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3 Introduction 

The discussion about research on animals is a sensitive issue within society. 

Nevertheless, even though ongoing efforts are undertaken to replace animal models 

in research, they still present a necessity in many fields, especially when complex 

interactions within a living organism are the subject of investigation. In view of this 

situation and with regard to the number of animals used each year (just under 

11.5 million animals in 2011 within the EU (European Commission 2013), the 

implementation of the 3R principles of Replacement, Reduction and Refinement by 

Russell and Burch (1959) is essential, as they provide ethical guidelines for the use 

of animals in experiments. Since 2010, they are also a fundamental part of the 

legislation in Europe by being conceptually integrated into the ‘EU directive 2010/63 

on the protection of animals used for scientific purposes’ (EU 2010).  

The ethical consideration of animal use and the justification thereof in view of the 

expected gain of knowledge, also termed harm-benefit-analysis, is a requirement of 

the directive. To assess the harm, the potential severity of any experimental 

procedure is to be classified into one of four categories beforehand, and the actually 

experienced severity has to be assessed during the experiment. Classification, 

however, is a great obstacle, as the Annex VIII of the directive provides only few and 

simplified examples, and objective and reliable methods for severity assessment are 

scarce (BLEICH and TOLBA 2017; KEUBLER et al. 2018).  

Especially in laboratory rodents, which are the most widely used species of 

laboratory animals (SAUER et al. 2005), assessment of severity is complicated by 

their nature of hiding signs of weakness and disease (STASIAK et al. 2003; ARRAS 

2007a), hereby confounding test results. Using home-cage-based tests is, therefore, 

becoming increasingly recognised because animals are undisturbed and in their 

familiar surroundings.  

Voluntary wheel running is such a home-cage-based test, offering a continuous 

observation of the animals’ wheel-running behaviour. Several models have utilised 

wheel running as a measure of pain and dysfunction. Nevertheless, further 

exploration is needed to validate wheel running as an indicator of the animals’ state 
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of well-being for a greater variety of factors with potentially negative impact. In the 

present thesis, wheel running is investigated as a parameter for classifying and 

grading the severity experienced by the animals. It is furthermore used to evaluate 

routinely applied experimental procedures to add to the knowledge of what mice 

perceive as impairment of their well-being.  
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4 Literature survey 

4.1 The 3Rs principle 

The 3Rs, developed by Russel and Burch (1959) are the basic ethical principles of 

Replacement, Reduction and Refinement. They were designed to promote the 

careful consideration of potential alternative methods (Replacement), animal 

numbers required in a study (Reduction) and the improvement of applied methods, 

referring to measurement techniques as well as better animal husbandry to augment 

well-being (Refinement).  

In 2010, the 3Rs principle, along with other regulations concerning animal use in 

research, were incorporated in the EU directive 2010/63. Besides laying down 

general regulations for experiments involving animals, the directive demands any 

experimental procedure to be allocated to one of four severity categories: non-

recovery; mild; moderate; severe. The Annex VIII of the directive gives examples of 

severity grading for different procedures. However, severity evaluation in an 

experiment possibly involving several procedures, or procedures not mentioned in 

the Annex, remains subjective and unclear.  

In view of this and the inevitability of using animals in experiments, research on 

severity assessment is crucial for several reasons. On one hand, it is essential to 

meet a high standard of animal protection; on the other hand, it can also provide a 

powerful tool to minimise animal numbers while at the same time optimising the 

quality of research data. Therefore, severity assessment is an important part of 

Russell and Burch’s Refinement and Reduction principles.  

4.2 Impaired well-being: pain, suffering and distress 

The assessment of severity aims, generally speaking, at the recognition of impaired 

well-being or welfare (as both terms are most often used synonymously in this 

research field, all reference to this will henceforth use the word well-being to avoid 

confusion).  
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According to the EU directive 2010/63, the well-being of animals can be impaired by 

pain, suffering, distress and lasting harm (EU 2010).  

Pain has been defined by the International Association for the Study of Pain (IASP) 

as an “…unpleasant sensory or emotional experience associated with actual or 

potential tissue damage or described in terms of such damage” (1979). For 

application in animals, the American College of Laboratory Animal Medicine 

(ACLAM) Task Force further elaborated on it in their guideline for rabbits and 

rodents, including that anything likely to be painful to humans should be expected to 

be painful to animals as well (KOHN et al. 2007). The sensation “pain” is evoked by 

neurological responses to actual or potential damage, but how much pain an 

individual experiences is still subject to various factors such as cognitive awareness 

and disposition (BUENO-GOMEZ 2017).  

Pain is one potential source of suffering, but suffering can have many other sources. 

This is clearly stated in a definition by Kahn and Steeves (1986), asserting that 

suffering is the response to a situation or occurrence which the individual perceives 

as threatening to itself; besides painful stimuli, these could also be events with 

emotional repercussions such as fear.  

While pain and suffering have been previously defined, the definition of distress is 

still controversially discussed. Stress, as a precondition of distress, has been defined 

in 1936 by Canadian endocrinologist Hans Selye (1936) as “…the nonspecific 

response of the body to any demand”. Therefore, the stress reaction is a very 

important function of the body in response to potential danger and threat to internal 

balance (CHROUSOS 2009). Relating to this, the basic definition of distress usually 

entails that the individual exposed to stressors is unable to respond adequately. The 

individual, therefore, cannot re-establish physiological and/or psychological 

homeostasis (FLECKNELL 2008) or has to disrupt other biological functions such as 

reproduction or normal growth to cope with the stressor (MOBERG 1985; 

CARSTENS and MOBERG 2000).  

Considering the regulations of the EU directive 2010/63, the absence of these 

previously described adverse influences is sufficient to support the assumption of 

general well-being. Many definitions of well-being, however, move beyond this, as, 
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for example, the “five freedoms paradigm” (WEBSTER 1994). The five freedoms 

comprise the “freedom from thirst, hunger and malnutrition”, “freedom from 

discomfort”, “freedom from pain, injury and disease”, freedom from fear and distress” 

and the “freedom to express normal behaviour” (WEBSTER 2008). The development 

of this concept led to the “five domains model” (MELLOR and REID 1994; MELLOR 

2004). This model proposes to weigh internal, negative experiences such as pain, 

hunger and thirst against positive experiences, evoked by an enriched environment, 

to give an overall estimate of the level of well-being. A recent update on the “five 

freedoms” has emphasised that minimising negative experiences does not suffice to 

evoke positive states of well-being (MELLOR 2016). Furthermore, he underlined the 

role of affective and motivational states for the overall well-being of the animal, which 

can be positively influenced by activities or behaviours the individual perceives as 

rewarding.  

However, as detailed as these models and theories are on factors influencing the 

well-being, the translation to the daily practice of animal husbandry and experiments 

is still a tremendous challenge and in need of continuous research regarding 

methods for severity assessment.  

4.3 Methods for severity assessment 

Knowledge and research on animal well-being has distinctly advanced over the past 

decades; nevertheless, with prey animals such as mice and rats being the most 

widely used species in research experiments, the recognition of impaired well-being 

remains challenging, because concealing potential weaknesses is a natural 

behaviour in these species (STASIAK et al. 2003; BALCOMBE et al. 2004). 

Additionally, differences between species must be considered (STASIAK et al. 2003), 

and the interpretation of observed signs of pain, suffering or distress is sometimes 

subjective and difficult to recognise for inexperienced staff (MORTON and 

GRIFFITHS 1985). To still be able to detect any signs of impaired well-being, a wide 

range of methods has been developed and tested.  
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4.3.1 Clinical evaluation 

Conventional approach 

A very common and widely used method is the evaluation of the clinical appearance 

of the animals. The scoring is usually performed as a cage-side scoring, hereby 

considering parameters such as body weight, condition of fur, posture, discharge 

from body orifices, position of eyelids, texture of faeces and abnormal behaviour 

such as isolation from cage mates (MORTON and GRIFFITHS 1985). Besides the 

problem of very subjective scoring and great inter-observer variety of results, the 

presence of an observer in the room will bias the outcome and therefore, the clinical 

cage-side score is prone to miss early stages or low levels of impaired well-being 

(HAWKINS 2002). Additionally, criteria need to be very species- and procedure-

specific and should constantly be reviewed in order to refine the sensitivity and 

specificity (GOLLEDGE and JIRKOF 2016).  

Behavioural patterns and pain-related behaviours 

The behavioural component of the evaluation of well-being in laboratory rodents has 

increasingly been recognized as a possibly more sensitive parameter than the clinical 

appearance (MENCH 1998). Research has therefore focused on more detailed 

scoring of spontaneous behaviour (ROUGHAN and FLECKNELL 2001, 2003; 

WRIGHT-WILLIAMS et al. 2007), which partly overlaps with clinical scoring (see 

above) but is considerably more detailed. Parameters are hereby divided into two 

broad categories, differentiating between changes of physiological behaviour, for 

instance grooming and rearing, and occurrence of pain-related behaviours, such as 

twitching, pressing the abdomen to the cage floor or arching of the back (ROUGHAN 

and FLECKNELL 2001; LEACH et al. 2012). Pain-dependent behaviours have been 

identified by their altered frequency in response to analgesic or saline treatment after 

laparotomy (ROUGHAN and FLECKNELL 2001), with altered frequency and pattern 

of grooming being among the most prevalently displayed behavioural changes. While 

these scoring systems have been successfully applied in models of acute pain (e.g. 

after vasectomy, (LEACH et al. 2012)), the implementation into models eliciting 

chronic pain in the animals is not yet accomplished and additional indicators for 
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chronic suffering need to be identified (WHITTAKER and HOWARTH 2014). Another 

problem occurring in scoring of pain-related behaviours is that detailed knowledge of 

the species and their behaviour as well as extended experience is required.  

To avoid this bias, extend the observation period and facilitate the analysis, systems 

for automated analysis have recently been developed. These systems are able to 

distinguish between many different behaviours such as grooming and sniffing 

(BAKER 2011; SCHAEFER and CLARIDGE-CHANG 2012). In a study by Roughan 

et al. (2009), the automated system (HomeCageScan) was able to distinguish groups 

treated with different dosages of analgesia after a surgical intervention, therefore 

potentially providing a reliable additional tool to assess pain-related behaviours.  

Mouse grimace scale 

Grimace scales as a measure of pain have originally been developed to score 

humans who are not able to communicate, and it comprises the evaluation of so-

called facial units (EKMAN 1978). The Mouse Grimace Scale (MGS) has been 

developed by Langford et al. (2010), using five facial coding units: the orbital 

tightening; the nose bulge; the cheek bulge; the position of the ears; the position of 

the whiskers. This method has proven to be sensitive to post-operative pain and 

different analgesia protocols (LEACH et al. 2012; MATSUMIYA et al. 2012; FALLER 

et al. 2015) and isoflurane anaesthesia (MILLER and LEACH 2015) and has recently 

been adapted to other species such as rats (SOTOCINAL et al. 2011; LEUNG et al. 

2019), sheep (HÄGER et al. 2017), horses (DALLA COSTA et al. 2014) and cats 

(HOLDEN et al. 2014).  

4.3.2 Physiological parameters 

Heart rate and body temperature 

Results of studies assessing alterations in physiological parameters such as the 

heart rate (ARRAS et al. 2007b), heart rate variability (KIM et al. 2018) and body 

temperature (LIU et al. 2003; ARRAS et al. 2007b) in response to various stressors 

are promising. For example, Späni et al. (2003) found a difference in heart rate 

between group-and single-housing conditions, and Meijer et al. (2006) documented 

changes of heart rate and body temperature as a response to restraint stress and 
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injection methods. Nevertheless, this method comprises the disadvantage of having 

to surgically implant transmitter devices, which leads to prolonged body weight 

reduction compared to sham surgery, and to reduced food and water intake (LEON 

et al. 2004). Decreased climbing and locomotion has also been found in response to 

IP transmitter implantation (BAUMANS 2001).  

Stress hormones 

Further physiological parameters are changes in stress-responsive hormones. Stress 

in any form leads to the activation of different stress systems in the body, which 

provide the body with energy, increase cardiovascular function and even alters the 

immune system (see (CARRASCO and VAN DE KAR 2003) for an overview). In the 

assessment of stress, the analysis of glucocorticoids as active hormones of the 

hypothalamic-pituitary-adrenal (HPA) axis has been a valuable tool. In laboratory 

rodents, the most commonly analysed glucocorticoid is corticosterone (CORT), being 

the main active glucocorticoid in these species (MORMEDE et al. 2007).  

Because blood sampling for analysis of CORT in plasma is a stressor to the animal 

and will rapidly elevate CORT levels, it needs to be completed within a short time 

frame (GÄRTNER et al. 1980). Alternatives to the invasive method of blood sampling 

have been utilised, such as analysis of CORT metabolites in urine (MEIJER et al. 

