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1. Abstract  

The assessment and improvement of animal welfare is not only an ethical requirement, 

but also a guarantee of efficient and high quality translational research. In recent years, 

sophisticated animal models were created to study human diseases. However, the 

assessment of distress in these animal models is scarce. In order to provide a solid 

basis for optimizing animal welfare in future studies, body weight, burrowing, nesting 

activity, faecal corticosterone metabolites (FCMs), and distress scores were analyzed 

in several animal models. In the first study, a frequently used subcutaneous tumor 

model was analyzed. Only adjusted body weight change and FCMs have a high 

diagnostic ability to define distress caused by large tumors. However, all these non-

invasive parameters did not predict the distress in mice with small tumors. In the 

second study, a novel cervical arteriovenous fistula (AVF) model was studied, and the 

distress of this model was described for the first time. This AVF is similar to the 

vascular access needed for hemodialysis patients in terms of anatomical and 

hemodynamic characteristics. Despite a difficult surgical intervention, only moderate 

distress score and no major reduction of body weight, burrowing activity or nesting 

behavior was observed. We not only attempted to analyze the distress of existing 

animal models, but also tried to refine one animal model to reduce distress. Therefore, 

we compared, in a dorsal skinfold chamber model, a novel lightweight chamber to 

heavier standard titanium chambers. This new lightweight chamber significantly 

reduced the distress of experimental mice and led to a higher survival rate. In 

conclusion, such evaluations can provide an objective basis to judge the distress 

caused by animal experiments. This might lead to refinement of future animal 

experiments and thereby improve future translational research.  
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2. Introduction 
 

2.1 The relationship between surgeons and translational research  

The role of a surgeon is not limited to clinical work, but should also include 

translational research. Translational research is a discipline that brings clinical 

problems into the laboratory to improve patient prognosis by improving basic 

understanding of the disease and providing solutions.1 Surgeons made long-term 

and important contributions to translational research. Thus, the Nobel Prize in 

Physiology or Medicine was awarded to 10 trained surgeons.2 It is important to 

rapidly and effectively translate the results of basic biomedical research into theories, 

techniques, methods and drugs in order to improve clinical practice.3 However, this 

is a complex process, multidisciplinary teams are involved in it. A large number of in 

vivo experiments have led to a tremendous understanding of the basic molecular 

mechanisms underlying the development of various diseases, as well as providing a 

theoretical basis for improved treatment options, but only few experiments actually 

directly improved treatment options.2 In order to make translational research more 

rapid and efficient, an academic surgeon must not be marginalized.4,5 Surgeons can 

not only apply the bench results to the bedside, but also give feedback to the bench 

about problems in specific clinical applications.6 Without this feedback, all 

hypotheses generated in a preclinical setting remains speculative.7 Therefore, 

surgeons should have an active role in translational research.8–10 

2.2 Translational research requires animal experiments 

Over the past few decades, biomedical research has played a huge contribution to 

improving human health care. As an essential component of biomedical research, 

animal experiments play an important role in preventing, curing, and treating a vast 

range of ailments.11 For example, modern anaesthetics, modern surgical techniques 

including hip replacement surgery, kidney transplants, heart transplants and blood 

transfusions were all relied on animal research in their development.12 Medical 

devices and drugs need to be tested by animal experiments, more importantly, it is 

illegal and potentially disastrous to apply them directly to humans.13 One example is 

the infamous thalidomide teratogenic incident. Due to the lack of systematic and 
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comprehensive animal experiments, serious teratogenic side effects have been 

observed after direct application of thalidomide to humans.14  

Animal models should ideally mimic the human disease process and resemble the 

human physiology.15 For this purpose, mammals are often used for in vivo 

experiments, particularly mice. Mice have many similarities to humans in terms of 

anatomy and physiology and thus are wildly used in biomedical research.16 

Nowadays, there are various mouse-based animal models in translational research, 

such as subcutaneous tumor models,17 autologous arteriovenous fistula (AVF) 

models,18 or the dorsal skinfold chamber (DSC) model.19 

The subcutaneous tumor model in immunodeficient mice is one of the most 

frequently model for routine evaluation of cancer therapies.17 Use of human tumor 

cells, a high take rate and continuous monitoring are advantages, which make this 

model an extensively used standard for validation and assessment in oncological 

studies.20 In addition, due to an abundance of published data associated with 

subcutaneous tumor models, it is easy to access parameters and references needed 

for testing novel therapies.21  

The murine AVF model is used to understand the involved mechanisms of vascular 

remodeling. By anastomosing the end of a branch of the external jugular vein to the 

side of the common carotid artery, a novel AVF model was created to mimic the 

anatomical and hemodynamic characteristics in hemodialysis patients.18 Therefore, 

this model might improve the translation of experimental in vivo results into a clinical 

setting.  

The DSC model is one of the most frequently used models for continuous in 

vivo analysis of microcirculation for up to three weeks.19,22–25 It allows real-time 

visualization of morphological and dynamic changes of the microvascular network 

over the time. Therefore, this model is used to investigate inflammation,26 

thrombogenesis and thrombolysis,27 wound healing,28 vascularization of tissue as 

well as biomaterial transplants,29 ischaemia-reperfusion,30 tumour vascularization 

and respective therapies31. 
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2.3 Animal welfare affects animal experiments 

Appropriate animal models should strictly follow ethical standards. They should 

maximize the likelihood of obtaining the knowledge sought and minimize animal 

distress. Since the public awareness of the concept of animal rights grew over the 

last decades, animals are also protected by national laws and international 

guidelines.32–34 It is the researchers’ responsibility and obligation to comply with 

these laws and guidelines. In addition, it was quickly noticed that animal welfare also 

ensures a high quality in preclinical research.35 The effects of distress on 

experimental animals are multifaceted and can manifest themselves in physiological 

and behavioural changes. For example, distress leads to chronic inflammation and 

intestinal leakage in rats, and this could add variables to confound the data.36 

Moreover, distress can affect the outcome of disease in human patients 37 as well as 

in animals.38–40 For example, Tymvios et al. showed that reducing suffering makes 

data more reproducible and less variable.41 In addition, to affect the accuracy of 

research results, distress can also affect the quality of an animal model. For example, 

Tymvios et al. showed that reducing the suffering of mice can better mimic the 

development and progression of thromboembolic diseases from a pharmacological 

or molecular perspective.41 Although we know the importance of animal welfare in in 

vivo experiments, the present guidelines and publications only provide little data on 

distress for specific animal models and on the ability of methods to measure 

distress.42  

2.4 Methods for distress assessment 

Distress affects animals in three aspects: physiological, behavioural, and 

neuroendocrine.43 It is commonly accepted that different distress response 

parameters must be included when evaluating distress. Therefore, this paper used a 

variety of parameters to assess distress in several animal models, covering 

physiological, behavioural and neuroendocrine responses.  

A prominent physiological response to distress in experimental animals is the 

reduction of body weight. Body weight is a classical and essential indicator of animal 

distress. As early as 1985, it had been used as a key indicator to evaluate animal 

distress.44 It was reported that the distress-induced decrease in body weight may be 

due to an decreased food intake, increased energy expenditure and increased body 
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temperature.45 Nowadays, almost all guidelines use weight loss as a criterion for 

euthanasia.17,33,34 

Burrowing and nesting activity are innate behaviours in rodents.46 Since mice can 

remove pellets from artificial burrows and use proper materials to build dome-shaped, 

complex, multilayered nests, both activities were developed to monitor distress in a 

non-invasive manner.47 Numerous studies have demonstrated that burrowing and 

nesting activity are reduced by distress.48,49 Compared to classical indicator of animal 

distress, such as body weight, animal behaviours are more sensitive to reflect animal 

distress. For example, when mice were given analgesic drugs after laparotomy, the 

burrowing activity was reduced, but the body weight was increased.50 While reduced 

burrowing and nesting activity may imply a negative affective state, these behaviours 

in mice are kind of genetically determined and thus strain differences in performance 

may occur.51,52 For example, compared to C57BL/6, BALB/c showed lower nesting 

activity.51 

Glucocorticoids (GCs) can be induced by distress, and are widely used as welfare 

indicators. However, taking blood for assessing hormones concentration can cause 

stress to animals.43 For example, capture and handing as well as the pain caused by 

puncture can cause distress to mice.53 Moreover, the loss of blood and frequent 

blood collection also can cause body weight loss, heart rate raise and high arterial 

pressure.54,55 Since GCs are metabolized in the liver and partially excreted into the 

faeces via bile, it is possible to test the metabolites of GCs in faeces.43 Faecal 

collection dose not disturb mice, and can be used to study changes in distress-related 

hormones over a certain period of time, thus avoiding the appearance of hasty 

generalization.56 Increased FCM concentrations are, therefore, often used as 

indicator of high distress. However, induction of FCMs is also strongly strain-specific. 

For example, unpredictable chronic mild stress induced a significant FCMs change 

in BALB/c, C57BL/6, DBA and FVB but not in A/J, C3H and CBA mice.57 

Due to the limitations of using only one single variable to measure distress, clinical 

score sheets were designed to systematically evaluate mice distress. Usually, 

scoring sheets consist of more than one factor, such as body weight, general 

condition, spontaneous behaviour or flight behaviour.58,59 In contrast to single 

variable analysis, combining multiple factors to analyse distress in mice is more 
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sensitive.60,61 Nowadays, score sheets are commonly used as a non-invasive method 

to assess distress in mice.62,63 

2.5 Aim of this dissertation 
The aim of the dissertation was to evaluate, if evidence-based distress assessment 

of animal models generates new knowledge, which can improve animal welfare as 

well as translational research. Specifically we wanted to answer the following three 

questions.  

1. Which methods are sensitive enough to measure mild distress of mice? To 

answer this question a widely used animal model for subcutaneous tumors was 

chosen.  

2. Can distress analysis support the use of a novel animal model? To address this 

question, a novel cervical AVF model with a difficult surgical intervention was 

selected. 

3. Can evidence based assessment of distress be used to improve an animal 

experiment? To address this issue the distress of mice carrying a lightweight or a 

heavy weight chamber was evaluated using a DSC mouse model.  

  



 
 

11 
 

3. Methods 

All methods used are described in detail in the corresponding publications of studies 

I-III that are listed in the appendix. The following text briefly summarizes the most 

important methods. 

3.1 Subcutanous tumor model  

The human malignant melanoma cells A-375 (CLS, Eppelheim, Germany) and the 

cutaneous squamous cell carcinoma cells SCL-2 (donated by Prof. Hahn, University 

Medical Center Goettingen) were mixed with the same volume of cold 

DPBS/Matrigel® High Concentration Growth Factor Reduced (Matrigel® HC GFR, 

Corning, New York, USA) on ice to prepare 100 µl 1 × 106 tumor cells. Eighteen male 

9-11 weeks old NSG mice were anesthetized by 1.5-2.5% isoflurane (CP-pharma, 

Burgdorf, Germany). Then the fur at the flanks of the mice was removed, and the 

tumor cells were injected subcutaneously into the left and right flank, respectively. 

The longest diameter and the diameter perpendicular to this diameter were 

measured using a digital caliper (fortis, E/D/E, Wuppertal, Germany) with 0.01 mm 

precision. Assuming hemi-ellipsoidal shape of the tumors, the volume was derived 

using the formula: volume = 0.52 × length x width2.64 The tumor weight was derived 

using the formula: weight = 1.05 × volume.64 Mice were euthanized on day 21 by 

intraperitoneal (ip) injection of ketamine (90 mg/kg bodyweight) and xylazine (25 

mg/kg bodyweight). 

3.2 Cervical arteriovenous fistula model 

Twelve male C57Bl/6 mice were used at an age of 9-15 weeks. Mice were 

anesthetized by continuous isoflurane treatment (1.5% isoflurane; 0.8 L/min N2O; 

0.8-1.0 L/min O2). After subcutaneous injection of heparin (1 U/kg bodyweight), the 

left dorsomedial branch of the external jugular vein and the ipsilateral common 

carotid artery were separated through ventral incision. The left sternocleidomastoid 

muscle was cauterized and the carotid artery was clamped. A 1 mm incision was 

made on the lateral side of the artery with microscissors followed by local rinse with 

heparin (200 U/ml). The distal end of the vein branch was ligated, cut and 

anastomosed to the common carotid artery in an end-to-side fashion using 10-0 

Ethilon (Johnson & Johnson Medical GmbH, Norderstedt, Germany) by interrupted 
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sutures. The clamps were released in a distal to proximal order. Confirming no active 

bleeding, the neck incision was closed. For pain relief 1250 mg/l metamizol 

(Ratiopharm, Ulm, Germany) was provided daily in the drinking water after AVF 

creation. Mice were euthanized on day 21 by ip injection of ketamine (90 mg/kg 

bodyweight) and xylazine (25 mg/kg bodyweight). 

3.3 Dorsal skinfold chamber model 

Seventeen male homozygous SKH1-hr hairless mice at 12-29 weeks old were used 

in this study. Mice were anesthetized ip with a mixture of ketamine (90 mg/kg 

bodyweight) and xylazine (25 mg/kg bodyweight). Two symmetrical titanium or 

Polyetheretherketone (PEEK) frames were mounted to sandwich the dorsal skinfold. 

Cutis, subcutis, musculus panniculus carnosus, and the retractor muscles on the side 

of the observation window were completely removed. After the preparation, the 

chamber window was covered with a removable glass coverslip incorporated in one 

of the frames to prevent desiccation. The two PEEK frames were fixed by sutures to 

the skin and to each other, respectively. However, the fixation of titanium chambers 

required penetration of the base of the dorsal skinfold by screws. For pain relief 1250 

mg/l metamizol (Ratiopharm, Ulm, Germany) was provided daily in the drinking water 

after chamber mounting. When examining the microcirculation by microscope, a 

picture of the mouse chamber was taken, and the tilt angles of the chamber was 

calculated. Mice were euthanized on day 21 by ip injection of ketamine (90 mg/kg 

bodyweight) and xylazine (25 mg/kg bodyweight). 

