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1. Abstract

High animal welfare standards are not only a prerequisite to get the permission to perform
animal based research, but also provide an important foundation for high-quality biomedical
research. In the last decades, many animal models of liver fibrosis have been developed for
medical research. However, studies that define which methods are appropriate to measure
severity of suffering, compare distress between animal models, or define early humane
endpoints in laboratory animals remain scarce. In the first study, we analyzed the peak and
duration of corticosterone kinetics, showing that both the absolute value and duration of
corticosterone concentration are important readout parameters for evaluating distress in
animals. In the second study, ROC curves were used, in order to analyse the diagnostic
power of a distress score, burrowing activity and body weight change in an animal model for
liver fibrosis. In addition, Support Vector Machine classification was carried out to compare
the distress caused by BDL to the distress of repetitive CCls intoxication. This approach
demonstrated that BDL causes much more distress than CCls induced liver damage. In the
third study, Cox proportional-hazards model and Harrell’s concordance index were used to
analyze the performance of individual and multiple animal welfare parameters. A weight loss
of 10-20%, combined with a reduction in burrowing activity of more than 79.4%, predicted
death of these animals within two days. This could serve as an early humane endpoint and
might reduce suffering of animals in future experiments. In conclusion, these results can
provide an objective basis for minimizing animal suffering and improving the experimental

quality of biomedical research.



2. Introduction

2.1 Improving quality of medical research through high animal welfare standard
Animal experiments have made important contributions to the development of medicine and
human health. Many important discoveries in clinical medicine have come from animal
research, and countless lives have been improved or saved by animal experiments. For
example, animals have been used to develop vaccines to prevent diseases that previously
killed billions of people, including smallpox, cholera, and polio."® The research results
obtained by replicating human disease models in animals through drugs, surgery and other
methods are important for us to understand different diseases, as well as design and test
new disease treatments.* ° This is the first step in medical discovery. From 1901 to 2021,
188 of the 225 Nobel Prize recipients in the physiological or medical category used animal
models in their research, accounting for 83% of the total number of laureates.® Thus,
experimental animals deserve a high standard in animal welfare. According to animal
protection laws enacted by most nations,”> 8 high animal welfare standards are also a
prerequisite to get the permission to perform animal based research. In addition, high-level
animal welfare also provide an important basis for high-quality biomedical research.® 10
Distress, pain and suffering can cause behavioral, physiological, and immunological
changes in laboratory animals, which do not only lead to a decline in quality of life, but
ultimately affects the reliability and repeatability of experiments. It is in the common interest
of scientists and the public to make every effort to minimize the suffering of laboratory
animals without interfering with research objectives. For each species and disease model,
identifying appropriate indicators of distress to assess severity of suffering and determine

humane endpoints are prerequisites for improving animal welfare.

2.2 Methods for distress evaluation

Mice are the main species used as laboratory animal. In 2017, 66% of all animals used for
scientific purposes in Germany were mice."! Therefore, it is important to focus on evaluating
distress in this rodent. A good selection of sensitive scientific methods to measure distress is
not only the basis for evaluating the severity of animal models, but also the premise of
rational selection of animal models and formulation of improvement strategies. The severity
assessment of mice mainly included subjective and objective assessments. Subjective
assessment refers to the subjective judgment of individual scientists based on the distress
score sheet or a nesting score. Objective assessments were made primarily by measuring
spontaneous behavior (such as burrowing activity)'?, physiology (such as heart rate and
body weight),'® '* and stress hormones by biochemical assays.'5""

A welfare assessment protocol was established by Morton and Griffiths in 1985." This score

sheet included criteria such as dehydration to identify the animal's pain, suffering or distress
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in a particular process.' For different animal models, many different scoring systems have
been established to assess the severity of animal suffering.’® Common criteria include
weight loss, appearance, spontaneous and escape behavior, and specific clinical symptoms
of interventions.?® However many aspects of such distress scores such as apathy, are
mainly based on the subjective observation of the researcher. This may cause incorrect
conclusions. Thus, often a combination of distress scores plus other measures of distress is
used to evaluate suffering of animals.

Nesting or burrowing behaviors are common in rodents. Wild house mice maintain heat by
building nests, which also helps to avoid predators and competitors. The motivation and
ability to build a nest still exist in domesticated experimental mice. Burrowing behavior refers
to the typical behavior of mice that spontaneously remove items from the tubes in their home
cages. The mice use the burrowing behavior to prepare for defense and escape. Burrowing
was first measured by Deacon et al., ?' and was subsequently used to measure animal
welfare by assessing the weight of pellets that were displaced from a tube.??

Body weight is a basic indicator for reflecting the physiological status of experimental
animals and a sensitive indicator for the severity of suffering. A Reduction of body weight is
mainly caused by reduced energy intake (such as indigestion or loss of appetite) and
increased energy expenditure in laboratory animals. Many other studies have reported that
body weight is very useful for determining human endpoints.?3-25

Corticosterone, the main glucocorticoid regulating stress response in mice, has been
demonstrated to be a sensitive indicator of welfare.'" 26 Difference stressors induce the
activation of the hypothalamus-pituitary-adrenal (HPA) axis and stimulate the hypothalamus
to secrete corticotrophin-releasing hormone (CRH). CRH then leads to the secretion of
adrenocorticotrophic hormone (ACTH) in the pituitary gland, which stimulates the adrenal
cortex to release corticosterone into circulation. Corticosterone provides energy supply for

stress response by regulating the metabolism and the defense response to stress.'® 27

2.3 Early humane endpoint determination for timely euthanasia

Determining a humane endpoint for timely euthanasia is a key aspect of reducing animal
suffering. However, current criteria for humane endpoints tend to reflect severe suffering
before death, such as 20% weight loss?® 2° and hypothermia or lethargy.3? 3! Defining more
"humane" criteria, which can predict death within a period of time, could reduce suffering in
laboratory animals. Common criteria to measure distress include body weight loss,
appearance, spontaneous and flight behavior, and specific clinical symptoms of the
intervention.'®20 In addition, the rodents' natural behaviors, such as burrowing and nesting
activities, were used to analyze health status of the animals.32-3% This approach proved to be

very useful for detecting abdominal and post-operative pain or stress in rodents.2? 34, 36-38
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2.4 Animal models for liver fibrosis

Liver fibrosis is caused by many chronic liver diseases and often proceeds to liver cirrhosis
and failure.®® 4% The result of progressive fibrosis, cirrhosis, causes an estimated 1.16 million
deaths worldwide each year, accounting for 2.4% of all deaths.*" 42 Animal models for liver
fibrosis are necessary in order to understand the pathogenesis of fibrosis and to explore
potential therapies.

Several mouse models of liver fibrosis, for example, induced by hepatotoxin or bile duct
ligation (BDL) have been established (see Figure 1).43 44 BDL causes cholestasis induced
fibrosis, which may occur in humans with bile duct obstruction (cholelithiasis and tumour
compression of bile ducts) and autoimmune diseases (primary biliary cirrhosis and primary
sclerosing cirrhosis).*® Repetitive administration of the hepatotoxin carbon tetrachloride
(CCls) mimics liver damage in human by different toxins, such as drugs and alcohol.*?
Although mouse models of liver fibrosis are used more and more widespread in medical
research, there are few available reports on distress evaluation in these models. Thus,
studies defining and exploring how to reduce distress are necessary in this scientific field to

improve animal welfare.
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Figure 1. Pathogenesis of liver fibrosis.



2.5 Aim of this dissertation

It was the aim of our studies

® to compare the corticosterone kinetics between two distinct methods for damaging the
liver,
to explore the diagnostic power of different non-invasive methods to detect distress,
to apply multivariate analysis combining multiple parameters for distress assessment,
and

® to explore a reasonable method to determine early human endpoints for bile duct ligated
mice.

It was the overarching objective of our studies to provide a solid basis for reducing animal

suffering in future experiments and to help to improve preclinical research.

3. Material and methods
All methods were briefly described in the present cumulative dissertation. Additional
information can be found in the in the following three publications, which were the foundation

for my dissertation.

3.1 Animals

In this project, liver fibrosis was induced in male 7-21 weeks old BALB/cANCrl mice by BDL
or CCls injection. Mice of this strain were purchased from Charles River (Wilmington, MA
USA) and bred in the facilities of Rostock University Medical Center under conditions free of
specific pathogens. Mice were given more than 2 days of acclimatization time before the
start of the experiment. They were kept in groups before the actual experiment, but were
single housed in a European standard type Il plastic cage during the experiment at 21 +
2°C , 12h / 12h of light and dark cycle (light time: 07.00h-19.00h), 60 + 20% relative
humidity, with food (pellets, V1534.000, 10 mm, ssniff) and water provided ad libitum.
Enrichment was provided with shredded tissue paper (PZN03058052, FSMED Verbandmittel
GmbH, Frankenberg, Germany), one paper tunnel (75 x 38 mm, H 0528-151, ssniff) and a
wooden enrichment tool (Espe size S, 40 x 16 x10 mm, H0234.NSG, Abedd, Vienna,
Austria). All animal experiments complied with the requirements of the European Directive
2010/63 / EU and the laws of Germany, and have been approved by local ethics committees
and public authority. (Landesamt fir Landwirtschaft, Lebensmittelsicherheit und Fischerei

Mecklenburg-Vorpommern)

3.2 Surgical induction of liver fibrosis

In order to induce liver fibrosis by BDL, the mice were quickly anesthetized by inhaling 5



vol. % isoflurane (CP-pharma, Burgdorf, Germany). The mice were then put on a warming
plate at 37°C and inserted in a mask supplying them with 1.5 vol. % isoflurane. The mice
were then checked, if they were under deep anesthesia (regular spontaneous breathing, no
reflex and response after pain stimuli between toes).*® The eyes were kept wet by eye
ointment. 5 mg/kg Carprofen (Rimadyl®, Pfizer GmbH, Berlin, Germany) was injected
subcutaneously 5-15 minutes before operation for perioperative analgesia. The abdominal
skin was shaven and the legs were fixed. A laparotomy with length of approximately 2 cm in
the mid-line of the abdomen was performed. The common bile duct was exposed and
carefully separated from the portal vein and the hepatic artery. Then the bile duct was ligated
3 times with 5-0 silk and cut between the two distal knots.*” Both abdominal layers
(peritoneum and skin) were closed separately by 6-0 and 4-0 prolene sutures. The mice
were placed in a cage warmed by a heating lamp until completely awake and active. After
the operation, wet pellets were provided as a dietary improvement. Metamizole was added

to the drinking water at a concentration of 1250 mg/L, to relieve pain.

3.3 Chemical induction of liver fibrosis

The liver fibrosis model was induced by CCls (Merck Millipore, Eschborn, Germany, code
1.02209.1000). The mice were intraperitoneally injected with a CCls/corn oil solution
(containing 75% corn oil) at a dosage of 0.25 ml CCls/kg body weight twice a week (every
Monday and Thursday) for 6 weeks. To reduce pain, 0.25 ml of metamizol (500 mg/mL,
Ratiopharm GmbH, Ulm, Germany) was added to the drinking water (100 ml) until the end of
the experiment (see Figure 2).
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Figure 2. Experimental timelines for distress assessment. Bile duct ligation was performed on day O
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and the distress parameters were evaluated on the indicated days during pre, acute, early, middle
and late phase (A). CCl; was injected and the distress parameters were evaluated during pre, acute,
early, middle and late phase on the indicated days (B).

3.4 Analysis of animal distress and liver damage

3.4.1 Analysis of corticosterone and of liver enzymes in the blood

Blood samples from each mouse were collected 2-4 weeks before any intervention and on
the last day before the mice were euthanized. The mice were quickly anesthetized with 5%
isoflurane, and 100-150 pl of blood was collected by retro-orbital puncture within 3 minutes
to avoid the increase of corticosterone caused by handling and anaesthesia. Blood samples
were collected into test tubes, and the plasma was collected by centrifugation and stored at -
80°C until measuring the concentration of corticosterone. As parameters for evaluating liver
injury, plasma lipase, aspartate aminotransferase (AST) and alanine aminotransferase (ALT)
activities were analyzed using a photometer (cobas c111, Roche Diagnostics, Rotkreuz,
Switzerland). Analysis was performed by a person, who was unaware of the experimental

design and group allocation.

3.4.2 Evaluation of the distress score

The health status of mice was evaluated by multiple clinical parameters as defined in the
distress score table (Table 1). When the total score was higher than 15, the mice were
euthanized to avoid further deterioration of health and more suffering. The distress score
was evaluated regularly and presented before (pre) and after the first intervention (post),
during the acute phase (day 0), early phase (BDL: day 1, CCls: day 4), middle phase (BDL:
day 4, CCls: day 18), and late phase (BDL: day 13, CCls: day 39) of liver damage. In the

CCls model, the distress was always evaluated 30 & 5 minutes after the CCls injection or

after the end of anaesthesia.

3.4.3 Assessment of natural behaviors

Mutual learning between mice will affect burrowing activity and nesting activity, and social
facilitation will enhance this behavior.*® Therefore, the mice were trained in groups for 3 days
and then tested separately.

To assess burrowing activity of mice, a tube (length: 15 cm, diameter: 6.5 cm, closed at one
end and raised 3cm at the other) filled with 200 g of food pellets was placed into the left
corner of the cage at 16:00, 2-3 hours before the dark phase. After 17 £ 2 hours, the
remaining pellets of the tube were weighed to calculate the amount burrowed. The weight of
burrowed pellets was evaluated before the first intervention (pre) and after the first

intervention (post) during the acute phase (day 0), early phase (BDL: day 1, CCls: day 4),
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middle phase (BDL: day 4, CCls: day 18), and late phase (BDL: day 13, CCls: day 39) of liver
damage. The weight of burrowed pellets on day 7 or 8 before intervention was used as a
reference for the respective cohort to calculate the change in burrowing activity.

To evaluate nesting activity of mice, the nestlet (5 x 5 cm, cotton) was put into the cage at
16:00-18:00, 2h (+/-1h) before the dark phase. All other forms of nest building material was
removed. After 17 £ 2, Nest quality was quantified with a complexity scoring system.
Nesting activity was measured before the first intervention (pre) and after the first
intervention (post) during the acute phase (day 0), early phase (BDL: day 1, CCls: day 4),
middle phase (BDL: day 4, CCls: day 18) and late phase (BDL: day 13, CCls: day 39) of liver

damage.

Table 1: Score-Sheet

observations (variables) score
I Body weight
I-a decreased > 10% (compared to initial weight) 2

Lh

I-b decreased > 20% (compared to initial weight)
II General condition

II-a tooth displacement, too long teeth 1
II-b fur dull, ruffled or untended

II-c eyes unclear or squinted

II-d untended orifices of the body

II-e abnormal posture

II-f dehydration

II-g short spasms or temporary paralysis symptoms
II-h persistent (>30”) cramping or paralysis

II-i abnormal respiratory sounds or animal feels cold

anmuowwwt\)’:;
p—

I1I Spontaneous behavior

III-a the animal is passive or overactive
III-b pronounced apathy, hyperkinetic, or isolation
IlI-¢ squeaking due to pain

III-d self-mutilation

IV Flight behavior after contact

IV-a animal is passive or overactive
IV-b distinct apathy or hyperkinetic

V Process-specific criteria

V-a wound healing disorder

V-b opening of the sutures by biting
V-c local inflammation

V-d ascites

total score

,._.
-hNaN [V [V B T S S
p—

T
&
o

3.4.4 Body weight analysis

The body weight of mice was evaluated before the first intervention (pre) and after the first
intervention (post) during the acute phase (day 1), early phase (BDL: day 2, CCls: day 5),
middle phase (BDL: day 5, CCls: day 19) and late phase (BDL: day 14, CCls: day 40) of liver
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fibrosis. Body weight was evaluated one day after measuring distress, burrowing or nesting
activity. This allows that the mice have enough time to adjust their body weight to a certain

stress level.

3.5 Data analysis

For graphing Box plots, line graphs, ROC curves, Kaplan Meier estimators as well as
calculating logistic regression and Cox proportional-Hazards model, SigmaPlot 12.0
(SYSTAT Software Inc., San Jose, USA) was used in all studies. Hypothesis test (including
Mann-Whitney rank-sum test, Non-parametric test, Shapiro-Wilk normality test, Levene
median equal variance test, Student’s t-test, Fisher’ s Exact Test and Log-rank test) were
also performed by SigmaPlot 12.0 (SYSTAT Software Inc., San Jose, USA).

In addition, R software with the following packages: caret52 and e107153 was used to build
a Support Vector Machine for analyzing distress considering multiple readout parameters
simultaneously. R software (Foundation for Statistical Computing, Vienna, Austria) was also
used in order to calculate Harrell's concordance indices (C-indices) for determining the
optimal prognosis model. Youden’s index was used in determining the best cut-off value to
distinguish between survivors and non-survivors.*® For details on data analysis also see

Material and Method sections and figure legends in the publications.