2005) and faeces (TOUMA et al. 2004; WRIGHT-WILLIAMS et al. 2007; WALKER et 

al. 2012; ATANASOV et al. 2015); for an overview see Mostl and Palme (2002).  

4.3.3 Locomotion 

General locomotor activity 

General locomotor activity is a home-cage-based parameter, therefore potentially 

providing data of undisturbed mice. It has been assessed by measuring beam breaks 

of infrared beams (PFEIL 1988; HEISLER et al. 1998) and more recently by means 

of video recording (DE VISSER et al. 2005) and a system assessing movement by 

tracing the weight shift within the cage (GOULDING et al. 2008), hereby adding the 

analysis of time spent in certain locations within the cage. Even in the comparatively 

simple setup of beam breaks, general activity was able to depict changes related to 

frequency of blood sampling (PFEIL 1988) and, more recently, effects of different 
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anti-depressant drugs (WEBER et al. 2009). Using a video tracking system, strain-

related differences in activity could be detected, additionally utilising parameters such 

as velocity and number of stops (DE VISSER et al. 2006). Presumably due to 

complex and expensive systems, the applicability of measuring general locomotor 

activity to assess disturbed well-being, distress or even pain has not been fully 

explored.  

Tests for anxiety using locomotion and exploratory behaviour 

Tests which evaluate ambulation and behaviour stimulated by a certain environment 

are, for example, the Open Field (OF) test and the Elevated Plus Maze (EPM). The 

OF, in principal testing the response of an animal to an open, illuminated space, 

serves as a measure of emotionality (HALL 1934) and anxiety-like behaviour 

(CHOLERIS et al. 2001; WALF and FRYE 2007) by analysing various different 

parameters such as total ambulation, rearing, grooming and time spent in centre 

(CAROLA et al. 2002).  

The EPM, a cross-shaped, heightened test arena, gives the animal the choice of 

staying on or alternating between one of two open arms or one of two closed arms, 

surrounded by walls. Analyses of entries to and time spent in different areas have 

been shown to reveal the effects of anxiolytic drugs (PELLOW et al. 1985).  

These tests are widely used to measure anxiety-like behaviour, which could relate to 

impaired well-being, but they require removal of the animals from their home cage, 

which in itself leads to stress responses and can, therefore, affect test results 

(BALCOMBE et al. 2004; WALF and FRYE 2007).  

4.3.4 Specific behaviours of rodents 

Burrowing and nest building 

Specific behaviours, such as burrowing and nest building, are part of the animals’ 

natural behaviour. They are not, even though highly motivated (VAN DE WEERD et 

al. 1998; SHERWIN et al. 2004), essential to the immediate survival and therefore 

deemed “luxury” behaviours (JIRKOF 2014). They will only be performed if the 

animals’ essential needs are met (HOHLBAUM et al. 2018) and can in view of these 
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conditions be useful in assessing not only pain states but possibly also a generally 

reduced well-being (JIRKOF et al. 2013a; JIRKOF et al. 2013b). 

Burrowing and nest-building activity have been increasingly investigated in recent 

years (DEACON 2006; VAN LOO et al. 2007; DEACON 2012; GASKILL et al. 2013; 

JIRKOF et al. 2013a; JIRKOF et al. 2013b). Both tests have the distinct advantage of 

being home-cage-based tests.  

Burrowing is performed by most strains of laboratory mice, even though, strain-

related differences have been detected (CONTET et al. 2001). Burrowing activity is 

evaluated by measuring the amount of substrate removed from a provided burrow 

(DEACON 2012); additionally, the latency to start burrowing can be analysed 

(JIRKOF et al. 2010). Burrowing has been successfully applied in studies 

investigating post-laparotomy pain (JIRKOF et al. 2010), the well-being in a DSS 

colitis model (JIRKOF et al. 2013b) and after repeated anaesthesia (HOHLBAUM et 

al. 2017).  

Nesting activity is a behaviour inherent in both male and female mice, being not 

solely motivated by maternal instincts but serving as a protection from environmental 

influences such as temperature and predators (LATHAM and MASON 2004; 

DEACON 2006). Nesting performance is evaluated by scoring nest shape, height 

and amount of untouched nesting material (DEACON 2006). The nesting test has 

been successfully implemented in studies for assessment of model-dependent 

severity, having been sensitive to surgery as well as anaesthesia without surgery 

(GASKILL et al. 2013; JIRKOF et al. 2013a). The time-to-integrate-to-nest test (TINT) 

also relies on nest-building activity but evaluates if a piece of nesting material will be 

included into the existing nest within 10 minutes after provision (ROCK et al. 2014). 

The TINT has been used to evaluate pain after carotid injury surgery (ROCK et al. 

2014) and in a DSS colitis model (HÄGER et al. 2015). 

Voluntary wheel running (VWR) 

Another specific behaviour of many rodents is voluntary wheel running (VWR) 

(NOVAK et al. 2012). Wheel running is a controversially discussed phenomenon, 

occurring both in laboratory and in wild mice (MEIJER and ROBBERS 2014) and 
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many other animals such as rats and hamsters, domestic cats, bobcat, red fox and 

pig-tail macaques (KAVANAU 1971). Its motivational basis is not yet fully understood 

but has been clearly distinguished from general locomotor activity (SHERWIN 1998b; 

KOTEJA et al. 1999; DE VISSER et al. 2006). Over the years of research, VWR has 

been suggested to reflect searching or exploratory behaviour (MATHER 1981; 

SHERWIN 1998b) or to be a tool for energy regulation (COLLIER and HIRSCH 

1971). It has furthermore been described as a stereotypy (MASON 1991a; RICHTER 

et al. 2014; MASON and WURBEL 2016), because it seems to fulfil several criteria of 

stereotypies such as being invariant, goal- and functionless as well as repetitive. This 

assumption, however, has been contradicted by studies showing VWR is performed 

in enriched conditions (ROPER and POLIOUDAKIS 1977) or in specially shaped 

wheels demanding high concentration (KAVANAU 1967). Besides being stereotypic, 

the voluntary use of a wheel has been proposed to be addictive (BRENÉ et al. 2007), 

leading to similar behavioural changes as addictive drugs: Werme et al. (1999) found 

that drug-preferring strains of rats also showed increased running activity, and Brené 

et al. (2007) also suggested a correlation of running to drug preference in mice. In 

another study in rats, the intensity of wheel usage remained at a stable level when 

restricted to one hour access, while it significantly increased when access was 

granted for six hours (LATTANZIO and EIKELBOOM 2003). This pattern is very 

similar to the intake pattern of addictive drugs under similarly restricted access 

(AHMED and KOOB 1998). These studies, therefore, indicate a possibly common 

mechanism of drug addiction and extensive wheel running. The rewarding effect of 

VWR, regardless of its nature, has been shown by induction of conditioned place 

preference (CPP) (LETT et al. 2000; LETT et al. 2001; BELKE and WAGNER 2005). 

In line with these findings, VWR has been addressed as ‘self-reinforcing behaviour’ 

(SHERWIN 1998b).  

The effects of VWR on other animal behaviour have also been intensively studied. 

Concerning potentially anxiolytic properties, literature is controversial: while several 

studies point towards reduced anxiety-like behaviour (BINDER et al. 2004; DUMAN 

et al. 2008), a recent study by Fuss (2010) indicated increased anxiety.  
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Wheel running in rodents, despite the possibly confounding factors detailed above, 

has been widely used in a vast variety of studies. One major field is the investigation 

of exercise-related effects, for example on the regulation of energy homeostasis 

(PATTERSON and LEVIN 2008), tumour onset and tumour growth (ZHENG et al. 

2008), depression (GREENWOOD et al. 2003), stress (ADLARD and COTMAN 

2004), neuropathic pain (GRACE et al. 2016) and colitis (LIU et al. 2015). The 

marked effect on neurogenesis, while varying across strains (CLARK et al. 2011), is 

also of great interest, and in line with this, a marked increase of brain-derived 

neurotrophic factor (BDNF) by VWR has repeatedly been demonstrated (ADLARD 

and COTMAN 2004).  

Because rodents show a very steady circadian rhythm of wheel running even in total 

darkness (PITTENDRIGH and DAAN 1976), another field utilizing VWR is the 

research of various influences on circadian rhythmicity (DECOURSEY 1960; CHO et 

al. 2012). A third research area is the severity assessment. Several studies have 

shown a distinct change in VWR behaviour in response to pain, for example following 

intraperitoneal (IP) transmitter implantation (HELWIG et al. 2012), after onset of 

inflammatory pain (COBOS et al. 2012; KANDASAMY et al. 2016) or migraine 

(KANDASAMY et al. 2017). Additionally, VWR has been able to reveal the impact of 

non-painful experiences such as an unpredictable chronic mild stress protocol 

(DEVALLANCE et al. 2017).  

Since the amount of running can differently affect the study outcome, the genetic 

background of the animals has to be considered. By comparing different strains of 

mice, Festing (1977) and Clark et al. (2011) were able to demonstrate that genetic 

differences play a great role in VWR performance. Overall, wheel running in rodents 

is a very simple-to-obtain parameter and, while its complex and underlying 

mechanism are not yet fully understood, it offers great opportunities for many fields of 

research, including severity assessment.  

4.4 Influence of social housing condition 

The necessity of single-housing animals in order to obtain individual data in tests 

such as wheel running, burrowing or nest building, has not yet been overcome. 
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Because rodents such as mice and rats are gregarious animals, the general 

recommendation is to group-house laboratory rodents (GARBER et al. 2011) in order 

to provide the opportunity for species-specific social behaviour (EU 2010). Several 

studies have explored different aspects of single-housing and the effects thereof on 

different parameters. Many studies found no negative effects of single-housing, for 

example on CORT levels (HUNT and HAMBLY 2006; ARNDT et al. 2009; 

KAMAKURA et al. 2016) and performance in the modified hole board test (ARNDT et 

al. 2009). In a study on the effect of social contact during post-surgical recovery, 

results were inconclusive, but a decrease in social behaviour was observed after 

surgery (JIRKOF et al. 2012). In contrast, other studies revealed hyperactivity as well 

as reduced anxiety-like behaviour in single-housed mice (VÕIKAR et al. 2005). 

Further, a preference for social contact in a study using male mice (VAN LOO et al. 

2004), and a higher heart rate in single- compared to group-housed mice (SPÄNI et 

al. 2003) were also demonstrated.  

4.5 Animal models inducing impaired well-being 

4.5.1 Restraint stress 

A variety of different stress models is used to investigate the effect of stress itself on 

physiology, biology and behaviour (see Jaggi (2011) for a review), but also to induce 

disorders, ranging from psychological disorders such as depression (CHU et al. 

2016) to stress ulcers or intestinal inflammation (VINCENT et al. 1977; LEE 2013) or 

to enhance diseases such as colitis (KOH et al. 2015). Models deploy various 

stressors, e.g. water avoidance stress (HASSAN et al. 2014), chronic unpredictable 

stress protocols including hot air stream, shaking and tilting of the cage (MONTEIRO 

et al. 2015) or electric foot shock, food deprivation, day-night light change and many 

others (JAGGI et al. 2011). Stressor quality is hereby very different between models 

as some stressors are merely of psychological nature, while others additionally apply 

physical strain. Restraint stress, while not exerting any lasting physical harm when 

applied for short durations, is still both a psychological and temporarily physical 

stressor. It is accomplished by placing the animal in a tube-shaped apparatus, 

thereby restraining movement to a minimum. It is an often-utilized stress model 
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(PARÉ and GLAVIN 1986; BUYNITSKY and MOSTOFSKY 2009) and has been 

shown to induce elevated CORT responses (PITMAN et al. 1988; MARIN et al. 2007; 

NOHARA et al. 2016), alter basal HPA axis activity under repeated exposure 

(GADEK-MICHALSKA et al. 2013) and induce behavioural changes such as 

depressive-like behaviour (VOORHEES et al. 2013).  

4.5.2 Surgical induction of pancreatic carcinoma and chemotherapy 

Pancreatic carcinoma is among the most frequent causes of cancer death in human 

adults (JEMAL et al. 2008). Therefore, the need for ongoing research regarding a 

therapy is pressing. Different models for pancreatic cancer have been developed, 

including a broad variety of transgenic models, which are useful as they provide 

models of the most common types of human pancreatic cancer (reviewed in 

(HERREROS-VILLANUEVA et al. 2012)). Alternatively, the injection of tumour cells 

can be used. While xenograft models very closely resemble the human tumours, for 

instance concerning metastases and the clinically relevant microenvironment of the 

tumour, these models can only be done in immunodeficient mice (TALMADGE et al. 