3.4 Analysis of animal distress 

According to the following evaluation methods, the distress of experimental animals 

was assessed at the indicated time points. (Figure 1) 

3.4.1 Body weight and distress score analysis 

The body weight was measured four times per week with a scale (EMB 200-2, KERN 

& SOHN, Balingen, Germany) in the morning at 9:00 - 9:30 am. At each time point, 

the percentage of body weight change was determined by comparison to the body 

weight before operation on day 0.  

The score sheet was used in many publications.59,61–63,65 It has a total of 66 points 

and evaluates body weight, general condition, spontaneous behaviour, flight 
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behaviour and process-specific criteria. One person assessed the distress score in 

a not blinded manner, according to the score sheet. In the first study, the distress 

score was assessed 30 ± 5 minutes after cell injection on day 0 (on all other days 

09:00-09:30 am). In the other two studies, the distress score was assessed 09:00-

09:30 am at each time point.  

 

Figure 1. Experimental timelines for distress assessment. A. subcutaneous tumor growth model, B. 
cervical arteriovenous fistula (AVF) model, C. dorsal skinfold chamber model. Body weight (bw), the 
distress score (ds), burrowing (b) and/or nesting(n) activity, faecal corticosterone metabolites (FCMs), 
as well as tumor size (ts) or tilting angles (ta) were evaluated at pre-operative (p), acute (a), early (e), 
middle (m), late (l) phase in the respective models. 

 

3.4.2 FCMs analysis 

For analysis of FCMs, all bedding with old faeces was removed and fresh bedding 

was given into the cages 24 hours prior to the start of faeces collection. More than 

400 mg fresh faeces were collected per mouse and dried for 4 hours at 65 °C. Until 

further processing, the faeces was stored at −20°C. Thereafter, 50 mg of dried faeces 

were extracted with 1 ml 80% methanol for further analysis by a 5α-pregnane-

3β,11β,21-triol-20-one enzyme immunoassay.56,66  
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3.4.3 Assessment of burrowing and nesting activity 

A burrowing tube (15 cm length × 6.5 cm diameter) which was filled with 200 ± 1 g 

food pellets (ssniff Spezialdiaeten GmbH) was placed in the left back corner of the 

cages 3 hours before the dark phase at 4:00 - 4:10 pm. Mice had free access to 

these pellets. Nesting material was left in the cages. The weight of the food pellets 

(g) that remained in the tube was measured after 2 hours or 17 hours, then the same 

tube was put back and measured on the next morning at 9:00 - 9:15 am and deducted 

from 200 g. 

For evaluating nesting activity, a cotton nest building material (5 cm square of 

pressed cotton batting, Zoonlab GmbH, Castrop-Rauxel, Germany) was placed in 

the left front of the cage 3 hours before the dark phase at 4:00 - 4:15 pm. Pictures of 

the nests were taken, and nesting was scored at the next morning at 9:00 - 09:15 

am. This score was previously described in detail.49  

3.5 Statistical analysis  

All data were graphed and analysed with GraphPad Prism (version 8.0.1, GraphPad 

Software Inc., San Diego, CA, USA) and were presented as single data points plus 

median and 95 % confidence interval. The characteristics of data were assessed by 

the Shapiro–Wilk test. In the case of non-parametric data, a one-way repeated 

measure ANOVA on ranks (Friedman Test) was performed, when analysing the 

influence of time on the dependent variables. When analysing the influence of the 

cell lines or chambers on the dependent variables, a Mann–Whitney rank sum test 

was used. In the case of parametric data a two-way repeated measure ANOVA with 

Geisser–Greenhouse was performed. Differences with p ≤ 0.05 were considered to 

be significant. 

In order to assess the diagnostic ability of each distress parameter in subcutanous 

tumor model, a ROC curve analysis was performed. To describe the performance of 

each readout parameter, the area under the curve, the 95% confidence interval and 

the P-value were calculated for each parameter. An area under the curve of 1.0 

indicates that the parameter is perfect for discriminating between animals growing a 

tumor and animals not bearing a tumor, whereas a value of 0.5 suggests no 

discriminative power. More details are presented in the appendix. 
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4. Results 

4.1 Subcutaneous tumor model  

In all NSG mice the tumor cells were implanted successfully. However, on day 21 

after cell injection, the volume of A-375 tumors was significantly larger than the 

volume of SCL-2 tumors (Figure 2A, 2B). Histological sections demonstrated 

different cell density in the tumors (Figure 2C, 2D). The A-375 tumors grew quickly, 

but the growth of SCL-2 tumors was relatively slow. In both the middle and late 

phase, the volume of A-375 tumors was significantly larger than the volume of SCL-

2 tumors (Figure 2E). 

There was no significant decrease in total body weight after cell injection or during 

tumor growth, and even a significant increase during A-375 tumor growth (Figure 

2F). However, the adjusted body weight of the mice after subtracting the tumor 

weight showed a significant decrease in A-375 tumor bearing mice (Figure 2G). 

Throughout the experiment, only very low distress scores were observed (Figure 

2H). Of the 66 points theoretically possible, the highest oberserved distress score 

was only 4 points. FCM concentrations in the feces of mice were significantly higher 

in the late phase of A-375 tumor growth compared to pre-phase or compared to 

mice in the late phase of SCL-2 tumor growth (Figure 2I). The mice also showed no 

significant differences when comparing burrowing before tumor injection to 

burrowing during tumor growth (Figure 2J).  

Considering the differences of each tumor cell line, the diagnostic ability of each 

distress parameter was analyzed separately. The diagnostic ability to distinguish 

tumor-bearing and tumor-free mice was low for total body weight change (Figure 

2K), burrowing activity (Figure 2L) and distress score (Figure 2M) after injection of 

A-375 tumor cells. However, FCMs concentration (Figure 2N) and adjusted body 

weight (Figure 2O) can well distinguish between mice with and without tumors. After 

injection of SCL-2 tumor cells, all distress parameters including percentage change 

of body weight (Figure 2P), burrowing activity (Figure 2Q), distress score (Figure 

2R), FCM (Figure 2S) and adjusted body weight (Figure 2T) failed to distinguish 

between mice with and without tumors.  
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Figure 2. The characteristic of tumors and distress assessment of tumor bearing mice. Morphology 
of A-375 cell (A) and SCL-2 cell (B) induced tumors in the late phase after cell injection. Histology 
of A-375 cell (C) and SCL-2 cell tumors (D) after hematoxylin and eosin staining; scale bar =50 μm. 
The tumor size (E) , percentage of body weight change (F), percentage of adjusted body weight 
change (G),  distress score (H) , FCMs (I) and burrowing activity (J) were analyzed at the indicated 
phases. Median with 95%CI. E:*p≤0.0116, #p≤0.0091, ##p=0.0003; F: #p=0.0366; G: #p≤0.0315; H: 
*p=0.0034, ##p≤0.0175; I: *p=0.0013, #p<0.0001; J: ##p=0.0287. A-375: n=9, SCL-2: n=9. Diagnostic 
ability of parameters in differentiating between mice before cancer cells were injected and identical 
mice bearing A-375 tumors (K-O) or SCL-2 tumors (P-T) in the late phase via ROC curve analysis. 
The area under the curve (AUC), the 95 % confidence interval (CI) and the p value (P) for testing 
the AUC to be 0.5 are presented in each graph. 
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4.2 Cervical arteriovenous fistula model 

A total of twelve mice were used to create a cervical AVF (Figure 3A). Two mice 

were euthanized due to severe bleeding during the surgery, but ten AVF were 

created successfully. At the time when the tissue was harvested, six of ten fistulas 

matured sufficiently (Figure 3B), as defined by an increased diameter (Figure 3C) 

compared to the contralateral vein (Figure 3D). The other four fistulas were not 

mature and showed occlusion with no blood flow inside.  

All mice showed body weight loss after AVF creation, but started to recover from 

day 3. However, there was no significant difference compared to day -2 (Figure 3E). 

It is worth pointing out that nine of the ten mice lost less than 10% of their body 

weight after the creation of AVF, and only one mouse lost more than 10% of its 

body weight. There was a mild but non-significant increase in FCM concentrations 

on day 2 and day 17 after AVF creation (Figure 2F). The mouse with a significant 

decrease in body weight also exhibited a significant increase in FCMs concentration. 

Analysis of burrowing activity after 2 hours showed no reduction in burrowing 

activity during the early and late phase after AVF creation (Figure 4G). In fact, the 

burrowing activity was even more intense on day 17 compared to day -2.  When 

mice were given a longer time to burrow, almost all mice exhibited active burrowing 

behaviour. No significant difference was observed between each phase (Figure 3H). 

However, the mouse with more than 10% reduction in body weight showed a strong 

decrease in burrowing activity on day 2. There was no reduction in nesting activity 

(Figure 3I). Notably, although mice showed mild distress in the early phase, the 

distress scores were only 2/0-2 (median/95% confidence interval) on day 2, and 

even less on day 17 (Figure 3K).  
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Figure 3. Characteristics of arteriovenous fistula (AVF) and the evaluation of distress parameters 
during the AVF maturation. Morphology of AVF (white arrows) immediately after fistula creation (A) 
and day 21 (B) after creation of the AVF. Magnification = 40x. Hematoxylin-eosin stained cross 
sections from of a respective fistula vein (C) and a control vein (D) on day 21 after fistula creation. 
Scale bar = 50 µm. Percentage of body weight change (E), faecal corticosterone metabolites (FCM) 
(F), 2h burrowing activity (G), 17h burrowing activtiy (H), nesting activity (I) and the distress score 
(K) were assessed on the indicated days. Median with 95%CI.*p = 0.0073. **p = 0.0378. n = 10. 
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4.3 Dorsal skinfold chamber model 

During the observation period, all six mice carrying a PEEK chamber survived. 

However, five from a total of 11 mice carrying a titanium chamber did not survive. 

This was due to a loss of more than 20% body weight in the first week in one mouse. 

A suddenly death happened in another mouse on day 12 without any known reason. 

Euthanasia needed to be done in the other three mice because of a significant tilt 

of the chamber in the second week. Despite this observed obvious difference in 

survival rates, the statistical analysis using Log-rank test showed no significant 

difference between this two groups (Figure 4A). In the PEEK group, the tilting angle 

of the chamber did not increase, whereas the tilting angle of chamber increased in 

the titanium group (Figure 4B). However, in the titanium group this difference was 

statistically not significant. Moreover, there was also no significant difference in the 

tilting angles between the two groups at the end of the experiment.  

Both the PEEK and titanium groups showed significant body weight loss in the early 

phase after operation (Figure 4C). However, the titanium chamber caused more 

body weight loss compared to the PEEK chamber in the early phase. As the 

observations progressed, almost all mice gained body weight compared to the early 

phase, but the average body weight of the mice in the titanium group remained 

lower than the weight during the pre-operative phase. In the early and middle 

phases of the experiment, the percentage of body weight loss in the PEEK group 

was significantly lower than that in the titanium group. 

Analysis of burrowing activity showed significant reduction in the early phase after 

operation (Figure 4D). However, the burrowing activity of the PEEK group mice 

increased in the middle phase, while the titanium group still had significantly lower 

activity compared to the pre-operative phase. As the mice adapted to the chamber, 

there was a non-significant slight increase in the burrowing activity at the end of the 

experiment compared to the early and middle phase. 

The multifactorial clinical score revealed that the distress in mice carrying a PEEK 

chamber was significantly increased in the early phase (Figure 4E). The distress 

score in the titanium group, however, was significantly increased not only in the 

early phase, but also in the middle and late phase. 
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Similar to other parameters, FCM concentrations were increased after operation in 

the early phase (Figure 4F). However, there was only a significant increase in the 

titanium group. Since the mice recovered from the operation, the FCM 

concentrations decreased in the middle and late phase, with no significant 

difference compared to the pre-operative phase. 

 

Figure 4. General and distress assessment of dorsal skinfold chamber mice. (A) survival curve and 
(B) titling angles were assessed on the indicated weeks. Percentage of body weight change (C), 
burrowing activity (D), distress score (E) and percentage of faecal corticosterone metabolites (FCMs) 
concentrations (F) were assessed on the indicated days. C: ##p=0.0024, *p≤0.0329; D: #p=0.0219, 
##p≤0.0417; E: #p=0.0024, ##p≤0.0417; F: ##p=0.0417, *p=0.0046. Polyetheretherketone (PEEK): 
n=6, titanium: n=6. 
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5. Discussion 

5.1 Subcutaneous tumor model  

As a result of the performed study, we could demonstrate that adjusted body weight 

change and FCMs have a high diagnostic ability to define distress caused by large 

subcutaneous tumors.  

The total body weight, however, had no diagnostic ability to differentiate between 

mice with or without subcutaneous tumors in this performed study. This seems to 

contradict the literature, since many murine tumor models use total body weight as 

readout parameter for distress analysis.67–69 Indeed, it is widely recognized that 

tumor growth can result in severe body weight loss.69,70 However, some studies 

have revealed that the total body weight of the mice did not decrease during the 

growth of the tumors.58,63,71–73 For example, when tumor cells were intratibially 

injected in SCID mice and grew for 20 days, the total body weight was not reduced, 

although the mice exhibited pain responses such as ruffled fur or hunched back.72 

Similar findings were also observed in a subcutaneous tumor model.73 Moreover, 

one study of mice with subcutaneous tumors found that the adjusted body weight 

better reflects the cachexia status compared to the total body weight.70 Therefore, 

some publications support the conclusion of this study that adjusted body weight 

provides a better prediction of distress than total body weight in tumor-bearing mice. 

Actually, several articles have mentioned that the tumor itself can effect total body 

weight.32,58,73,74 For example, Narver mentioned that the weight of the tumor itself 

and intraperitoneal effusion may mask the body weight loss.74 Han et al. pointed 

out that the size of subcutaneous tumors increased the total body weight of tumor 

bearing mice.70 Therefore, the adjusted body weight should be used in the 

subsequent assessment of distress in tumor-bearing mice. 