4. Results

4.1 Comparing distress based on Corticosterone kinetics

After chemical induction of liver damage by administration of CCls, we observed significantly
higher corticosterone concentration than in healthy animals after 30, 60, and 120 minutes.
The highest concentration was observed after 30 minutes (Figure 3A). To compare stress
hormone levels with tissue injury parameters, we measured the time course of plasma AST
and ALT activity (Figures 3B and 3C). We observed significant increases in transaminase
activity 30, 60, 120, and 240 minutes after CCls injection (Figures 3B and 3C).

After the surgical induction of liver damage by BDL, we observed that significant increases in
circulating corticosterone concentrations were detected at 30, 60, 120 and 240 minutes after
surgery (Figure 3D). In contrast to CCls injection (Figure 3A), the BDL model induced
corticosterone concentration to remain stable at a high level for 120 minutes (Figure 3D).
AST and ALT values were already increased significantly at 30min and increased sharply
over time (Figures 3E and 3F).

The results suggest that both animal models can induce liver injury and increase
corticosterone levels. Compared with the chemically induced animal model (liver damage by

CCls), the absolute concentration of corticosterone in the BDL model is higher, and the

12



duration of the corticosterone response is longer. Interestingly, both the absolute value of
corticosterone concentration and the duration of the corticosterone response were strongly

correlated with the quantification of distress using the score sheet (Table 2).
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Figure 3. Corticosterone concentration and transaminase activities after chemical induction and
surgical induction of liver damage. Analysis of stress hormone release of mice before (pre) and at the
indicated time points after the i.p. injection of CCl, (0.25 ul/g) (A) as well as the evaluation of AST (B)
and ALT(C). Significant differences: *p<0.0125; n=15 (pre), n=3-4 (30, 60, 120, 240 min). Evaluation
of corticosterone concentration of mice before (pre) and after the awakening of the mice from
anesthesia (D), as well as the evaluation of transaminase activity of AST (E) and ALT (F) as
parameters for the tissue damage. Significant differences: *p<0.0125; n=20 (pre); n=5 (30, 60, 120,
240 min).

Table 2. Animal models of liver fibrosis ranked according to distress, as well as absolute value and
duration of corticosterone concentration.

BALB/c

Distress (mean value of distress scored at 30 min)

BDL > CCly

5.0 > 2.0

Corticosterone concentration at 30 min(interquartile range 25-75% in nmol/l)

BDL > CCls

1218.1-1383.4 > 710.6-1215.1

Duration of corticosterone response(latest time point in minutes with a significant increase in
corticosterone concentration)
BDL > CCly

240 > 120

4.2 Comparing distress of animal models
4.2.1 Characterization of methods measuring distress after BDL
We hypothesized that methods are applicable to measure distress, when they can

distinguish well between healthy and diseased mice as well as between mice, which
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survived (survivors) and mice, which needed to be euthanized (non-survivors). We assessed
non-invasive methods such as distress score, burrowing activity and body weight. Data
representing healthy mice before (pre-stage) BDL, mice that survived to day 14 after BDL
(survivors), and mice that had to be euthanized after BDL (non-survivors) were defined as
distress level 0, 1 and 2, respectively.

First, Comparing distress before BDL (pre) with distress after BDL (post), we observed that
BDL led to a significant increase in distress scores (Figure 4A), a significant decrease in
burrowing activity (Figure 4B), and a decrease in body weight (Figure 4C). ROC curves
assessed the performance of these methods in differentiating between distress level 0 and 1.
We observed that the distress score, burrowing activity, and body weight could discriminate
well between these distress levels (Figure 4D). Combining multiple distress parameters with
binary logistic regression, it was found that the combination of these three parameters
produced a very high AUC, indicating a very good performance in differentiating between

these distress levels (Figure 4E).
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Figure 4. Comparison of distress before (pre) and after (post) BDL (A-E) and between non-survivors
just before euthanasia and survivors (F-J). The distress score (A and F), burrowing activity (B and G)
and body weight (C and H) was compared between the indicated groups. ROC analysis computed the
area under the curve (AUC) for single (D and 1), and the combination of all three (E and J) distress
parameters (the performance of single and multiple parameters is described by the AUC). 16 mice
were used to compare 16 pre data points to 48 post data points (A-E). Distress of 16 Survivors (48
post data points) was compared to distress of 10 non-survivors (10 data points) (F-J). *p< 0.05.

We then explored whether survivors reached a different level of distress than non-survivors.

We observed that the non-surviving mice had a significantly increase in the distress score
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(Figure 4F), a significantly decrease in burrowing activity (Figure 4G), and a body weight

loss (Figure 4H). Using again ROC curves we observed that these methods can discriminate
distress level 1 from 2 very well (Figure 4l). Combining these three parameters with binary
logistic regression produced a very high AUC, indicating a very good performance in defining
distress (Figure 4J).

Next, support vector machine (SVM) was used to classify the samples to distinguish the
distress of healthy (pre-intervention) and diseased (post-intervention) mice. Class-labels
were obtained by labelling pre-against post-intervention data. For subsequent classification,
the data was randomly divided into a training dataset (containing 70% data) and a test
dataset (containing 30% data). The training data was used to build the model (Figure 5A). In
support vector machines, linear kernel functions are used to find classifiers. This tuned and
optimized discriminator was visualized in the plots as a hyperplane that separates the two
hypothetical distress levels, defined as distress level 0 or distress level 1 (Figure 5B). Hyper-
parameter tuning and 10 cross-validations of 5 replicates were used for internal model
optimization and to address potential sampling bias. High average accuracy, sensitivity, and
specificity of the model were observed (Figure 5C). This showed that the combination of

three parameters (score, burrowing activity, body weight) had a high diagnostic power for the
distinction between distress level 0 and pain level 1.
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Figure 5. Generation of a training model by SVM. Single data points (squares), which were derived
from the training data set from identical animal previous (p) to BDL and at the acute (a), early (e),
and middle (m) phase of cholestasis are presented in form of a three dimensional scatter plot (a). A
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discriminatory model was built by training a linear SVM kernel to the labelled data in order to
differentiate between two levels (level 0 and level 1) of distress (B): The resulting classifier
(hyperplane) discriminates between these two levels. The accuracy, sensitivity and specificity of the
training model was characterised using either the training data themselves or a test data set and
applying the hyperplane (not optimized) or an optimized hyperplane after a 5-times repeated 10-
fold cross validation (C). Training data set: n = 11 data points (pre), post: n = 33 data points (post);
test data set: n = 5 data points (pre), post: n = 15 data points (post).

4.2.2 Comparing distress of the BDL to the CCls animal model

We compared two animal models that are widely used to study liver injury or fibrosis, the
BDL and the CCls animal model. We observed that compared with CCls-treated mice, the
BDL mice had a significant increase in distress scores (Figure 6A), a significant decrease in
burrowing activity (Figure 6B), and a decrease in body weight (Figure 6C).
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Figure 6. Comparing distress caused by CCl, injections and bile duct ligation. The distress score (A)
was decreased (P < 0.001), whereas burrowing activity (B) was increased (P < 0.001) and body
weight loss (D) was decreased (P < 0.001) when comparing post-BDL to post-CCls animals. BDL: 16
mice = 48 data points; CCl4: 10 mice = 30 data points. Using SVM classification, both plots green and
red squares indicate distress level 0 or distress level 1 of the BDL training data set and crosses
denote data classified as distress level 0, whereas circled crosses denote data classified as distress
level 1 (D, E). Blue crosses denote post-CCl, (D) and post-BDL (E) distress. A 2x2 contingency table
compares the distributions of predicted distress levels of post-CCl, to the post-BDL test data set (F).
A significantly different distribution of distress levels between these test data sets has been
determined by Fisher’s Exact Test, *P < 0.001), CCls: n = 30 data points; BDL: n = 15 data points.

Therefore, all three read-out parameters indicate that BDL causes more distress than CCls.
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Then we compared the two animal models using an optimized training model based on 70%
of the BDL data. We classified the data after CCls and after BDL according to this training
model (Figures 6D and 6E). We observed that only 2 out of 30 post-CCls data points were
assigned to distress level 1, while 12 out of 15 post-BDL data points were correctly assigned
to distress level 1 (Figure 6F). Using Fisher's exact test, a significant difference in the
distribution of was observed between the BDL and CCls cohorts (P < 0.001). This
multivariate analysis showed that at most time points, animals treated with CCl4 experienced

less distress than animals after a BDL.

4.3 Improving euthanasia of mice after bile duct ligation

4.3.1 Retrospective analysis of distress parameters

In order to define early humane endpoints, score sheet criteria (ll-a, 1l-d, 1l-g, lI-h, lll-c, IlI-d,
V-a, V-b, V-c), which were never observed after bile duct ligation and humane endpoint
criteria (I-b, 1l-i, IV-b), which lead to the immediate euthanasia of the animals, were excluded

from analysis (Figure 7).

| BDL (survivors: N = 35; non survivors: N = 20)
v

distress-score behavior: .
criteria: I-V VI burrowing, VII nesting

esclided not scored: (II-a, I1-d, IT-g, IT-h, III-c,
— » | III-d, V-a,V-b, V-¢)

humane endpoints: (I-b, IL-i, IV-b)

| LaIlbIic Ile TG Ia, b, IVa, VA VLVI |

excluded | criteria, which failed to distinguish
Kaplan Meier estimator | > > | the survival time (IL-b, Il-¢, V-d)

| La, II-c, ILf, IIl-a, IIL-b, IV-a, VI, VII

Cox proportional-hazards model
&
Harrell’s concordance index

l
(C-index)

early humane endpoint

Figure 7. Flowchart to retrospectively analyse distress parameters in order to determine an early
humane endpoint. First, score sheet criteria (Table 1), which were not observed during the
experiment as well as humane endpoint criteria, were excluded. Second, Kaplan-Meier estimator
curves were used to exclude criteria, which did not predict survival time. Third, the performance of
each single as well as combinations of multiple parameters were analyzed by Cox proportional-
hazards model followed by Harrell’s concordance index, to determine which criteria combination
might be used as efficient early humane endpoint.
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Then, eleven variables were evaluated by the Kaplan-Meier estimator (Figure 8). Criteria (ll-
b, ll-e, V-d) with no significant difference in survival time were also excluded from further
analysis (Figures 8 A-C). Mice with a positive status of specific criteria (l-a, ll-c, I, llI-a, lll-b,
IV-a, VI or VII) had a significantly (P < 0.005) shorter survival time than mice, where these

criteria were not observed (Figure 8 D-K).
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Figure 8. Kaplan-Meier curves using distinct score sheet criteria and read-out parameters for distress.
The positive status of II-b (fur dull, ruffled or untended) (A), ll-e (abnormal posture) (B) or V-d
(ascites) (C) failed to significantly indicate reduced survival time of mice. The P-value was
determined by log-rank test. The positive status of I-a (body weight decreased 10 to 20 %) (D), Il-c
(eyes unclear and squinted) (E), II-f (dehydration) (F), lll-a (spontaneous behavior: animal is passive
and over active) (G), lll-b (pronounced apathy, hyperkinetic or isolation) (H), IV-a (flight behavior
after contact: animal is passive or overactive) (l), decreased burrowing activity by > 79.4 % (J) and

nesting score of less than 2.5 (K), a significantly shorter survival time was calculated by log rank test
(P <0.005).

4.3.2 Predictive models for defining survival time

The univariate Cox proportional-hazards model was used to assess the hazard ratio (HR) of
each variable (Table 3). All tested criteria (l-a, ll-c, lI-f, lll-a, lll-b, IV-a, VI or VII) significantly
increased the risk of death. As a next step, a multivariate analysis was used to assess the

hazard ratio (HR) of these distress score criteria (strategy 1 in Table 3). The positive status
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of two criteria, |-a and IV-a, significantly increased the risk of death. Then, two behavioral
parameters (burrowing and nesting activity) were included in our analysis. These two
variables, assessed in two different cohorts, were analyzed in two additional multivariate Cox
proportional risk models (Strategy 2 and Strategy 3). First, we added burrowing and nesting
activity to all distress score variables, respectively (strategy 2 and strategy 3). Positive status
of variables |-a (body weight) and VI (burrowing activity) was observed to significantly
increase the risk of death (strategy 2 in Table 3). In another multivariate Cox proportional-
hazards model that uncluded nesting activity also a significantly increased risk of death was

noticed (strategy 3 in Table 3).

Table. 3 HR (hazard ratio) and P-value (P) for the distinct variables were determined by Cox
proportional-hazards model.

univariate multivariate
variables strategy 1 strategy 2 strategy 3
HR P
HR | P HR | P HR P

negative reference reference reference

I-a — NS
positive | 6.169 | <0001 | 3968 | 0017 | 24096 | 0.007
negative reference

II-c NS NS -
positive 5.033 | <0.001
negative reference

II-f — NS NS NS
positive | 2825 | 0009
negative reference

IMl-a NS NS NS
positive | 6584 | <0.001
negative reference

III-b — NS - -
positive | 9495 | 0003
negative reference reference

IV-a — NS -
positive | 17.130 | <0001 | 8621 | 0021
negative reference reference

VI = Z
positive 33.218 | <0.001 54.348 0.003
negative reference reference

VIl — ; )
positive 5.639 | 0.013 5.051 0.026

NS indicates no significant difference (P > 0.05).

4.3.3 Evaluation of models for defining survival time

Harrell's Concordance index was then used to compare models of single variables or
combinations of variables. The indices of each model was bootstrapped to get more robust
estimates, thereby internally validating the goodness-of-fit (Table 4) of each model. We
observed that model 2 (C-index: 0.947, 95 % CI: 0.832-0.978) has a higher C-index than
model 1 (C-index: 0.720, 95 % CI: 0.590-0.838) or model 3 (C-index: 0.724, 95 % CI: 0.532-

0.849). In addition, the model 4 which combined all distress score parameters was evaluated
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in the univariate Cox proportional-hazards model. We observed that model 2 also had a
higher C-index than model 4 (C-index: 0.726, 95 % CI: 0.553-0.782) (Table 4). The C-index
of Model 2, body weight plus burrowing activity (C-index: 0.947, 95% CI: 0.832 - 0.978) was
also higher than that of all single variables (Table 3). The C-index ranges from 0.5 to 1,
where 0.5 is completely random, indicating that the model has no predictive effect, and 1 is
completely consistent, indicating that the predicted results of the model are completely
consistent with the reality. Since the C-index as well as the bootstrapped C-index of our
model 2 is above 0.9, this suggests that model 2 can very well predict the survival times of

these animals.

Table 4 Bootstrapped C-indices (Harrell’s concordance index) and the corresponding 95% confidence
intervals for each distinct model.

varlables C-index begt_;:lrj;:e g 95% CI

I-a 0.691 0.692 0.572-0.797

I-c 0.633 0.632 0.553-0.721

I-f 0.590 0.590 0.517-0.680

single II-a 0.657 0.656 0.574-0.746
variables [I-b 0.534 0.534 0.500-0.614
IV-a 0.684 0.683 0.603-0.770

VI 0.865 0.866 0.768-0.923

VII 0.725 0.724 0.534-0.848

model-1 Ia, [Va 0.719 0.720 0.590-0.838
model-2 Ia, VI 0.943 0.947 0.832-0.978
model-3 VII 0.725 0.724 0.532-0.849
model-4 1111-.2: IIIHCbHI\f,a 0.696 0.726 0.553-0.782

Kaplan-Meier estimates were used to evaluate the practicality of the combination. We
observed that mice, which lost body weight in a range of 10 % to 20 % and also showed
decreased burrowing activity by more than 79.4 % had a significantly shorter survival time
comparing to mice which were positive for only one or none of these two variables (Figure 9).
All mice with such a reduction in body weight and burrowing activity died within 2 days
(Figure 9).
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Figure 9 Kaplan-Meier curve of the multivariate Model 2: Mice with a body weight loss of more than
10 to 20 % (variable |-a) and decreased burrowing activity of more than 79.4 % (variable VI) died
within 2 days (A). Mice positive for variable la and VI had a significantly decreased survival time
when compared to mice positive for just one variable or negative for both variables (B). The P-values
were determined by log-rank test (P < 0.05).

5. Discussion

5.1 Evaluating Corticosterone kinetics for defining animal distress

The results of this study suggest that the absolute value of corticosterone concentration and
the duration of corticosterone response are suitable parameters to compare the severity in
different animal models. When comparing the absolute value of corticosterone concentration
and the duration of corticosterone response between the two animal models, a very similar
rank order could be observed (Table 2). In addition this study suggests that the absolute
value of corticosterone concentration and the duration of corticosterone response are closely
related to the quantification of animal distress by a score sheet. Some studies support the
hypothesis of a direct correlation between stressor intensity and corticosterone
concentration.®%-52 Therefore, we recommend that, the two parameters, absolute value of
corticosterone concentration and duration of the corticosterone response, should be
regarded as appropriate indicators for quantifying distress.