2007; HERREROS-VILLANUEVA et al. 2012). In contrast to xenogeneic models, 

syngeneic orthotopic models can be established in immunocompetent mice 

(TALMADGE et al. 2007). For pancreatic adenocarcinoma, these models have been 

successfully established with several cell lines in C57BL/6J mice (PARTECKE et al. 

2011a; PARTECKE et al. 2011b; ZECHNER et al. 2015a; ZECHNER et al. 2015b) 

and used in several studies (PARTECKE et al. 2013; ZECHNER et al. 2016), 

therefore presenting a valid model for future research on pancreatic cancer. 

Treatment of pancreatic cancer is challenging due to high metastatic rates and late 

diagnosis. Several treatment options, such as gemcitabine, 5-Fluorouracil, 

capecitabine and combinations hereof (reviewed in (PLIARCHOPOULOU and 

PECTASIDES 2009)) have been investigated. Because a characteristic of cancer 

cells is the increase of lactate to enhance glycolysis (the Warburg effect (WARBURG 

et al. 1927; GATENBY and GILLIES 2004)), a new treatment option for cancer is the 

use of lactate dehydrogenase (LDH) inhibitors such as galloflavin (MANERBA et al. 

2012). Several studies have found that the inhibition of LDH results in reduced 

proliferation (SHENG et al. 2012), suppressed tumour growth and metastasis of 
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human hepatocellular carcinoma, induction of apoptosis in cell cultures of human 

breast cancer (FARABEGOLI et al. 2012), inhibition of growth in endometrial cancer 

cell lines (HAN et al. 2015) and even tumour regression in a mouse model of lung 

cancer (XIE et al. 2014). In vivo experiments using galloflavin as a treatment option 

have not yet been published.  

Besides the actual chemotherapy, adjuvant treatment of cancer is often performed. 

An adjuvant treatment substance used in pancreatic cancer is metformin, a biguanide 

originally used for treatment of non-insulin-dependent diabetes mellitus (CAMPBELL 

et al. 1996). It reduces plasma glucose concentration by increasing the insulin 

sensitivity in peripheral tissues such as muscle cells and by reduction of hepatic 

glucose production (DEFRONZO and GOODMAN 1995; CAMPBELL et al. 1996). 

During the investigation of metformin as an adjuvant treatment, a reduced cancer cell 

proliferation in mouse models of gastric (KATO et al. 2012) and pancreatic tumours 

(ZECHNER et al. 2016) was found. In contrast to this,metformin has also 

demonstrated inhibitory effects on tumour cell apoptosis induced by gemcitabine (a 

chemotherapeutic agent) in cell culture experiments have been demonstrated for 

metformin, depending on glucose concentration in the provided cell medium 

(ZECHNER et al. 2017). Additionally, metformin has also not yielded cancer-reducing 

effects in non-diabetic mammary-tumour-bearing mice and rats (THOMPSON et al. 

2015).  

Implications for animal well-being 

For induction of the tumour, general anaesthesia is needed to perform a laparotomy. 

A single isoflurane anaesthesia itself has very mild effects on mice as shown by 

Hohlbaum et al. (2017) who found no effect on burrowing, faecal CORT or free 

exploratory paradigm, and only a very slight elevated MGS in female mice at 30 

minutes after anaesthesia. Jirkof et al. (2013a) revealed a reduction in nest-building, 

and a reduction of VWR has been shown in another study (CLARK et al. 2004). In a 

different study, no reduction of body weight and again no influence on faecal CORT 

levels were revealed (WRIGHT-WILLIAMS et al. 2007); therefore, literature is 

controversial but agrees upon an at most mild severity of anaesthesia itself.  
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Responses to laparotomy under general anaesthesia, naturally inducing painful 

stimuli, include behavioural changes after vasectomy (WRIGHT-WILLIAMS et al. 

2013), reduced burrowing activity after sham vasectomy or sham embryo transfer 

(JIRKOF et al. 2010) and an increase in MGS after vasectomy (LEACH et al. 2012). 

Analgesia protocols using 5 mg/kg body weight carprofen (once prior to surgery) 

were sufficient to ameliorate pain-related signs in a burrowing test (JIRKOF et al. 

2010). Other analgesia regimes also demonstrated a rapid post-surgical recovery 

already 24 to 48 hours after surgery (TUBBS et al. 2011; MILLER et al. 2016).  

The effect of repeated IP injections, which, in this model, are used for chemotherapy 

application, has not been characterized in depth. An increased CORT concentration 

in urine of mice was found following five IP injections of saline (MEIJER et al. 2005). 

Another study revealed increased CORT levels in faeces, even though, other 

parameters such as sucrose preference, body weight and nest-building activity 

remained unchanged (GJENDAL et al. 2019). A recent study revealed a significant 

CORT response at 30 minutes after IP injection of phosphate-buffered saline (PBS) 

(KUMSTEL et al. 2019), which had already declined again at 60 minutes post 

injection.  

The influence of utilised vehicle substances, however, is an additional factor in this 

model of repeated injections. Dimethyl sulfoxide (DMSO), besides having various 

pharmacological properties such as being anti-inflammatory, able to penetrate 

membranes and induce vasodilation (JACOB and HERSCHLER 1986) is a potent 

solvent for water-insoluble substances (MARTIN et al. 1967). Even though it is widely 

used and its toxicity is considered to be low (BRAYTON 1986), Galvao et al. (2014) 

found low-dose cellular toxicity in vivo and in vitro. A very recent study also revealed 

adverse effects of DMSO IP injection in mice compared to PBS injection (KUMSTEL 

et al. 2019). Galloflavin has not yet been tested in vivo; metformin, on the other hand, 

has been widely used and rarely has side effects such as nausea, abdominal pain 

and malabsorption syndrome and metabolic acidosis in humans (WANG and HOYTE 

2018). A toxicity study in rats revealed a no adverse effect level for metformin at a 

high dose of 200 mg/ kg body weight (QUAILE et al. 2010).  
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4.5.3 Inflammatory Bowel Disease 

Inflammatory bowel disease (IBD), with its two main forms ulcerative colitis (UC) and 

Crohn’s disease (CD), has shown a continuously rising incidence especially in the 

USA, Europe and Canada (reviewed in (NG et al. 2018)). While the exact 

pathogenesis remains unclear, contributing factors, such as genetic background 

(BARMADA et al. 2004) lifestyle, gut flora (DARFEUILLE-MICHAUD et al. 2004) and 

the immune system have been identified (reviewed in (BOUMA and STROBER 2003; 

BAUMGART and CARDING 2007)).  

Both disease complexes are known to be chronic and relapsing. In CD, symptoms 

involve diarrhoea, abdominal pain and fever. UC additionally leads to bloody faeces 

(PODOLSKY 2002; BOUMA and STROBER 2003). In both forms of IBD, disease can 

also show extra-intestinal manifestations in the skin, eyes, joints or lungs 

(ROTHFUSS et al. 2006).  

Histological findings in UC are inflammation with infiltrations of predominantly 

neutrophils, the development of crypt abscesses and superficial ulceration of the 

epithelium, starting in the rectum and gradually extending into the colon. CD usually 

presents with infiltration of macrophages and a patchy distribution of transmural 

inflammation in the terminal ileum, caecum and colon (XAVIER and PODOLSKY 

2007).  

Animal models 

Animal models for IBD, even though not mirroring the full complex spectrum of IBD in 

humans, are very valuable for research on the multiple underlying factors.  

Depending on the mechanism, four model categories have been identified and are 

reviewed by Boismenu and Chen (2000): chemically induced intestinal inflammation; 

spontaneous inflammation in certain strains of mice; knockout or transgenic mouse 

models and cell transfer to immunodeficient animals.  

Due to the simple procedure and high reproducibility, chemical induction of acute as 

well as chronic colitis with dextran sulphate sodium (DSS) it is a widely used method 

(WIRTZ et al. 2007; CHASSAING et al. 2014), even though, the mechanism of colitis 

induction is not yet fully understood but leads to severe damage of the colonic 
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epithelium (WIRTZ et al. 2017). DSS administration via drinking water over several 

days leads to clinical signs such as diarrhoea, rectal bleeding and weight loss; upon 

necropsy, a shortened colon is found along with histologically visible erosions and 

crypt abscesses (OKAYASU et al. 1990; COOPER et al. 1993). Therefore, this model 

has a high resemblance of the clinical picture and pathology of UC in humans.  

Implications for animal well-being 

Under DSS colitis, animals should be weighed daily, as rapid body weight loss can 

occur (CHASSAING et al. 2014). Further clinical signs besides diarrhoea and bloody 

faeces are a hunched back and reduced overall activity, which occurs due to loss of 

fluid and anaemia. In highly susceptible strains, loss of mice is not uncommon 

(CHASSAING et al. 2014), therefore, this probably painful condition has a significant 

impact on the animals’ well-being. This has also been corroborated by a study 

revealing reduced burrowing activity in response to DSS treatment (JIRKOF et al. 

2013b). 
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4.6 Aims of the thesis 

Voluntary wheel running has already been investigated from various viewpoints, 

whether using its effects or evaluating effects on it. Nevertheless, its suitability for 

severity assessment is still debated and requires further investigation.  

One aim of this thesis is the assessment of overall experimental severity by using 

VWR as the central parameter in different mouse models, which were utilized in this 

study as models for impaired well-being. Additionally, the overall applicability of 

wheel running as a parameter for severity assessment is to be evaluated under 

consideration of the different experimental stimuli and different housing conditions.  

The study designs comprise a restraint stress model to induce psychological stress; a 

model for orthotopic pancreatic cancer, including surgery and a therapy protocol with 

frequently repeated IP injections; and the evaluation of a running system for group-

housed animals, tested in a model of DSS colitis.  

 

In view of the above, three working hypotheses have emerged:  

 

 VWR is a suitable, robust parameter to detect impaired well-being due to 

painful conditions and stressful procedures 

 VWR is more sensitive to adverse influences than conventionally applied 

methods such as clinical scoring and body weight assessment 

 VWR as a parameter for impaired well-being can be transferred to group-

housing conditions 
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5 Materials and methods 

5.1 Project authorisation 

All experiments were conducted in accordance with the German law for animal 

protection and the European Directive, 2010/63/EU, and approved by the competent 

authorities. For details see Table 1.  

Table 1: Authorities and license numbers.  

experiment competent authority license number 

pancreatic 
cancer 
model 

State Office of Agriculture, Food Safety and 
Fisheries Mecklenburg-Western Pomerania 
(LALLF); Lower Saxony State Office for 
Consumer Protection and Food Safety (LAVES) 

7221.3-1-019/15-
10 (LALLF) 
33.8-42502-04-
18/2852 (LAVES) 

restraint 
stress 

Lower Saxony State Office for Consumer 
Protection and Food Safety (LAVES) 

33.12-42502-04-
15/1905 

DSS colitis 
in group 
housing 

Lower Saxony State Office for Consumer 
Protection and Food Safety (LAVES) 

33.12-42502-04-
16/2194 

5.2 Animals and husbandry 

All animals were obtained at the age of 10 weeks from the Central Animal Facility, 

Hannover Medical School (Hannover, Germany). Female C57BL/6J.129P2-

Il10tm1Cgn+/+/JZtm (B6J IL10+/+) were used for the restraint stress and DSS colitis 

model, while male C57BL/6J (B6J) mice were utilised for the pancreatic cancer 

model. The mice were maintained by three designated staff members and kept in a 

separate animal room for behavioural research. Environmental conditions were 

maintained at 22 ± 2 °C room temperature, 55 ± 5% humidity with a 14/10 light-dark 

cycle. Food (standard pelleted maintenance food, Altromin 1324, Lage, Germany) 

and autoclaved drinking water were provided ad libitum. Cages were lined with 

softwood granulate (poplar wood, AB 368P, AsBe-wood GmbH, Germany).  

A routine health surveillance and microbiologic monitoring was conducted via a 

sentinel programme according to the Federation of European Laboratory Animal 
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Associations (FELASA) recommendations (MÄHLER et al. 2014) and revealed the 

presence of Pasteurellaceae and Helicobacter spp.  

5.3 Running wheel systems 

5.3.1 Single-housed animals 

All single-housed animals were kept in EU Type II Macrolon® cages modified with a 

hole in one wall to be compatible with the wheel running system (Revolyzer-3TS, 

Preclinics, Potsdam, Germany; Fig. 1). Each cage could be equipped with one freely 

accessible running wheel; rotations per minute were counted during the whole 

experimental period and transferred to a computer via specialised software 

(DASYLab 11.0, National Instruments Germany GmbH, Munich, Germany). Data 

were imported to and analysed with Microsoft Office® Excel (Microsoft Corporation, 

Redmond, USA). Starting at the age of 11 weeks, animals underwent a 14-day wheel 

adaption period to reach stable VWR activity.  