FCM concentration is a common parameter for assessing distress of animals, and 

was used to assess distress in tumor-bearing mice.63,65,75,76 Only few publications 

describe that FCM levels were not elevated in the tumor-bearing mice.63,75 However, 

these mice only beared small tumors. For example, one of these study found that 

the FCM concentrations were not significantly increased in an orthotopic breast 

tumor mouse model, when tumors were smaller than 600 mm3.75 This is in line with 

our findings. When mice had a small SCL-2 tumors (< 300 mm3), the FCM 
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concentrations did not increase significantly. However, when mice had large A-375 

tumors (>1000 mm3), the FCM were significant higher. One study, however, 

contradicts our findings, because they published a negative correlation between 

FCM concentration and tumor size in SCID mice after subcutaneous injection of 

prostate tumor cells.76 However this study used a different mouse strain and 

different methods to assess FCMs. This might explain the observed differences.57   

Burrowing activity and clinical distress scores are commonly used to assess 

distress in mice,48,58,59,62 but this study failed to depict an increase in distress during 

tumor growth by these methods. A possible reason for this is that tumor growth in 

subcutaneous tumor models causes only mild distress, which cannot be measured 

by burrowing activity or distress scores.63,77 However, these methods were still valid 

for evaluating distress, when cancer induces symptoms such as bone pain or 

cachexia.72,78,79 In addition, the distress score is often considered to be a subjective 

readout parameter, which can be influenced by the perception of the researcher 

and might, therefore, not be a very reliable method, especially for mild distress. 

5.2 Cervical arteriovenous fistula model 

The presented AVF is similar to the vascular access needed for hemodialysis 

patients in terms of anatomical and hemodynamic characteristics. Our analysis 

demonstrated that the mice suffered only moderate distress during the early phase 

of fistula maturation. 

Before this cervical AVF model was created, multiple mouse AVF models were 

tested to study hemodialysis access. For example, the inferior vena cava-

abdominal aortic fistula model,80  or the tail median artery-collateral vein fistula 

model were developed.81 Although there were several carotid-jugular vein fistula 

models 82–84 created, most of these models do not reflect the anatomical and flow 

characteristics of AVF in humans.18 The obvious neointimal hyperplasia in this novel 

cervical AVF confirmed that this model is valid to study the mechanism of fistula 

maturation for hemodialysis access in patients and might also be used to test 

various treatment options to prevent lack of correct maturation.85 

Surgery and anesthesia are both particularly potent stressors,54,86 and thus post-

surgical body weight reduction is common in mice.59–63,71 In our research, the 

surgery also caused a body weight loss in the early phase. Numerous factors 
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including the degree of tissue trauma, proficiency of the surgeon, surgery duration 

and degree of aseptic technique may influence the physiological response to the 

surgery.55 Although the AVF were created by a skilled surgeon, body weight loss 

was inevitable. Compared to the carotid artery cannulation procedure in mice,  

which is generally classified as a procedure of moderate severity, the percentage 

of body weight loss was similar after operation (around 10% body weight lost on 

day 1).55 As expected, mice that lost more blood volume during the operation 

showed noticeable weight loss after operation. Correspondingly, the burrowing 

activity decreased and the FCM level increased. This is a good illustration of the 

consistent physiological, behavioural and neuroendocrine effects of distress.43 

Burrowing activity is significantly reduced when the animal suffers severe distress 

such as bile duct ligation.61 However, there is no reduction observed in our study. 

In contrast to liver injury caused by bile duct ligation, AVF did not cause any physical 

disease in the experimental animals. Moreover, the novel model uses a smaller 

diameter vein, a branch of the external jugular vein, as a venous fistula. This, 

possibly, reduces the cardiac load and the risk of heart failure,18 which might also 

explain that less reduction in burrowing activity was observed compared to bile duct 

ligation. 

C57Bl/6 mice usually show a high motivation in nesting behaviour.62,63 This was 

also observed in the present study, but no significant difference between each time 

point was observed. However, it has to be noted that we evaluated nesting during 

the early phase 2 days after surgery. Thus, we did not evaluate the distress caused 

by surgical intervention but distress during an early phase of fistula maturation. This 

assumption is supported by a publication, which demonstrated that nesting activity 

recovers on the second postoperative day after surgical interventions.63 However, 

when animals suffered serious physical diseases such as chronic pancreatitis, 

nesting activity was significantly reduced.60 This indicates that AVF causes less 

distress than chronic pancreatitis. All mice also showed low distress scores during 

the study. However, clinical scores were originally developed to cover several 

mouse models of gastrointestinal disease,63 and perhaps the distress score is not 

sensitive enough to assess distress of mice during AVF maturation. 
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5.3 Dorsal skinfold chamber model 

This study revealed that the titanium chamber, which is widely used for the DSC 

model caused distress to mice. In addition, several mice carrying this titanium 

chamber had to be euthanized, because the chamber was tilted. This tilting of the 

chamber, the mortality and distress was significantly improved by using a new 

lightweight PEEK chamber. 

PEEK is broadly used as medical material.87 It causes similar to titanium barely any 

biological responses, but has a much lower density. While the traditional titanium 

chamber weights 3.6 grams, the novel PEEK chamber only weights 1.5 grams. This 

may cause less chamber tilting and also less distress to mice. Chamber tilting is a 

critical issue to avoid in dorsal skinfold chamber model, because it significantly 

affects the animal welfare of the mice.23 Normally, the DSC model allows up to three 

weeks of observation.19,24,22 However, often a severe chamber tilt is observed 

during the last two weeks shortening the potential observation time. In order to 

address this issue, some studies used modified chambers.19,23,88–90 Consistent with 

our observation these chambers prolong the observation time in mice.23,88 However, 

none of these studies explicitly assessed the difference in distress between the 

traditional and the modified chamber. 

Body weight is the only parameter that was published to describe the distress of 

DSC mice in most studies.88,91,92,28,93,94 For example, Leunig et al. observed a 15% 

weight loss in mice within the first 48 hours after a traditional chamber was 

mounted.92 This is in line with our observation using titanium chambers. However, 

a PEEK chamber only caused average 6% body weight lost in our study, which may 

indicate the improvement in animal welfare. After three weeks observation, the mice 

in the PEEK group had an average weight gain, while the titanium group had a 

reduction. Several studies support our findings, they revealed a 10%-20% weight 

loss after two weeks of carrying a titanium chamber.91,93,94  However, no reduction 

of body weight was observed in mice with a plastic chamber.88  

The conclusion, that the PEEK chamber causes less distress than the titanium 

chamber was supported by the assessment of FCM concentrations. In the early 

phase, the titanium group showed a significantly higher FCM levels compared with 

the PEEK group and the preoperative phase. Thus two read out parameters, body 
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weight and FCMs, demonstrate that the PEEK chamber causes less distress than 

the titanium chamber. However, two other methods, evaluation of a distress score 

and measuring burrowing activity, did not demonstrate a significant difference 

between these two groups. Possibly, these methods are not sensitive enough to 

measure moderate changes in distress. 

5.4 Improvement for preclinical research                  

The lack of validity of animal models has been described as an important reason 

why animal models often do not predict clinical outcomes.16,95,96 Therefore, 

improvement the validity of an animal models are important for the success of future 

preclinical research.  

A careful evaluation of improved animal models has been done within study II 

(cervical AVF) and study III (DSC). In study II, we describe several advantages of 

the cervical AVF model, such as the anatomical configuration and blood flow 

characteristics.18 This model was characterized by neointimal hyperplasia, which is 

a common pathological change during fistula maturation.97 This finding suggests 

that this model can be used to study the mechanisms of fistula maturation by means 

of histological, immunohistochemical or biomolecular analysis. Moreover, 40% of 

the fistulas in our study did not mature by the third postoperative week. Wong et al 

also found a 50% immaturation rate in the same AVF model.18 Since the maturation 

rate is lower than 100%, this animal model can also be used to evaluate therapeutic 

approaches to improve fistula maturation. However, the creation of AVF needs 

experienced microsurgical skills. Wong et al., who introduced this model, presented 

the model as challenging for scientific researchers. However, after sufficient training, 

the success rate of the procedure increased from 67% to 97%.18 For this study 33.3% 

(2/6) of mice had to be euthanized during the first experiment, whereas none of 

mice had to be euthanized in the last experiment. Therefore, continuous training 

can reduce the number of used mice and minimise animal distress. 

In study III, we use a lightweight PEEK chamber to reduce the suffering of mice. 

This can extend the observation duration. Although DSC is widely used in studies 

related to microcirculation, the serious distress caused by traditional titanium 

chambers have limited its application. A significant chamber tilt of more than 90 

degrees is often found during a two weeks observation,23 and thus letting these 
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mice live is unkind. However, long-term observation is demanded for evaluation of 

the long-term compatibility of new biomaterials.98 In our study, the use of PEEK 

chambers significantly improved the severe tilt caused by titanium chambers. Three 

mice were euthanized due to severe chamber tilting in the titanium group, but none 

was euthanized in the PEEK group. This suggests that long-term observation using 

PEEK chambers can reduce the number of used mice. In addition, the high survival 

rate also ensures the authenticity and validity of the experimental data, and that no 

data are lost due to the accidental death of mice. Actually, several articles found 

that the use of a lightweight chamber in the DSC model could prolong the 

observation time and might reduce distress, however, none of them compared the 

differences between them by quantifying them. 19,88,99 Our study is the first study to 

provide data demonstrating an improvement of animal welfare by using a 

lightweight chamber.  
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6. Conclusion and outlook  

This dissertation provides three specific examples how animal distress can be 

evaluated and how this assessment can provide a basis for improving animal 

welfare as well as translational research. As shown in this dissertation, non-invasive 

distress analysis methods are simple and easy to perform. Integrating such an 

analysis in translational research, will therefore, alleviate the suffering of animals in 

future experiments and help science to develop better animal models with an 

ethically justifications that are based on objective data. Thus, I hope that this 

dissertation will encourage surgeons and other scientists to integrate an evaluation 

of animal distress in their preclinical research. 
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11. Thesen 

1. The effects of distress on experimental animals can lead to high mortality 

and affect the outcome of the experiment. 

2. In order to analyse distress, the body weight, faecal corticosterone 

metabolites, burrowing activity, nesting behaviour and a distress score were 

evaluated.  

3. Until now, it has not been studied, if these parameters can assess distress 

in mice bearing subcutaneous tumors.  

4. This study demonstrates that adjusted body weight and faecal 

corticosterone metabolites are useful parameters to depict distress of mice 

bearing large subcutaneous tumors.  

5. In some research areas, for example for studying hemodialysis access, it is 

necessary to improve animal models. 

6. In order to improve hemodialysis access by studying fistula maturation or 

vascular remodelling, arteriovenous fistulas are often generated in mice.  

7. The mice used for the cervical arteriovenous fistula model suffered only 

moderate distress during fistula maturation, which implies that this model 

should be used for future preclinical studies. 

8. The traditional dorsal skinfold chamber model, frequently used for 

microvascular research, causes severe distress making it difficult to study 

mice for longer than three weeks. 

9. A novel lightweight (PEEK) chamber increased the survival rate, was well 

tolerated, and reduced animal distress compared to titanium chambers.  

10. Thus, distress assessment of animal models generates new knowledge, 

which can improve animal welfare as well as translational research. 
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Simple Summary: Experiments on animals can provide important information for improving the life
expectancy and life quality of patients. At the same time, the welfare of these animals is a growing
public concern. Therefore, many laws and international guidelines were established with the goal
of minimizing the harm inficted on these animals. A prerequisite of improving animal welfare
is to correctly measure how much distress the experiments cause to these animals. However, it is
often unknown as to which methods are appropriate to assess distress. Mice bearing subcutaneous
tumors are the most frequently used animal model to study the therapeutic effects of drugs. We
evaluated if body weight, faecal corticosterone metabolites concentration, burrowing activity and
a distress score were capable of differentiating between mice before cancer cell injection and mice
bearing large tumors. We observed that only adjusted body weight change and faecal corticosterone
metabolites concentration were capable of measuring distress caused by large subcutaneous tumors.
Therefore, these two methods are appropriate to assess the welfare of mice with subcutaneous tumors.
This knowledge provides a solid basis to optimize animal welfare in future studies. For example,
both methods can defne the ideal time point when an experiment should end by fnding a good
compromise between minimal distress for the animals and maximal knowledge gain for mankind.

Abstract: Subcutaneous tumor models in mice are the most commonly used experimental animal
models in cancer research. To improve animal welfare and the quality of scientifc studies, the distress
of experimental animals needs to be minimized. For this purpose, one must assess the diagnostic
ability of readout parameters to evaluate distress. In this study, we evaluated different noninvasive
readout parameters such as body weight change, adjusted body weight change, faecal corticosterone
metabolites concentration, burrowing activity and a distress score by utilising receiver operating
characteristic curves. Eighteen immunocompromised NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ mice were
used for this study; half were subcutaneously injected with A-375 cells (human malignant melanoma
cells) that resulted in large tumors. The remaining mice were inoculated with SCL-2 cells (cutaneous
squamous cell carcinoma cells), which resulted in small tumors. The adjusted body weight and faecal
corticosterone metabolites concentration had a high diagnostic ability in distinguishing between
mice before cancer cell injection and mice bearing large tumors. All other readout parameters had
a low diagnostic ability. These results suggest that adjusted body weight and faecal corticosterone
metabolites are useful to depict the distress of mice bearing large subcutaneous tumors.
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1. Introduction

According to the World Health Organization, cancer has become the leading cause
of death worldwide [1]. Thus, it is necessary to pursue research focusing on this issue.
Indeed, many experiments have led to an extraordinary increase in our knowledge of
the fundamental molecular mechanisms involving cancer development and improved
therapy regimens [2,3]. For example, Trastuzumab, a novel targeted therapeutic regimen,
was proven to signifcantly improve disease-free survival among women with human
epidermal growth factor receptor 2 positive breast cancer [4,5]. Furthermore, since 1997,
the U.S. Food and Drug Administration has approved many novel drugs for the treatment
of several cancers [6]. However, before new treatments for diseases can be developed and
introduced into clinical practice, preclinical trials, often using animal experiments, must be
conducted [7].

Subcutaneous tumor models using mice are the simplest model for routine evaluation
of cancer therapies [2]. The use of human tumor cells, high taking rates, and continuous
monitoring are advantages, which make this model an extensively used standard for
validation and assessment in oncological studies [8]. In addition, due to an abundance
of published data associated with subcutaneous tumor models, it is easy to access the
parameters and references needed for testing novel therapies [7].