Acute liver damage was induced by chemical induction (CCls intraperitoneal injection) and
surgical intervention (BDL) in BALB/c mice (Figure 3 B-C and E-F). Both interventions
caused a significant increase in corticosterone concentrations within 30 minutes. However,
compared with the transient increase in corticosterone concentration after CCls injection, the
concentration of corticosterone increased significantly for a longer period after BDL (see
Figures 3 A and D). It has also been reported in some studies that a long-lasting
corticosterone responses may be characteristic of post-operative stress responses.5? %3 54

The causes of a long lasting corticosterone responses may include anesthesia, pain, wound
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tension, tissue damage, and release of cytokines. Some studies reported that, a significant
increase in corticosterone concentration within minutes of anesthesia using isoflurane.
However, the increased corticosterone concentration was transient and declined already
after 60 min. Thus, anesthesia alone is probably not responsible for the long lasting
activation of the HPA axis. Cytokine IL-6, which can activate the HPA axis to release
corticosterone, usually was released within 60 minutes after surgical invention.5%-%¢ Moreover,
it was positively correlated with corticosterone concentration.® 5° Therefore, we suggest that
the long lasting corticosterone response after surgery might be caused by several
independent mechanisms that influence the HPA axis.

Our study demonstrates that corticosterone kinetics can be used as an important parameter
for comparing distress levels between different animal models. However, corticosterone is
also affected by other physiological responses, such as the circadian rhythm,' 0. 61 the
estrus cycle,'® 2. 63 or sexual arousal.®* Therefore, it is recommended that corticosterone
should be evaluated together with other stress parameters, such as assessing a distress
score or body weight. Different stressors reach maximum corticosterone concentrations at
different time points, e.g., 20-30 minutes after injection of toxic chemicals,? % whereas
maximum corticosterone concentrations are observed 60 minutes after electric shock® or
acute shaker stress.” Therefore, prior to choosing a time point for blood analysis, it is
necessary to understand the corticosterone kinetics in an animal model. Our data suggest
that assessing the corticosterone concentration at 30 minutes is suitable for comparing

distress in models of acute liver damage.

5.2 Comparing distress of different animal models

Study Il compared distress of mouse models for BDL and CCls-induced liver damage. Based
on three different non-invasive methods (distress score, body weight and burrowing activity),
a multivariate analysis demonstrated that BDL caused more distress than treatment with
CCls. Methods with high discriminatory power are a prerequisite to evaluate animal distress
and to differentiate between distinct distress levels. In this study, ROC curve analysis was
used to evaluate the discriminatory power of parameters. ROC curves have been widely
used in clinical research to analyze and evaluate diagnostic test data.®®-’° For example, ROC
curve analysis contributes to the analysis and evaluation of biomarkers in predicting
pancreatic cancer.”

In our study, ROC curves were used to analyze and evaluate the suitability of parameters to
distinguish between healthy and diseased mice, or diseased mice that survived and
diseased mice that would die from the disease. All parameters: distress score, burrowing
activity, and weight change had a high discriminatory power (Figure 4D and 4l). When

differentiating between health and disease mice, burrowing activity was the parameter with
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the lowest performance (performance of parameters: distress score > body weight change >
burrowing activity). When differentiating between survivors and non-survivors, but body
weight change was the parameter with the lowest performance (performance of parameters:
burrowing activity > distress score > body weight change). This suggests that all three
parameters are useful for evaluating distress. However, this also demonstrates that not a
single parameter can be regarded as “gold standard” for all situations.

In our study, we plotted three parameters and defined distress levels through support vector
machine classification. This classification method, considering all three parameters and had
a high performance, characterized by a very high AUC (Figures 4E and 4J).

The study relied on physical parameter evaluation, distress score, and body weight and
natural behavior, such as burrowing activity. Many studies have shown that body weight is
very useful for evaluating animal’s suffering.?>?®> The advantage of body weight is that it is
suitable for the assessment of well-being in many species and it is easy to measure.
However, the adaption of body weight after an intervention or during a disease takes
approximately 24h, this criteria is not practical for acute and severe diseases. It is well
known that burrowing behavior is a sensitive indicator of animal suffering in models of
surgical intervention, chronic diseases, or neurological disorders.?" 72 73 One disadvantage
of using burrowing activity as method to measure distress is that it is only applicable for
rodents. While our results suggest that support vector machines can be used to compare
distress, measured by several methods, in two animal models, it is too early to decide, if this
method is appropriate to determine severity in all animal models. This approach still needs to
be tested by more research institutions and applied in many different animal models, before

reaching a final conclusion.

5.3 Improving euthanasia in a cholestasis model

Our study revealed that it was feasible to use retrospective analysis to analyze the score
sheet and additional distress parameters in order to determine an early humane endpoint.
Mice, which lost 10 - 20% of body weight and reduced burrowing activity by more than
79.4% died within 2 days. Thus, these cut-off criteria may reduce the suffering of laboratory
animals in subsequent experiments and might contribute to the refinement of animal
research.

The approach is based on three steps (Figure 7). First, score sheet criteria, which are not
observed in the experiment are excluded. Second, criteria, which do not contribute to the
prediction of survival time are excluded (Kaplan-Meier Method). Third, the performance of
single parameter and multiple parameter combination is analyzed (Cox proportional-hazards
model and Harrell’'s concordance index). Interestingly, survival analysis using Kaplan-Meier

estimators showed that mice with the performance of llI-b (marked indifference, hyperactivity,
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or isolation) or IV-a (animal passivity or hyperactivity-flight behavior after contact) died within
1-2 days (Figures 8 H and 1). Therefore, these two indicators could also be considered as
criteria for determining early humanitarian endpoints. However, the C-index (llI-b: 0.534, IV-a:
0.684) of these two variables is quite low compared to multivariate model 2 (C-index: 0.943),
and the incidence of lll-b (n = 2) is also very low. This indicates that multivariate distress
analysis is superior to univariate analysis. This conclusion is consistent with the results of
other studies using multiple parameters to predict death.?4 25 74

The Cox proportional-hazard model and Harrell's concordance index of models are
commonly used in statistical medical research.”>77 It is mainly used to analyze the survival
time of patients and single or multiple influencing factors. Using this approach, different
univariate and multivariate models can be defined. A comparison of the C-indices revealed
that the combination of body weight loss and reduction of burrowing behavior is the best
model for predicting survival times (Table 3). Model 2 has a C-index well above 0.9. C-index
ranges from 0.5 to 1, where C = 0.5 represents complete randomness, while C = 1 reveals
perfect prediction rules.?® Since both the C-index and the bootstrapped C-index of our model
2 is above 0.9, we conclude that model 2 can well predict the survival times of murine
animals.

The two variables, body weight and burrowing activity, can be measured objectively, which
minimize potential selection bias. And the two variables are also considered reliable
indicators of measuring suffering of mice, as reported in many studies.3%-37- 78 79 However,
the concept that a combination of these two variables can define a good humane endpoint
should be externally validated in future studies, before it is widely applied.

For different animal models, several univariate and multivariate analysis studies have been
reported to determine early humane endpoints.? For example, it was suggested that a
combination of body weight loss and reduced body temperature could serve as early
humane endpoint in a mouse model of ocular herpes-virus Infection.?® It is worth mentioning
that most studies so far do not include time as a factor or provide information on how quickly
the animals died.?® Thus, compared to the already published methods for early humane
endpoint determination the advantage of our approach is the inclusion of the time variable by

Cox regression and that a justifiable low number of animals is required for such an analysis.

5.4 Comparing the pathogenic mechanism between BDL and CCls mouse models

Although liver fibrosis can be induced by various approaches, such as BDL or administration
of CCls, some aspects of fibrogenesis are similar. Following hepatocyte damage, various
stimuli, such as oxidative stress or cytokines cause the transdifferentiate of resting hepatic
stellate cell into liver myofibroblasts. This is mediated directly or indirectly by immune cells

such as Kupffer cell and monocytes and results in the deposition of extracellular matrix and
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destruction of the architecture of the liver (see Figure 1).44 8182 Transforming growth factor
b1 (TGF-b1), as an important cytokine in liver fibrogenesis, can activiate resting hepatic
stellate cells and regulate extracellular matrix deposition.** 8% Interestingly, a TGF-b1
inhibitor has been reported to significantly reduce the amount of fibrosis in BDL rats.®* This
indicate that TGF-b1 play an important role in this cholestatic fibrosis model. Like in the
model of cholestatic fibrosis, blocking TGF-b1 also significantly reduces fibrosis in CCls-
induced liver fibrosis.®® This indicates that the BDL and the CCls models induce fibrosis at
least partially via similar mechanisms. However, there are also differences between these
two animal models, In the BDL model, the toxicity of bile salts can induce hepatocyte
apoptosis, and leads to an oxidative stress response via activation of NADPH oxidase
isoforms.43 8 In addition, complications, such as intraoperative or postoperative bleeding
and severe infections, can occur during and after bile duct ligation.*® In the CCls model, after
repetitively administration of CCls, CCls radicals are formed, which induce hepatocyte
damage and activation of hepatic stellate cells. In contrast to bile salts, CCL4 is not only a
strong liver toxin, but is also a powerful nephrotoxic and carcinogenic agent.” When
choosing an animal model for preclinical research, the similarity of pathophysiological
features between the animal model and the humane disease but also the distress caused to

the animals should be considered.

6. Conclusion and outlook

This dissertation demonstrates that some methods, such as assessing the peak and
duration of corticosterone concentration or evaluating a distress score sheet, burrowing
activity, and body weight change, are informative, when evaluating distress in liver fibrosis
models. Using these sensitive indicators, we evaluated and compared distress in distinct
animal models, as well as identified early humane endpoints in cholestatic mice. | hope that
my work will draw the attention of clinicians and scientists to animal welfare so that they will
integrate the assessment of animal suffering in their preclinical research. This will reduce

animal suffering in future experiments and develop improved animal models.
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11. Thesen

Overwhelming distress of laboratory animals is not only inconsistent with the
requirements of animal ethics, but may also lead to unreliable scientific conclusions and
affect reliability and reproducibility of animal experiments.

Liver fibrosis is a pathological feature in a variety of liver diseases and often proceeds to
liver cirrhosis and failure. Although mouse models of liver fibrosis, such as bile duct
ligation and intoxication by CCls, are widely used in medical research, there are few
available reports on distress evaluation in these animal models.

In order to assess the welfare of animals, it is important to evaluate, which methods can
measure distress with high sensitivity and specificity for specific animal models.

Often a distress score, spontaneous behavior (burrowing and nesting activity),
physiology (the body weight), and plasma corticosterone is assessed, when judging
distress of animals.

The present study demonstrated that the peak and duration of corticosterone kinetics
can be used to evaluated distress in mouse models of liver damage.

Several non-invasive parameters, such as a distress score, the body weight and
burrowing activity, also proved to be useful when judging distress (evaluated by ROC
curves) in mouse models of liver fibrosis.

Multivariate analysis using Support Vector classification combined these parameters,
and, thereby, allowed us to compare distress of two distinct models of liver fibrosis.

This dissertation demonstrated that bile duct ligation causes much more distress than
CCls-induced liver fibrosis.

This dissertation also suggests that a weight loss of 10-20% combined with a reduction
in burrowing activity of more than 79.4% can predicted the death of animals within two
days in a murine model for cholestasis.

Thus, the present study provided new ideas and approaches for evaluating and
comparing the distress of animal models, and determined early humane endpoints for
timely euthanasia.

These results provide a solid basis for reducing distress in future animal experiments

and point the way for improving the quality of preclinical research.
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Simple Summary: Animal welfare is an important aspect of biomedical research. Many regulations
have been implemented to combine high quality of research with minimal harm to laboratory
animals. These guidelines also demand a prospective severity assessment of each animal model.
A comparison of distress between animal models could allow realistic harm and benefit analysis and
an appropriate use of refinement methods. However, studies comparing distress between different
animal models are still rare. One good parameter for analyzing distress is the concentration of the
stress hormone corticosterone in the blood. Therefore, we compared the corticosterone kinetics of
distinct gastrointestinal animal models. The aim of this study was to evaluate which parameter
the highest corticosterone concentration or the duration of increased stress hormone level could be
used to quantify distress. We observed a significant increase of corticosterone 30 min after stress
induction in all animal models. However, the corticosterone kinetics differed between the distinct
interventions. Both the absolute value and the duration of increased corticosterone level correlated
directly with an assessed distress score. We conclude that both variables of corticosterone kinetics are
valid parameters to compare distress between animal models.

Abstract: Comparative studies for evaluating distress in established animal models are still rare.
However, this issue is becoming more important as a consequence of worldwide appreciation of
animal welfare. One good parameter for evaluating distress is the quantification of corticosterone.
We hypothesized that not just the absolute value but also the duration of increased corticosterone
concentration in the blood is an important aspect for evaluating animal distress. Therefore, we analyzed
plasma corticosterone concentrations 30, 60, 120, and 240 min after induction of pancreatitis by
cerulein, liver damage by carbon tetrachloride, liver damage by bile duct ligation, and after orthotopic
injection of pancreatic cancer cells. We also evaluated corticosterone kinetics after injection of
distinct carrier substances. Compared to phosphate buffered saline, dimethyl sulfoxide leads to
dose-dependent higher and longer-lasting circulating corticosterone concentrations. In all disease
models, we observed significantly increased corticosterone concentration 30 min after stress induction.
However, the corticosterone kinetics differed among the animal models. Both the absolute value of
corticosterone concentration and the duration correlated positively with the quantification of animal
distress by a score sheet. This suggests that both variables of corticosterone kinetics might provide a
solid basis for comparing and grading distress of different animal models.

Keywords: corticosterone; stress; pancreatitis; liver fibrosis; pancreatic cancer; hypothalamic-
pituitary-adrenal axis
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1. Introduction

Animal welfare is important for biomedical research and many regulations have been implemented
over the last decades to combine high quality of research with minimal harm to animals. In many
countries and especially in the European Union (EU) after the introduction of the EU directive 63/2010,
animal-based research should strictly follow the 3R principle (reduce, refine, replace) and the severity
level of each animal experiment must be defined and reported by the scientists. In the last decades,
many animal models for different diseases have been developed for biomedical research. However,
usually only parameters describing the pathology are evaluated and studies comparing the distress
between animal models are still rare [1,2].

For the evaluation of distress in laboratory animals, the analysis of plasma corticosterone
has proven to be a sensitive method [3-5]. However, its validity for comparing distress between
different animal models and strains still needs to be explored. Corticosterone is the most important
glucocorticoid regulating the stress response in rodents. Different stressors induce the activation of
the hypothalamic—pituitary-adrenal (HPA) axis and provoke the release of corticotrophin-releasing
hormone (CRH) and arginine vasopressin (AVP) from neurons in the paraventricular nucleus of the
hypothalamus (PVN). The transport of these factors to the pituitary gland leads to the secretion of
adrenocorticotrophic hormone (ACTH), which stimulates the adrenal cortex to release corticosterone
into the circulation [6]. Corticosterone regulates the metabolism to cover the energy supply for the
stress response [7] and modulates defense reactions to stress [4].

The plasma corticosterone level, however, does not always indicate distress, but is also influenced
by physiological processes such as the circadian rhythm [3,8,9], sexual arousal [10], and the estrus
cycle[3,11,12]. Nevertheless, it is widely accepted that repeated and unpredictable stressors increase the
corticosterone concentration in the blood [3,5,13]. However, the kinetics of corticosterone concentration
in the blood were reported to be distinct between different stressors. For example, timing differences
in the up- and downregulation of corticosterone in the blood were observed after restraint stress,
electric shocks, shaker stress, heat stress, and forced swimming [3,14-16]. These studies suggest that an
assessment of corticosterone concentration at only one point in time is insufficient, for a conclusively
comparison of distress between different stressors. This point is especially valid when comparing
diseases in distinct animal models, which are induced by completely different methods, for instance
by injection of chemicals or by surgical intervention. The purpose of this study was to analyze the
corticosterone kinetics after inducing distinct gastrointestinal diseases. Gastrointestinal diseases are the
most common cause of hospital admission and the third most common cause of death [17]. In particular,
pancreatic cancer, pancreatitis, and liver fibrosis require new treatment strategies [18-20]. Therefore,
these diseases are part of many preclinical trials using animal models [21-23]. In this explorative
study, we assessed the optimal time point to compare the maximal plasma corticosterone concentration
after induction of different gastrointestinal animal models using different mouse strains. Additionally,
we evaluated which parameter of the corticosterone profile the absolute value or the duration of
increased corticosterone concentration is a good indicator of distress. A comparison of distress of these
widely-used gastrointestinal animal models could be used to adjust refinement methods in future.