  

Figure 1: Running wheel system Revolyzer-3TS.  

5.3.2 Group-housed animals 

For group-housing of animals, a slightly modified system was used (IDRevolyzer, 

collaborative work with PhenoSys, (Berlin, Germany) and Preclinics, (Potsdam, 

Germany)). Animals were housed in six EU Type II Macrolon® cages connected by 

plastic tubes. Each cage was equipped with one running wheel. All animals 

underwent a subcutaneous implantation of a radio-frequency identification (RFID) 

transponder prior to the experiment (for a detailed description see pages 86-87). 

RFID receivers behind each wheel subsequently enabled assignment of individual 
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running wheel performance. Corresponding to the single-housing setup, the period 

for adaption to the wheels was 14 days.  

5.4 General experimental procedures 

5.4.1 Weighing 

The weighing procedure in all parts of this study was performed in the same manner 

one to two hours after the start of the light phase. The animals were caught by the 

tail, transferred by gentle cupping to a plastic measuring cup placed on a scale 

(Pocket scale CM 320-1N, 0.1 g accuracy, Kern®, Balingen, Germany) and 

subsequently returned to their home cage using also the cupping method.  

5.4.2 Blood sample collection 

Blood sampling was performed immediately after removal from the home cage and 

prior to weighing and sample collection by two experienced researchers via puncture 

of the facial vein (v. facialis). Blood sampling was only performed in group-housed 

mice and left and right facial veins were alternated between blood collections. The 

animals were scruffed in the neck region for restraint and temporary stop of blood 

flow in the facial vein. The tip of a 20 G cannula was used for the vein puncture which 

was performed 1 mm dorsal of the fur crown visible on the cheek of the mouse. After 

collection of one drop of blood, animals were released immediately for blood stasis. 

Recovery was monitored for five to ten minutes.  

 

5.4.3 Collection of urine and faeces 

An in-house routine procedure for collection of urine and faecal samples was used in 

the restraint stress and the group-housing experiment of this thesis. The collection 

consisted of a two-hour period which each animal spent in a separate EU Type II 

Macrolon® cage lined with hydrophobic sand (Labsand, Coastline Global Inc., Palo 

Alto, USA). This sampling procedure took place after the blood collection (only 

applicable for group-housed mice) and the weighing procedure, therefore between 

the first and third hour after beginning of the light phase.  
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5.5 VWR under restraint stress 

Animals (single-housed female B6J IL10+/+) were randomly selected for control 

(n = 8) and restraint stress (n = 8) group prior to the experiment. All animals were 

scored daily according to a specifically designed clinical score (Table 2) and 

subsequently handled for body weight assessment.  

Table 2: Clinical score for restraint stress model.  

fur score 

smooth, shiny        or 0 
minimally dull        or 1 
dull and ruffled        or 2 
dirty, ruffled, dull, untended 3 
eyes, eyelids   

wide open, round       or 0 
minimally narrowed       or 1 
almond-shaped lid position     or 2 
slit-like lid position  3 
body posture and movement   

fast running, stretching, rearing     or 0 
minimally restrained rearing, slightly arched back,  
slightly increased pauses       or 

1 

arched back, small steps, no rearing 2 
spontaneous activity   

immediate leaving of nest      or 0 
reduced alertness, slow leaving of nest   or 1 
lethargic 2 
whiskers   

normal, to the sides       or 0 
pointing minimally to the front or back   or 1 
markedly abnormal position (front or back) 2 
ears   

normal position, frontal      or 0 
minimally pointing towards back and down   or 1 
pointing backwards 2 
provoked activity   

marked reaction to touch/ flight     or 0 
diminished reaction to provocation, slightly delayed or 1 
tolerating touch or manipulation without proper reaction 2 
consistency of faeces   

firm and shaped       or 0 
soft, still shaped       or 1 
soft, not shaped, sticking to cage walls, diarrhoea or 2 
bloody faeces 3 

total score 19 
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VWR data were collected from 12 PM to 8 AM, leaving a 4-hour window for 

maintenance and sample collection.  

For all animals, adaption period was followed by a baseline sample collection (two 

hours spent in a separate cage lined with hydrophobic sand (Labsand, Coastline 

Global Inc., Palo Alto, USA) on day 0 for collection of urine and faeces. Sample 

collection was repeated for all animals on day 7, 10 and 14. 

 

Figure 2: Timeline: VWR under restraint stress 
 

From day 1 to day 10, mice of the restraint stress group were restrained for one hour 

per day over 10 consecutive days, starting one to two hours after start of light phase 

following the weighing procedure. Utilised restrainers were made of clear plastic with 

adjustable length and air holes, allowing rotation of the mouse around the axis but no 

further movement (Fig. 3). Mice were constantly supervised during the restraining 

procedure. Sample collections on day 0, 7 and 10 in the stress-treated animals were 

performed after the restraining procedure.  

 

 

Figure 3: Restraining device with adjustable length for immobilisation of mice.  
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5.6 Cluster model  

As described in the original collaborative work ‘Running in the wheel: Defining 

individual severity levels in mice by Häger et al. (2018), a mathematical approach to 

define individual severity levels by combining body weight and VWR data was taken. 

A cluster model, based on training data from a DSS colitis experiment with single-

housed female mice, was developed. The applied method used an unsupervised 

k-means algorithm to estimate unbiased severity classes in the data. The optimum 

number of clusters was determined by Scree-analysis (the trade-off between the 

within-groups sum of squares of the algorithm and the number of clusters) and led to 

the marking of three classes of VWR performance which were hypothesized as 

potential severity levels. The aim of the cluster development was to present a model 

into which new data points from different experiments can be entered, allowing 

allocation to these clusters (levels) and thereby indicating putative severity. This also 

facilitates comparison of severity between individual animals or experimental groups 

if the same variables were measured. Level borders were determined at 

VWR = 87.37% and 50.16% with 95% confidence, therefore creating three sections 

labelled level 0, level 1 and level 2 (Fig. 4).  

 

Figure 4: Severity level cluster model.  
Exemplary body weight and corresponding VWR data of all animals and days of the 

restraint stress experiment (left; n = 16 animals by 15 days (240 data points)); 

percentage allocation is depicted in a column (right). 
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Taking the assumed severity of the underlying DSS colitis model into account, these 

levels were suggested to represent no (level 0), mild (level 1) and moderate (level 2) 

severity.  

Data from the restraint stress model were used to test and validate the developed 

model. All data points of the experiment were exemplarily entered and are depicted 

in Fig. 4 with resulting %-allocation to each level.  

5.7 Statistical methods 

5.7.1 General data preparation  

Analysis of body weight and VWR data was done by calculating the mean of stable 

baseline values (days 12 to 14 of the adaption period if not indicated otherwise) 

which were set as 100% baseline; alterations during the following experiments are 

expressed as % of baseline value. Results of the clinical score are depicted in 

absolute points.  

All statistical analyses were performed using GraphPad Prism® (v8.2.1, GraphPad 

Software, Inc., La Jolla, CA, USA). The hypothesis of normally distributed data 

populations was tested with a Shapiro-Wilk test or an inspection of the QQ plot of the 

actual vs the predicted residuals of the model in case of a mixed-effects model. All 

effects were considered statistically significant at the 0.05 significance level. Unless 

indicated otherwise, values are shown as mean ± standard deviation (SD).  

5.7.2 Adaption period 

Comparison between single-housed female and single-housed male mice and 

between single-housed and group-housed female mice was performed separately for 

each day with an unpaired t-test (with Welch correction in case of unequal variances) 

or a Mann-Whitney U test depending on the results of the Shapiro-Wilk test. 

Resulting p values were Šidák-adjusted. Within each group, a comparison of each 

day against baseline was performed via a repeated measures (RM) one-way ANOVA 

in case of a confirmed hypothesis of Gaussian distribution of the underlying 

population, and a Friedman test in case of a rejected hypothesis.  
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5.7.3 VWR under restraint stress 

The comparison between the two groups was, according to the results of the 

Shapiro-Wilk test, performed with an unpaired t-test (assumption of normally 

distributed data) with Welch correction in case of unequal variances or a Mann-

Whitney U test (non-parametrical distribution). The comparison against baseline 

values within each group was performed as described for the adaption period (under 

exclusion of day 11- and day 12-data only within body weight analysis due to missing 

values). The clinical score was analysed using a Wilcoxon signed-rank test to 

compare score values against the baseline (hypothetical value of ‘0’).  

5.7.4 Manuscripts 

The applied statistical methods are described in detail within the respective sections 

of the implemented manuscripts (see section 5.8 and 5.9).  

5.7.5 Additional results for manuscript 2 

To compare each day of the experiment to baseline values within the 1% DSS group, 

a RM one-way ANOVA using a linear mixed-effects model with restricted maximum 

likelihood method and Geisser-Greenhouse correction for sphericity control was 

performed to handle missing values in this group. Animals were treated as random 

and days were treated as fixed effects. Model assumptions (normally distributed 

residuals) were examined via a QQ plot of the actual vs the predicted residuals of the 

model. A Dunnett’s multiple comparisons test was applied for post-hoc testing. Due 

to a rejection of the hypothesis of normal distribution for the data sets of 0% DSS and 

control group (both are complete data sets without missing values), a Friedman test 

with a subsequent Dunn’s multiple comparisons test was performed.  
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5.8 Manuscript 1  

‘Voluntary wheel running indicates chemotherapy-related distress 

in a mouse pancreatic cancer model’ 

For a detailed description of the materials and methods used, see the respective 

section of the implemented manuscript (section 6.3, page 41 to 46 of this thesis and 

suppl. Tables 3 et seqq.).  

5.9 Manuscript 2  

‘Wheel running behaviour as an indicator of disturbed well-being in 

group-housed mice‘ 

For a detailed description of the materials and methods used, see the respective 

section of the implemented manuscript (section 6.4, page 85 to 88 of this thesis and 

suppl. Tables 3 et seqq.). 
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6 Results 

This thesis comprises parts of the collaborative project ‘Running in the wheel: 

Defining individual severity levels in mice’ by Häger et al. (2018), which are 

presented in section 6.2. Two further parts are presented in the form of two separate 

manuscripts (section 6.3 and 6.4). Supplemental results for manuscript 2 are shown 

in section 6.5.  

Results of the wheel adaption period of all three parts of this thesis, preceding the 

main experimental phases, are comprehensively shown in the following (section 6.1).  
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6.1 Adaption period 

Animals of all three studies underwent a 14-day wheel adaption period to reach 

stable wheel-running activity.  

A comparative analysis of the adaption period revealed significant differences 

between the single- (n = 16, B6J IL10+/+) and group-housed (n = 21, B6J IL10+/+) 

female mice on day 4 to 14 of adaption (Fig. 5). The comparison between single-

housed female and single-housed male (n = 20, B6J) mice demonstrated an overall 

higher variability within the female mice. A significant difference between these 

groups concerning the total VWR performance was revealed only for day 14 of 

adaption (Fig. 5). On this day, female single-housed mice (day 14: M = 24055, 

SD = 6657) showed lower VWR than the single-housed male mice (day 14: 

M = 30175, SD = 4786, Fig. 5).  

 

Figure 5: VWR during adaption period, comparison between groups.  

Single-housed male B6J (n = 20) vs single-housed female B6J IL10
+/+

 (n = 16): day 14: 

unpaired t-test t=3.208, df=34, Šidák-adjusted p value = 0.0398 (#); Single-housed 

female B6J IL10
+/+

 (n = 16) vs group-housed female B6J IL10
+/+ 

(n = 21): unpaired t-test/ 

Mann-Whitney U test, with Šidák-adjusted p values; * = p < 0.05; ** = p < 0.014. Data of 

single-housed female B6J IL10
+/+

 published in Häger et al. (2018), data of group-housed 

female B6J IL10
+/+

 implemented in Weegh et al. (2019, in press).  