However, animal experiments are often associated with distress for animals, which
has scientifc as well as ethical implications [9,10] Distress can affect the results and the
conclusions of experiments. For example, it has been proven that distress can affect the
outcome of cancer in human patients [11] as well as in animals [12–14]. In addition, it
is a moral imperative to minimise pain, suffering, distress and harm in experimental
animals. These moral issues are addressed by publications, national laws and international
guidelines [15–19]. Researchers do have the responsibility and obligation to comply with
these laws and guidelines. Unfortunately, the present guidelines and publications only
provide little data on distress for specifc animal models and on the ability of methods to
measure distress. This requires that researchers describe the distress caused by specifc
cancer models. This might also provide a basis for alleviating the suffering of animals in
future experiments. One important frst step is to analyse which readout parameters are
useful to describe the distress of animals.

Assessing body weight, burrowing activity, faecal corticosterone metabolites (FCMs)
and distress scores are commonly used non-invasive methods to quantify distress in
mice [20–24]. Body weight loss as an important indicator of distress is used by guidelines
as a criterion for euthanasia [2,18,19]. Distress leads to body weight loss and also infuences
instinctive behaviours in mice, such as burrowing activity [21]. FCMs are a measurement
for adrenocortical activity in experimental mice and increased concentration suggests
distress [23–25]. Moreover, distress scores based on general condition and behaviour can
also refect reduced well-being in mice [17,22,26,27].

The goal of this study was to assess which readout parameters can measure the distress
of tumor-bearing mice. In order to assess the diagnostic ability of these readout parameters,
we used receiver operating characteristic (ROC) curves.

2. Materials and Methods
2.1. Cell Culture

The human malignant melanoma cells A-375 (CLS, Eppelheim, Germany) and the
cutaneous squamous cell carcinoma cells SCL-2 (donated by Prof. Hahn, University Medi-
cal Center Goettingen) were cultured in Dulbecco’s modifed Eagle’s medium with high
glucose, GlutaMax and pyruvate (Thermo Fisher Scientifc, Waltham, MA, USA) supple-
mented with10% foetal bovine serum (Biochrom GmbH, Berlin, Germany), 100 U/mL
penicillin and 100 mg/mL streptomycin (Sigma-Aldrich, Taufkirchen, Germany) in an
incubator at 37 ◦C with 5% CO2.
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2.2. Establishment and Evaluation of the Tumor Model

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 and the
public authority (Landesamt für Landwirtschaft, Lebensmittelsicherheit und Fischerei
Mecklenburg-Vorpommern, 7221.3-1-057/18). For this study, 18 male 9–11-week-old
NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice were bred in the central animal facil-
ity of the Rostock University Medical Center (initially purchased from Jackson Laboratory).
The health of the animal stock is routinely checked according to FELASA guidelines
(Helicobacter sp., Rodentibacter pneumotropicus, murine Norovirus and rat Theilovirus
were detected within the last two years in few animals; these animals were not used for
any experiments).

Although we are aware of the debate that the single-housing of mice may cause
distress [28,29], we decided that all mice would be single-housed in a Eurostandard Type
II L clear plastic cage with a light/dark cycle of 12 h/12 h (dawn: 6:30–7:00 am) and at
a temperature of 21 ± 2 ◦C, with a relative humidity of 60 ± 20%. This was necessary
because we needed to assess the burrowing activity and FCM concentrations of single
mice. We also provided autoclaved bedding (Bedding Espe Max 3–5 mm granulate, H
0234–500, Abedd, Vienna, Austria), shredded tissue paper (PZN03058052, FSMED Ver-
bandmittel GmbH, Frankenberg, Germany), one paper tunnel (75 × 38 mm, H 0528–151,
ssniff, Spezialdiaeten GmbH, Soest, Germany), a wooden enrichment tool (Espe size S,
40 × 16 × 10 mm, H0234.NSG, Abedd, Vienna, Austria), food (pellets, V1534.000, 10 mm,
ssniff, Spezialdiaeten GmbH, Soest, Germany) and tap water ad libitum. The bedding
material was changed every week.

On day 0, the mice were anaesthetized by 1.5–2.5% isofurane (CP-pharma, Burgdorf,
Germany) in oxygen and placed on a heating plate (37 ◦C). Then the fur at the fanks of the
mice was removed by asid-med (ASID BONZ, Herrenberg, Germany), and 1 × 106 tumor
cells mixed on ice with 100 µL 1:1 cold DPBS/Matrigel® High Concentration Growth Factor
Reduced (Matrigel® HC GFR, Corning, New York, NY, USA) were injected subcutaneously
into the left and right fank, respectively. In order to reduce observer bias, the tumor size
was evaluated by scientists during the early (day 4), middle (day 11), and late phase (day
21) in a blinded manner. The longest diameter and the diameter perpendicular to this
diameter were measured using a digital caliper (fortis, E/D/E, Wuppertal, Germany) with
0.01 mm precision. Assuming the hemi-ellipsoidal shape of the tumors, the volume was
derived using the formula: Volume = 0.52 × Length × Width2 [30]. The tumor weight
was derived using the formula: Weight = 1.05 × Volume [30]. On day 22, the mice were
euthanized by quick anaesthesia with 5 vol % isofurane, killed with cervical dislocation
and the tumors were removed, fxed and embedded in paraffn. Histological sections were
then stained with haematoxylin and eosin.

2.3. Evaluation of Animal Distress

Before cell injection (data presented as pre-phase), body weight, burrowing activity,
faecal corticosterone metabolites (FCMs), and distress scores were assessed on all mice.
Throughout the manuscript, we refer to data assessed at this time point as baseline data.

The percentage of body weight change was assessed before cell injection (day 0, pre-
phase), after cell injection (day 1, acute phase) and during the early (day 2), middle (day
11) as well as late phase (day 21) of tumor growth (each time point the percentage of
body weight change was determined by comparison to the body weight at day –1 before
cell injection).

To evaluate the burrowing activity of mice, a tube (length: 15 cm, diameter: 6.5 cm)
flled with 200 ± 1 g of food pellets was placed into the cage 3 h before the dark phase (at
04:00–04:10 pm). The mice had free access to these pellets, and the nesting material was left
in the cages. The remaining pellets in the burrowing tube were weighed after 17 ± 2 h and
the weight of the burrowed pellets was calculated. The burrowing activity was measured
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before cell injection (day –2, pre-phase), after cell injection (day 0, acute phase) and during
the early (day 1), middle (day 10), as well as the late phase (day 20) of tumor growth.

The distress score considers body weight, general condition, spontaneous behaviour,
fight behaviour and process-specifc criteria as previously published (for details also see
Supplementary Tables S1 and S2) [22]. The score was assessed by only one person according
to a scoring sheet before cell injection (day –2, pre-phase), after cell injection (day 0, acute
phase) and during the early (day 1), middle (day 10) as well as the late phase (day 20) of
tumor growth. The distress score was assessed 30 ± 5 min after cell injection on day 0 (on
all other days, 09:00–09:30 am).

In order to measure faecal corticosterone metabolites, the bedding with old faeces was
removed and replaced by fresh bedding before cell injection (on day −1, pre-phase) and
during the late phase of tumor growth (day 20). After 24 h, more than 400 mg fresh faeces
were collected. The faeces were dried for 4 h at 65 ◦C and kept at −20 ◦C until further
processing. Thereafter, 50 mg of dried faeces were extracted with 1 mL 80% methanol and
FCMs analysed with a 5α-pregnane-3β,11β,21-triol-20-one enzyme immunoassay [23,31].

2.4. Data Presentation and Statistical Analysis

All data were graphed and analysed with GraphPad Prism (version 8.0.1, GraphPad
Software Inc., San Diego, CA, USA) and were presented as single data points plus median
and 95% confdence interval. The characteristics of data were assessed by the Shapiro–Wilk
test. In the case of nonparametric data (distress score, burrowing activity), a one-way
repeated measure ANOVA on ranks (Friedman Test) was performed (corrections of multi-
ple comparisons were done as suggested by GraphPad Prism: Dunn’s correction), when
analysing the infuence of time on the dependent variables (readout parameters). When
analysing the infuence of the cell lines on the dependent variables, a Mann–Whitney rank
sum test (plus Bonferroni correction for multiple time points) was used. In the case of para-
metric data (tumor size, percentage of body weight change, FCMs, percentage of adjusted
body weight change) a two-way repeated measure ANOVA with Geisser–Greenhouse
correction (corrections of multiple comparisons were done as suggested by GraphPad
Prism: either Sidak test or Tukey test) was performed. Differences with p ≤ 0.05 were
considered to be signifcant.

In order to assess the diagnostic ability of each distress parameter, when differentiating
between mice with and without tumors, a ROC curve analysis was performed (using data
before cell injection and during the late phase of tumor progression). To describe the perfor-
mance of each readout parameter, the area under the curve, the 95% confdence interval and
the P-value were calculated for each parameter. An area under the curve of 1.0 indicates
that the parameter is perfect for discriminating between animals growing a tumor and
animals not bearing a tumor, whereas a value of 0.5 suggests no discriminative power.

3. Results

All tumors were implanted successfully, but the subcutaneous injection of A-375 or
SCL-2 cells in mice yielded tumors with completely distinct characteristics. In particular,
the volume of A-375 tumors was noticeably larger than the volume of the SCL-2 tumors on
day 21 after cell injection (Figure 1a,b). Histological sections of the tumors demonstrated
that A-375 cells were densely packed, while in SCL-2 tumors only a few cells were loosely
interspersed within the extracellular matrix (Figure 1c,d). After the injection of A-375 cells,
the tumor volume signifcantly increased between the early and middle phase as well as
between the middle and late phase of tumor growth (Figure 1e). After injection of the
SCL-2 cells, the tumor volume actually decreased between the middle and late phases in
all nine mice (Figure 1e). Thus, the volume of A-375 tumors was signifcantly larger than
the volume of the SCL-2 tumors in the middle as well as in the late phase of tumor growth.
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growth. * p ≤ 0.0116, # p ≤ 0.0091, ## p = 0.0003; A-375: n = 9, SCL-2: n = 9.

In order to evaluate whether mice experience distress after cell injection or during the
growth of subcutaneous tumors, body weight change, burrowing activity, a clinical distress
score and FCMs were analysed. No loss in body weight or burrowing activity were noticed
after cell injection or during tumor growth (Figure 2a,b). Only very low distress scores
(maximal distress score of 4 out of 66 theoretically possible points) were observed during
the entire experiment (Figure 2c). A moderate increase in the distress score after injection
of the A-375 cells and a signifcant increase in the distress score after the SCL-2 injection
was noticed (Figure 2c). Mice had a signifcantly higher FCM concentration in the faeces
in the late phase of A-375 tumor growth when compared to mice before cell injection or
compared to mice in the late phase of SCL-2 tumor growth (Figure 2d).

Due to the distinct characteristics of each tumor cell line, the diagnostic ability of each
distress parameter was analysed separately. After A-375 cell injection, the diagnostic ability
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to differentiate between mice with and without tumor was low for body weight change
(Figure 3a), burrowing activity (Figure 3b) and distress scores (Figure 3c). However, FCM
concentrations (Figure 3d) could differentiate very well between mice with and without
tumors. After SCL-2 cell injection, all distress parameters, percentage of body weight
change (Figure 4a), burrowing activity (Figure 4b), distress scores (Figure 4c) and FCMs
(Figure 4d), could not differentiate between mice with and without a tumor.
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Because of the signifcant volume growth of the A-375 tumors (Figure 1a), adjusted
body weight was calculated by subtracting the tumor weight from the body weight
(Figure 5). At the late phase of tumor growth, the A-375-injected mice showed a sig-
nifcant adjusted body weight loss (Figure 5a), rather than a body weight gain (Figure 2a).
This adjusted body weight had a high diagnostic ability in distinguishing between baseline
data and data derived from mice bearing a large A-375 tumor at the late phase (Figure 5b).
Adjusted body weight had, however, barely any diagnostic ability in distinguishing be-
tween the baseline data and data derived from mice bearing a SCL-2 tumor at the late
phase of tumor progression (Figure 5c).

Animals 2021, 11, x FOR PEER REVIEW 8 of 12 
 

Because of the significant volume growth of the A-375 tumors (Figure 1a), adjusted 
body weight was calculated by subtracting the tumor weight from the body weight (Fig-
ure 5). At the late phase of tumor growth, the A-375-injected mice showed a significant 
adjusted body weight loss (Figure 5a), rather than a body weight gain (Figure 2a). This 
adjusted body weight had a high diagnostic ability in distinguishing between baseline 
data and data derived from mice bearing a large A-375 tumor at the late phase (Figure 5b). 
Adjusted body weight had, however, barely any diagnostic ability in distinguishing be-
tween the baseline data and data derived from mice bearing a SCL-2 tumor at the late 
phase of tumor progression (Figure 5c). 

 
Figure 5. Assessment of adjusted body weight after subtracting the tumor weight from the body 
weight. (a) Percentage of adjusted body weight change of mice during the growth of A-375 and SCL-
2 tumors during the pre (p), acute (a), early (e), middle (m) and late (l) phase. Diagnostic ability of 
adjusted body weight between tumor-free mice and mice with A-375 (b) or SCL-2 (c) tumors in the 
late phase. The area under the curve (AUC), the 95% confidence interval (CI) and the p-value (P) for 
testing the AUC to be 0.5 are presented in each graph. # p ≤ 0.0315; A-375: n = 9, SCL-2: n = 9. 

Animals 2021, 11, x FOR PEER REVIEW 8 of 12 
 

Because of the significant volume growth of the A-375 tumors (Figure 1a), adjusted 
body weight was calculated by subtracting the tumor weight from the body weight (Fig-
ure 5). At the late phase of tumor growth, the A-375-injected mice showed a significant 
adjusted body weight loss (Figure 5a), rather than a body weight gain (Figure 2a). This 
adjusted body weight had a high diagnostic ability in distinguishing between baseline 
data and data derived from mice bearing a large A-375 tumor at the late phase (Figure 5b). 
Adjusted body weight had, however, barely any diagnostic ability in distinguishing be-
tween the baseline data and data derived from mice bearing a SCL-2 tumor at the late 
phase of tumor progression (Figure 5c). 