2. Materials and Methods

2.1. Study Background, Animals, and Interventions

The current study is part of a DFG (German Research Foundation)-funded multicenter approach
(FOR 2591) including 15 different research groups of eight institutions in Germany and Switzerland,
involving five different animal species. The overall goal of this research group is to establish a species
and animal model severity assessment framework and consequently to minimize severity in laboratory
animals by employing improved refinement methods [24]. The current study is therefore an essential
first step to analyze and to compare corticosterone kinetics after different interventions and to evaluate
the optimal time point to measure corticosterone.
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The mice were kept in a room with 12/12 h dark light cycle (light period: 07.00 h-19.00 h) with food
and water ad libitum. The mice were kept in groups of 2-5 animals in type III cages and enrichment
was provided by paper role and rodent wood. The mice were bred in our own facility under specific
pathogen free conditions. All experiments were approved by the Landesamt fiir Landwirtschaft,
Lebensmittelsicherheit und Fischerei Mecklenburg-Vorpommern (7221.3-1-019/15; 7221.3-1-002/17).
The decisions of the local authority are in accordance with the Protection of Animals Act (Deutsches
Tierschutz Gesetz) and the European Directive 2010/63/EU. For all animal models, male mice were
used, to exclude the influence of the estrus cycle on the corticosterone concentration [3,12,13]. During
all procedures, the mice were picked up by their tail. For analyzing the distress after injecting distinct
solvents, which we usually use as different therapeutic agents, 15-20-week-old C57BL/6] mice were
restrained for about 10-15 seconds while injecting once 2.5 puL/g phosphate buffered saline (PBS),
and a low volume (1.25 uL/g) or high volume (2.5 uL/g) of 100% dimethyl sulfoxide (DMSO, Merck,
Darmstadt, Germany) into the peritoneal cavity.

2.2. Chemical Induction of Pancreatitis and Liver Damage

Pancreatitis was induced in male 17-19 weeks old C57BL/6] mice by three intraperitoneal (i.p.)
injections of cerulein (50 pg/kg; Merck, Darmstadt, Germany) diluted in 0.9% sodium chloride, at a rate
of one every hour, three times a week up to 35 days (thus Monday, Wednesday and Friday). The blood
for the corticosterone analysis was collected after the third cerulein injection on the second day of
cerulein administration. This procedure mimics the early phase of chronic pancreatitis [25]. In order
to induce liver damage by carbon tetrachloride (CCl4), male mice of the BALB/cANCrl strain were
used at the age of 17-20 weeks. This liver fibrosis model is well established in this mouse strain at
our institute [26]. Twice a week (Monday and Friday) for up to 42 days, CCl4 (Merck, Darmstadt,
Germany) was i.p. injected at a dose of 0.25 pL/g body weight (after 4-fold dilution in corn oil).
This procedure mimics the early phase of an animal model for liver fibrosis [26]. The blood for the
analysis of corticosterone was taken on the second day of CCl4 injection. Starting on the day before
the first injection, analgesia was provided continuously for both animal models by adding 1250 mg/L
metamizol (Ratiopharm, Ulm, Germany) to the drinking water until the end of the experiment.

2.3. Surgical Induction of Liver Damage and Pancreatic Cancer

The bile duct ligation (BDL) was performed on male BALB/cANCrl mice at the age of 1620 weeks.
The mice were anesthetized with 1.2-2.5% isoflurane and 5 mg/kg carprofen (Rimadyl®, Pfizer GmbH
Berlin, Germany) was injected subcutaneously (s.c.) for perioperative analgesia. The eyes were kept
wet by eye ointment. A midline laparotomy was executed and the common bile duct was ligated three
times with 5-0 silk and transected between the two most distal ligations. The peritoneum and the skin
were closed separately by 5-0 prolene suture (Johnson & Johnson MEDICAL GmbH, New Brunswick,
NJ, USA) and the mice were placed in front of a heating lamp. For this procedure, the mice were
anaesthetized for 25-35 minutes.

For the orthotopic injection of cancer cells, male 17-24-week-old C57BL/6] mice were used, since
this model is well established in this mouse strain [21]. The mice were anesthetized with 1.2-2.5%
isoflurane and 5 mg/kg carprofen (Rimadyl®, Pfizer GmbH) were applied by s.c. injection for analgesia.
The eyes were kept wet by eye ointment. The abdomen of the mice was shaved and disinfected and
the abdominal cavity was opened by laparotomy and 5 uL of the cell suspension (murine cell line
6606 PDA, 2.5 x 105/5 uL cells in matrigel) were injected slowly with a 25-uL syringe into the head
of the pancreas (Hamilton Syringe, Reno, NV, USA). The pancreas was placed back into the cavity
and the peritoneum was closed by a coated 5-0 vicryl suture (Johnson & Johnson MEDICAL GmbH).
The skin was sewed with a 5-0 prolene suture (Johnson & Johnson MEDICAL GmbH). The surgery
lasted 15-25 min for each of the mice.



Animals 2019, 9, 145 4 0f 15

2.4. Preparation of Blood Samples, Evaluation of Distress Score, and Analysis of Plasma

The mice were assigned to four groups in a haphazard manner (no randomization was performed).
The blood sampling was executed at the indicated time points (30, 60, 120, and 240 min) after the
different i.p. injections or the awakening of the mice after the surgical interventions. The blood
was collected only once from each mouse. To assess the plasma corticosterone levels without stress
induction (pre-values), the blood of each mouse was collected 2—4 weeks before distinct interventions
were conducted. The mice were anesthetized with 5% isoflurane and 100-150 uL blood were collected
within 3 minutes by retro orbital puncture in EDTA-Tubes (Microvette®, SARSTEDT, Niirnbrecht,
Germany) to avoid an increase of corticosterone caused by the procedure [27,28]. The blood sampling
was always carried out during a time period from 11:00 to 15:30 h, to avoid the circadian increase
of the plasma corticosterone, which starts after 16:00 h (2 h before the dark phase) [3,8,9]. After the
blood sampling and the surgical procedures, the mice were euthanized directly via cervical dislocation
under isoflurane anesthesia to prevent a distress accumulation from both interventions. The tubes
were centrifuged (1200x g, 10 min, 20 °C) to separate the plasma and the samples were stored at
—20 °C. Immediately before blood collection, the distress score was assessed by only one person in a
not blinded manner, according to a scoring sheet (Supplemental Tables S1 and 52), which was modified
after Paster et al. [29].

The corticosterone concentration in the plasma samples was measured in a blinded fashion with
the ELISA-Kit (DE 4164, Demeditec Diagnostics GmbH, Erfurt, Germany) following manufacturer
instructions. To evaluate acinar cell damage, the activity of lipase in the blood plasma was analyzed
in a blinded fashion with a photometer (cobas c111, Roche Diagnostics, Rotkreuz, Switzerland).
As parameters for the acute liver damage the plasma activity of the aspartate aminotransferase (AST)
and alanine aminotransferase (ALT) was measured with the identical photometer.

2.5. Data Analysis

All data were analyzed with the program SigmaPlot 12.0 (SYSTAT Software Inc., San Jose, USA).
All graphs present data as box plots the 10th and 90th percentile as whiskers. The significances
of differences were evaluated by Mann—-Whitney rank-sum test, followed by Bonferroni correction.
Non-parametric tests were used, because of the low power of normality tests at a limited sample
size from 3-5 [30]. Differences with p < 0.05, divided by the number of comparisons to the pre-value
(p < 0.0125), were considered to be significant. Correlations were described by calculating the Spearman
correlation coefficient (number of samples: 17).

3. Results

3.1. Injection of Distinct Solvents Provokes Specific Corticosterone Profiles

Injection of PBS (2.5 pL/g) significantly increased the plasma corticosterone concentration at 30 min,
followed by a rapid reduction of the stress hormone concentration (Figure 1A). However, after the
i.p. injection of a low volume of DMSO (1.25 uL/g), the corticosterone concentration was significantly
increased 30 min as well as 60 min after stress induction (Figure 1B). After the administration of a high
DMSO volume (2.5 uL/g), we noticed a significantly increased corticosterone concentration 30 min,
60 min, and 120 min after stress induction (Figure 1C). The maximum of corticosterone concentration
was detected at 120 min (Figure 1C). Even 4 hours after the injection, the corticosterone level remained
slightly higher in comparison to the values without stress induction (Figure 1C). Independent of
the corticosterone profile, the administration of all solvents led to a significant increase of this stress
hormone 30 min after injection (Figure 1D).
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Figure 1. Corticosterone concentration in blood plasma after intraperitoneal (i.p.) injection of different
solvents. Time-dependent glucocorticoid response before (pre) and after injection of phosphate buffered
saline (PBS) (2.5 uL/g) (A), low volume of dimethyl sulfoxide (DMSO L: 1.25 uL/g) (B) and high volume
of DMSO (DMSO H: 2.5 uL/g) (C). Comparison of corticosterone concentration measured 30 min after
injection of indicated solvents (D). Significant differences: * p < 0.0125; n = 20 (pre); n = 5 (30, 60, 120,
240 min).

3.2. Intervention-Specific Profiles in Widely Used Gastrointestinal Mouse Models

The stress hormone response was also measured in an animal model for pancreatitis.
The corticosterone concentration was significantly increased at 30 min and 60 min after cerulein
injection (Figure 2A). The maximum was detected at 30 min followed by a constant reduction of
the corticosterone concentration (Figure 2A). As a parameter for pancreatic tissue damage, lipase
activity was quantified. The activity of this enzyme was significantly increased at 30 min, 60 min, 120
min, and 240 min (Figure 2B). We also analyzed the corticosterone profile after cancer cell injection
into the pancreas in C57BL/6] mice. The corticosterone concentration was significantly increased at
30 min, 60 min, and 120 min after anesthesia (Figure 3A). The circulating stress hormone remained on a
similar constant level until 120 min (Figure 3A). To measure tissue damage during cancer cell injection,
lipase activity was evaluated at the distinct time points (Figure 3B). A slight increase of plasma lipase
activity was detected at 60 min after cancer cell injection. However, all observed differences were not
significant (Figure 3B). In BALB/c mice with CCl4-induced liver damage the highest concentration
of corticosterone was observed at 30 min (Figure 4A). However, also after 60 min and 120 min the
corticosterone concentration was significantly higher when compared to healthy animals (Figure 4A).
In order to compare the stress hormone level with parameters for tissue damage, we determined the
time course of plasma activity of AST and ALT (Figure 4B,C). Starting 30 min after the CCl4 injection,
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we observed a significant increase in the activity of both transaminases (Figure 4B,C). A significant
increase in the activity of both enzymes was also observed 60, 120, and 240 min after CCl4 injection

(Figure 4B,C).
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Figure 2. Corticosterone concentration and lipase activity after the induction of pancreatitis. Analysis
of time-dependent corticosterone release before (pre) and after i.p. injection of cerulein (50 nug/kg) (A),
as well as evaluation of lipase activity (B). Significant differences: * p < 0.0125; n = 16 (pre); n = 4 (30, 60,

120, 240 min).
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Figure 3. Corticosterone concentration after laparotomy and cancer cell injection into the pancreas.
Evaluation of stress hormone release (A) as well as lipase activity (B) before surgery (pre) and at the
indicated time points after cessation of anesthesia. Significant differences: * p < 0.0125; n = 8 (pre); n = 4

(30, 60, 120, 240 min).
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Figure 4. Corticosterone concentration and transaminase activities after chemical induction of liver
damage. Analysis of stress hormone release of mice before (pre) and at the indicated time points after
the i.p. injection of carbon tetrachloride (CCl4; 0.25 uL/g) (A) as well as the evaluation of aspartate
aminotransferase (AST) (B) and alanine aminotransferase (ALT) activity (C). Significant differences: * p

<0.0125; n = 15 (pre), n = 3-4 (30, 60, 120, 240 min).

After the surgical induction of liver damage by bile duct ligation, a significantly increased
concentration of circulating corticosterone was detected within 30 min after anesthesia (Figure 5A).
In contrast to the chemically induced animal models (pancreatitis, liver damage by CCl4), the
concentration of the stress hormone remains steady at a high level until 120 minutes. Even after 4 hours,
the corticosterone concentration was still significantly higher in comparison to the plasma samples
collected without any intervention (Figure 5A). The AST and ALT values, however, rose significantly

at 30 min and sharply increased over time (Figure 5B,C).
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Figure 5. Stress hormone release and transaminase activities after surgical induction of liver damage
by bile duct ligation (BDL). Evaluation of corticosterone concentration of mice before (pre) and after
the awakening of the mice from anesthesia (A), as well as the evaluation of transaminase activity of
AST (B) and ALT (C) as parameters for the tissue damage. Significant differences: *p < 0.0125; n = 20
(pre); n =5 (30, 60, 120, 240 min).

3.3. Specific Distress Levels Caused by Distinct Gastrointestinal Diseases

In order to quantify distress, we evaluated the body weight, general health and the spontaneous
as well as flight behavior of mice in all disease models as defined by a score sheet (for details on the
score sheet see supplemental Tables S1 and S2). In the animal model for pancreatitis we observed
30 min after the last cerulein injection an abnormal posture (score 3) in one animal. All other mice
received a score of 0. This resulted in an average distress score of 0.75 at the 30-min time point, whereas
no distress was detected at the 60-min time point (Figure 6A). The injection of 6606PDA cells into the
pancreas resulted in a significant increase of distress (score 2) 30 min after anesthesia, since all mice
had a ruffled fur (Figure 6B). At 60 min no distress could be scored anymore (Figure 6B). In the animal
model for liver fibrosis by CCl4 all mice had ruffled fur at the 30- and 60-min time point (Figure 6C).
This resulted in an average distress score of 2 at both time points. The surgical induction of liver
damage by BDL resulted in a very high distress score of 5, due to the accumulation of distress indicators
including abnormal posture and passive behavior after touch (Figure 6D). At 60 min just abnormal
posture (score 3) was still noticed in all mice (Figure 6D).
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Figure 6. Comparison of distress between distinct mouse models. Comparison of the distress score
at 30 min and 60 min after injection or end of anesthesia to the score taken before any intervention
(pre). Thirty minutes after the induction of pancreatitis an abnormal posture was observed in only one
animal, which results in an average distress score of 0.75 (A). Tumor cell injection into the pancreas
resulted in a score of 2 (ruffled fur) in all mice at 30 min (B). Induction of liver damage by CCl4 led to a
score of 2 (all animals displays ruffled fur) at 30 as well as at 60 min (C). Bile duct ligation resulted in a
score of 5 at 30 min (due to abnormal posture and passive behavior after touch) and a score of 3 at
60 min (abnormal posture) (D). Significant differences: * p < 0.05; n = 4-5 (pre); n = 4-5 (30, 60 min).

4. Discussion

The present study demonstrates a significant increase of corticosterone concentration within
30 min independent of the stressor and the mouse strain (Figures 1-5). However, some interventions,
such as injection of cancer cells into the pancreas, provoke a long lasting corticosterone response
(Figure 5). Other interventions, such as the injection of cerulein, lead to a transient corticosterone
response (Figure 2). Interestingly, not only the absolute value of corticosterone concentration but also
the duration of the corticosterone response correlates well with the quantification of animal distress by
a score sheet (Table 1).
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Table 1. Animal models ranked according to distress, as well as absolute value and duration of
corticosterone concentration. The mouse strains used for each animal model are specified. BDL: bile
duct ligation.

BALB/c C57BL/6J
Distress (mean value of distress scored at 30 min)
BDL > CCly = tumor cell injection > pancreatitis
5.0 > 2.0 = 2.0 > 0.75
Corticosterone concentration at 30 min (interquartile range 25-75% in nmol/L)
BDL > CCly > tumor cell injection ~ pancreatitis
1218.1-1383.4 > 710.6-12151 > 599.0-649.6 ~ 602.4-831.6

Duration of corticosterone response
(latest time point in minutes with a significant increase in corticosterone concentration)

BDL > CCly = tumor cell injection > pancreatitis
240 > 120 = 120 > 60

The i.p. injection of different carrier substances is widely used in animal experiments for chemical
disease induction and therapeutic intervention. Nevertheless, this intervention represents an important
stressor, measurable by an increase of the stress hormone corticosterone. To evaluate the distress
of the most important carrier substances of water- and lipo-soluble drugs, corticosterone kinetics
after PBS and DMSO injection have been analyzed. A transient corticosterone response was noticed
after PBS injection (Figure 1A). Other studies also demonstrated a quick downregulation of the stress
hormone within 60 min [31,32]. This quick response is initiated by corticosterone itself due to a
receptor-mediated negative feedback inhibition of the precursor hormones CRH and ACTH in the
neurons of the PVN [33-35]. However, it is not possible to clearly differentiate between distress caused
by handling of the animals and distress caused by the injection. The distress of only handling animals
also leads to a significant increase in blood corticosterone concentration within 15 min, followed by a
quick decrease, similar to observations made after PBS injection [36]. This suggests that PBS injection
and handling of mice cause similar levels of distress. After DMSO administration, a longer-lasting
corticosterone response in comparison to PBS injection was detected. Some studies suggest that DMSO
can cause a longer-lasting activation of the HPA axis, independent of the nerval innervations of the
hypothalamus [37,38]. We refrained from comparing the i.p. injections of PBS and DMSO directly with
the induction of gastrointestinal disease, because the application of analgesia might have influenced
the corticosterone level.