Single-housed female mice increased their VWR performance compared to the first 

day from day 6 on and male single-housed from day 4 on (Fig. 6). Group-housed 

mice stayed at a low level with significant elevation only on day 6, 8, 11 and 13 of 

adaption (Fig. 6).  
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Figure 6: VWR during adaption period, comparison to baseline.  
Single-housed male B6J (n = 20): RM one-way ANOVA, F (4.83, 91.77) = 7.5, p < .0001; 

Dunnett’s multiple comparisons test day 4: ## = p < 0.01, day 5 to 14: #### = p < 0.0001; 

single-housed female B6J IL10
+/+

 (n = 16): Friedman test statistic: 108.7, p < 0.0001; 

Dunn’s multiple comparisons test day 5 to 14: §§§§ = p < 0.0001; group-housed female 

B6J IL10
+/+ 

(n = 21): Friedman test statistic 34.25, p = 0.0011; Dunn’s multiple 

comparisons test day 6, 8, 11, 13: * = p < 0.05.  
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6.2 VWR under restraint stress 

The first experiment of this thesis was conducted on female, single-housed B6 IL10+/+ 

mice. After 14 days of adaption to the wheels and a baseline sample collection on 

day 0, one group of mice was subjected to restraint stress for one hour per day over 

10 consecutive days (restraint stress, n = 8) and further sampling procedures on day 

7, 10 and 14. Control group mice (controls, n = 8) were subjected to sample 

collections only.  

The clinical score revealed minimal, not statistically significant elevations solely in 

restraint stress treated animals (Fig. 7). Changes were only discernible in three out of 

eight animals.  

 

Figure 7: Clinical score under restraint stress.  

Comparison between restraint stress (n = 8) and control group (n = 8) (Wilcoxon signed-

rank test with a hypothetical value of ‘0’ (equal to control group values), p > 0.25 for all 

days). Data are shown as mean ± 95% confidence interval (CI95). bsl = baseline. Figure 

modified according to Häger et al. (2018).  

Compared to the control group, restraint stress group animals revealed a significant 

reduction of body weight on day 1 to 9 of restraint stress treatment (*, Fig. 8). 

However, body weight curve of stressed mice showed an increase from day 6 

onward and returned to its baseline by day 10 (day 10: mean body weight of 99.7% 

baseline, Fig. 8). Statistically significant reductions compared to baseline in the 

restraint stress group were only detectable on day 2, 5, 6 and 8 (#, Fig. 8). Body 
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weight course of controls revealed no significant reduction but a significant increase 

compared to baseline on day 8 and 13 (§, Fig. 8).  

 

Figure 8: Course of body weight under restraint stress.  

Restraint stress (n = 8) vs. control group (n = 8): t-test/ Mann-Whitney U test depending 

on distribution:* = p < 0.05; ** = p < 0.01; *** = p < 0.001. Comparison to baseline in the 

restraint stress group: Friedman statistic: 44.47, p < 0.0001, Dunn’s multiple 

comparisons test: ## = p < 0.01; ### = p < 0.001. Comparison to baseline in the control 

group: Friedman statistic: 35.93, p = 0.0006, Dunn’s multiple comparisons test: 

§ = p < 0.05; §§ = p < 0.01. bsl = baseline. Figure modified according to Häger et al. 

(2018).  

Due to missing body weight values of day 11 and 12 for six to seven animals in each 

group, results for these days are confounded.  
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Compared to the control group, VWR in restraint stress group was significantly 

reduced on all days except day 0, 6, 11, 12 and 14 (*, Fig. 9).  

 

Figure 9: Course of VWR under restraint stress.  

Restraint stress (n = 8) vs control group (n = 8): t-test/ Mann-Whitney U test depending 

on distribution: * = p < 0.05; ** =: p < 0.01; *** = p < 0.001; **** = p < 0.0001. Comparison 

to baseline in the restraint stress group (Friedman test statistics: 55.89, p = < 0.0001, 

Dunn’s multiple comparisons test: # = p < 0.05; ## = p < 0.01; ### = p < 0.001; 

#### = p < 0.0001). Comparison to baseline in the control group (Friedman statistic: 

36.83, p = 0.0013, Dunn’s multiple comparisons test: § = p < 0.05; §§ = p < 0.01). 

bsl = baseline. Figure modified according to Häger et al. (2018).  

In the restraint stress group, in-group analysis of VWR revealed statistically 

significant differences to baseline for all days of the restraint stress (#, Fig. 9) 

Comparison to baseline in the control group revealed statistically significant 

reductions for day 6, 10 and 14 (§, Fig. 9).  

6.2.1 Application of the cluster model 

A new approach to assess individual severity levels in mice was investigated in the 

collaborative work ‘Running in the wheel: Defining individual severity levels in mice’ 

by Häger et al. (2018) and resulted in three severity levels which were suggested to 

classify the severity of each individual animal as no (level 0), mild (level 1) or 

moderate (level 2; see also section 5.6 of this thesis). Within the described 

collaborative work, the data of the restraint stress model in this thesis were tested in 

the cluster model as described below.  
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Application of the model on day 0, 1, 3, 7 and 10 data (Fig. 10) revealed distinct 

patterns of distribution. Control mice indicated high running activity and rising body 

weights by middle to top allocation and a shift to the right. In contrast, stressed mice 

showed reduced wheel-running activity but not a consistent decrease in body weight 

compared to baseline (Fig. 10).  

 

Figure 10: Cluster model application on restraint stress data.  

Data of day 0, 1, 3, 7 and 10 of restraint stress and control group (n = 8 each). Figure 

modified according to Häger et al. (2018).  

Level percentages accordingly depict the allocation of stressed mice to level 1 and 2 

on all days of stress exposure with a homogenous distribution between both levels. 

This suggests a mild to moderate severity of the procedure. Mice of the control group 

showed an overall lower severity classification. On day 0 and 1, level 1 was reached 

by 75% and 50% respectively. On day 3, all mice were allocated to level 0. Day 7 

revealed a rise to 62.5% of mice in level 1. Only on day 10, one mouse reached 

level-2-severity (Fig. 11), while most mice of the group (75%) were allocated to 

level 1.  
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Figure 11: Allocation to severity levels under restraint stress.  

Percentage allocation of restraint stress and control group for day 0, 1, 3, 7 and 10; 

arrows indicate sample collection days. Figure modified according to Häger et al. (2018). 
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Abstract 

Preclinical evaluation of chemotherapies relies substantially on animal models 

because of the complex interactions of drug and organism. However, the therapeutic 

treatment itself presents a potential source of distress for the animal and might 

influence study outcome and data quality. Therefore, this study aimed to assess the 

well-being of mice during pancreatic cancer induction and subsequent 

chemotherapeutic treatment.  

After laparotomy and cancer cell injection into the pancreas, minimal body weight 

reductions, slightly elevated clinical scores and significantly decreased voluntary 

wheel running (VWR) behaviour were observed. Body weight was reduced in 

response to subsequent repeated intraperitoneal (IP) injections of the drugs 

metformin and galloflavin but not of the respective vehicle substances dimethyl 

sulfoxide (DMSO) and phosphate-buffered saline (PBS). VWR remained decreased 

throughout the study in both groups with the highest reduction after galloflavin 

injections in the therapy group, which were also allocated to the highest severity 

levels of the whole procedure using a recently developed cluster algorithm relying on 

VWR.  

In this study, VWR enabled severity classification of a cancer model and respective 

treatment. Continuous distress in chemotherapy- and vehicle-treated mice due to 

repeated IP injections and effects of substances was observed, especially a low 

tolerability of IP galloflavin injections. Therefore, potentially adverse effects by 

repeated IP injections and substance effects should be considered during study 

design in preclinical cancer research. 

Introduction 

In cancer research, animal experiments are essential to investigate the complex 

interactions between the tumour, the organism and potential treatment 

substances [1]. Such in vivo studies are also essential to understand the 

pathogenesis of cancer [1]. In mouse models, surgical interventions for orthotopic 

injection of cancer cells, as well as frequent handling procedures for the application 

of drugs, are often inevitable [1]. However, many studies have shown that stress has 

adverse effects on study outcome [2] and can alter the metabolism and immune 
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system [3]. Therefore, all procedures during an experiment should be evaluated 

considering the overall burden for the animals. With regard to this, an evidence-

based severity assessment to detect impaired well-being is a fundamental basis. It 

facilitates refinement to ensure the best possible animal welfare and legal 

compliance and improves scientific data quality.  

Pancreatic cancer and its treatment have been studied in vitro using tumour cell 

lines [4]. However, to investigate systemic influences such as diabetes [5] or the 

efficacy of drugs, in vivo studies are still required, e.g. in mouse models using the 

injection of pancreatic duct adenocarcinoma cells [6]. Recently, the anti-diabetic drug 

metformin was evaluated as an adjuvant treatment option for pancreatic cancer [6]. 

Metformin has previously been shown to be associated with reduced tumour 

development in patients at risk and an increased survival rate, even though results 

vary between different types of cancer [7]. Conversely, in a study on human 

pancreatic cancer, an effect on overall survival rate could not be revealed [8].  

Galloflavin is a relatively new lactate dehydrogenase inhibitor [9] which has been 

tested in endometrial cancer cells [10], human breast cancer cells [11] and Burkitt 

lymphoma cells [12]. In these studies, galloflavin treatment led to inhibition of cancer 

cell growth or death of cancer cells. In vivo studies have not yet been conducted and 

information on toxicity is scarce, finding 400 mg/ kg sublethal in mice [9]. The drug is 

dissolved in dimethyl sulfoxide (DMSO), which is widely used as a vehicle substance 

for water-insoluble drugs. DMSO has been reported to induce haemolysis, to have 

nephrotoxic and hepatotoxic properties as well as mediate ocular changes when 

used chronically in high doses; nevertheless, it is used as an analgesic and anti-

inflammatory drug with a generally low toxicity [13].  

The focus of cancer research is on the investigation of treatment efficacy. 

Nevertheless, assessment of animal well-being and therefore analysis of tolerability 

of the intra-pancreatic cell injection, impact of administered substances and effect of 

repeated IP injections should be addressed to comply with the 3R principles by 

Russell and Burch [14].  

Preclinical chemotherapy studies in mouse models are often conducted by repeated 

IP injections. The influence of IP injections as a potential source of impaired well-
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being has not yet been characterized in depth. Gjendal et al. [15] found no effects of 

repeated IP injections of saline on nest-building behaviour, sucrose preference, body 

weight or condition of the fur but did reveal a corticosterone increase, pointing to a 

rise of stress levels. This is in line with results of another study done in rats where 14 

daily IP injections altered the depressive-like behaviour of the animals [16]. Another 

study investigating corticosterone levels in urine revealed a rise in stress hormone 

level after single IP injections of saline [17]. Recently, Kumstel et al. found a 

significant effect of both phosphate-buffered saline (PBS) and DMSO injection on 

blood corticosterone levels with a prolonged effect of DMSO [18]. Moreover, stress 

has been shown to advance tumour growth and cell dissemination [19].  

To assess impaired well-being during pancreatic cancer induction and treatment, 

monitoring of VWR and clinical investigation was applied in this study. Recently, our 

group identified VWR behaviour as a robust indicator of disturbed well-being in a 

mouse colitis model and during restraint stress [20]. In the respective study, a cluster 

model based on VWR and body weight data was developed, enabling the definition 

of distinct individual severity levels. Furthermore, VWR has been utilized as a tool to 

analyse effects of exercise on obesity [21], to evaluate anti-depressant-like 

effects [22], study circadian rhythmicity and the effect of running wheel activity in a 

model of depression caused by chronic stress [23]. VWR has also previously been 

used to evaluate the recovery after surgical intervention [24] and was able to 

differentiate between varying levels of severity in a study with implantation of 

differently sized transmitters [25].  

The influence of VWR on tumour onset and growth rate has also been investigated, 

for instance in a model for breast cancer [26], revealing a reduction in tumour growth. 

In a model for subcutaneous tumour formation from pancreatic cancer cells [27], 

VWR additionally resulted in a delayed tumour onset in exercising mice. 

Furthermore, an exercise-volume-dependent effect on tumour progression was found 

in a transgenic mouse model for prostate cancer [28].  

The first aim of this study was to assess the impact of the surgical intervention, 

comprising the orthotopic pancreatic cancer cell implantation, on the well-being of 

mice by means of VWR, clinical score and body weight analyses. The second aim 
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was the characterisation of influences due to treatment with metformin and galloflavin 

or the respective vehicle substances by frequently repeated IP injections. 

Materials and Methods 

Project authorisation 

The experiments were conducted with approval of the State Office of Agriculture, 

Food Safety and Fisheries Mecklenburg-Western Pomerania (LALLF, license 

7221.3-1-019/15-10) and the Lower Saxony State Office for Consumer Protection 

and Food Safety (LAVES, license 33.8-42502-04-18/2852). All procedures were 

carried out in accordance with the German law for animal protection and the 

European Directive 2010/63/EU.  