 
Figure 5. Assessment of adjusted body weight after subtracting the tumor weight from the body 
weight. (a) Percentage of adjusted body weight change of mice during the growth of A-375 and SCL-
2 tumors during the pre (p), acute (a), early (e), middle (m) and late (l) phase. Diagnostic ability of 
adjusted body weight between tumor-free mice and mice with A-375 (b) or SCL-2 (c) tumors in the 
late phase. The area under the curve (AUC), the 95% confidence interval (CI) and the p-value (P) for 
testing the AUC to be 0.5 are presented in each graph. # p ≤ 0.0315; A-375: n = 9, SCL-2: n = 9. 

Animals 2021, 11, x FOR PEER REVIEW 8 of 12 
 

Because of the significant volume growth of the A-375 tumors (Figure 1a), adjusted 
body weight was calculated by subtracting the tumor weight from the body weight (Fig-
ure 5). At the late phase of tumor growth, the A-375-injected mice showed a significant 
adjusted body weight loss (Figure 5a), rather than a body weight gain (Figure 2a). This 
adjusted body weight had a high diagnostic ability in distinguishing between baseline 
data and data derived from mice bearing a large A-375 tumor at the late phase (Figure 5b). 
Adjusted body weight had, however, barely any diagnostic ability in distinguishing be-
tween the baseline data and data derived from mice bearing a SCL-2 tumor at the late 
phase of tumor progression (Figure 5c). 

 
Figure 5. Assessment of adjusted body weight after subtracting the tumor weight from the body 
weight. (a) Percentage of adjusted body weight change of mice during the growth of A-375 and SCL-
2 tumors during the pre (p), acute (a), early (e), middle (m) and late (l) phase. Diagnostic ability of 
adjusted body weight between tumor-free mice and mice with A-375 (b) or SCL-2 (c) tumors in the 
late phase. The area under the curve (AUC), the 95% confidence interval (CI) and the p-value (P) for 
testing the AUC to be 0.5 are presented in each graph. # p ≤ 0.0315; A-375: n = 9, SCL-2: n = 9. 

Figure 5. Assessment of adjusted body weight after subtracting the tumor weight from the body
weight. (a) Percentage of adjusted body weight change of mice during the growth of A-375 and
SCL-2 tumors during the pre (p), acute (a), early (e), middle (m) and late (l) phase. Diagnostic ability
of adjusted body weight between tumor-free mice and mice with A-375 (b) or SCL-2 (c) tumors in
the late phase. The area under the curve (AUC), the 95% confdence interval (CI) and the p-value (P)
for testing the AUC to be 0.5 are presented in each graph. # p ≤ 0.0315; A-375: n = 9, SCL-2: n = 9.
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4. Discussion

In this study, we could demonstrate that the adjusted body weight change and FCMs
have a high diagnostic ability to defne distress caused by large subcutaneous tumors.
Other readout parameters such as the distress score, burrowing activity or total body
weight were not useful to differentiate between mice before cell injection and mice bearing
such tumors.

Many studies used total body weight as readout parameter when assessing distress in
various animal models [20,26,32]. In our study, this readout parameter was uninformative
for differentiating between baseline data and data derived from tumor-bearing mice. This
is inconsistent with the widely published concept that severe weight loss can be observed
in some animal models during tumor growth [20,33]. However, several other publications
also describe that the total body weight was not reduced in tumor-bearing mice [34–38].
For example, no loss of body weight was reported by Husmann et al. when analysing an
osteosarcoma mouse model, although metastasis was observed in these mice [38].

However, when we calculated an adjusted body weight, by subtracting the tumor
weight from the total body weight, this method could differentiate between mice with and
without large tumors. This observation supports the recommendations of some guidelines
and is consistent with data presented in some publications. For example, the UKCCCR
guidelines emphasize that it is important to focus not only on body weight but also on the
weight of the tumor itself [17]. Some authors also mention that the weight of the tumor
itself and intraperitoneal effusion may mask the body weight loss [39]. Another study on
a mouse xenograft model demonstrated that the size of subcutaneous tumors increased
the total body weight of tumor-bearing mice [33]. However, these studies did not compare
the adjusted body weight to other readout parameters for distress and did not address the
issue if adjusted body weight change has the diagnostic ability to differentiate between
mice with and without a tumor.

Please note that we evaluated the body weight changes twice—once as a single pa-
rameter and once as part of the distress score. Interestingly, we noticed that the adjusted
body weight change has a better diagnostic ability than evaluating a distress score con-
taining body weight change in addition to other parameters (please compare Figure 5b
to Figure 3c). This suggests that single readout parameters can have a higher diagnostic
ability than complex clinical scores.

FCMs can assess the distress of various animal models and have also been used to
evaluate the distress of tumor-bearing mice [35,40–42]. In our study, FCM concentrations
were not signifcantly increased when mice had relatively small SCL-2 tumors (<300 mm3),
but were signifcantly higher when mice had relatively large A-375 tumors (>1000 mm3).
In addition, we observed that tumor size moderately correlated with FCM concentration
at the late phase of tumor progression (Pearson correlation coeffcient of 0.6266, data not
shown). We, therefore, conclude that FCMs might only be sensitive enough to indicate
distress when mice bear large tumors.

However, it is a limitation of this study that this conclusion is based on analysing
only one mouse strain and two cell lines. One study contradicts our conclusion because
it reported that FCM concentrations negatively correlated with tumor size in mice after
subcutaneously injecting prostate tumor cells; however, the method to measure FCMS was
not validated for use in mice [41]. Our conclusion is supported by several other studies.
For example, FCM concentrations were not signifcantly increased in an orthotopic breast
tumor mouse model, when tumors were smaller than 600 mm3 [40]. In a mouse model
for pancreatic cancer, it was also observed that FCM concentrations did not signifcantly
change when the tumors were small [35]. Thus, our data are consistent with several
publications in the literature and support the concept that large subcutaneous tumors can
increase FCM concentrations.

Although burrowing activity and clinical distress scores are commonly used as non-
invasive methods to assess distress in mice [21,22,27,34], this study failed to defne in-
creased distress with these methods during the growth of subcutaneous tumors. Notably,
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the distress score is often considered to be a subjective readout parameter, which can be
infuenced by the perception of the researcher. This might be a limitation of this method.
However, we also want to mention that similar observations have been published in tu-
mor models for pancreatic cancer and colon cancer [35,43,44]. Possibly, tumor growth in
many tumor models causes only mild distress, which cannot be measured by burrowing
activity [44] or a distress score [35]. However, it is important to note that some types of
cancer can induce, for example, bone pain or severe cachexia [38,45]. Therefore, it cannot
be concluded that these methods are uninformative for all cancer models. Indeed, some
publications suggest that a clinical distress score or an activity index can be a good indicator
to show distress in certain cancer models [34,43].

5. Conclusions

Cancer is a general term for a large group of diseases, and the biological characteristics
of various types of cancer are quite diverse. Consequently, different cancer models might
cause completely different levels of distress. Thus, each cancer model should be carefully
evaluated [46]. This study succeeded in defning, that two methods, adjusted body weight
and FCMs could defne the distress of mice bearing large subcutaneous tumors.. Future
studies will have to clarify if these methods are also useful to describe distress caused by
cancer in other animal models.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ani11082155/s1, Table S1: Distress score on mice, Table S2: Consequences according to
distress score.
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Simple Summary: Functional hemodialysis access is essential for the survival of patients with end-
stage renal disease. Although various guidelines recommend autologous arteriovenous fstula as the
frst choice for hemodialysis, it is still the Achilles heel for patients. Several in vivo models have been
used to study and improve the mechanisms of vascular remodeling of arteriovenous fstula. However,
some models have the disadvantage of having anatomical features or a hemodynamic profle different
from that of the arteriovenous fstula in humans. In the presented cervical arteriovenous fstula
model, these disadvantages were eliminated. It resembles the human physiology and is an ideal
animal model for arteriovenous fstula research. Moreover, in order to understand the impact of
this model on animal welfare, the distress of this new animal model was analyzed. Body weight,
faecal corticosterone metabolites, burrowing activity, nesting behaviour and distress scores were
analysed after fstula creation and during the following three weeks. The physiological, behavioural,
and neuroendocrine assessments all indicated that this model causes only moderate distress to the
animals. This not only meets the need for animal ethics but also improves the quality of scientifc
research. Therefore, this cervical model is suitable for arteriovenous fstula research and should be
used more frequently in the future.

Abstract: The welfare of laboratory animals is a consistent concern for researchers. Its evaluation
not only fosters ethical responsibility and addresses legal requirements, but also provides a solid
basis for a high quality of research. Recently, a new cervical arteriovenous model was created in
mice to understand the pathophysiology of arteriovenous fstula, which is the most commonly used
access for hemodialysis. This study evaluates the distress caused by this new animal model. Ten
male C57B6/J mice with cervical arteriovenous fstula were observed for 21 days. Non-invasive
parameters, such as body weight, faecal corticosterone metabolites, burrowing activity, nesting
activity and distress scores were evaluated at each time point. Six out of ten created arteriovenous
fstula matured within the observation time as defned by an increased diameter. The body weight
of all animals was reduced after surgery but recovered within fve days. In addition, the distress
score was signifcantly increased during the early time point but not at the late time point after
arteriovenous fstula creation. Neither burrowing activity nor nesting behaviour were signifcantly
reduced after surgical intervention. Moreover, faecal corticosterone metabolite concentrations did not
signifcantly increase. Therefore, the cervical murine arteriovenous fstula model induced moderate
distress in mice and revealed an appropriate maturation rate of the fstulas.

Keywords: hemodialysis access; animal model; distress; animal welfare; 3R rule
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1. Introduction

As vascular access for hemodialysis, all academic guidelines suggest autologous arteri-
ovenous fstula (AVF) as the frst option [1,2]. Although native AVF show the lowest risk of
complications, the lowest need for intervention and the best long-term patency [1], it is still
the Achilles’ heel for patients [3]. After fstula creation, there are several factors that can
cause fstula dysfunction, such as immaturation, thrombosis or neointimal hyperplasia [4].
In order to understand the involved mechanisms, researchers have attempted to fnd an
effective animal model to study the underlying mechanisms.

Animal models are crucial to study physiology and pathophysiology for almost all
diseases in humans and in animals as well as to develop new therapies in all felds of
medicine. Appropriate animal models should strictly follow ethical standards to maximise
the likelihood of obtaining the knowledge sought balanced against minimising animal
discomfort. Over the past few decades, various rodent animal models have been used
to study AVF maturation. For example, AVFs were created between the aorta and the
inferior cava vein in a side-to-side manner [5] or by anastomosis of the common carotid
artery to the jugular vein in an end-to-end manner [6]. However, none of these models
mimics the anatomical characteristics of AVF in hemodialysis patients, which determines
the hemodynamic profle within the fstula. This is very important because the blood fow
dynamics have an important impact on AVF maturation and dysfunction [7]. Recently,
researchers have created a murine AVF model in which the end of a branch of the external
jugular vein was anastomosed to the side of the common carotid artery [7]. It mimics
similar hemodynamic properties to classical AVF in humans, in which the anastomosis is
also created in a side-to-end fashion. This improves the translation of experimental in vivo
results in clinical settings. Because the new cervical model uses a small vein for AVF, the
volume stress on the heart is expected to be reduced as well. However, it is not known
what distress the model induces in the experimental animals.

In order to quantify the distress of animals in different experimental models, several
parameters can be assessed. Body weight is a classical and essential indicator of animal
distress, and all committees use body weight as an important experimental animal welfare
indicator [8]. Faecal corticosterone metabolites (FCMs) refect adrenocortical activity and
are used increasingly often as a non-invasive assessment of distress [9,10]. Burrowing
and nesting activity are innate behaviours in rodents. These behaviours are often affected
by pain or suffering [11]. Therefore, it is possible to assess animal welfare by analysing
changes in burrowing and nesting activity. This study was conducted to assess whether
the cervical AVF causes a signifcant increase in distress for the animals and to provide
objective evidence to support the use of this new animal model in future AVF studies.

2. Materials and Methods
2.1. Animals

All experiments were conducted in accordance with the European Directive (2010/63/EU).
Twelve male C57BL/6 mice were used at an age of 9–15 weeks and a body weight of
20–30 g. Mice were bred in standard laboratories with a 12:12 h light-dark cycle, constant
temperature (21 ± 2 ◦C) and humidity (60 ± 20%) and provided free access to chow and
water ad libitum.

2.2. Experimental Design

It is known that burrowing behaviour can be affected by learning and is enhanced
by social facilitation [12]. Therefore, a group training with two to four mice per cage was
performed on three days in a row, starting on day −7 (shown in Figure 1). Although single
housing of mice may cause distress, we decided to separate mice into single cages from day
−4 because group housed male mice can show aggressive behaviour [13]. The separation
also allowed us to assess burrowing activity, nesting activity and FCM concentrations
for individual mice. These data were assessed from unaffected mice before AVF creation
(pre-operative phase) and at various time points after AVF creation. Please note that data
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from the pre-operative phase served as control to data assessed after AVF creation. Faeces
were collected on days −2, 2 and 17. On days −2, 2 and 17, burrowing behaviour and
distress score were assessed. One day later, nesting activity was studied respectively. The
time points of data assessment were described as pre-operative phase (day −2/−1), early
phase (day 2/3) and late phase (day 17/18). In order to analyse continuous body weight
change, the body weight was assessed on days −4, −2, 0, 1, 2, 3, 5, 7, 9, 12, 14, 16, 17, 18, 19
and 21. On day 21, the patency of the fstula was checked directly by opening the wound,
and the mice were euthanized.

Figure 1. Experimental timeline for assessment of animal distress. The fstulas were created on day 0
and mice euthanized on day 21. The mice had a training phase to learn burrowing. Body weight
(bw), distress score (ds), burrowing (b) as well as nesting (n) activity and faecal corticosterone me
tabolites (FCMs) were evaluated as indicated.