Intervention-specific corticosterone characteristics were analyzed after chemical and surgical
disease inductions in liver and pancreas. Acute liver damage was induced in the murine liver of BALB/c
mice by chemical induction with CCl4 and surgical intervention by BDL. Both interventions caused
a significant increase of corticosterone concentration within 30 min. However, the injection of CCl4
caused a transient increase in corticosterone concentration, whereas the BDL provoked a significantly
increased corticosterone concentration for a longer period (cf. Figures 4 and 5). Similar differences
were observed when analyzing animal models, which focus on pancreatic diseases in the C57BL/6]
strain. The injection of cerulein caused a transient increase in corticosterone, whereas the surgical
induction of pancreatic cancer by laparotomy and cell injection in the pancreas caused a significant
increase in corticosterone concentration for a longer period (cf. Figures 2 and 3). Even so, it is widely
accepted that the absolute corticosterone concentration differs among distinct mice strains [5,15,32],
the above-mentioned characteristic kinetics after chemical and surgical disease induction could
be observed in both strains. A long-lasting corticosterone response for 2-6 hours after surgical
interventions like vasectomy and catheterization surgery was also observed in other studies [39,40]. On
the contrary, after nonsurgical interventions such as nicotine injection [32] or restrain stress [27,41,42]
the corticosterone concentration usually declines within 60 to 120 min. The results indicate that the
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long-lasting corticosterone response might be a characteristic feature for the stress response after
surgical procedures.

Several reasons might account for these altered corticosterone kinetics. One reason could be the
effect of anesthesia. Indeed, other studies reported a significant increase in corticosterone concentration
within minutes of anesthesia using isoflurane. However, the increased corticosterone concentration
was transient and declined after 60 min. Therefore, anesthesia alone is probably not responsible
for the long-lasting activation of the HPA axis. Another reason might be that the summation of
stressors such as pain, wound tension, tissue damage and the release of cytokines provokes a long
lasting glucocorticoid response [43]. Moreover, the cytokine interleukin-6 (IL-6) can influence the
HPA axis directly by stimulating the glucocorticoid release on the adrenal glands [43,44]. The release
of IL-6 usually starts within 60 min after surgical procedures [45,46] and positively correlates with
the corticosterone concentration [43,47]. In conclusion, the long-lasting corticosterone response after
surgery might arise from the summation of distress parameters that influence the HPA axis.

One aim of this study was to evaluate which aspect can be used to judge animal distress: the
maximal corticosterone concentration or rather the period of time for the significantly increased
corticosterone response. Quantifying distress by our score sheet allowed us to rank the disease
from highest distress (score 5) after BDL to lowest distress (0.75) during pancreatitis (Table 1).
When comparing corticosterone concentration at 30 minutes between these animal models, a very
similar rank order could be observed (Table 1). Indeed, the corticosterone concentrations of all animals,
which were evaluated in all four animal models, correlated well with the distress score (Spearman’s
rank correlation coefficient: 0.67; p = 0.003). Previous studies support the hypothesis of a direct
correlation between corticosterone concentration and stressor intensity [32,48,49]. Physical stress
indicators, such as body weight loss, increased heart rate, and decreased food intake are also known to
be associated with increased plasma corticosterone concentration. This emphasizes the relevance of
this parameter for the analysis of distress [14,31,42]. However, since corticosterone is also influenced
by other physical responses, i.e., circadian rhythm [3,8,9], estrus cycle [3,11,12], or sexual arousal [10],
this parameter should always be assessed together with other stress or welfare parameters like distress
score or body weight.

Furthermore, when comparing the duration of significantly increased corticosterone concentration
between the four animal models a rank order could be established (Table 1). This rank order
was identical to the rank order, when we scored distress (Table 1). This suggests that also the
duration of increased corticosterone concentration is a relevant parameter for the analysis of distress.
This conclusion is supported by various studies. For example, preventive wheel running shortened
the glucocorticoid response after acute restrain stress and also reduced anxiety-like behavior [50].
Moreover, buprenorphine treatment decreases the duration as well as the corticosterone concentration
after catheterization [40]. Therefore, we suggest that both parameters of corticosterone kinetics,
absolute value of corticosterone concentration as well as duration of corticosterone response, are
appropriate parameters for quantifying distress. Additionally, our findings indicate that corticosterone
kinetics can be used as an important parameter for the grading of distress level between distinct animal
models. Though the absolute value and duration of corticosterone kinetics correlate well with the
assessed distress scoring, we want to mention that a direct comparison of two distinct mouse strains
should be handled with care, as strain might act as a confounding variable. For example, BALB/c
mice are known to show higher absolute corticosterone values and a longer duration compared to
the C57BL/6] strain, which is probably caused by higher anxiety [5] or genetic alterations in the HPA
axis [15]. Nevertheless, we got very similar results in both mouse strains after different interventions:
Not only the absolute value of corticosterone concentration after 30 minutes but also the duration
of the corticosterone response correlates well with the quantification of animal distress by a score
sheet. We hope that the purposely increased heterogeneity in the experimental design improves
external validity [51,52] and that these results will, therefore, provide an important basis to compare
corticosterone concentrations of different animal models across mouse strains.
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It is widely published that the time point of highest corticosterone concentration is dependent on
the kind of intervention. Some studies noticed the peak of corticosterone response 20-30 min after
the injection of toxic chemicals [16,32], or restrain stress [27,42]. However, after some other stressors
like electric shocks [53] or acute shaker stress [14], the maximum of corticosterone concentration can
be observed 60 min after distress. Thus, for comparing animal models, it is advisable to evaluate
corticosterone kinetics previously on a few animals instead of relying on only one random time
point. This procedure subsequently allows the reduction of animals. However, our data suggest that
the corticosterone concentration at 30 minutes is a suitable parameter for comparing distress of our
gastrointestinal disease models.

5. Conclusions

The present study demonstrated that distress caused by different interventions correlates with the
peak and duration of corticosterone kinetics in distinct gastrointestinal mouse models. These results
support the use of corticosterone kinetics as an important readout parameter to grade distress in
animal models.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2615/9/4/145/s1,
Table S1: Distress score on mice, Table S2: Consequences according to distress score.
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Comparing distress of mouse
models for liver damage

Guanglin Tang?, Nico Seume?, Christine Hager?, Simone Kumstel®, Kerstin Abshagen?,
André Bleich?, Brigitte Vollmar', Steven R. Talbot*3**, Xianbin Zhang®3* &
Dietmar Zechner®3*

In order to foster animal welfare as well as high quality of research, many countries regulate by

law that the severity of animal experiments must be evaluated and considered when performing
biomedical research. It is well accepted that multiple parameters rather than a single readout
parameter should be applied to describe animal distress or suffering. However, since the performance
of readout parameters for animal distress is rarely defined and methods for multivariate analysis have
only in rare cases been used, it is not known which methodology is most appropriate to define animal
distress. This study used receiver operating characteristic curve analysis to quantify the performance
of burrowing activity, body weight change and a distress score of mice after induction of liver damage
by bile duct ligation or carbon tetrachloride. In addition, Support Vector Machine classification was
used to compare the distress of these mouse models. This approach demonstrated that bile duct
ligation causes much more distress than carbon tetrachloride-induced liver damage. This study,
therefore, provides a prototype how to compare two animal models by considering several readout
parameters. In the future these or similar methods for multivariate analysis will be necessary, when
assessing and comparing the severity of animal models.

Public discussions on animal welfare have caused the implementation of laws and guidelines to regulate experi-
ments on animals in most countries"* This made animal welfare a top priority when conducting and publishing
in vivo studies®=®. Thus, when pursuing animal experiments, scientists have to balance two goals: animal welfare
and the potential benefit of research. While this objective is self-evident and coherent, a detailed concept what
needs to be done to balance both goals is more difficult to define. In many countries a prospective and often
also actual severity assessment of animal experiments are legally required®. This should provide the basis for an
ethical evaluation and the conclusion, if an animal experiment is justified and, therefore, should be allowed to
be conducted.

Thus, an evidence-based analysis of animal distress is often legally required and is also essential for a realistic
harm/benefit analysis, a sensible selection of an animal model and the development of refinement strategies.
Scientists have primarily used non-invasive methods to assess animal distress. For example, many distress scores
based on appearance, behaviour and physical parameters of rodents have been developed’=. In addition, natural
behaviour of animals such as burrowing activity has been explored to assess distress'®'2. One of the most popular
parameters to evaluate suffering from animals is body weight which has the distinct advantage that it can be
easily and objectively measured”!*-1°.

While many distinct readout parameters for measuring distress are available, very little is known about how
these methods can be compared. The performance of a method or a diagnostic test is usually evaluated by receiver
operating characteristic (ROC) curve analysis. The area under the curve (AUC) quantifies this performance and
indicates how accurately a test discriminates between two states, typically referred to as diseased and non-dis-
eased state'®. However, it is well accepted that multiple parameters rather than a single readout parameter should
be applied to describe and compare animal distress”!”!%. Many studies indeed evaluate several readout parameters
for distress, but do not combine these parameters by a statistical procedure to reach a holistic conclusion'*!-22,
To facilitate such an integrated conclusion, a multivariate analysis, which combines different readout parameters
when analysing animal distress, is necessary. Such analyses are often performed in clinical situations in form of a
binary logistic regression in order to test whether a combination of biomarkers has higher discriminatory power
to differentiate between diseased and non-diseased states than single biomarkers?***. Another option to analyse
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for Laboratory Animal Science, Hannover Medical School, Hanover, Germany. 3These authors jointly supervised
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Figure 1. Scheme describing how the experiments for the bile duct ligation (BDL) animal model were
performed. Surgery was done on day 0 and the distress parameters were evaluated during pre, acute, early,
middle and late phase on the indicated days. Therapies with MCC950 or vehicle solution were performed by
daily subcutaneous injection from day —1 to day 13.

more than one readout parameter simultaneously is clustering, followed by Support Vector Machine (SVM) clas-
sification. For example, clustering was used to differentiate between subgroups of patients with irritable bowel
syndrome® or to compare distinct distress levels of mice during colitis'®.

Thus, it was one aim of this study to evaluate, if ROC curve analysis and binary logistic regression be used to
describe the performance of single or multiple readout parameters for defining distress in animals. Moreover, it
was the aim to assess whether SVM classification can be used to compare the severity of two animal models. We
compared distress caused by bile duct ligation (BDL) to distress caused by carbon tetrachloride (CCl,). These
two animal models are widely used for studying liver damage and fibrosis?.

Results

Characterisation of parameters measuring distress after BDL. Mice were evaluated before and
after BDL during the early, middle and late phases of cholestasis by assessing a distress score, burrowing activity
and body weight (Fig. 1). First of all, we aspired to evaluate the suitability of these parameters to measure distress
of mice. We hypothesized that parameters, which are suitable to measure distress should be able to differentiate
between healthy and diseased mice as well as between mice which survived and non-survivors.

Thus, we first analysed mice, which survived until day 14 (survivors), in order to explore, if these read out
parameters could differentiate between healthy and diseased mice. While the distress score increased continu-
ously after BDL, the burrowing activity and body weight of mice rather decreased after this intervention (sup-
plementary Fig. S1). No significant change in any of these parameters was observed when treating the mice with
the NLRP3 inflammasome inhibitor MCC950 (supplementary Fig. S1), although previous studies suggested that
this inhibitor can have analgesic function®. Thus, all BDL cohort mice were pooled and distress before BDL (pre)
was compared to distress after BDL (post). We observed that BDL led to a significant increase of the distress
score (Fig. 2a). It caused a significant decrease of burrowing activity (Fig. 2b) and a reduction of body weight
(Fig. 2c). This suggests that distress score, burrowing activity and change in body weight are sensitive parameters
that can differentiate between distress before (level 0) and after BDL (level 1). To evaluate the performance of
these parameters in distinguishing between these two distress levels, we used ROC curves. We observed that
all parameters, distress score, burrowing activity and body weight, can discriminate between these two distress
levels (Fig. 2d). Combining multiple distress parameters with binary logistic regression revealed that the com-
bination of distress score plus burrowing activity, distress score plus body weight and the combination of all
three parameters produced a very high AUC indicating a very good performance in defining distress (Fig. 2e-g).

We also evaluated, if distress parameters could differentiate between different magnitudes of cholestasis.
ALP activity has been demonstrated to increase with the progression of cholestasis*>. Therefore, we evaluated
ALP activity of mice after 2, 5 or 14 days of cholestasis and used k-means clustering to discretize the data into
two categories: Low ALP and high ALP. Surprisingly, we observed that neither the distress score nor the bur-
rowing activity could differentiate between low ALP and high ALP animals (supplementary Fig. S2). However,
body weight change could differentiate well (AUC=0.79) between these two clusters (supplementary Fig. S2).
In order to analyse, if other parameters measuring distress would improve the differentiation between low ALP
and high ALP animals, we determined the corticosterone concentration in the blood plasma (supplementary
Fig. S2). Indeed, the corticosterone concentration in the blood plasma of animals could also differentiate well
(AUC=0.72) between low and high ALP animals (supplementary Fig. S2). However, when combining body
weight change and corticosterone concentration in a logistic regression the discriminatory power of the combi-
nation was not higher than the discriminatory power of only the body weight change (supplementary Fig. S2).
Thus, for differentiating between low and high ALP animals analysing body weight change is sufficient. Possibly,
a combination with yet unknown additional distress parameters might be needed to predict the magnitude of
cholestasis with an even higher discriminatory power.

We then explored, if mice which did not survive until day 14 (non-survivors) reached a different distress
level before death when compared to mice that survived after BDL. We observed that the distress score of
non-survivors measured before death is significantly higher than the distress score of survivors (Fig. 3a). The
burrowing activity (Fig. 3b) and body weight (Fig. 3¢) of non-survivors were significantly lower than those
of surviving mice. These data suggest that non-survivors experience increased distress before death (level 2)
when compared to surviving mice (level 1). In order to evaluate the performance of the readout parameters in
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Figure 2. Distress before and after BDL. The distress score (a) was increased (Mann-Whitney rank sum test,
P<0.001), burrowing activity (b) was decreased (Mann-Whitney rank sum test, P<0.001) and body weight (c)
was also decreased (Mann-Whitney rank sum test, P<0.001), when comparing data taken before BDL (pre)

to data taken after BDL (post). ROC curve analysis that computed the area under the curve (AUC) for single
(d), two (e) or all three (f) distress parameters. The performance of single and multiple parameters is described
by presenting the AUC, the 95% confidence interval (CI) and the asymptotic P-value (g). Data of 16 mice, pre:
n=16 data points, post: n=48 data points.

distinguishing between these two distress levels, we used ROC curves. All single readout parameters such as
distress score, burrowing activity and change in body weight had discriminatory power to differentiate between
survivors and non-survivors (Fig. 3d). After combining multiple distress parameters with binary logistic regres-
sion, we observed that combination of two or three parameters also had a high discriminatory power (Fig. 3e,f).
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Figure 3. Distress of survivors and non-survivors after BDL. The distress score (a) was increased (Mann-
Whitney rank sum test, P<0.001), whereas burrowing activity (b) was decreased (Mann-Whitney rank

sum test, P<0.001) and body weight (c) was also reduced (Mann-Whitney rank sum test, P=0.031), when
comparing data of survivors (sur.) to data of non-survivors (non-sur.). ROC curve analysis shows the area
under the curve (AUC) for single (d), two (e) or all three (f) distress parameters. The performance of single and
multiple parameters is described by presenting the AUC, the 95% confidence interval (CI) and the asymptotic
P-value (g). Survivors: 16 mice, 48 data points; non-survivors: 10 mice, 10 data points.

The combination of all three parameters (distress score plus burrowing activity plus body weight) produced the
largest AUC, suggesting that the combination of all readout parameters allows the best differentiation between
survivors and non-survivors (Fig. 3g). These data, therefore, suggest that the distress score, burrowing activity
and body weight are suitable parameters to describe distinct distress levels.
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Figure 4. Generation of a training model by SVM. Single data points (squares), which were derived from the
training data set from identical animal previous (p) to BDL and at the acute (a), early (e), and middle (m) phase
of cholestasis are presented in form of a three dimensional scatter plot (a). A discriminatory model was built by
training a linear SVM kernel to the labelled data in order to differentiate between two levels (level 0 and level

1) of distress (b): The resulting classifier (hyperplane) discriminates between these two levels. The accuracy,
sensitivity and specificity of the training model was characterised using either the training data themselves or a
test data set and applying the hyperplane (not optimized) or an optimized hyperplane after a 5-times repeated

tenfold cross validation (c). Training data set: n=11 data points (pre), post: n=33 data points (post); test data
set: n=5 data points (pre), post: n=15 data points (post).

Considering multiple parameters when differentiating between two distress levels. Next, we
evaluated whether all three parameters can be used together to discriminate between the distress of healthy (pre-
intervention) against the distress of diseased animals (post-intervention). We used machine learning to address
this question: more specifically, we used a Support Vector Machine (SVM) to classify samples. Class-labels were
obtained by labelling pre- against post-intervention data. For subsequent classification, we first split the data
randomly into a training (containing 70% of data) and a test data set (containing 30% of data). The model was
then built using the training data (Fig. 4a). Within the SVM, a linear kernel function was used to find the classi-
fier. This tuned and optimized discriminator was visualized in the plots as a hyperplane, separating two putative
levels of distress, which were defined as distress level 0 or distress level 1 (Fig. 4b).