Animals and husbandry 

Twenty male C57BL/6J mice were obtained from the central animal facility of the 

Hannover Medical School (Hannover, Germany), at the age of 10 weeks. All mice 

were scored daily by assessment of different clinical parameters such as condition of 

fur, eyes, and behaviour according to a clinical score (Table 1). Body weight was also 

assessed daily. Humane endpoint criteria were set at a single score criteria reaching 

5 points and/or several score criteria reaching 7 points total in a separately assessed, 

less detailed score (S1 Table), which was part of the animal test proposal. Bedding 

was changed once a week with transfer of used material to the new cage to diminish 

the effects of a new environment. All animals were housed separately in EU Type II 

Macrolon® cages (Tecniplast) and the animal room was kept under a constant 14/10 

light-dark cycle with a room temperature of 22 ± 2 °C and a humidity of 55% ± 5%. 

Routine health surveillance according to Mähler et al. [29] was performed via a 

sentinel system, revealing presence of Pasteurellaceae. All handling procedures 

were confined to three experienced staff members and were conducted between 

8:00 AM and 11:00 AM. 
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Table 1: Distress score modified according to Kumstel et al. 

 
I General condition score 

I - a fur dull, ruffled or untended 2 

I - b eyes dull or squinted 2 

I - c pathological discharge from body orifices 3 

I - d abnormal posture (hunched, arched back) 3 

I - e dehydration 3 

I - f short spasms or temporary paralysis symptoms   or 3 

I - g longer (>30 seconds) persistent cramping or paralysis 5 

 
abnormal respiratory sounds or the animal feels cold 5 

  II Spontaneous behaviour    

II - a the animal is passive or overactive     or 2 

II - b pronounced apathy, hyperkinetic or isolation 4 

II - c spontaneous vocalisation 5 

II - d self-mutilation 5 

  III Provoked behaviour   

III- a animal is passive or overactive      or 2 

III - b distinct apathy or hyperkinetic 5 

  IV Process-specific criteria   

IV -a wound healing disorder  2 

IV - b local inflammation 2 

IV - c ascites 4 

 

total score 0-50 

Wheel running system 

For assessment of individual VWR activity, mice were single-housed throughout the 

experiment with a freely accessible running wheel installed in their home cage (setup 

“Revolyzer-3TS”, preclinics, Potsdam, Germany). Wheel rotations were recorded by 

specialised software (DASY Lab 11.0, National Instruments Germany GmbH, Munich 

Germany) in 1-minute intervals. Utilised readout parameter in this experiment was 

the total number of rotations in the dark phase (VWR). A period of 14 days was given 

for adaption to the wheels.  

Tumour cell injection 

All 20 animals were injected by DZ with 6606PDA cells into the pancreas. This ductal 

pancreatic adenocarcinoma cell line was provided by DZ and BV (originally a gift of 

Prof. Tuveson, University of Cambridge, UK). Cells were cultured and prepared for 

injection as previously described [5, 30]. Inhalation anaesthesia was induced with 

1 l/min O2 and 4 vol% isoflurane in a mouse-sized translucent induction box. After 
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ceasing of the righting reflex, mice were placed in a supine position with the nose 

inside the inhalation mask; the eyes were protected by Bepanthen® eye ointment. 

Anaesthesia was maintained with 1 l/min O2 and 1.5-1.9 vol% isoflurane. Chest and 

abdominal area were shaved, and a transversal cut was made across the cranial 

abdomen, opening the skin, which was followed by the opening of the abdominal 

cavity. The pancreas was carefully advanced using cotton swabs and 5 µl of the 

cooled cell lysate (containing 2.5x105 cells) was injected using a pre-cooled Hamilton 

syringe. The syringe was drawn back 20 seconds after injection and vesicle 

formation and location were carefully checked. The wound was closed using Vicryl 

5‑0 absorbable suture for closure of the muscle and peritoneal layer (continuous 

suture) and Prolene 5-0 for closure of the skin (U sutures).  

For analgesia, carprofen (Rimadyl, Zoetis Deutschland GmbH, Berlin, Germany) was 

given once subcutaneously (5 mg/kg body weight) under anaesthesia and before 

surgery. Starting immediately after surgery, metamizole (Novaminsulfon 500 mg 

Lichtenstein, Zentiva Pharma GmbH, Frankfurt am Main, Germany) was given orally 

via drinking water with a concentration of 1250 mg/l throughout the whole 

experiment.  

Substances and treatment protocol 

Metformin was dissolved in PBS (PBS Dulbecco, Merck Biochrom GmbH, Berlin, 

Germany) and kept in small aliquots at -20 °C with a concentration of 125 mg/ml. 

Once diluted to appropriate concentrations for injection, metformin (1,1 

Dimethylbiguanide hydrochloride, Lot # BCBT7573, Sigma-Aldrich Chemie GmbH, 

Steinheim, Germany) was kept at 4 °C for a maximum of three days. Galloflavin 

(Galloflavin Potassium salt, Batch #1, Tocris Bioscience, Bristol, UK) was dissolved 

in 100% DMSO (Dimethylsulfoxid ≥99.5%, Bio-Science Grade, Carl Roth GmbH&Co. 

KG, Karlsruhe, Germany) with a concentration of 20 mg/ml and at all times kept at 

‑20 °C.  

Mice were randomly assigned to therapy or vehicle group (n = 10 per group) by 

blindly shuffling and distributing animal score sheets prior to the start of adaption.  

Mice of the therapy group received metformin (125 mg/ kg, dissolved in 0.1 ml PBS) 

and galloflavin (20 mg/ kg, dissolved in 0.03 ml DMSO). Animals of the vehicle group 
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received vehicle substances PBS (0.1 ml) and DMSO (0.03 ml) on the respective 

days (Fig 1).  

 

Fig 1: Timeline of the experiment. 

Black frames (“”) show different periods (post-surgery, early, middle, late) and 

respective days which are later used in analysis; arrows indicate single (white arrow) and 

double (black arrow) injection days.  

All substances were warmed to room temperature and applied via IP injection. Each 

day, starting on day 5, metformin and PBS were administered two hours after lights-

on. Also starting on day 5 post-surgery, an additional injection of galloflavin and 

DMSO was given three times a week (Mondays; Wednesdays; Fridays; see also 

Fig 1), one hour after PBS/ metformin injection. Hence, animals received two IP 

injections on Mondays, Wednesdays and Fridays and one injection on all other days 

of the week. At the end of the experiment, animals were sacrificed by CO2 inhalation 

and cardiac puncture for blood collection. During necropsy, pancreatic tumours were 

removed from the animals and cleaned of any adhesive tissue before all tumours 

were weighed. All animals were examined macroscopically for scattered cancer 

tissue and other pathological changes. 

Data processing and statistics 

For generation of a VWR baseline, data of the last six days of the adaption period 

were pooled for each animal and set as 100% baseline. For body weight data, the 

last three days of adaption were chosen. All changes are therefore depicted in % of 

baseline. All statistical tests were performed using GraphPad Prism® (v8.2.1, 

GraphPad Software, Inc., La Jolla, CA, USA) and are in detail supplied in S1 data. 

Underlying data are available in S2 data. Due to the termination of the experiment for 

one animal, vehicle group data consist of nine animals from day 9 on. For testing of 
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VWR and body weight change within one group against baseline, a one-way 

repeated measures (RM) ANOVA using a linear mixed-effects model with restricted 

maximum likelihood method and Geisser-Greenhouse correction for sphericity 

control was applied. Animals were treated as random effects, while days and 

treatment were treated as fixed effects. Model assumptions (normally distributed 

residuals) were verified in a QQ plot of the actual vs the predicted residuals of the 

model. Post-hoc testing was performed using Dunnett’s test with baseline data as 

controls. For comparison of the two groups on each day, a two-way RM ANOVA 

using a linear mixed-effects model was done as described above for testing against 

baseline, using a Bonferroni adjustment for the multiple comparisons. A Wilcoxon-

signed rank test was performed on clinical score data for comparisons to baseline. 

For comparisons between groups, a Mann-Whitney U test was performed for each 

day; p values were Šidák-adjusted. For additional analyses, an early (day 5 to 8), 

intermediate (day 19 to 22) and a late (day 33 to 36) period were chosen. With each 

period lasting from Friday to Monday, consistency of experimental and environmental 

influences was retained. VWR data of these periods were pooled into two groups 

according to substance (therapy or vehicle) and additionally two sub-groups each 

according to injection frequency (single or double injection) to detect differences 

between all four treatment constellations. These data were analysed in a two-way 

ANOVA with subsequent Tukey’s test for multiple comparisons. For all days of the 

early, intermediate and late period, body weight and VWR data were tested in a 

previously published severity cluster model [20]. The cluster model was developed by 

using a k-means algorithm on experimental training data, resulting in the definition of 

two borders at 87.37% and 50.16% of baseline VWR. Therefore, it allowed the 

allocation of individual VWR data to one of three levels (0: < 50.16% VWR; 1: 

50.16% to 87.37% VWR; or 2: > 87.37% VWR).  

A Mann-Whitney U test was conducted on tumour weight data. A p value of < 0.05 

was considered significant in all analyses. Data are depicted as mean ± standard 

deviation (SD), with the exception of the clinical score being depicted as mean ± 95% 

confidence interval (CI95).  
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Receiver operating characteristic (ROC) curve analyses were done using the 

absolute numbers for all parameters (absolute number of wheel rotations during one 

dark phase for VWR and body weight in g). Values of the last day of the adaption 

period were tested against values of day 1 to analyse parameter sensitivity after 

surgery. A second analysis compared values of day 4 to values of day 5 to depict the 

sensitivity of VWR and body weight in response to the influence of the first IP 

injections.  

Results 

Impact of pancreatic cancer induction 

For the induction of pancreatic cancer, mice were submitted to a laparotomy for 

tumour cell injection into the pancreas under general isoflurane anaesthesia on 

day 1. During the recovery period, the clinical score indicated only minor signs of 

impaired well-being on day 1 by a slight increase of the score up to a maximum of 6 

points in one animal, but a median of 2 in the therapy group and 0 in the vehicle 

group (#; Fig 2A and S1 data). Mean average body weight loss was highest on day 3 

for therapy group (2.6%) and day 1 for vehicle group (1.5%), leading to a statistically 

significant reduction only in the therapy group on days 2 to 4 (Fig 2B and S1 data).  
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Fig 2: Post-operative recovery after tumour induction.  

Mice of the therapy and vehicle group (n = 10 each) were clinically scored after surgery. 

Therapy group mice showed significantly elevated scores compared to baseline (bsl) 

merely at day 1 (A; # = therapy; Wilcoxon signed-rank test, p < 0.05), and a body weight 

reduction of up to 2.6% (day 3) on average (B; # = therapy group: linear mixed-effects 

model, fixed effects type III: p < 0.0001, F (6.136, 55.22) = 9.780 with Dunnett’s multiple 

comparisons test, day 2 to 4, p < 0.05). VWR revealed a statistically significant drop to 

62% of baseline in therapy and 52% in vehicle group on day 1, followed by an increase 

to ~85% to 90% on day 2 (C; # = therapy group: linear mixed-effects model, fixed effects 

type III: p < 0.0001, F (3.988, 35.90) = 13.12; Dunnett’s multiple comparisons test 

p = 0.0055; § = vehicle group: linear mixed-effects model, fixed effects type III: 

p < 0.0092, F (3.922, 32.12) = 4.068 Dunnett’s multiple comparisons test p = 0.0001).  

VWR behaviour revealed a statistically significant drop after surgery to a mean of 

62% in the therapy group and 52% in the vehicle group (Fig 2C and S1 data). This 

drop was followed the next day by an increase to a non-significant level of 90% in the 

therapy group and 84% in the vehicle group). On day 3 and 4, mice demonstrated 

stable VWR around 90 ± 2% of baseline (Fig 2C).  

To determine severity levels, correlated body weight and VWR data of all mice and 

days of the whole experimental phase were analysed using a cluster model 

developed by Häger et al. 2018 [20], enabling classification into severity levels 0, 1 

and 2 (Fig 3A). To analyse post-surgical distribution patterns of individual mice of the 

respective experimental groups, data were plotted separately for day 1 to day 4 

(Fig 3B). Calculation of severity level proportions was subsequently performed. It 

revealed a fraction of 60% of vehicle group mice and 30% of therapy group mice in 

severity level 2 on the day of surgery (Fig 3B and C). On the following two days, 

animals of both treatment groups fell exclusively into level 0 and 1 (day 2, therapy: 
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60% level 0, 40% level 1; vehicle: 40% level 0, 60% level 1; day 3, therapy: 40% 

level 0, 60% level 1; vehicle: 50% level 0, 50% level 1). On day 4, level 2 was also 

not represented, but 60% of the vehicle and 30% of the therapy group were still 

allocated to level 1 (Fig 3B and C).  
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Fig 3: Cluster model application on post-surgery data.  

