in Mice: Induction of Inflammatory Liver Injury and Fibrosis by Obstructive Cholestasis. J. Vis.
Exp. (96), €52438, https://doi.org/10.3791/52438 (2015). PMID: 25741630

Starkel P, Leclercq IA. Animal models for the study of hepatic fibrosis. Best Pract Res Clin Gastroen-
terol. 2011; 25:319-333. [PubMed: https:/doi.org/10.1016/.bpg.2011.02.004 PMID: 21497748]

Ghallab A, Hofmann U, Sezgin S, Vartak N et al. Bile Microinfarcts in Cholestasis Are Initiated by Rup-
ture of the Apical Hepatocyte Membrane and Cause Shunting of Bile to Sinusoidal Blood. Hepatology.
2019 Feb; 69(2):666—683. https://doi.org/10.1002/hep.30213 Epub 2018 Nov 19. PMID: 30102412

Harnoss JC, Heidecke CD, Vollmar B, Eipel C. In vivo imaging of bile accumulation and biliary infarction
after common bile duct ligation in rats. Eur Surg Res. 2011; 47(4):240-7. https://doi.org/10.1159/
000333087 Epub 2011 Nov 2. PMID: 22056525.

Martins PN. Learning curve, surgical results and operative complications for kidney transplantation in
mice. Microsurgery. 2006; 26(8):590-3. https://doi.org/10.1002/micr.20292 PMID: 17066406.

Kruepunga N, Hakvoort TPM, Hikspoors JPJM, Kéhler SE, Lamers WH Anatomy of rodent and human
livers: What are the differences? Biochimica et Biophysica Acta (BBA)—Molecular Basis of Disease
2019, 1865 (5): 869-878, ISSN 0925-4439, https://doi.org/10.1016/j.bbadis.2018.05.019.

Michalopoulos GK. Liver regeneration. J Cell Physiol 2007; 213:286-300. https://doi.org/10.1002/jcp.
21172 PMID: 17559071

Ertor B, Topaloglu S, Calik A, Cobanoglu U, Ahmetoglu A, Ak H, et al The Effects of Bile Duct Obstruc-
tion on Liver Volume: An Experimental Study ISRN Surg. 2013; 2013: 156347. Published online 2013
Jun 5. https://doi.org/10.1155/2013/156347 PMCID: PMC3687497, PMID: 23840968

Michalopoulos GK. Principles of Liver Regeneration and Growth Homeostasis. Comprehensive Physiol-
ogy Volume 3lIssue 1. January 2013 Published online: 1 January 2013 https://doi.org/10.1002/cphy.
¢120014 PMID: 23720294

Kim D, Cornman-Homonoff J, Madoff DC. Preparing for liver surgery with Alphabet Soup": PVE,
ALPPS, TAE-PVE, LVD and RL. Hepatobiliary Surg Nutr. 2020 Apr; 9(2):136—151. https://doi.org/10.
21037/hbsn.2019.09.10 PMID: 32355673

Kim Y.O., Popov Y., Schuppan D. Optimized Mouse Models for Liver Fibrosis. In: Clausen B, Laman J.
(eds) Inflammation. Methods in Molecular Biology, vol 1559. Humana Press, New York, NY. 2017
https://doi.org/10.1007/978-1-4939-6786-5_19

PLOS ONE | https://doi.org/10.1371/journal.pone.0271975  July 26, 2022 18/18


https://doi.org/10.14814/phy2.14446
https://doi.org/10.14814/phy2.14446
http://www.ncbi.nlm.nih.gov/pubmed/32441483
https://doi.org/10.3791/52438
http://www.ncbi.nlm.nih.gov/pubmed/25741630
https://doi.org/10.1016/j.bpg.2011.02.004
http://www.ncbi.nlm.nih.gov/pubmed/21497748
https://doi.org/10.1002/hep.30213
http://www.ncbi.nlm.nih.gov/pubmed/30102412
https://doi.org/10.1159/000333087
https://doi.org/10.1159/000333087
http://www.ncbi.nlm.nih.gov/pubmed/22056525
https://doi.org/10.1002/micr.20292
http://www.ncbi.nlm.nih.gov/pubmed/17066406
https://doi.org/10.1016/j.bbadis.2018.05.019
https://doi.org/10.1002/jcp.21172
https://doi.org/10.1002/jcp.21172
http://www.ncbi.nlm.nih.gov/pubmed/17559071
https://doi.org/10.1155/2013/156347
http://www.ncbi.nlm.nih.gov/pubmed/23840968
https://doi.org/10.1002/cphy.c120014
https://doi.org/10.1002/cphy.c120014
http://www.ncbi.nlm.nih.gov/pubmed/23720294
https://doi.org/10.21037/hbsn.2019.09.10
https://doi.org/10.21037/hbsn.2019.09.10
http://www.ncbi.nlm.nih.gov/pubmed/32355673
https://doi.org/10.1007/978-1-4939-6786-5_19
https://doi.org/10.1371/journal.pone.0271975