For internal model optimization, and to address potential sampling bias we used hyper-parameter tuning and
fivefold repeated tenfold cross-validation. The mean accuracies, sensitivities and specificities from this process
were reported for the model (Fig. 4c shows results for both, the optimized and non-optimized model). The model
itself was validated using the excluded (and labelled) test data (Fig. 4c). We observed high accuracy, sensitivity,
and specificity for training as well as test data (Fig. 4c). This suggests that the combination of all three parameters
(distress score, burrowing activity, bodyweight) exhibits a high diagnostic ability for the differentiation between
distress level 0 and distress level 1. The rigorous model design and cross-validation process further ensured that
these results are not based on potential sampling bias. Also, the optimized model shows lower accuracies for the

external test data (accuracy optimized model: 0.80; accuracy not optimized model: 1). This was expected as the
not-optimized models tend to overfit the data.

Comparing distress of the BDL to the CCl, animal model. Next we pursued the question if and how
we can compare the distress between two animal models. In order to compare the BDL model to another animal
model widely used for studying liver damage and fibrosis, mice were repetitively injected with CCl, (Fig. 5a).
These mice were also either treated with MCC950 or a vehicle control and the distress of these animals was
analysed before any intervention and during the early, middle and late phases of disease progression by assessing
the distress score, burrowing activity and body weight (Fig. 5a). Again, no significant change in distress score,
burrowing activity and body weight was observed when treating the mice with MCC950 or a vehicle control
(data not shown). Thus, all CCl, cohort mice were pooled and post-CCl, and post-BDL data were then compared
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Figure 5. Distress of mice after CCl, injections and after bile duct ligation. Scheme describing how the
experiments for the CCl, animal model were performed (a): CCl, was injected sc on the indicated days, the
distress parameters were evaluated during pre, acute, early, middle and late phase and a therapy with MCC950
or vehicle solution was performed as daily subcutaneous injections from day 28 to 39. The distress score (b) was
decreased (Mann-Whitney rank sum test, P<0.001), whereas burrowing activity (c) was increased (Mann-
Whitney rank sum test, P<0.001) and body weight loss (d) was decreased (Students t test, P<0.001) when
comparing post-BDL to post-CCl, animals. BDL: 16 mice =48 data points; CCl,: 10 mice =30 data points.

(Fig. 5b-d). We observed that CCl,-treated mice had a significantly decreased distress score (Fig. 5b), increased
burrowing activity (Fig. 5¢) and significantly less body weight reduction (Fig. 5d), when compared to BDL mice.
Thus, all three read out parameters indicate that CCl, causes less distress than BDL.

We then compared these two animal models by using the optimized training model based on 70% of the BDL
data. We then classified the post-CCl, data according to this training model (see blue crosses in Fig. 6a). In addi-
tion, we classified the post-BDL data of the test data set (see blue crosses in Fig. 6b). Only 2 out of 30 post-CCl,
data points were assigned to distress level 1, whereas 12 out of 15 post-BDL data points were correctly assigned
to distress level 1 (Fig. 6¢). Using Fisher’s exact test, a significant difference in the distress levels distribution
between BDL and the CCl, cohort was observed (P <0.001). This multivariate analysis suggests that at most time
points CCl,-treated animals experience less distress than animals after BDL.

In order to compare liver damage in both animal models, we assessed the activity of aspartate aminotrans-
ferase (AST), alanine aminotransferase (ALT) and glutamate dehydrogenase (GLDH) in blood plasma. AST and
ALT activity was significantly increased in cholestatic as well as CCl,-treated mice, when compared to heathy
control animals (supplementary Figure S3). GLDH was significantly increased in cholestatic animals when
compared to healthy or CCl,-treated mice (supplementary Figure S3). In addition, we also evaluated oxidative
stress by measuring malondialdehyde in liver tissue. Malondialdehyde was significantly increased after repeti-
tive CCl,-treatment when compared to cholestatic or healthy mice (supplementary Figure S3). These results
demonstrate that the liver is damaged after cholestasis and toxic liver injury, but that specific pathophysiological
features such as the induction of oxidative stress differs between these two animal models.

Discussion

There is an urgent need to evaluate the feasibility of methods to compare distress caused by different animal
models®. The present study compared BDL to CCl,-induced liver damage and evaluated animal distress based
on three distinct readout parameters. The multivariate analysis using SVM clearly demonstrated that BDL caused
more distress than the treatment with CCl,.
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Figure 6. Comparing distress caused by CCl, injections or bile duct ligation using SVM classification. In both
plots green and red squares indicate distress level 0 or distress level 1 of the BDL training data set and crosses
denote data classified as distress level 0, whereas circled crosses denote data classified as distress level 1. Blue
crosses denote post-CCl, (a) and post-BDL (b) distress. A 2 x 2 contingency table compares the distributions of
predicted distress levels of post-CCl, to the post-BDL test data set (c). A significantly different distribution of
distress levels between these data sets has been determined by Fisher’s Exact Test, *P <0.001), CCl,: n=30 data
points; BDL: n=15 data points.

No direct multivariate comparison of distress between BDL and CCl,-induced liver damage has been pub-
lished to our knowledge. However, publications describe an average body weight loss of 15-20%, 18%, or 20-30%
after BDL**7% or a transient body weight loss of approximately 8% or 10% during repetitive CCl, injection®”.
This supports our conclusion that BDL causes more distress than CCl,. However, the BDL animal model will
still be needed for the following reasons. Distinct animal models are necessary to address the central principle
of science that robust research needs many independent lines of evidence®. Indeed, BDL and CCl,-induced liver
damage are often used in one study to prove a scientific conclusion in two independent animal models***'. In
addition, there are also some differences between these two animal models. BDL causes an increase in biliary
pressure, inflammation and cytokine secretion resulting in proliferation of biliary epithelial cells and portal
fibrosis*2. BDL therefore mimics cholestatic injury, which is, for example, observed during autoimmune diseases
(primary biliary cirrhosis and primary sclerosing cirrhosis) and obstructive conditions such as cholelithiasis and
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tumour compression of bile ducts*. In contrast, metabolites of CCl,, such as trichloromethyl radicals, induce
oxidative stress, centrilobular liver necrosis, an inflammatory response and liver fibrosis*>**. In many aspects, it
mimics liver damage in humans by different toxins*. These distinct pathophysiological features and mechanisms
of animal models will remain to be of utterly importance, when deciding which animal model will be used for
addressing a specific scientific hypothesis. However, at least for the BDL animal model, the use of analgesics
should be essential®. It is especially necessary to mention this point, if one considers that only 3.4% of studies,
which describe experiments using BDL in mice, specified the administration of a systemic analgesic*. This is
surprising, considering that it was already demonstrated decades ago that animals experience post-operative
pain after BDL*. However, analgesia can also interfere with disease mechanisms and can actually be harmful to
animals when applied in high doses*”*.

The most important prerequisite for being able to judge animal distress are methods with high discrimina-
tory power to differentiate between distinct distress levels. This study used ROC curve analysis to evaluate the
discriminatory power of readout parameters. This tool has been widely used to define the diagnostic ability of
methods in a clinical situation. For example, ROC curve analysis helped to define which biomarker in the blood
has the best discriminatory power to predict pancreatic cancer® or which biochemical marker is suitable to pre-
dict increased risk of stillbirth in women with intrahepatic cholestasis of pregnancy®. In our study ROC curve
analysis judged the suitability of readout parameters to differentiate between healthy mice and diseased mice
or between diseased mice, which survive, and diseased mice, which will succumb to their disease. All readout
parameters: distress score, burrowing activity and body weight change had discriminatory power to differenti-
ate between animals before and after induction of cholestasis (Fig. 2d). However, burrowing activity was the
parameter with the lowest performance (performance of parameters: distress score > body weight change > bur-
rowing activity). When differentiating between survivors and non-survivors all readout parameters had again
a high discriminatory power (Fig. 3d), but body weight change was the parameter with the lowest performance
(performance of parameters: burrowing activity > distress score > body weight change). In addition to assessing
the discriminatory power, one can determine the optimal cut-off of a diagnostic method by Youden’s index and
calculate the positive predictive value (PPV)*. We, therefore, also calculated the PPV using the combination of
all three parameters. An optimal cut-off calculated by Youden’s index lead to 5 false positive and 10 true posi-
tive predictions, resulting in a PPV of 67%. Thus, it is not practical to use this method for deciding, if animals
should be euthanized, because one would kill too many animals, which would otherwise survive. However, the
combination of all three parameters is useful in describing distinct distress levels and can be used to compare 2
different animal models. These experiments also demonstrate that not a single readout parameter can be used
as the gold standard for all situations.

This need for considering multiple parameters to assess animal welfare was often postulated”!”'®. However,
in many studies several parameters are evaluated, but these parameters are often not combined by a statistical
procedure to reach a holistic conclusion'>!*-?2, Only very few studies exist, which use biostatistical methods to
combine distinct readout parameters for defining animal distress. For example, Peng et al. have used composite
z scores to compare the results of several behavioural tests between control mice and mice after surgery®’. Higer
et al. have used k-means clustering to compare distinct distress levels during colitis'®. Méller et al. have used
principal component analysis to describe many behavioural and biochemical variables supporting the conclusion
that there is no major difference in distress between rats after electrode implantation and rats after electrode
implantation plus kindling of epilepsy”'. In our study we plotted three parameters and defined distress levels by
SVM classification. This method had a high specificity, sensitivity and accuracy when validated with test data
(Fig. 4c). However, we also want to emphasize that ROC curve analysis indicated that single read out param-
eters or two read out parameters, which were combined by multiple logistic regression, have also a very high
discriminatory power to differentiate between distress levels in the BDL animal model (Fig. 2g). This indicates
that less than three readout parameters might suffice to define the distress of animals and to compare animal
models. However, we propose that substantiating a conclusion by considering several readout parameter is better
to than relying on only one single parameter. Such a multivariate conclusion reduces arbitrariness when choosing
a readout parameter and therefore diminishes bias when comparing animal models.

Although this publication suggests that SVMs can be used to compare the distress of two animal models, it
is premature to claim that this method will allow us to determine the severity of all animal models in a scientific
and rational manner. First, distinct research facilities will have to test if this or similar methods can be applied
to many different animal models to compare distress between distinct models. Second, accessible tools to assess
and compare distress have to be provided for the scientific community. Talbot and colleagues have started to
explore such a tool, and recommend the use of a Relative Severity Assessment (RELSA) score for comparing
animal models®. It will be important for the research community to make such tools accessible online. Third,
the scientific community will have to provide a network of comparing distress between the most essential ani-
mal models. Only if this network allows an arrangement of animal models according to their distress level, one
could start grading evidence-based severity into categories (e.g. mild, moderate or severe) as demanded by the
legislation of many countries.

Methods

Animals. This study was conducted in accordance with the European directive 2010/63/EU and national
law. All experiments were approved by the local ethics committee of the public authority (Landesamt fiir Land-
wirtschaft, Lebensmittelsicherheit und Fischerei Mecklenburg-Vorpommern, 7221.3-1-002/17). Because female
mice were used to expand the mouse strain, surplus male BALB/cANCrl mice were used for this study. Please
note that the focus on male mice might be a limitation of this study. A few mice of this mouse strain were
purchased from Charles River (Wilmington, MA USA) and bred in the central animal facility of the Rostock
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University Medical Center (the health of the animal stock is routinely checked according to FELASA guide-
lines). Before the experiment the mice had more than 2 days for acclimatization. Animals were allocated in a
non-random manner matching the age of both treatment groups and the experimenters were not blinded when
injecting drugs. Distress was evaluated by two people (GT, NS), and in case of difficulties, in addition by another
person (DZ). The required number of animals was calculated before starting the experiments by sample size
calculation (alpha=0.05, power =0.8). Mice were group housed during breeding and the first few days before the
actual experiments. Afterwards they were single housed in Eurostandard Type III clear plastic cages with wire
lid, light/dark cycle of 12 h/12 h (dawn: 6:30-7:00 am) at a temperature of 21 +2 °C, with a relative humidity of
60£20%. Autoclaved bedding (Bedding Espe Max 3-5 mm granulate, H 0234-500, Abedd, Vienna, Austria),
shredded tissue paper (PZN03058052, FSMED Verbandmittel GmbH, Frankenberg, Deutschland), one paper
tunnel (75x38 mm, H 0528-151, ssniff) and a wooden enrichment tool (Espe size S, 40 x 16 x 10 mm), H0234.
NSG, Abedd). Food (pellets, V1534.000, 10 mm, ssniff) and tap water ad libitum were provided. Mice were
euthanized by quickly anaesthetizing them with 5 vol % isoflurane and killing them with cervical dislocation.

Induction of liver damage. For inducing cholestasis by BDL on day 0, mice were quickly anaesthetized by
5 vol % isoflurane (CP-pharma, Burgdorf, Germany) and placed on a heating plate (37 °C). Then the laparotomy
was performed under anesthesia (1.2-2.5 vol % isoflurane). As described in a previous study®®, the common
bile duct was ligated by three surgical knots and was then transected between the two distal ligations. After
closing the abdominal cavity, each mouse was allowed to recover from anesthesia in a single cage in front of a
red warming lamp. The surgical procedure took 25-40 min. To relieve pain, 5 mg/kg carprofen (Pfizer GmbH,
Berlin, Germany) was injected (sc) before operation and 0.25 ml metamizol (500 mg/ml, Ratiopharm GmbH,
Ulm, Germany) was added to the drinking water (100 ml, drinking water was changed daily) until euthanasia of
the mice. Supportive care was given after BDL by offering soaked food to all animals until euthanasia. In order to
evaluate, if the NLRP3 inflammasome inhibitor MCC950 (Sigma Aldrich, St. Louis, USA, code PZ0280) could
impair distress, 20 mg/kg MCC950 or aqua dest. ad inj. (Sham) was ip injected daily from day 1 before BDL to
day 13 after BDL. For inducing liver damage by CCl, (Merck Millipore, Eschborn, Germany, code 1.02209.1000),
this substance was diluted fourfold with corn oil (Sigma-Aldrich, code C8267). Per g body weight 1 pl of this
solution (dose of CCl,: 0.25 ml/kg body weight) was injected (ip) between 14:40-15:00 into the mice twice per
week until day 42 (on day 0, 4, 7, 11, 14, 18, 21, 25, 28, 32, 35, 39). To relieve pain, 0.25 ml metamizol (500 mg/
mL, Ratiopharm GmbH, Ulm, Germany) was added to the drinking water (100 ml) until euthanasia of the
mice. 20 mg/kg MCC950 or aqua dest. ad inj. (Sham) was injected (ip) daily from day 28 to day 41 after first
CCl, injection. The sixteen BDL mice (survivors) were at the beginning of the experiment 10.29/8.07-18.61
(median/interquartile range) weeks old and had 27.11/21.80-29.68 (median/interquartile range) g body weight,
whereas ten BDL mice (non-survivors) were at the beginning of the experiment 9.79/8.36-12.20 weeks old
and had 24.90/23.83-26.23 g body weight. The ten CCl,-treated mice were at the beginning of the experiment
7.86/7.86-8.14 weeks old and had 24.52/22.99-24.97 g body weight.

Evaluation of animal distress. Burrowing. To evaluate burrowing activity of mice, a tube (length:
15 cm, diameter: 6.5 cm) filled with 200 g of food pellets was placed into the cage 2-3 h before the dark phase®.
The remaining pellets in the burrowing tube were weighed after 17 +2 h and the weight of the burrowed pellets
was calculated. Burrowing activity was measured before the first intervention (pre) and during the acute (day 0),
early (BDL: day 1, CCl,: day 4), middle (BDL: day 4, CCl,: day 18) and late (BDL: day 13, CCl,: day 39) phase of
liver damage. The burrowing tube was always placed into the cage 1+ 0.5 h after CCl, injection. Changes in bur-
rowing activity were calculated by using the weight of burrowed pellets on day 7 before BDL and on day 8 before
CCly injection as a reference for the respective cohort.

Distress score. The wellbeing of mice was assessed by evaluating multiple parameters with the help of a distress
score®. When the total score was higher than 15, the affected mouse was euthanized in order to avoid further
deterioration of health. Distress was assessed before the first intervention (pre) and during the acute (day 0),
early (BDL: day 1, CCl,: day 4), middle (BDL: day 4, CCl,: day 18) and late (BDL: day 13, CCl,: day 39) phase of
liver damage. The distress was always evaluated 30 + 5 min after CCl, injection.

Body weight.  'The body weight of mice was assessed before the first intervention (pre) and during the acute (day
1), early (BDL: day 2, CCl;: day 5), middle (BDL: day 5, CCl,: day 19) and late (BDL: day 14, CCl,: day 40) phase
of liver damage. Thus, in all experiments the body weight was determined 1 day after measuring distress by a
score sheet or by burrowing activity. This allows enough time for a body weight adjustment to a specific distress
level (e.g. after injection of CCl,).

Blood plasma and tissue analysis. AST, ALT, GLDH and ALP activity were spectrophotometrically assessed
in blood plasma using the Cobas c111 analyser (Roche GmbH, Mannheim, Germany). For determining the
corticosterone concentration in blood plasma the mouse and rat ELISA-Kit (DEV9922, Demeditec Diagnostics
GmbH, Erfurt, Germany) was used according to the instructions of the manufacturer. Oxidative stress was
evaluated by measuring the total malondialdehyde concentration after hydrolysing liver tissue at pH 1-2 and
using the BIOXYTEC MDA-586 kit from OxisResearch (OXIS Health Products Inc. Portland, OR, USA).