A shows the cluster analysis of correlated body weight and VWR (all experiment data are 

plotted; cluster borders (---) are located at 50.16% and 87.37% of VWR). B shows the 

resulting individual distribution pattern for day 1 to 4 and therapy as well as vehicle group 

(n = 10 each) with a minor allocation to severity level 2 on day 1 only. Resulting 

proportions of severity levels (%) of both groups are shown in C.  
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Impaired well-being during chemotherapy and vehicle treatment 

In the second part of the study, the status of well-being was assessed during 

chemotherapy and vehicle treatment, which started after surgery on day 5 of the 

experiment (see also Fig 1). For one animal of the vehicle group, the experiment had 

to be terminated on day 8 because of a body weight loss exceeding 20%.  

In mice of the vehicle group, the median clinical score remained at baseline level 

during the entire experiment. A significantly increased median score of 3.5 out of 50 

maximum score points was observed in therapy-group mice on day 24. It remained 

increased until day 26 due to slightly ruffled fur, squinted eyes and minimal reduction 

of activity (Fig 4A, S1 data).  
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Fig 4: Assessment of well-being during chemotherapy and respective vehicle 

application.  
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Figure legends for Fig 4:  

Well-being was assessed in therapy (n = 10) and vehicle group (n = 9-10). The course of 

the clinical score (A) shows a slight, statistically significant increase in therapy group 

from day 24 to 26 of treatment phase (comparison to baseline: #; Wilcoxon signed-rank 

test, p < 0.05) and no statistically significant differences between groups, while body 

weight was reduced in therapy group during almost the entire treatment phase (B; 

# = therapy group: linear mixed-effects model, fixed effects type III: p < 0.0001, 

F (6.136, 55.22) = 9.780 with Dunnett’s multiple comparisons test, p < 0.05). Body weight 

in the vehicle group was only significantly reduced on day 5 and 18 (B; § = therapy 

group: linear mixed-effects model, fixed effects type III: p = 0.0528, 

F (3.429, 28,08) = 2.785 with Dunnett’s multiple comparisons test p < 0.05). VWR 

monitoring (C) revealed, compared to baseline, differences in both groups (# = therapy, 

linear mixed-effects model, fixed effects type III: p < 0.0001, F (3.988, 35.90) = 13.12, 

Dunnett’s multiple comparisons test p < 0.05; § = vehicle, linear mixed-effects model, 

fixed effects type III: p < 0.0092, F (3.922, 32.12) = 4.068 Dunnett’s multiple comparisons 

test p < 0.05); statistically significant differences between groups (* p < 0.05) were most 

frequently seen in body weight (linear mixed-effects model, fixed effects (type III) for 

group: p = 0.0041, F (1, 18) = 10.83). bsl = baseline. For detailed p values see S1 data.  

The body weight of the vehicle group ranged around baseline levels over the whole 

observation period (99 ± 1.6%) without further weight gain and was only significantly 

reduced compared to baseline on day 5 and 18 (Fig 4B and S1 data). Mice of the 

therapy group showed a more variable course of body weight and did not recover to 

baseline, remaining at a reduced average level of ~96% of baseline until the end of 

the experiment. With the exception of day 13, all days revealed a statistically 

significant reduction of body weight when compared to baseline (Fig 4B and 

S1 data). Comparison of body weight between both groups showed statistically 

significant differences on nine out of fourteen double injection days but only on one 

single injection day (Fig 4B, S1 data).  

In addition to clinical scoring and body weight detection, VWR behaviour was 

analysed. On the first day of treatment with double injections of drugs or either 

vehicle substances, therapy-group mice showed a VWR reduction of ~73%, which 

was significantly higher when compared to vehicle group (reduction of ~29%; Fig 4C, 

S1 data). On the following days 6 and 7, VWR increased to ~79% (±7.3%) of 

baseline in the vehicle group and to ~82% (±1.3%) of baseline in the therapy group. 

A further statistically significant difference between the groups was only detectable 

on day 31 (Fig 3C, S1 data). Results of comparison to baseline, however, revealed 
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statistically significant differences on 12 out of 14 double injection days in therapy 

group) and 10 out of 14 double injection days in the vehicle group. Additionally, VWR 

was statistically significantly reduced in both groups on several single injection days 

(Fig 3C and S1 data). Tumour weights at necropsy did not differ between therapy 

(median 0.1038, CI95 [0.057; 00.26]) and vehicle (median 0.08; CI95 [‑0.027; 0.48]) 

group (Mann-Whitney U test, U = 26; p = 0.7063). Three animals of the vehicle group 

did not develop a tumour.  

Cluster analysis of VWR and body weight data for severity level allocation 

For the cluster analysis, days of the early (day 5 to 8), intermediate (day 19 to 22) 

and late (day 34 to 35) period during chemotherapy and vehicle treatment were 

analysed in groups according to treatment and injection frequency (see also Fig 1).  

Data points of individual mice were clustered with separation between single and 

double-injection days. Additionally, corresponding quantification of severity fractions 

in % was performed (Fig 5).  
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Fig 5: Cluster analysis of early, intermediate and late period during 

chemotherapy or vehicle treatment.  

Clustered data and the corresponding percentage calculations for early (day 5 to 8), 

intermediate (day 19 to 22) and late (day 33 to 36) period for the individual animals in the 

therapy (A, n = 10) and vehicle group (B, n = 9-10). Data are separated into single-and 

double-injection days within each group. 

For the therapy group in the early period, a separation between single and double 

injection days became obvious: 75% of the data points of double injection days fell 

into severity level 2 and 25% into level 1. In contrast, 75% of data points of single 

injection days fell into level 1 and 25% fell into level 0 (Fig 5A). For the vehicle group, 

double injection days in the early period resulted in 60% level 1-allocation. Level 2 
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and level 0 were represented with 20% each. Single vehicle injection in the early 

period led to higher percentages for level 1 and level 0 (level 0: 45%, level 1 50%, 

level 2: 5%, Fig 5B).  

In the intermediate period, the separation between single and double injection in the 

therapy group became less distinct. Here, the proportion of double-injected mice in 

level 2 decreased to 50%; 35% of this group allocated to level 1. For single therapy 

injection, results changed marginally (5% level 2, 70% level 1, 25% level 0; Fig 5). In 

the intermediate period, no data points of the vehicle group were classified as level 2. 

Double injection led to 83% level-1 allocation (hence 17% level 0), while single 

injection resulted in a lower 44% level-1 allocation (hence 56% level 0).  

In the late period, severity fractions of double-injected animals in the therapy group 

reached the lowest proportions (25%) for level 2 compared to both other periods. 

Single therapy injection showed a slight increase of severity-level-2-proportions to 

15% compared to the early and intermediate period, but the majority (70%) of the 

animals still allocated to level 1. In the vehicle group, the majority of both double- and 

single-injected animals were allocated to level 1 (double injection: level 0: 11%, level 

1: 83%, level 2: 6%; single injection: level 0: 22%, level 1: 78%).  

For statistical analysis, data of each group were again combined for the early, 

intermediate and late period as described above and, within therapy and vehicle 

group, separated into groups receiving either single or double injections per day (see 

also Fig 1). VWR behaviour after double injection in the therapy group was 

significantly reduced in comparison to all other groups in the early and intermediate 

period (Fig 6A and B, S1 data). Therefore, VWR behaviour was more severely 

affected after galloflavin than after any other substance. In the late period, VWR 

behaviour after double therapy injection was significantly reduced solely in 

comparison to single vehicle injection (Fig 6C, S1 data). No other comparison proved 

to be statistically significant.  
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Fig 6: VWR analysis of early, intermediate and late period of double- or single-

IP-injected animals.  

Statistical analysis of early (day 5 to 8, A, n = 20 per group), intermediate (day 19 to 22, 

B, n = 20 per therapy, n = 18 per vehicle group) and late (days 33 to 36, C, n = 20 per 

therapy, n = 18 per vehicle group) period data. The early and intermediate period 

revealed significant differences between double-injected therapy group animals and all 

other groups (early period: RM two-way ANOVA: F (1, 76) = 41.46, p < 0.0001 for 

injection-frequency-dependent variation; F (1, 76) = 8.567, p = 0.0156 for group-

dependent variation; Tukey’s multiple comparisons test, p < 0.0001; intermediate period: 

RM two-way ANOVA: F (1, 72) = 18.40, p < 0.0001 for injection-frequency-dependent 

variation, F (1, 72) = 10.19, p = 0.0021 for group-dependent variation; Tukey’s multiple 

comparisons test, p < 0.01). Analysis of the late period only showed a statistically 

significant difference between double-injected therapy and single-injected vehicle group 

animals (RM two-way ANOVA: F (1, 72) = 5.889, p = 0.0177 for injection-frequency-, 

F (1, 72) = 5.795, p = 0.0186 for group-dependent variation; Tukey’s multiple 

comparisons test, p < 0.01). * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001; 

bsl = baseline.  

Evaluation of test parameter performance  

For evaluation of the indicative quality of VWR and body weight change as 

parameters for impaired well-being, receiver operating characteristic (ROC) analysis 

was applied on post-surgical and first-injection-day data. For post-surgical VWR data, 

ROC curve analysis resulted in an area under the curve (AUC) of 94.25% 

(CI95 [0.88; 1.01], Fig 7A); test of body weight data revealed an AUC of 59% 

(CI95 [0.41; 0.77]; Fig 7B). In response to the impact of first IP injections without prior 

habituation to the procedure, ROC curve analyses were done with day 4 and day 5 

data. Results revealed an AUC of 84% in VWR (CI95 [0.71; 0.97]; Fig 7C) and of 

52% in body weight (CI95 [0.34; 0.701]; Fig 7D).  
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Fig 7: ROC curve analysis of well-being parameters.  

ROC curve analyses for impact of surgery on VWR (A) and body weight (B) course 

(n = 20). ROC curve analyses for impact of first injection on VWR (C) and body weight 

(D) course (n = 20).  

Discussion 

In cancer research, preclinical evaluation of chemotherapeutic drugs still needs to be 

done in vivo to understand the complex interactions within the organism. To ensure 

the best possible animal welfare and high-quality research data, assessment of 

distress experienced by the animals is a crucial part of the experiments. In the 

present study, VWR, body weight and clinical scoring were used to assess the well-

being of mice in a model for pancreatic cancer. The status of well-being was 

continuously assessed during both parts of the study, which comprises a phase of 

post-surgical recovery after tumour cell injection and a subsequent, longer phase of 

chemotherapy or vehicle treatment.  

VWR behaviour is a validated, robust indicator of disturbed well-being, and was 

recently used to develop a cluster model to define individual severity levels in mouse 

models for colitis and restraint stress [20]. Moreover, this behaviour has also been 

used to analyse adverse effects on well-being in models of depression [23], migraine 
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[31] and after IP transmitter implantation [25]. In accordance with these results, VWR 

behaviour in our study was reduced after surgery and cell injection, depicting 

impaired well-being of mice due to anaesthesia and surgical procedure despite 

analgesic treatment. However, the subsequent steep increase of VWR behaviour 

indicates a rapid recovery, pointing to a mild to moderate severity of this procedure. 

This conclusion is supported by the very slight, non-significant body weight reduction 

and marginally increased clinical score.  

During subsequent treatment with galloflavin and metformin as well as under 

administration of vehicle substances DMSO and PBS, animals also displayed 

reduced VWR. In addition to the impact of IP injections itself, distinct differences 

between substances were observed. Tumour weights at dissection did not differ 

between groups. Moreover, tumours were small and further pathological changes 

were absent. Therefore, its influence is presumably very mild and equal in both 

groups and will not be the focus of the following discussion.  

The comparison of double vs single vehicle injection revealed no statistical 

significance but indicated a tendency for double-injection days to show a slightly 

higher decrease of VWR performance; therefore, either DMSO or the repeated 

injection procedure might have a minor additional influence on VWR. Even though 

DMSO is generally considered to have low toxicity [13], it still leads to local irritation 

when used topically on skin. Taken together, adverse effects after DMSO injection 

cannot be ruled out and have indeed recently been corroborated in a study 

comparing DMSO to PBS injection [18].  

Comparison of double injection in the vehicle group against double injection in the 

group receiving therapy substances revealed a highly significant difference, 

rendering galloflavin the critical factor for additionally impaired well-being in the 

therapy group. Nevertheless, the second IP injection still might have had some 

influence which cannot be extracted from the existing data because a control 

receiving two injections but no DMSO was not part of the study design. Apart from 

substance and injection influence, the handling itself could indeed be a confounding 

factor. For example, in a study by Jirkof et al. [32], researchers concluded that 

repeated restraint for subcutaneous injection had a significant impact on activity and 
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could therefore additionally cause distress. Another study also found adverse effects 

of handling for intrathecal injection, which was not markedly elevated by the injection 

procedure itself [33].  