2.3. AVF Model and Tissue Harvest

AVF creation was performed as previously described [7]. In brief, mice were anaesthetised
by continuous isoflurane treatment (1.5% isoflurane; 0.8 L/min N2O; 0.8–1.0 L/min O2). After
subcutaneous (s.c.) injection of heparin (1 U/kg bw), the left dorsomedial branch of the
external jugular vein and the ipsilateral common carotid artery were separated through
ventral incision. The left sternocleidomastoid muscle was cauterized, and the carotid artery
was clamped. An incision of the same diameter as the artery was made on the lateral side of
the artery with micro scissors, followed by local rinse with heparin (200 U/mL). The distal
end of the vein branch was ligated, cut and anastomosed to the common carotid artery in a
side-to-end fashion using 10-0 Ethilon (Johnson & Johnson Medical GmbH, Norderstedt,
Germany) interrupted sutures. The clamps were then released in a distal to proximal order.
Confrming no active bleeding, the neck incision was closed with 5–0 Prolene (Johnson &
Johnson Medical GmbH, Norderstedt, Germany). Finally, 0.5 mL of saline and 5 mg/kg
bw of carprofen were injected s.c. for volume institution and pain relief, respectively. For
pain relief, 1250 mg/L metamizol (Ratiopharm, Ulm, Germany) was provided daily in the
drinking water after AVF creation. Mice were euthanized on day 21 by intraperitoneal (i.p.)
injection of ketamine (90 mg/kg bw) and xylazine (25 mg/kg bw). To harvest the fstula
vein and the contralateral dorsomedial branch of the external jugular vein as control, frst
0.9% NaCl was injected intracardially in order to fush the blood out of the veins. Then,
4% formalin (Formafx, Grimm med. Logistik GmbH, Torgelow, Germany) was injected
in the same way and also fushed around the veins to fxate the tissue. For histological
analysis, 4-µm-thick cross-sections of both the fstula and the control vein were stained by
haematoxylin-eosin (HE).

2.4. Body Weight and FCM Analysis

The body weight of the mice was measured four times per week with a scale (EMB
200-2, KERN & SOHN, Balingen, Germany) in the morning at 9:00–9:30 a.m. At each time
point, the percentage of body weight change was determined by comparison to the body
weight before AVF creation on day −4.

For analysing FCMs, all bedding with old faeces was removed, and fresh bedding was
added to the cages 24 h prior to the start of faeces collection. More than 400 mg of fresh
faeces were collected per mouse and dried for 4 h at 65 ◦C. Until further processing, the
faeces was stored at −20 ◦C. Thereafter, 50 mg of dried faeces were extracted with 1 mL
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of 80% methanol for further analysis by a 5α-pregnane-3β,11β,21-triol-20-one enzyme
immunoassay [10,14].

2.5. Assessing Burrowing and Nesting Activity

A burrowing tube (15 cm length × 6.5 cm diameter) which was flled with 200 ± 1 g
food pellets (ssniff Spezialdiaeten GmbH) was placed in the left back corner of the cages
3 h before the dark phase at 4:00–4:10 pm. Mice had free access to these pellets. Nesting
material was left in the cages. The weight of the food pellets (g) that remained in the tube
was measured after 2 h at 6:00–6:10 pm. Then, the same tube was put back and measured
on the next morning at 9:00–9:15 am and deducted from 200 g.

For evaluating nesting activity, a cotton nest-building material (5 cm square of pressed
cotton batting, Zoonlab GmbH, Castrop-Rauxel, Germany) was placed in the left front
of the cage 3 h before the dark phase at 4:00–4:15 pm. Pictures of the nests were taken,
and nesting was scored the next morning at 9:00–09:15 a.m. This score was previously
described in detail [12].

2.6. Distress Score Analysis

Based on the distress score sheet designed by Paster et al. [15], our working group
made some modifcations (for details also see Supplementary Tables S1 and S2) [16]. In
brief, the scoring sheet has a total of 66 points and consists of fve parts, body weight,
general condition, spontaneous behaviour, fight behaviour and process-specifc criteria.
The distress score was assessed by only one person in a not blinded manner, according to
the scoring sheet. All scores were assessed in the morning at 9:00–9:30 a.m.

2.7. Statistical Analysis

Data were graphed and analysed with GraphPad Prism8 (version 8.0.1, GraphPad
Software Inc., San Diego, CA, USA). They were presented as single data points plus median
and 95% confdence interval. Since the data describing percentage of body weight, FCM,
burrowing activity, nesting score and distress score were non-parametric (as assessed by
Shapiro Wilk test), one-way repeated measure ANOVA on ranks (Friedman Test) were
performed by comparing each time point to the pre-operative phase (day −2 or day −1) and
by correcting for multiple comparisons (Dunn’s method). Overall, statistical signifcance
was set at p < 0.05.

3. Results
3.1. Mortality of Mice and Maturation of Fistulas

One AVF was created in every mouse. Two mice were euthanized during surgical
intervention due to severe bleeding, while in the other ten mice, AVF was created success-
fully (shown in Figure 2a). On day 21, six of ten fstulas matured suffciently (shown in
Figure 2b) as defned by patency and an increased diameter compared to the contralateral
jugular vein. Four fstulas did not mature and were found occluded on day 21. Compared
to control veins, HE staining of patent fstulas revealed a marked increase in both diameter
and thickness of the vein wall as a sign of suffcient maturation (shown in Figure 2d).
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Figure 2. Characteristics of AVF. Morphology of AVF (white arrows) immediately after fstula creation
(a) and on day 21 (b). Magnifcation = 40×. Haematoxylin-eosin stained cross-sections from of a
control vein (c) and a respective fstula vein on day 21 after creation of the arteriovenous anastomosis
(d). Scale bar = 50 µm.

3.2. Analysis of Animal Distress

The body weight decreased after AVF creation but recovered at day 5 after surgical
intervention and steadily increased until day 21. However, there was no signifcant dif-
ference compared to the pre-operative phase, on day −2 (shown in Figure 3). It is worth
pointing out that in this early phase, nine mice lost weight in the range of 10% or less, only
one mouse lost more than 10% of its body weight.

Figure 3. Body weight change of mice before and after creation of an AVF on day 0. Median with
95% CI. n = 10.
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There was a slight, but not significant (p = 0.1473) increase in FCM concentrations on day 2
after completion of the AVF creation, from 831/628–1106 on day −2 to 993/746–1312 ng/g
(median/95% confdence interval) on day 2 (shown in Figure 4a). Notably, one mouse
that lost over 10% of its body weight revealed an increase of FCMs to 3170 ng/g on day 2.
In this mouse, FCM level decreased noticeably on day 17.

Figure 4. Evaluation of distress parameters during the maturation of AVF. FCM concentrations
(a), 2-h burrowing activity (b), nesting activity (c) and the distress score (d) were assessed on the
indicated days during pre-operative phase (day −2 or day−1), at the early time point (day 2 or day 3)
or late time point (day 17 or 18) after AVF creation. Median with 95% CI. * p = 0.0073. ** p = 0.0378.
n = 10. Each circle mean one animal.

Analysis of burrowing activity after 2 h showed no reduction of burrowing activity
during the early and late phase after AVF creation (shown in Figure 4b). Indeed, compared
to day −2, the burrowing behaviour was actually signifcantly more intense on day 17
(p = 0.0073). When mice were allowed to burrow the entire night, almost all mice burrowed
all pellets out of the tube. Thus, no signifcant difference was observed when comparing
the two time points after AVF creation to the pre-operative phase (data not shown). It is
noteworthy that one mouse showed a decreased burrowing activity on day 2, but that the
burrowing behaviour recovered on day 17 (data not shown). This was the identical mouse,
which lost more than 10% of its body weight and revealed an increased FCM concentration
of 3170 ng/g on day 2.

At the different time points, all mice were similarly active in building their nests
(shown in Figure 4c). The nesting scores were 4/1–5, 4/3–4 and 4/4–5 (median/95%
confdence interval) on day −1, day 3 and day 18, respectively.

Notably, in the early phase, the distress of some mice increased (shown in Figure 4d).
The distress scores were 0/0–0 (median/95% confdence interval) on day −2 and 2/0–2 on
day 2. On day 17, the distress score returned to 0 for most mice.
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4. Discussion

This study demonstrates that cervical AVF matures successfully and that mice after
AVF experience only suffered moderate distress. Therefore, it might be stated that the
cervical murine AVF model is a suitable animal model for studying vascular remodelling
of an arteriovenous hemodialysis access.

C57BL/6 is the most common inbred mouse strain and has been widely used as
a genetic background for studying genetically modifed mice to evaluate the molecular
mechanisms underlying human disorders. The purpose of the animal model presented here
was to create an AVF in C57BL/6 mice to facilitate research on the molecular mechanism of
AVF maturation. Although the learning curve for the challenging microsurgical creation of
this cervical AVF model is long and needs continuous training, this mouse model has its
own advantages compared to large animal AVF models, in which AVF creation is technically
easier. For example, fstulas of this mouse model showed signifcant pathophysiological
changes within 4 weeks [7]. This allows scientists to study fstula maturation within a fairly
short period of time.

Although the vessels are much smaller in the cervical AVF model in mice compared
to humans, the anatomical confguration and blood fow characteristics of the fstula are
similar to AVF for hemodialysis access in humans. In addition to anatomical consistency
with the clinical condition, this animal model also has a similar clinical success rate. In this
study, 40% of the fstulas did not mature and were occluded three weeks after the operation.
This is in line with the description of Wang et al. [7]. Since the patency rate is lower
than 100%, this animal model also allows researchers to assess therapeutic approaches
for an improvement of fstula maturation. In addition, the immature fstulas provide
an opportunity to study the mechanism of AVF immaturity by means of histological,
immunohistochemical or biomolecular analysis. Compared to native veins, patent fstulas
showed increased diameter and thicker vessel walls. These characteristics are also found in
human fstulas. In humans, neointimal hyperplasia is a common pathological manifestation
during fstula maturation [4]. HE staining revealed markedly neointimal hyperplasia
compared to contralateral native veins. These fndings suggest that this model can be used
to study the mechanisms of fstula maturation as well as different treatment options. It
is notable that all successfully created AVF mice survived to the end of experiment. No
mouse died due to complications, such as heart failure, which is a main cause of distress
after AVF creation [17,18]. The novel model uses a smaller diameter vein, a branch of the
external jugular vein, as a venous fstula. This may reduce the cardiac load and the risk of
heart failure, which might explain the moderate level of distress. Thus, this animal model
might reduce the number of animals needed for pursuing research in this feld without
causing severe distress to animals.

Improvement in animal welfare is important for pursuing basic as well as preclin-
ical research [19]. In order to quantify the distress of this animal model, body weight,
FCMs, burrowing activity and nesting behaviour as well as distress score were chosen as
distress indicators.

Body weight is the most common parameter for assessing distress. As early as 1985,
it had been used as a key indicator to evaluate animal distress [20]. Because weighing
is non-invasive and objective, almost daily weight had been done to see the dynamics
of weight change. Before operation, without AVF stressor, all mice showed good health
status and progressive weight gain. Continuous observation of body weight revealed that
there was a weight loss in the early phase, which could be explained by surgery. Surgery
and anesthesia are both particularly potent stressors [21,22], and thus post-surgical body
weight reduction is common in mice [16,23–25]. However, as the experiment progressed,
the mice recovered and gained stable weight over the next 3 weeks. Therefore, the early
phase and the late experimental phase were chosen as time points to assess the distress
using additional parameters. As seen in other studies on distress and weight change [23],
when mice suffered severe distress, the body weight of the experimental animals started to
decrease progressively. Although the surgery itself had an impact on the welfare of the
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mice, the noticeable increase in body weight at the late phase indicated that the mice were
in good condition, and that the AVF itself did not cause severe distress to the animals.

It is known that FCM levels positively correlate with distress [9,10]. The advantage of
faeces samples over blood samples is that they can be easily collected without additionally
stressing the animals [26]. In the present research, consistent with other experimental
results [24,25,27], there was a moderate increase in FCM level after the respective inter-
vention. However, there was no statistically signifcant difference compared to the pre-
operative phase. After AVF creation, FCM levels did not increase over the course of time,
which indicates that the cervical fstula did not signifcantly increase distress in mice. It is
noteworthy that one mouse had a particularly high FCM level in the early phase, corre-
sponding to a loss of more than 10% body weight. Compared to other mice, this mouse had
more intraoperative loss of blood, which may have contributed to its signifcant weight
loss and stress [28]. This observation also indicates that the performance of the surgeon
has the biggest effect on the animal’s well- being.

Since not every type of stressor may be refected in corticosterone levels [29], be-
havioural parameters were also detected in our research to assess animal distress. Numer-
ous studies have demonstrated that burrowing behaviour and nesting activity are reduced
by distress [12,30,31]. Similar to body weight, burrowing activity can also be assessed
objectively, which is easy to perform. In order to induce minimal distress and unnecessary
effects on the mice, burrowing and nesting behaviour were tested inside the home cage [32].
During fstula maturation, there was no decrease in burrowing activity observed. Mice
actually burrowed more pellets in late phase. Since some mice pulled the nesting material
into the burrowing tube, burrowing and nesting activity were assessed on different days.
Unlike body weight, FCMs and burrowing activity, the nesting score is a subjective score;
however, defcits of nest building also refect a decline in animal welfare and impaired
general condition [30]. In agreement with other studies [24,25,27], most mice were highly
motivated to build nests in this study, but no signifcant difference between each time point
was observed.

In addition, a distress score sheet was used to evaluate AVF-bearing mice. Our work
group has used this distress score sheet several times to successfully analyse distress in
experimental mice [16,23–25,27]. All mice showed low distress scores, no more than 2 out
of 66 theoretically possible points. Consistent with the results of other parameters, the
distress also refected that this animal model only moderately increased distress. However,
we want to mention that the distress score has a similar limitation to the nesting score in
that it is not measured objectively but in a subjective manner.

We also want to describe other limitations of this study. Since the behavioural analysis
of burrowing and nesting requires the mice to be housed separately, this separation may
cause distress and might infuence our analysis. However, we did not observe any obvious
signs of distress on single housed mice before surgical intervention. Another limitation
is the small number of mice tested in this experiment. This might prevent observing
statistically signifcant differences between different time points. Since this is a new animal
model, only a small number of animals was used to test the feasibility and validity of this
animal model. However, distress of additional animals should be evaluated to further
validate the feasibility and safety of this model.