Data presentation and statistical analysis. In line graphs data are presented as mean value * standard deviation,
whereas box plots indicate median interquartile range as well as 90% percentile and 10% percentile in form of
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whiskers. The characteristics of data were assessed by Shapiro-Wilk normality test and by Levene median equal
variance test. Student’s t-test (based on normal distribution and equal variance of data) or the Mann-Whitney
Rank Sum test were used to determine the significance of differences. When comparing two groups, differences
with P <0.05 were considered to be significant. When comparing treatment groups at several time points, dif-
ferences were only considered to be significant, when the P-value was lower than 0.05 divided by the number of
meaningful comparisons (Bonferroni correction for multiple comparisons). These evaluations were done using
SigmaPlot 12.0 (SYSTAT Software Inc., San Jose, USA; https://systatsoftware.com/products/sigmaplot/). For box
plots, ROC curves, logistic regressions and Support Vector Machine classification, data of the pre- and post-
intervention phase (all data from the acute, early and middle phase) were used to differentiate between healthy
and diseased animals. For differentiating between post-BDL survivors and non-survivors, all data of surviving
mice of the acute, early and middle phase after BDL were compared to data measured 0-2 days before death or
euthanasia of non-survivors.

ROC curve analysis (using SigmaPlot 12.0, SYSTAT Software Inc.) determined the area under the curve
(AUC) with the respecting 95% confidence intervals (CI) as a measurement for the performance of the readout
parameters™. In addition, this analysis gives the asymptotic P-value that determines if the AUC is significantly
different from AUC=0.5. To analyse the efficacy of the combination of two or three parameters, the data sets were
combined by binary logistic regression using SigmaPlot 12.0 and the ROC curves were calculated afterwards.

In order to analyse distress considering all three readout parameters simultaneously, a Support Vector
Machine was built on a 64-bit computer with 32 GB RAM using the R software® with the following packages:
caret®® and €1071%. Prior to model building, samples were class-labelled using the experimental time phases
(pre- vs. post-intervention). Categories were labelled as level 0 (pre) and 1 (post) and used in the classification
process. Samples were randomized into 70% training and 30% test data prior to model building. A linear kernel
function (u’-v) was then used to construct the SVM-classifier with the training data. Data were scaled for the
building process. The non-optimised fit was then tuned for the hyper-parameter cost function to optimise the
SVM margin width for the classifier. In parallel, the tuning process was stratified using fivefold repeated tenfold
cross-validation. The mean from all internal validation runs was then used to construct the optimised classifier.
Model performance was reported in two stages: (a) re-classification (prediction) of the training data against the
model (non-generalizable internal performance check) and (b) classification of the external test data (valida-
tion). In each case, data from a confusion matrix (accuracy, sensitivity, specificity) was reported for both, the
optimised and the non-optimised model. The resulting values reflect model stability and also compensate for
low sample sizes via repeated cross-validation. The externalised test data further assess the generalisability of
the model. Finally, the hyperplane was constructed by coefficient extraction and grid extension of the optimised
SVM model. When comparing CCl, cohorts to BDL, the optimized model was used to predict severity classes for
post-intervention BDL data from the externalized test set as well as post-intervention CCl, data. The predictions
were plotted in a scatterplot and class differences analyzed by Fisher’s Exact Test.

Data availability
The authors declare that all data supporting the findings of this study are available within the paper and its sup-
plementary information file.
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Abstract

Reduction of animal suffering during in vivo experiments is usually ensured by continuously monitoring the health
status using a score sheet and by applying humane endpoints. However, most studies do not evaluate the
plausibility of score sheets and do not attempt to reduce the suffering of animals by determining earlier and therefore
more humane endpoints. The present study uses data assessed from BALB/cANCrl mice after bile duct ligation to
retrospectively analyze which score sheet criteria are informative to determine humane endpoints. The performance
of each single as well as combinations of multiple animal welfare parameters was analyzed by a Cox proportional-
hazards model followed by Harrell’s concordance index. The addition of behavioral parameters, such as burrowing
activity, helped to define a more humane early endpoint for euthanizing these animals. Using this approach, we
determined that a body weight loss of 10-20 % combined with a reduction of burrowing activity by more than 79.4
% was able to predict that these animals died within two days. Thus, this approach successfully determined an
earlier humane endpoint and will therefore reduce the suffering of animals in future experiments. A consequent
application of such an approach or similar methods will contribute to the refinement of various animal experiments.

1 Introduction

According to animal protection laws enacted by most nations (EU, 2010; Germany, 2013) high animal welfare standards are a
prerequisite to get the permission to perform animal based research. Moreover, these standards also provide an important
foundation for high quality of biomedical research (Bayne and Wiirbel, 2014; Carbone and Austin, 2016). Thus, it is in the
interest of the public community and scientists to alleviate suffering of animals.

One key aspect to reduce animal suffering is to determine humane endpoints for timely euthanasia. Criteria for
humane endpoints are, for example, 20 % body weight loss (Morton, 2000) and hypothermia or lethargy (Acred et al., 1994).
However, these symptoms often reflect severe suffering just before death. Defining more “humane” criteria, which are able to
predict death within a certain period of time, could reduce the suffering of laboratory animals. As an ideal tool to grade suffering
of animals and to determine humane endpoints, a clinical score sheet or “welfare assessment protocol” was established by
Morton and Griffiths in 1985 (Morton and Griffiths, 1985). The score sheets should include reasonable criteria to recognize
pain, suffering or discomfort of the animals during the specific procedures. The common criteria are body weight loss,
appearance, spontaneous and flight behavior as well as intervention specific clinical signs. According to these criteria the
distress of an animal can be ranged in mild, moderate and severe (Morton and Griffiths, 1985; Hawkins et al., 2011; Smith et
al., 2018).

Many different scoring systems were already established for different animal models (Paster et al., 2009; Kanzler et
al., 2016) and animal welfare organizations published many helpful protocols to constantly improve the current score sheets
(Hawkins et al., 2011; Smith et al., 2018). These organizations recommend also the use of behavioral parameters to analyze
the psychological state of the animals in addition to physical criteria such as body weight, posture, body temperature etc.
(Hawkins et al., 2011). Thus, well-being in rodents is also often assessed by analyzing natural behaviors such as burrowing and
nesting activity (Deacon, 2006a,b; Jirkof et al., 2013b; Jirkof, 2014). This proved to be useful to detect neurological, abdominal
and post-surgical pain or stress in mice and rats (Deacon et al., 2005; Jirkof et al., 2013a,b; Jirkof, 2014; Pfeiffenberger et al.,
2015; Sliepen et al., 2019; Jirkof et al., 2010).
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Although many different scoring systems have been published world-wide to determine animal suffering and to
provide a basis for euthanasia of animals, very few publications have attempted to define which read-out parameters are
informative (Nemzek et al., 2004; Mai et al., 2018; Leung et al., 2019) and even fewer publications describe methods to
optimize their scoring system in order to determine early humane endpoints (Nunamaker et al., 2013; Koch et al., 2016).

Thus, this study assessed multiple animal welfare parameters on mice, which underwent bile duct ligation (BDL), a
widely used procedure to study liver damage and fibrosis. We critically evaluate a scoring system in order to optimize it by
measuring animal behavior and further, to determine more humane endpoint criteria.

2 Material and Methods

2.1 Animals

For this study we used a total of 55 male, 10/9.6-13.1 weeks (median/interquartile range) old BALB/cANCrl mice, with an
average body weight of 25.6/ 23.9-27.4 g (median/ interquartile range). Breeding pairs were originally purchased from Charles
River and further bred in the facility of the University Medical Center in Rostock under specific pathogen free conditions. The
mice had an acclimatization time of more than 2 days before the experiments started. During the experiment the mice were
kept single housed in Eurostandard Type III plastic cages (Zoonlab GmbH, Castrop-Rauxel, Germany) with a light dark cycle
of 12h/12h at a temperature of 21 + 2 °C (dawn: 6:30-7:00 am) and a relative humidity of 60 + 20 %. Food (pellets, 10 mm,
ssniff-Spezialdidten GmbH, Soest, Germany) and tap water were provided ad libitum. Enrichment was supplied by nesting
material as shredded tissue paper (PZN03058052, FSMED Verbandmittel GmbH, Frankenberg, Germany), one paper tunnel
(75 x 38 mm, H 0528-151, ssniff) and a wooden enrichment tool (Espe size S, 40 x 16 x 10 mm, H0234.NSG, Abedd, Vienna,
Austria). Due to low sociability and high aggression of male BALB/cANCrl mice (Brodkin, 2007; Jones and Brain, 1987), the
animals were single housed during the experiments. The animal experiment was approved by the local ethics committee and
public authority (Landesamt fiir Landwirtschaft, Lebensmittelsicherheit und Fischerei Mecklenburg-Vorpommern, 7221.3-1-
002/17), in accordance with the European directive 2010/63/EU as well as the national law of Germany and is reported
according to the ARRIVE Guidelines (Kilkenny et al., 2010).

2.2 Induction of liver damage

For the induction of cholestasis by BDL the mice were anesthetized by 1.2-2.5 vol. % isoflurane (CP-pharma, Burgdorf,
Germany), and placed on a heating plate at 37 °C in the laboratory. Isoflurane was chosen because it allowed a fast recovery
from anesthesia. 5 mg/kg carprofen (Rimadyl®, Pfizer GmbH, Berlin, Germany) was injected subcutaneously 5-15 minutes
before the start of the surgical intervention for perioperative analgesia. The eyes were kept wet by eye ointment. A midline
laparotomy was performed and the bile duct was ligated three times with 5-0 silk and transected between the two distal ligations
(Abshagen et al., 2015). The peritoneum and the skin were closed separately by 6-0 and 4-0 prolene suture (Johnson & Johnson
MEDICAL GmbH, New Brunswick) and the mice were placed in front of a heating lamp. The surgical procedure lasted 25-40
min. Wet pellets (10 mm, ssniff-Spezialdiiten GmbH) were provided as refinement during the first days of recovery. 1250
mg/L Metamizol (Ratiopharm, Ulm, Germany) was administered via drinking water through the whole experiment for pain
relief/management. In order to evaluate a possible therapeutic efficacy of the NLRP3 inflammasome inhibitor MCC950 (Sigma
Aldrich, St. Louise, USA), 20 mg/kg MCC950 or aqua (control) was injected daily between 8:00-10:00 am intraperitoneally
from day -1 before BDL to day 13 after BDL. Animals were allocated in a non-random manner matching the age of both
treatment groups and the researchers were not blinded when injecting drugs. The mice were euthanized by cervical dislocation
after a short anesthesia by 5 vol. % isoflurane on day 14 after BDL or when one of the humane endpoint criteria was met
according to the attached score sheet (Tab. 1).

2.3 Cohorts of mice and assessment of distress

From 55 mice, 20 were euthanized or did not survive until day 14 after BDL. These mice were defined as non-survivors and
were at the beginning of the experiment 10.0/8.9-12.1 weeks (median/interquartile range) old. These mice had a body weight
of 25.0/23.8-26.6 g (median/interquartile range). In addition, 35 mice survived until day 14 after BDL and were therefore
defined as survivors, with an age of 11.9/10.1-13.7 (median/interquartile range) weeks and a weight of 26.7/24.3-27.8 g
(median/interquartile range). We observed that 75 % (15/20) of non-survivors were euthanized or died within 4 days after
BDL. Thus, these mice died within 3.0/2.0-4.75 (median/interquartile range) days. Therefore, we measured distress on day 1
and day 4 after BDL for the survivor and non-survivor cohort. In addition, for those non-survivors from which we could not
obtain the data on day 4, we adopted the data points measured 0-2 days before death or euthanasia.

Distress of 55 mice (35 survivors = 70 data points; 20 non-survivors = 33 data points since 7 mice had to be
euthanized, before the second score could be assessed; this results in 103 data points) was evaluated by a score sheet (Tab. 1
and Tab. S1'). This score-sheet was based on previously published score sheets (Morton, D. and Griffiths, 1985; Paster et al.,
2009) and was already used in our working group to evaluate murine animal models for gastrointestinal diseases (Kumstel et
al., 2019). The distress score was assessed between 8:30-10:30 am in the home cage. According to the defined score sheet,
body weight, appearance, spontaneous and flight behavior as well as intervention specific clinical signs were assessed in a non-
blinded fashion by two people (GT, NS) and in case of discrepancies by a third observer (DZ).

Burrowing behavior (variable VI) of 24 mice (16 survivors = 32 data points; 8 non-survivors= 13 data points, 3 mice
had to be euthanized before the second data point was assessed, this results in 45 data points) was analyzed according to Deacon
et al. (Deacon, 2006b). A tube was filled with 200 g pellets (10 mm, ssniff-Spezialdiiten GmbH) and placed into the home
cage 2.5-3 h before the dark phase (16:00-16:30) and the burrowed amount of pellets was calculated 17 h later.
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Tab. 1: Score-Sheet
(Kumstel et al., 2019)

Observations (variables) Score

| Body weight
I-a decreased > 10% (compared to initial weight)
I-b decreased > 20% (compared to initial weight)

a N

Il General condition
Il-a tooth displacement, too long teeth 1
II-b fur dull, ruffled or untended

Il-c eyes unclear or squinted

II-d untended orifices of the body

Il-e abnormal posture

II-f dehydration

Il-g short spasms or temporary paralysis symptoms
II-h persistent (>30’) cramping or paralysis
II-i_abnormal respiratory sounds or animal feels cold

mmwwwwml\)$
=

Ill Spontaneous behavior

Ill-a the animal is passive or overactive 2
IlI-b pronounced apathy, hyperkinetic, or isolation 4
Ill-c squeaking due to pain 5
Ill-d_self-mutilation 5
IV Flight behavior after contact

IV-a animal is passive or overactive 2
IV-b distinct apathy or hyperkinetic 5
V Process-specific criteria

V-a wound healing disorder 2
V-b opening of the sutures by biting 1(B)
V-c local inflammation 2
V-d ascites 4
Total score 0-66

Nesting activity (variable VII) was assessed on a different cohort of animals than burrowing activity, because both
assessments might influence each other. Nesting activity was evaluated on 22 mice (15 survivors = 30 data points; 7 non-
survivors = 10 data points since 4 mice did not survive long enough, this results in 40 data points). Nesting activity was assessed
by providing a nestlet in the home cage (5 cm square of pressed cotton batting, Zoonlab GmbH, Castrop-Rauxel, Germany)
0.5-1 h before dark phase (18:00-18:30). The nest was scored at the next morning (9:00-11:00 am) according to a 1-5 point
scale of Deacon. (Deacon, 2006a). We additionally scored 6 points for a perfect nest, when more than 90 % of the circumference
of the walls was higher than the mouse. To enable individual learning, both behavior tests were performed three times in group
housing until the mice were housed separately.

Body weight reduction was assessed on 48 mice (35 survivors = 70 data points; 13 non-survivors = 21 data points
since 5 mice died before the second data point for bodyweight reduction could be assessed; this results in 91 data points).

2.4 Development of an optimal prognosis model

Continuous variables, such as reduction of burrowing and nesting activity, were converted into dichotomous variables
according to Youden’s index (Ruopp et al., 2008). Based on this approach the best cut-off value to distinguish between
survivors and non-survivors was at 79.4 % reduction of burrowing behavior or a nesting score of less than 2.5. The Kaplan-
Meier estimator followed by log-rank test was performed by SigmaPlot 12.0 (SYSTAT Software Inc., San Jose, USA), and all
variables, which could significantly discriminate between the survival time of non-survivors and survivors, were used to
develop the prognosis model by univariate and multivariate Cox proportional-hazards model (SigmaPlot 12.0, SYSTAT
Software Inc., San Jose, USA). In addition, to evaluate whether the proportional hazards assumption is satisfied, we performed
Log-minus-log plots, a frequently used method for the validation of a proportional hazard assumption (In and Lee, 2018), for
all variables used for strategy 1, strategy 2 and strategy 3. To determine the optimal prognosis model, the Harrell’s concordance
indices (C-indices) were investigated using the R software (Foundation for Statistical Computing, Vienna, Austria) with the
help of the Hmisc (Harrell, 2019) and survival packages (Liu, P. et al., 2017; Therneau, 2019). C-indices were internally
validated by 10000-fold bootstrapping of the parametrized survival models using the boot package (Canty and Ripley, 2019;
Davison and Hinkley, 1997). Resulting means and the bias-corrected and accelerated (BCa) 95 % confidence intervals (CI)
were reported.

3 Results

3.1 Retrospective analysis of distress parameters

After removing distress parameters (II-a, II-d, II-g, II-h, IlI-c, III-d, V-a, V-b, V-c), which were never observed during the
experiment and parameters (I-b, II-i, IV-b), which demanded immediate euthanasia eleven variables were evaluated by Kaplan-
Meier estimator (Fig. 1). There was no significant difference regarding the survival time when considering some single
variables, such as criteria II-b (fur dull, ruffled or untended), II-e (abnormal posture) and V-d (ascites) (Fig. 2). However, mice
with a positive status of I-a (body weight loss of 10 % to 20 %), II-c (eyes unclear or squinted), II-f (dehydration), III-a
(spontaneous behavior: passive or overactive), III-b (pronounced apathy, hyperkinetic, or isolation), IV-a (passive or overactive
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BDL (survivors: N = 35; non survivors: N = 20) |

J i ]
distress-score behavior:
criteria: I-V VI burrowing, VIl nesting

excluded not scored: (ll-a, ll-d, ll-g, lI-h, llI-c, lll-
—_—

d, V-a,V-b, V-c)
humane endpoints: (I-b, ll-i, IV-b)

‘ I-a, lI-b, ll-c, ll-e, II-f, lll-a, lll-b, IV-a, V-d, VI, VII ‘

excluded | criteria, which failed to distinguish
Kaplan—-Meier estimator I s —® | the survival time (ll-b, ll-e, V-d)

| ka1 l-a, Wb, V-, v, Vil |
Cox proportional-hazards
model &
Harrell's concordance index
(C-index)

early humane endpoint

Fig. 1: Flowchart to retrospectively analyze distress parameters in order to determine an early humane endpoint

First, score sheet criteria (for details see Tab. 1), which were not observed during the experiment as well as humane endpoint
criteria, were excluded. Second, Kaplan-Meier estimator curves were used to exclude criteria, which did not predict survival time.
Third, the performance of each single as well as combinations of multiple parameters were analyzed by Cox proportional-hazards

model followed by Harrell’s concordance index, to determine which criteria combination might be used as efficient early humane
endpoint.

A B C

ll-b fur dull, ruffled or untended ll-e abnormal posture V-d ascites
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Fig. 2: Kaplan-Meier curves using distinct score sheet criteria

The positive status of Il-b (fur dull, ruffled or untended) (A), Il-e (abnormal posture) (B) or V-d (ascites) (C) failed to significantly
indicate reduced survival time of mice. The P-value was determined by log-rank test.

after being touched by the observer), VI (reduction of burrowing activity more than 79.4 %), or VII (decrease of nesting score
more than 2.5) had a significantly (P < 0.005) shorter survival time than mice with negative status of these criteria (Fig. 3).
Interestingly, all mice with a positive status of I-a had to be euthanized within 14 days and mice with pronounced apathy (I1I-
b) or which were passive or overactive after being touched by the researcher (IV-a) had to be euthanized within 1-2 days. This
suggests that I-a, III-b and IV-a might be powerful criteria to define early humane endpoints for the BDL model.
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Fig. 3: Kaplan-Meier curves using distinct read-out parameters for distress

For the positive status of I-a (body weight decreased 10 to 20 %) (A), ll-c (eyes unclear and squinted) (B), II-f (dehydration) (C),
Ill-a (spontaneous behavior: animal is passive and over active) (D), lll-b (pronounced apathy, hyperkinetic or isolation) (E), IV-a
(flight behavior after contact: animal is passive or overactive;) (F), decreased burrowing activity by > 79.4 % (G) and nesting score
of less than 2.5 (H), a significantly shorter survival time was calculated by log rank test (P < 0.005).

3.2 Predictive models for defining survival time

We first used a univariate Cox proportional-hazards model in order to evaluate the hazard ratio (HR) of each variable. We
observed that a positive status of I-a, II-c, II-f, III-a, III-b, IV-a, VI or VII significantly increased the risk of death when
compared to the negative status of these variables (Tab. 2). We then performed a multivariate analysis of these distress score
criteria (strategy 1). Two variables, I-a and IV-a were found to significantly affect the hazard rate. Thus the positive status of
these two variables significantly increased the risk of death (strategy 1 in Tab. 2). We then included two behavioral parameters
in our analysis, burrowing and nesting activity. Since these two variables were assessed in two distinct cohorts, we developed
two additional multivariate Cox proportional-hazards models (strategy 2 and strategy 3). First, we added burrowing activity to
all distress score variables (strategy 2). We observed that the positive status of variable I-a (body weight) and VI (burrowing)
significantly increased the risk of death (strategy 2 in Tab. 2). We also added nesting activity to all distress score variables
(strategy 3). We observed that a multivariate Cox proportional-hazards model only recognized that nesting activity significantly
increased the risk of death (strategy 3 in Tab. 2). The following observations support the concept that the conditions for applying
the COX proportional hazard model are met. First, we do no observe that curves in the Kaplan-Meier curves cross. In addition,
we performed Log-minus-log plots for all variables used for strategy 1 (Fig. S11), strategy 2 (Fig. S2") and strategy 3 (Fig. S3',
for strategies see Tab. 2) and observed that these curves are parallel.

3.3 Evaluation of models for defining survival time

Models, which use single variables or combinations of variables were compared to each other using Harrell’s Concordance
index. We also bootstrapped the indices of each model for getting more robust estimates, thereby internally validating the
goodness-of-fit (Tab. 3) of each model. We observed that model 2 (C-index: 0.947, 95 % CI: 0.832-0.978) has a higher C-
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Tab. 2: HR (hazard ratio) and P-value (P) for the distinct variables were determined by Cox proportional-hazards model

negative reference reference reference

l-a NS
positive 6.169 ‘ <0.001 3.968 0.017 24.096 0.007
negative reference

Il-c NS NS -
positive 5.033 ‘ <0.001
negative reference

II-f NS NS NS
positive 2.825 ‘ 0.009
negative reference

Ill-a NS NS NS
positive 6.584 ‘ <0.001
negative reference

Il-b NS - -
positive 9.495 ‘ 0.003
negative reference reference

IV-a NS -
positive 17.130 ‘ <0.001 8.621 0.021
negative reference reference

\ - -
positive 33.218 ‘ <0.001 54.348 0.003
negative reference reference

i - -
positive 5.639 ‘ 0.013 5.051 0.026

NS indicates no significant difference (P > 0.05).

Tab. 3: Bootstrapped C-indices (Harrell’s concordance index) and the corresponding 95 % confidence intervals for

each distinct model

I-a 0.691 0.692 0.572-0.797
ll-c 0.633 0.632 0.553-0.721
IX; 0.590 0.590 0.517-0.680
lli-a 0.657 0.656 0.574-0.746
Single
variables lli-b 0.534 0.534 0.500-0.614
V-a 0.684 0.683 0.603-0.770
VI 0.865 0.866 0.768-0.923
Vil 0.725 0.724 0.534-0.848
Model1 la, IVa 0.719 0.720 0.590-0.838
Model-2 la, VI 0.943 0.947 0.832-0.978
Model3 Vil 0.725 0.724 0.532-0.849
Model4 Fa fho, 115 l-a, I, 0.696 0.726 0.553-0.782
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index than model 1 (C-index: 0.720, 95 % CI: 0.590-0.838) or model 3 (C-index: 0.724, 95 % CI: 0.532-0.849). In addition,
we also evaluated model 4 (C-index: 0.726, 95 % CI: 0.553-0.782), where we used a combination of all distress score
parameters, which significantly increased the risk to die based on univariate Cox proportional-hazards model. We observed
that model 2 also had a higher C-index than model 4 (Tab. 3). The C-index of model 2, body weight plus burrowing activity
(C-index: 0.947, 95 % CI: 0.832-0.978), was also higher than that of each single variable (body weight C-index: 0.692, 95 %
CI: 0.572-0.797; burrowing activity weight C-index: 0.866, 95 % CI: 0.768-0.923), as well as the C-index of all other single
variables (Tab. 2). Please note that a C-index of 0.5 corresponds to a non-informative prediction rule, whereas a C-index of 1
corresponds to a perfect prediction rule (Schmid et al., 2016). Since the C-index as well as the bootstrapped C-index of our
model 2 is above 0.9, this suggests that model 2 can very well predict the survival times of these animals. In order to evaluate
the practicability of using this combination, we evaluated it by Kaplan-Meier estimator. We observed that mice which lost body
weight in a range of 10 % to 20 % and also showed decreased burrowing activity by more than 79.4 % had a significantly
shorter survival time when compared to mice which were positive for only one or none of these two variables (Fig. 4). All mice
with such a reduction in body weight and burrowing activity died within 2 days (Fig. 4). In addition, we analyzed, if age had
an influence on the humane endpoint. We determined the optimal cut-off of age (10.21 weeks) by Youden’s index and observed
that young mice (age < 10.21 weeks) had a significant reduction of survival time when compared to elderly mice (Fig. S4A").
We compared how our best model (using variable I-a plus variable VI) predicts death in young or old mice and observed that
this model could predict death of old mice within one day (Fig. S4B') and death of young mice within two days (Fig. S4C!).

A B Fig. 4: Kaplan—Meier curve of
Survival analysis the multivariate Model 2
1.0 ‘ Mice with a body weight loss of
' T Frvalus: | BEVIE: | Vg | BRIV more than 10 to 20 % (variable
la () V() : 2 . l-a) and decreased burrowing
0.8 TR P - s activity of more than 79.4 %
] 3 ) (variable V1) died within 2 days
la (-) VI(+) 0.002 NS E (A). Mice positive for variable la
_ 0.6 AV | <0001 P o and VI had a significantly
o ! decreased survival time when
E compared to mice positive for
= 0.4 - just one variable or negative for
both variables (B). The P-
02  — :a E—))\GI(E)) values were determined by log-
- n . a (+ i
la ) VI () rank test (P < 0.05).
— model 2: |a (+) VI (+)
0.0 - ‘
0 2 4 6 8 10 12 14
Time (days)
4 Discussion

In the current study, we present an approach of how to retrospectively analyze a score sheet and how to include additional
distress parameters in order to define an early humane endpoint. Mice which lost 10-20 % body weight and reduced their
burrowing activity by more than 79.4 % died within 2 days. Thus, applying these cut-off criteria for an earlier euthanasia might
reduce the suffering of animals in subsequent experiments. A consequent application of such an approach in most animal
experiments might contribute to the refinement of animal research.

This approach is based on three steps (Fig. 1). First, score sheet criteria, which were not observed during the

experiment were excluded. Second, Kaplan-Meier estimator curves helped to exclude criteria, which did not contribute in
predicting survival times. Third, the performance of each single as well as combinations of multiple parameters were further
analyzed by a Cox proportional-hazards model followed by Harrell’s concordance index.
Interestingly, survival analysis using the Kaplan-Meier estimator suggested that the single variables III-b (pronounced apathy,
hyperkinetic or isolation) and IV-a (animal is passive or overactive- flight behavior after contact) are able to predict death
within 1-2 days (Fig. 3E and F). Therefore, one could consider these two criteria for determining an early humane endpoint.
However, the incidence of variable III-b (n=1) was rather low. Moreover, the accuracy according to the C-indices (IlI-b: 0.534;
IV-a: 0.684) of these two criteria were also quite low when compared to the multivariate model 2 (C-index: 0.943). This
indicates that a multivariate distress analysis can be superior to univariate analysis. This conclusion is consistent with other
studies, which also suggest that using more than one parameter for death prediction is beneficial (Hankenson et al., 2013;
Trammell and Toth, 2011; Ray et al., 2010).

Our multivariate approach was implemented by Cox proportional-hazard model and Harrell’s concordance index of
models. These methods are commonly applied in statistical medical research to investigate the survival time of patient’s reliant
on one or more independent variables. Using this approach, we were able to define distinct univariate and multivariate models.
A comparison of the C-indices revealed that the combination of body weight loss and reduction of burrowing behavior is the
best model for predicting survival times (Tab. 3). An internal validation of the goodness-of-fit via bootstrapping the C-indices
of each model also demonstrated the robustness of model 2. Model 2 has a C-index well above 0.9. A value of C = 0.5
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corresponds to a non-informative prediction rule, whereas C = 1 corresponds to a perfect prediction rule (Schmid et al., 2016).
In many meaningful biomedical applications, Harrel’s Concordance index often ranges between the values 0.6 and 0.75. This
was reported, for example, by Van Belle et al. (2011), Schroder et al., (2011) and Zhang et al. (2013). Since both the C-index
and the bootstrapped C-index of our model 2 is above 0.9, we conclude that model 2 can very well predict the survival times
of these animals. The two variables body weight and burrowing behavior have the additional advantage that they can be
objectively measured, which minimizes potential selection bias. It is also well-accepted that both criteria reliably measure
suffering of mice (Jirkof et al., 2013b; Deacon et al., 2005; Pfeiffenberger et al., 2015; Hohlbaum et al., 2017; Héger et al.,
2018). However, it is likely that for each animal model a different combination of parameters might be best to predict survival
times and to determine early humane endpoints.

This study relied on the evaluation of physical parameters, i.e. score sheet criteria and body weight or behavioral
parameters such as burrowing as well as nesting activity for determining a humane endpoint. Body weight has been
demonstrated to be very useful for determining humane endpoints by many other studies (Takayama-Ito et al., 2017; Trammell
and Toth, 2011; Hankenson et al., 2013). The advantage of body weight is that it is applicable as humane endpoint to many
species and it is easy to assess. However, for cancer studies this parameter proved to be less useful as exclusive indicator for
euthanasia (Paster et al., 2009). Since the adaption of body weight after an intervention or during a disease takes about 24 h,
this endpoint criterion is also not practical for acute and severe diseases. In contrast to body weight loss, only one unsuccessful
attempt was published so far, where burrowing activity was used to determine a humane endpoint in a chemotherapy induced
mucositis model in rats (Whittaker et al., 2015). However, burrowing behavior is known to be a sensitive indicator for distress
after surgical interventions (Jirkof et al., 2010; Jirkof et al., 2013a) or during chronic diseases (Jirkof, 2013b; Abdelrahman et
al., 2019). Even the suffering of neurological disorders (Deacon et al., 2005; Felton et al., 2005), or very mild stress inductions
such as isoflurane aesthesia (Hohlbaum et al., 2017) can be quantified by burrowing behavior. A disadvantage of burrowing
activity is that it is only applicable for rodents. Subjective score sheet criteria, i.e. cramping and paralysis, abnormal respiratory
sounds, squeaking due to pain, self-mutilation or apathy and hyperkinetic were also introduced in other studies as humane
endpoints for mice and rats (Kanzler et al., 2016; Brabb et al., 2014; Herrmann and Flecknell, 2018). Concerning bile duct
ligation in mice the following criteria were defined so far as humane endpoint: distension of abdomen, ascites, debilitating
diarrhea, bleeding from the orifices, peritonitis, internal bleeding or sepsis (Tag et al., 2015a,b). These humane endpoints
mostly describe pathologies instead of symptoms. The presented score sheet criteria focus on symptoms which might be caused
by these pathologies.

Some studies used body temperature as an important parameter for determining humane endpoints (Mai et al., 2018;
Mei et al., 2018; Warn et al., 2003; Drechsler et al., 2015; Kort et al., 1998; Cates et al., 2014). Body temperature is considered
to be the most accurate humane endpoint criterion, especially for acute and severe infections (Nemzek et al., 2004; Adamson
et al., 2013). Thus, the lack of an accurate measurement of body temperature might be a limitation of this study. A major drop
in body temperature is observed in sepsis models and acute infections a few hours before death (Napier et al., 2016; Mai et al.,
2018; Kort et al., 1998). Since it was our goal to develop early humane endpoints, we abstained from measuring the body
temperature. Another limitation of this study might be that we determined an earlier humane endpoint by using only data of
day 1 and day 4 after BDL. To address this point we added additional data taken at day 2 (from 8 non-survivors and 35
survivors) and analyzed survival by Kaplan Meyer curves. This resulted in very similar survival curves as shown in Fig. 3,
suggesting that additional data have little influence on our results (data not shown). Since we could demonstrate that elderly
mice (>10.21 weeks) have a better survival than young mice, using elderly mice will reduce the number of needed animals and
might help to minimize the distress caused by this animal model.

Some studies have also used multivariate analysis for early humane endpoint determination. (Trammell and Toth,
2011; Nunamaker et al., 2013). However, these studies did not compare the accuracy of single criteria or multiple combinations
for predicting death. By using the combination of up to three parameters, i.e. body weight, temperature and a neuroscore an
elaborate machine learning approach for early humane endpoint determination in mouse models for stroke and sepsis was
established (Mei et al., 2019). The accuracy of this model (stroke: 0.93; sepsis: 0.96) proved to be quite high. However, the
machine learning tool needs to be trained with physical data from the specific animal model and a large sample size is necessary
to build a generalized model. Hankenson et al. established an early humane endpoint model using the combination of body
temperature (< 34.5 °C) and weight loss (more than 0.05 g daily) by linear regression (Hankenson et al., 2013). Linear
regression estimates diagnostic outcomes at the moment of prediction, while Cox regression determines prognostic outcomes
within a distinct period of time (Moons et al., 2015). The inclusion of time as a factor is an advantage of our approach, because
it also provides the information of how fast an animal dies. Thus, compared to the already published methods for early humane
endpoint determination the advantage of our approach is the inclusion of the time variable by Cox regression and that a
justifiable low number of animals is required for analysis.
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