5. Conclusions

The presented cervical AVF model matures successfully. The analysis of multiple
distress parameters, such as body weight, FCMs, burrowing activity, nesting activity and a
distress score, demonstrated that this model in mice can be established without causing
severe distress. Therefore, it is a suitable model to study the pathophysiology of vascular
remodeling in AVF. It should be noted that the mice in this study did not suffer renal
insuffciency or uraemia, which are key factors affecting fstula maturation and neointima
formation [33]. Therefore, kidney dysfunction should be added to this model, and the
distress caused by renal insuffciency plus AVF should be carefully evaluated.
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3D‑printed lightweight dorsal skin 
fold chambers from PEEK reduce 
chamber‑related animal distress
Wentao Xie1,2, Matthias Lorenz3, Friederike Poosch4, Rupert Palme5, Dietmar Zechner1, 
Brigitte Vollmar1, Eberhard Grambow1,6* & Daniel Strüder1,4

The dorsal skinfold chamber is one of the most important in vivo models for repetitive longitudinal 
assessment of microcirculation and inflammation. This study aimed to refine this model by 
introducing a new lightweight chamber made from polyetheretherketone (PEEK). Body weight, 
burrowing activity, distress, faecal corticosterone metabolites and the tilting angle of the chambers 
were analysed in mice carrying either a standard titanium chamber or a PEEK chamber. Data was 
obtained before chamber preparation and over a postoperative period of three weeks. In the early 
postoperative phase, reduced body weight and increased faecal corticosterone metabolites were 
found in mice with titanium chambers. Chamber tilting and tilting-related complications were 
reduced in mice with PEEK chambers. The distress score was significantly increased in both groups 
after chamber preparation, but only returned to preoperative values in mice with PEEK chambers. In 
summary, we have shown that light chambers reduce animal distress and may extend the maximum 
dorsal skinfold chamber observation time. Chambers made of PEEK are particularly suitable for this 
purpose: They are autoclavable, sufficiently stable to withstand rodent bites, inexpensive, and widely 
available through 3D printing.

The dorsal skinfold chamber is an essential model for in vivo microcirculation analysis1. Researchers investigated 
inflammation2–4, thrombogenesis5–7, wound healing8,9, angiogenesis, biomaterials10 and tumor vascularisation11–13 
using the dorsal skinfold chamber14–16. Repetitive intravital visualisation of the microvascular dynamics is the 
major advantage of the model (Fig. 1).

Repetitive intravital microscopy without repetitive surgery requires the continuous exposition of the prepared 
vascular bed. The skinfold chamber on the back of the laboratory animal ensures optimal conditions for repetitive 
intravital microscopy17. The standard chamber comprises two titanium frames fixing the extended dorsal skin in 
the back’s midline. During chamber implantation, the first frame is sutured to one side of the dorsal skinfold. The 
skin, the subcutaneous tissue, and the striated panniculus carnosus muscle on one side of the dorsal skinfold are 
removed. Then, microsurgery exposes the vessels of the opposite panniculus carnosus muscle. Finally, screws are 
punched through the dorsal skinfold to connect the second frame of the chamber and the observation window 
is filled with saline followed by sealing with a coverslip.

The major limitation of the model is the physical burden of the chamber, which leads to animal immobiliza-
tion and distress. The titanium dorsal skinfold chamber is 4 cm long, 3 cm high, and weighs 3.8 g. The weight 
matches up to 20% of the mouse’s body weight (20–30 g). Weight and skin stretching may lead to restricted 
breathing, immobilization, and pain. The severity of any dorsal skinfold chamber experiment is considered at 
least moderate. Therefore, the reputation of the model as a standard in microvascular research has been contested 
in the context of 3R (refinement, reduction, replacement)18.

Lateral tilting of the dorsal skinfold chamber is another important limitation and strongly related to animal 
distress17. Weight, the chamber’s high center-of-gravity, and overstretching of the skin (in particular at the fixation 
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screws) lead to lateral tilting of the chamber in the second week after dorsal skinfold chamber preparation. Tilting 
comprises perfusion and causes animal distress (immobilization, pain). Chamber tilting of > 50° must be scored 
in the severity assessment and tilting of > 100° considered as an abort criterion. Therefore, experiments of up 
to 21 days are associated with high dropouts (20% in the third week) and low reliability (infections, ischemia). 
Experiments of longer than 21 days are impossible with standard chambers19,20.

To overcome these limitations, the chambers were continuously revised. Schreiter et al. reviewed the devel-
opments until 20171. While 63% of the dorsal skinfold chamber studies were from German-speaking countries 
and mostly used titanium chambers, smaller titanium chambers are already standard in the US1. Research 
groups from Sweden and Asia proposed more advanced plastic chambers made from plexiglass, dacron and 
polyetheretherketone (PEEK)1.

For many years, PEEK has been used successfully in medicine as a replacement material for titanium to 
fabricate surgical devices, implants and prostheses21,22. PEEK is a linear, semi-crystalline polymer that exhibits 
excellent mechanical and thermal properties. PEEK is bioinert and durable (lack of thermal aging and chemical 
resistance).

Although many publications point out disadvantages of large titanium chambers, they are still used in most 
studies: Between 2017 and 2021, only four of 76 studies used non-titanium chambers (70 titanium, 3 plastic, 1 
steel wire, 2 no information given; Suppl. Table S1)23–26.

One factor in the limited distribution of improved dorsal skinfold chamber is that previous research on 
chamber refinement missed quantifying the actual impact on animal distress. Existing titanium chamber stocks 
and poor availability of plastic chambers are further factors, which hindered comprehensive implementation of 
refined dorsal skinfold chambers.

The goal of the present study was the design and evaluation of a lightweight PEEK dorsal skinfold chamber to 
reduce animal distress and preserve repetitive intravital microscopy quality. We introduce a 3D printed design 
with unrestricted access and evaluate animal distress compared with traditional chambers. Therefore, the pilot 
study assessed specific dorsal skinfold chamber parameters (intravital microscopy quality, chamber tilting) and 
general distress parameters (weight loss, corticosterone levels, behaviour, distress score). As bridging technol-
ogy, the PEEK chamber may improve future in vivo research until sufficient in vitro and in virtuo models are 
established.

Figure 1.   Application and limitations of the dorsal skinfold chamber. The model enables continuous 
observation of microvascular parameters by intravital microscopy. The major limitations are animal distress 
and restriction to short-term experiments. To improve animal welfare and extend the observation time, a 
lightweight, 3D-printable PEEK chamber was developed. Figure created with BioRender.com.
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Results
This study examined animal distress of standard titanium dorsal skinfold chambers compared to a 3D printed 
design made of PEEK. Preparation of the chamber and intravital microscopy were comparable. PEEK chambers 
showed no signs of bites, chews or any other manipulation by the mice. In terms of lateral chamber tilting, animal 
weight loss and corticoid levels, the PEEK chamber was markedly superior.

The new PEEK chamber was designed lower and lighter than titanium chambers (approx. 1.5 g instead of 
3.8 g). The chamber was 3D-printed cost-effectively according to a reproducible protocol (€5.30 /chamber). The 
costs were lower compared to milled titanium chambers (€30–€110). The design and the low weight allowed 
the PEEK chamber to be secured with sutures (Table 1). Robust suture material (FiberWire, Arthrex, Munich, 
Germany) attached with multiple knots reliably fixed the chamber for 21 days (Fig. 2). The traumatic transdermal 
insertion of titanium screws was obsolete. The duration and difficulty of chamber implantation was comparable 
to the titanium chamber (20 min). PEEK is bioinert and autoclavable; wound infections did not occur in the 
pilot study, even with repeated use of autoclaved chambers.

PEEK chambers significantly reduced lateral tilting in the third week (Fig. 3). In the first week, both prepara-
tions were stable in the median plane; the titanium group even showed slightly less tilting (PEEK: 15°/9°–35°; 
titanium: 5°/0°–28°, p = 0.1688; median/95% confidence interval). None of the chambers tilted by > 45° in the first 
week. In the second week, one PEEK chamber tilted moderately by 72° and one titanium chamber tilted severely 
by 102°. The other five of six chambers in the respective groups remained stable with less than 20° deviation. In 
the third week, the deviation of the moderately tilted PEEK chamber remained stable, and another PEEK cham-
ber tilted likewise. Four of six PEEK chambers showed no deviation even after 21 days. In the titanium group, 
however, the tilting angle increased markedly in five of six animals. In three of six titanium chamber animals, 
the chamber deviated to about 90° and the skin around the screws had stretched to large defects. The median 
tilting of the titanium chambers was significantly greater than tilting of the PEEK chambers in the third week 
(PEEK: 8.5°/0°–62°; titanium: 67°/10°–129°, p < 0.05).

Postoperative weight loss was significantly reduced in PEEK chamber mice (Fig. 4A). While significant weight 
loss occurred postoperatively in all animals, weight loss was lower with PEEK chambers (PEEK: − 6.12%/− 14.46 
to 1.06%; titanium: − 14.69%/− 18.95 to 8.77%; p < 0.05). The body weight of PEEK chamber mice recovered 
already in the middle phase (2.46%/− 0.47 to 9.07%). Titanium chamber animals did not fully recover from the 
high initial weight loss until the late phase (− 3.33%/− 25.68% to 5.10%). Additionally, the weight loss of titanium 
chamber approached 20%, which is considered as an abort criterium.

Similar beneficial results for the PEEK chamber were found for faeces corticosterone metabolites (FCMs; 
Fig. 4B). In the PEEK group, only two animals experienced a slight increase in FCMs during the early phase 
(147%/121–281% p = 0.13). In contrast, early phase FCMs in mice with titanium chambers increased fourfold 
compared to baseline (baseline: 100%, early phase: 368%/248–587%; p < 0.05). In the middle and late phase, FCM 
values in both groups returned to the baseline (Fig. 4B). The direct comparison between PEEK and titanium 
chambers revealed a significant increase of titanium chamber FCMs in the early phase (PEEK: 147%/121–281%; 

Table 1.   Comparison of the titanium and PEEK chamber.

Titanium chamber PEEK chamber​​

Weigth (g) 3.8 1.5

Height (mm) 36 × 24 24 × 20

Transdermal screws 3 –

Price (€) 30–110 5

Figure 2.   Exemplary design of the PEEK chamber. (A) Model of the scaled-down and 3D-printable PEEK 
chamber (created with SolidWorks). (B) The extrusion printed PEEK chamber was ground to remove superficial 
irregularities and implantated into the test animal. (C) Representative intravital microscopy image of a PEEK 
chamber on day 3. Bar represents 100 µm.
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titanium: 368%/248–587%, p < 0.05), while FCMs were comparable in the middle (PEEK: 130%/37–220%; tita-
nium: 101%/59–203%, p = 0.31) and late phase (PEEK: 108%/81–395%; titanium: 90%/54–196%, p = 0.85).

Specific distress scoring and burrowing assessment did not show differences between titanium and the PEEK 
chambers (Fig. 5). Distress values remained low, with maximum 7/66 points for PEEK and 6/66 points for 
titanium chambers (p > 0.8268). In both groups, the distress score increased slightly in the early phase and 
declined in the middle and late phase. Likewise, burrowing started with relatively high baseline values (PEEK: 
108 g/57–195 g; titanium: 196 g/105–200 g, p = 0.06). Postoperative burrowing decreased significantly in both 
groups (PEEK: p < 0.05; titanium: p = 0.05, vs. baseline). Burrowing remained decreased markedly throughout 
the observation time in both groups (PEEK: 61 g/13–192 g; titanium: 36 g/20–56 g).

In summary, the PEEK chamber is easily available and maintains the high quality of intravital vascular 
imaging. The PEEK chamber’s flat and lightweight design can reduce animal distress and prolong the maximum 
duration of the experiment.

Figure 3.   Lateral chamber tilting. PEEK and titanium chamber tilting angles over time are given as individual 
values (A) and as a heatmap indicating high risk for lateral chamber tilting (B). PEEK chambers significantly 
reduced lateral tilting in the third week, while tilting in both chambers was comparable for 12 days. This is 
further visualized in the heat map (B). Differences between the groups were analysed by multiple t-tests (Holm-
Sidak), *p < 0.05, PEEK: n = 6, titanium: n = 6.

Figure 4.   Changes in body weight and faecal corticosterone metabolite (FCM) concentrations after dorsal 
skinfold chamber implantation. Individual values are given over time in a preoperative phase (p), early 
postoperative phase (e), middle postoperative phase (m) and late postoperative (l) phase. Body weight change 
(A) between each time point was analysed by RM one-way ANOVA on ranks followed by Dunn’s correction, 
and the difference between each group was analysed by unpaired t test followed by two-tailed P value tests. FCM 
concentrations (B) between each time point was analysed by Friedman test followed by Dunn’s correction, and 
the difference between each group was analysed by unpaired t test followed by two-tailed P value tests. *p < 0.05; 
**p < 0.05; PEEK: n = 6, titanium: n = 6.
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Discussion
The dorsal skinfold chamber is a major model for repetitive examination of vascular changes and inflammation. 
However, the dorsal skinfold chamber causes considerable stress for the test animals. Therefore, the model is 
not only criticized by animal welfare groups. This criticism is understandable, since many improved models 
have already been published, but mainly the classical titanium chamber is used17,23,24,27–29. For the widespread 
establishment of plastic chambers, a simple manufacturing protocol has been lacking on the one hand and proof 
of superiority in distress reduction on the other.

Here, we present a simple 3D-printed model made of PEEK. We show that the PEEK chamber reduces distress 
and extends maximum observation time.

The surgical demands and the quality of intravital microscopy are equivalent in PEEK and titanium chambers. 
When implanting the PEEK chamber, penetration of the skinfold with screws can be omitted, because of the 
chamber’s light weight. In titanium chambers, screws cause penetrating holes at the base of the skinfold, which 
are associated with chamber tilting. The PEEK chamber is fixed by tear resistant sutures, which the test animal 
cannot reopen (FibreWire, Arthrex, Munich, Germany). These sutures cause less trauma than previously used 
screws. After chamber implantation, the experiments run without differences to titanium chambers. In particular, 
there are no differences in the quality of the repetitive intravital fluorescence microscopy.

The most common complication of dorsal skinfold chamber experiments is lateral tilting of the chamber 
during the second week17. By the third week, 50% of the titanium chambers tilt to a position of > 90°, which 
causes animal immobilization. In all PEEK chambers, tilting remained below 90° for three weeks. The only PEEK 
chamber that had a tilting of 50° in the second week remained constant in the following week. This is clearly 
because of the reduced weight. In contrast, titanium chambers continued tilting over time. Therefore, the stable 
position of PEEK chambers could extend the maximum duration of future experiments to four or five weeks.

Besides decreased tilting in the third week, the use of PEEK chambers also reduced distress for the experi-
mental animals in the postoperative period. Postoperative weight loss is significantly higher in titanium chamber 
animals and does not return to baseline values over three weeks. With PEEK chambers, on the other hand, the 
test animals reach their original weight as early as the second week. Consistent with our data, previous research 
described up to 15% postoperative weight loss for titanium chambers and decreased weight loss for non-metal 
dorsal skinfold chambers30–32.

This difference in stress was confirmed by FCM measurement, a non-invasive measure of adrenocortical 
activity33. FCMs increased significantly after implantation of a titanium chamber while only a slight increase in 
FCMs was observed for PEEK chambers. Therefore, postoperative stress was primarily related to the titanium 
chamber and not to the surgery itself. In the intermediate and late phase, FCMs returned to baseline values in 
both groups. The design of future titanium chamber experiments should consider increased postoperative stress 
as a potential bias34.

In contrast to FCMs and body weight changes, mice in both groups did not differ in burrowing activity nor 
distress score. The distress score remained at a low level after the operation. The postoperative increase of 7/66 
points in the distress score was statistically significant. However, the values remained in the lower range of the 
score.

To our knowledge, this study is the first to investigate the distress of laboratory animals with dorsal skinfold 
chambers. Despite the lack of data on animal distress, many chamber improvements have already been published. 
These improvements were supposed to reduce animal distress and to enable MRI imaging. A simple development 
is a smaller titanium frame with an equally large observation window29. These smaller titanium chambers are 
sold commercially in the United States (small dorsal kit SM100, APJ Trading Co., Ventura, CA, USA). Schreiter 

Figure 5.   Distress Score and burrowing activity after dorsal skinfold chamber implantation. Individual values 
are given over time in a preoperative phase (p), early postoperative phase (e), intermediate postoperative 
phase (m) and late postoperative (l) phase. Specific distress scoring and burrowing assessment did not show 
differences between the titanium and the PEEK chamber. Distress score (A) and burrowing activity (B) at each 
time point were compared by Friedman test followed by Dunn’s correction and the difference between each 
group was analysed by unpaired t test (Holm-Sidak). **p < 0.05, ***p < 0.05; PEEK: n = 6, titanium: n = 6.
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et al. describe the advantages of a self-designed small titanium chamber: postoperatively no recovery period 
was necessary, younger animals could be used and their stress was supposed to be reduced1. However, titanium 
chambers are not MRI compatible and screw fixation is necessary. Furthermore, titanium is difficult to process 
and cannot be manufactured in life science facilities.

Innovative developments are chambers made of plastic, which have been used for years in Japan and the US. 
The first plastic chamber made of Duracon was described in 2003 by Ushiyama et al.17. The publication illus-
trated reduced tilting and supposed distress reduction, because of the lightweight Duracon material. However, 
quantification of tilting and distress was not performed. In addition, these early plastic chambers continued to 
use screw fixation17,35. These screws penetrate the skin and cause large wounds at the chamber basis.

A further weight reduction was achieved by using thermoplastic PEEK. PEEK is characterized by a high 
flexural modulus (3738 MPa) and tensile strength (100 MPa) compared to Duracon (2500 MPa, 87 MPa) and 
acrylic glass (3210 MPa, 75 MPa)36. PEEK can therefore resist the bite of rodents. Furthermore, PEEK can be 
fabricated with additive manufacturing processes, which results in further advantages such as a high degree of 
geometric freedom, low production costs and the flexibility regarding the unique or single-part production37.

The first lightweight PEEK chambers were introduced by Gaustad et al. and Seynhaeve et al.23,28. The PEEK 
chamber weight was as low as 1 g and 1.1 g, respectively. The chambers were fixed using sutures (Gaustad) or 
small screws (Seyhaeve). Mice fitted with the chambers showed a full capacity of motion, climbed, and gained 
weight as mice without chambers. We observed similar positive effects for PEEK chambers (body weight, climb-
ing, mobility). In addition, we verified reduced distress using a standardized protocol. We have repetitively 
measured chamber tilting and found that the PEEK chambers significantly reduce tilting in the third week of the 
experiment. Lightweight chambers with reduced lateral tilting enable increased observation times of up to one 
month27. This is especially relevant for biomaterial and oncology research: dorsal skinfold chamber observation 
times of three to five weeks could enable to study long-term biomaterial integration (fibrosis, giant cell forma-
tion, implant vascularization)38. In oncology, longer observation times could significantly improve the model, 
since the growth of tumor cells already preoccupies large parts of the current maximum observation time39.

The reduction in tilting was significant, although the measurement method had limitations, as the cham-
ber position depends on the body position. The measurement was performed on anaesthetized animals in an 
upright position with all feet on the ground. However, when positioning the animals, slight deviations of the 
angles occurred.

Another limitation of the study is that the standardized distress score does not focus on the immobilization 
of the test animals. However, the impediment of free movement, because of tilting and chamber weight, probably 
represents the main restriction for the experimental animals. Electronically recording of the animal mobility 
through tracking systems or recording of the time spent climbing the cage could increase the power of the stress 
analysis. However, using standardized distress scores enables comparisons to previous experiments.

The low number (n = 6) of test animals may be considered another limitation of the study. However, the PEEK 
chamber was significantly superior in major outcomes, such as tilting and weight loss. Therefore, no additional 
experimental animals had to be included. Another limitation related to the study design is that the PEEK and the 
titanium chambers have different sizes. Hence, all conclusions are related to the design (height, weight), but not to 
the material (PEEK vs. titanium). Low and lightweight titanium chambers may also decrease animal distress com-
pared to large standard titanium chambers. Yet, we consider PEEK a more suitable material because it increases 
availability, enables imaging, and decreases costs. These main advantages render a light titanium group obsolete.

Conclusion.  In experiments with dorsal skinfold chambers, the animals are particularly stressed by classical 
titanium chambers. This setup should be revised, in the context of 3R. Despite the development of smaller and 
lighter chambers, most dorsal skinfold chamber experiments in recent years have continued to use titanium 
chambers. We have shown that lighter chambers can significantly reduce animal distress and even extend the 
maximum experiment duration. Chambers made of PEEK are particularly suitable for this purpose: They are 
autoclavable, sufficiently stable to withstand rodents, inexpensive, and widely available through 3D printing.

Methods
PEEK chamber printing.  The PEEK chamber was designed for geometric shape improvement, weight 
reduction, and optimization for additive manufacturing using SolidWorks (Dassault Systèmes, Waltham, MA, 
USA). The Fused Filament Fabrication (FFF) process and the printer Minifactory ultra (miniFactory Oy LTD, 
Seinäjoki, Finland) were used for chamber printing. The design (*.stl file) was imported to Simplify3d (Sim-
plify3d, Ohio, US). Biocompatible and steam sterilizable PEEK filament Intamsys Funmat HT (INTAMSYS 
Technology Co. Ltd, Shanghai, China) with a flexural modulus of 3738 MPa and tensile strength of 100 MPa 
was chosen. The material-dependent printing parameters were 230 °C chamber temperature, 190 °C bed tem-
perature, 420 °C nozzle temperature 0.4 mm nozzle diameter, and 18 mm/s printing speed. Slicing was done 
according to the manufacture settings with a corresponding layer thickness of 250 µm. A brim of 3 mm gave 
optimal hold to the chamber on the printer bed. To ensure a plane chamber surface for skin contact side, the 
bottom of the chamber was placed on the printer glass bed for slicing. An extrusion multiplexer of 1.02 was set 
to fill production-related gaps between the filaments in the x–y direction (see supplementary PEEK chamber 3D 
printing protocol). Irregularities on the top side (window side) were ground manually after the printing process 
(printed chamber before polishing shown in supplementary Figure S1 and polished surface shown in Fig. 2B). 
Seven holes of 1 mm diameter were drilled into the frames for suture chamber fixation using a template. Before 
experimental use, the chamber was visually proved and post processed by steam sterilization.
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Animals and ethics statement.  All in vivo experiments were conducted in accordance with the German 
legislation on protection of animals (7221.3-1-012/20) and the NIH Guide for the Care and Use of Laboratory 
Animals (Institute of Laboratory Animal Resources, National Research Council). Male hairless SKH1/hr mice 
(6–10 weeks of age and weight of 25–30 g) were used for all experiments. The animals were housed individually 
in a specific pathogen-free facility with a twelve-hour light–dark cycle and access to standard laboratory chow 
and water ad libitum.

Study design.  Twelve mice were randomly allocated to two experimental groups: titanium chamber and 
PEEK chamber. Each animal was one experimental unit and examined independently using body weight, faecal 
corticosterone metabolites (FCMs), burrowing activity and clinical distress scores on days 1/2, 10/11 and 20/21 
after dorsal skinfold chamber preparation. Following distress and tilting measurements on day 21, mice were 
sacrificed (Fig. 6).

Experimental procedures.  Dorsal skinfold chamber implantation: Mice were anesthetized by an intra-
peritoneal (ip) injection of ketamine/xylazine (90/10 mg/kg bw) and positioned on a heating pad (37.8  °C). 
Microsurgery for dorsal skinfold titanium chamber implantation has been described before5. The significant 
change in the proposed model is the preparation without screws: After disinfection of the dorsal skin (Octe-
niderm, Schülke & Mayr GmbH, Norderstedt, Germany) and marking of the median line, a skin bilayer was 
stretched in the median line. Subsequently, the back of the PEEK chamber was sutured to the skin fold through 
the preformed holes (FiberWire, Arthrex, Munich, Germany). The preparation area was color-marked and the 
microsurgical preparation of the front side was performed. After completion of the preparation, the front of the 
chamber was placed congruently and fixed by three sutures connecting both chamber frames (Fig. 2).

Chamber tilting.  For chamber tilting analysis, animals were sedated in an isoflurane chamber for approxi-
mately ten seconds on days 7, 12, and 20/21. The sedated animals were positioned upright, with all feet on the 
floor. In the upright position, the animals were photographed from behind. In Photoshop software (Adobe Inc., 
San José, U.S.), the lateral tilting angle was measured in degrees of deviation from a vertical line.

Body weight.  The body weight was measured on a scale (EMB 200-2, Kern & Sohn, Balingen, Germany) at 
9:00–9:30 am. Percent change in body weight was determined by comparison with body weight in the preopera-
tive phase.

Distress score.  Since handling may affect animal distress, the distress score was assessed before weighting. 
The distress score sheet comprises body weight, general condition, spontaneous behaviour, flight behaviour and 
process-specific criteria, as previously published40. (Suppl. Tables S2 and S3).

Figure 6.   Experimental design. The dorsal skinfold chambers were implanted on day 0. Tilting angles were 
assessed on day 7, 12 and 21. Collection of faeces, body weight measurement, burrowing analysis and distress 
scoring were performed in a preoperative, early, intermediate, and late postoperative phase. Figure created with 
BioRender.com.
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Burrowing.  To quantify the burrowing activity, a tube (length: 15 cm, diameter: 6.5 cm) filled with 200 ± 1 g 
of food pellets (ssniff Spezialdiaeten GmbH, Soest, Germany) was placed in the left back corner of the cages 3 h 
before the dark phase at 04:00–04:10 pm. Despite the implanted chambers, mice had free access to these pellets 
throughout the whole observation time. The weight of the food pellets (g) left in the tube was measured on the 
next day.

Faecal corticosterone metabolites (FCMs).  After weighting, the bedding with old faeces was removed 
and replaced by fresh beddings. After 24  h, at least 400  mg faeces were collected per cage. The faeces were 
dried for 4 h at 65 °C and kept at − 20 °C until further processing. 50 mg of homogenized, dried faeces were 
extracted with 1 mL of 80% methanol and FCMs analyzed with a 5α-pregnane-3β, 11β, 21-triol-20-one enzyme 
immunoassay41,42. FCMs were evaluated blinded, and the percentage of FCMs was determined by comparison to 
respective FCM concentrations in the pre-operative phase.

Intravital microscopy.  Representative intravital microscopy was performed on day 3. Mice were anesthe-
tized and placed on a plexiglass pad with integrated heating. For the visualization of the microvascular system 
fluorescein isothiocyanate–labeled (FITC)-dextran (0.05 ml, 5%, MW: 150 kD) was injected into the lateral tail 
vein (or into the retrobulbar venous plexus if tail vein injection failed). Intravital microscopy was performed 
with 50-, 100- and 200-fold magnification using an Axiotech vario microscope (Carl Zeiss AG, Oberkochen, 
Germany) with a 100-W HBO mercury lamp with a blue filter (excitation, 450–490 nm; emission, 520 nm) The 
microscopic images were recorded on DVD (DMR-EX99V, Panasonic, Kadoma, Japan) using a charge-coupled 
video camera (FK 6990A-IQ, Pieper, Berlin, Germany) for off-line evaluation.

Statistics.  Data were graphed and analyzed with GraphPad Prism (version 8.0.1, GraphPad Software Inc., 
San Diego, CA, U.S.) and were presented as median and 95% confidence interval. The characteristics of data were 
assessed by Shapiro Wilk test. When analyzing the influence of time on the dependent variables, a Friedman 
Test was performed (corrections of multiple comparisons using Dunn test) in tilting angles, burrowing activity, 
percentage of FCMs and distress score, and a one-way repeated measure ANOVA was performed (corrections of 
multiple comparisons using Tukey test) in the percentage of body weight change analysis. When analyzing the 
influence of the chambers on the dependent variables, a Mann Whitney Rank sum test (for non-parametric data) 
or unpaired t test (for parametric data) was used. Differences with p < 0.05 were considered significant. Data are 
given as median/95% confidence interval.

Data availability
The datasets generated and analyzed during the current study are available from the corresponding author on 
reasonable request.
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