The effect of single injection in the therapy group did not significantly vary from the 

effect of single injection in the vehicle group, depicting no negative effect of 

metformin compared to PBS.  

In conclusion, these results lead to the assumption of a low impact of metformin and 

PBS injection, and possibly a slightly higher impact of DMSO, all of which is in line 

with reports in the literature. Additionally, a high impact of galloflavin injection was 

observed. As the effect of galloflavin has not yet been investigated in an animal 

model, these results need to be considered for any further application of the 

substance and necessitate refinement of application route, dosage and analgesia.  

In this study, the treatment of pancreatic cancer with chemotheraoy and metformin 

did not result in reduced tumour growth. Thus, the question arises whether the 

therapy per se failed or if any confounding factors interact with the effects of the 

administered drugs or the tumour growth itself. In view of the literature supporting the 

positive effect of exercise on cancer in mouse models using VWR [27, 28, 34], the 

physical activity might have diminished or obscured the effects of chemotherapeutic 

treatment. Pedersen et al. [34] found a distinguished effect of exercise across five 

different tumour models with a significant impact on endogenous factors such as 

interleukin-6 secretion and natural killer cell activation. These influences may 

contribute to an overall decrease in tumour progression, possibly concealing drug 

effects. Another confounding effect might be mediated by stress due to frequent 

handling procedures of both the therapy and vehicle group. In studies investigating 

lymphoma in mice, it has been shown that chronic restraint stress was able to induce 

tumour growth by adapting anti-tumour immune responses [19, 35]. Furthermore, in a 

study investigating the impact of repeated restraint stress in an orthotopic pancreatic 

cancer model, mice demonstrated elevated stress hormone levels accompanied by a 

significantly greater tumour size, which was antagonized by blockade of the HPA-

axis [2]. As emotional stress is of high importance for tumour progression, stress 

levels in experimental animals during preclinical studies should be minimised.  
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Besides influencing tumour growth, stress and its associated alterations in the body 

also influence body weight [36]. This parameter is thus often applied for evaluation of 

well-being in laboratory animals. In this study, however, the administered treatment 

substance galloflavin interferes with cell metabolism, aiming to induce deprivation of 

energy substrates in tumour cells. Metformin, as an anti-diabetic drug, also has 

influences on metabolism and has been shown to lead to weight loss in two-year-old 

mice [37]. As decreased body weight is generally not mentioned as side effects in 

other studies, the influence is presumably negligible but might still be enhanced 

under exercise conditions. Studies on humans have found interactions between 

exercise and metformin, e.g. revealing a greater subjective feeling of fatigue under 

treatment [38]. Studies investigating this effect have not been done in mice. 

Therefore, an effect cannot be excluded. Regarding the above-discussed effects of 

therapy substances, body weight change is not ideal to serve as a single and reliable 

indicator for well-being in this study. Additionally, considering vehicle-treated animals, 

body weight change was insufficient to depict impaired well-being. Body weight, as 

well as the clinical score, therefore failed to depict the impact of handling and 

injection which is, however, known to be stressful [3, 15] and which was in contrast 

distinctly depicted in VWR course. Furthermore, even though statistically significant 

in retrospective analysis, body weight loss did not, post-surgically, indicate impaired 

well-being in either group according to the thresholds of the body weight score. ROC 

curve analyses corroborated these findings by showing an exceedingly better 

sensitivity for VWR after surgery and after first injection.  

Conclusion 

In conclusion, the analysis of VWR behaviour as the more sensitive indicator of 

distress in this study demonstrates, on both group and individual level, the high 

impact of surgery and injection procedure. Further, the not previously investigated 

effect of galloflavin on well-being in mice revealed a marked adverse influence. 

Besides the characterisation of the cell injection procedure as mild to moderate, 

VWR indicates an at least moderate severity for repeated injections. The side effects 

of experimental treatments uncovered in this study should give rise to a change in 

regimens, avoiding repeated IP injections if possible. Possible drawbacks of body 
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weight as severity assessment parameter further need to be considered during study 

design, as substance influences might lead to limited reliability.  
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Supplements:  

S1 Table: Clinical score of animal test proposal.  

Observation  

Body weight  
body weight loss exceeding 10% 1 
body weight loss exceeding 20% 5 
General condition  
fur dull, ruffled, dull eyes 2 
pathological discharge from body orifices, abnormal posture, dehydration 3 
spasms, paralysis, animal cold to touch 5 
Spontaneous behaviour  
isolation 2 
apathy 4 
pain-related vocalisation 4 
auto-mutilation 5 
Process-specific criteria  
wound healing disorder 2 
ascites 4 

total score 0-37 
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S1 data:  

 
  

n numbers: 

therapy group n=10 on all days of the experiment

vehicle group n=10 day 1 to day 8

n=9 day 9 to day 37*

*day 30: n=8
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Clinical score 

1.1: Wilcoxon signed rank test of clinical score data for in-group comparison 
to baseline  

 

day
theoretical 

median

actual 

median

signed 

ranks
p value

theoretical 

median

actual 

median

signed 

ranks
p  value

1 0 2 21 0.0313 0 0 10 0.125

2 0 0 1 >0.9999 0 #

3 0 0 # 0 #

4 0 0 1 >0.9999 0 #

5 0 0 1 >0.9999 0 0 1 >0.9999

6 0 0 1 >0.9999 0 #

7 0 0 1 >0.9999 0 0 1 >0.9999

8 0 # 0 0 3 0.5

9 0 # 0 0 3 0.5

10 0 # 0 0 3 0.5

11 0 0 1 >0.9999 0 #

12 0 0 1 >0.9999 0 #

13 0 0 1 >0.9999 0 #

14 0 0 3 0.5 0 #

15 0 0 1 >0.9999 0 #

16 0 # 0 #

17 0 0 6 0.25 0 #

18 0 0 6 0.25 0 0 1 >0.9999

19 0 0 6 0.25 0

20 0 0 10 0.125 0 0 3 0.5

21 0 0 6 0.25 0 #

22 0 0 3 0.5 0 #

23 0 1 15 0.0625 0 0 3 0.5

24 0 3.5 36 0.0078 0 0 1 >0.9999

25 0 3 28 0.0156 0 0 3 0.5

26 0 2 36 0.0078 0 0 1 >0.9999

27 0 6 0.25 0 0 6 0.25

28 0 6 0.25 0 0 3 0.5

29 0 6 0.25 0 #

30 0 10 0.125 0 0 1 >0.9999

31 0 1 >0.9999 0 #

32 0 1 >0.9999 0 #

33 0 3 0.5 0 #

34 0 6 0.25 0 #

35 0 3 0.5 0 0 1 >0.9999

36 0 3 0.5 0 0 3 0.5

37 0 3 0.5 0 #

therapy group vehicle group

# all score values 0 # all score values 0
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1.2: Mann-Whitney U test for comparison between groups 

 

day

median 

(therapy group)

median 

(vehicle group) Mann-Whitney U

Šidák adjusted 

p  value

bsl 15.76

1 2 0 9 1

2 0 0 >0.9999

3 0 0 9 >0.9999

4 0 0 13.92 >0.9999

5 0 0 9 >0.9999

6 0 0 9 >0.9999

7 0 0 8 >0.9999

8 0 0 8 >0.9999

9 0 0 8 0.9998

10 0 0 9 0.9998

11 0 0 9 >0.9999

12 0 0 9 >0.9999

13 0 0 9 >0.9999

14 0 0 9 1

15 0 0 >0.9999

16 0 0 9 >0.9999

17 0 0 10.13 0.9998

18 0 0 9 1.0000

19 0 0 16.79 0.9998

20 0 0 9 1

21 0 0 9 0.9998

22 0 0 15.58 1

23 1 0 10.45 1.0000

24 3.5 0 11.17 0.0679

25 3 0 15.21 0.4020

26 2 0 15.83 0.2403

27 0 0 16.38 1

28 0 0 9 >0.9999

29 0 0 14.35 0.9998

30 0 0 9 1.0000

31 0 0 9 >0.9999

32 0 0 9 >0.9999

33 0 0 9 1

34 0 0 11.99 0.9998

35 0 0 13.27 1

36 0 0 9 1

37 0 0 684 1
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Body weight:  

2.1: Linear mixed-effects model for comparison within groups to 
baseline 

 
 

 

Post-hoc test: Dunnett’s multiple comparisons test, see Table 2.2.  

 

Fixed effect 

(type III)
p value F (DFn, DFd)

Geisser-

Greenhouse's 

epsilon summary

therapy <0.0001 F (6.136, 55.22) = 9.780 0.1658 ****

vehicle 0.0092 F (3.922, 32.12) = 4.068 0.106 **

Random effects (therapy) SD Variance

Individual (between rows) 1.36 1.848

Residual 1.525 2.327

Random effects (vehicle) SD Variance

Individual (between rows) 2.033 4.133

Residual 1.695 2.874
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2.2: Dunnett’s multiple comparisons test for comparison of body weight 
change to baseline 

  

day 95% CI mean adjusted p  value 95% CI mean adjusted p  value

1 [-0.9313;3.122] 98.9 0.5156 [-0.6446;3.609] 98.52 0.2509

2 [0.4453;3.659] 97.95 0.0118 [-0.6663;3.027] 98.82 0.334

3 [1.090;4.152] 97.38 0.0016 [-0.6780;3.075] 98.8 0.335

4 [1.010;3.773] 97.61 0.0015 [-0.1251;3.000] 98.56 0.077

5 [3.535;9.415] 93.53 0.0002 [0.4252;4.060] 97.76 0.0146

6 [0.5692;3.087] 98.17 0.0051 [-2.327;1.705] 100.3 0.9993

7 [1.422;4.363] 97.11 0.0005 [-2.418;8.156] 97.13 0.5168

8 [3.563;8.577] 93.93 0.0001 [-3.747;12.31] 95.72 0.5369

9 [0.4306;5.534] 97.02 0.0206 [-1.161;2.440] 99.36 0.8896

10 [1.499;5.849] 96.33 0.0017 [-1.660;2.902] 99.38 0.9814

11 [1.175;5.822] 96.5 0.0039 [-1.168;2.607] 99.28 0.8429

12 [1.916;6.953] 95.57 0.0013 [-0.3174;3.341] 98.49 0.1221

13 [-0.5286;10.28] 95.12 0.0845 [-1.750;6.841] 97.45 0.3909

14 [0.1211;5.002] 97.44 0.0384 [-0.6126;2.375] 99.12 0.396

15 [2.528;7.360] 95.06 0.0004 [-1.320;2.832] 99.24 0.8747

16 [0.2077;5.968] 96.91 0.0341 [-2.826;2.743] 100 >0.9999

17 [3.745;8.931] 93.66 0.0001 [-0.7703;4.271] 98.25 0.2398

18 [1.404;7.513] 95.54 0.0049 [0.05368;4.246] 97.85 0.0439

19 [1.873;8.293] 94.92 0.0028 [-0.6509;3.166] 98.74 0.2856

20 [2.451;6.945] 95.3 0.0003 [-1.038;4.838] 98.1 0.303

21 [0.5903;5.083] 97.16 0.0127 [-2.624;2.957] 99.83 0.9997

22 [3.737;8.342] 93.96 <0.0001 [-2.008;3.454] 99.28 0.9868

23 [2.565;6.593] 95.42 0.0002 [-1.296;3.899] 98.7 0.5774

24 [3.758;9.770] 93.24 0.0002 [-1.737;5.135] 98.3 0.5925

25 [2.450;7.091] 95.23 0.0004 [-2.166;4.751] 98.71 0.8571

26 [2.859;6.518] 95.31 <0.0001 [-0.6671;3.124] 98.77 0.3012

27 [2.071;6.238] 95.85 0.0005 [-2.017;4.451] 98.78 0.8521

28 [1.453;6.709] 95.92 0.0032 [-1.374;3.628] 98.87 0.6923

29 [1.566;7.698] 95.37 0.0039 [-2.930;3.426] 99.75 0.9996

30 [0.6417;5.868] 96.75 0.0139 [-3.788;4.232] 99.78 0.9997

31 [3.825;7.673] 94.25 <0.0001 [-3.553;2.779] 100.4 0.9994

32 [1.894;6.766] 95.67 0.0012 [-3.351;4.088] 99.63 0.9995

33 [1.956;7.968] 95.04 0.002 [-2.641;4.392] 99.12 0.9897

34 [0.01181;6.624] 96.68 0.049 [-3.872;3.360] 100.3 0.9997

35 [1.152;5.624] 96.61 0.0038 [-2.712;4.459] 99.13 0.9902

36 [1.251;6.422] 96.16 0.0043 [-2.993;3.367] 99.81 0.9997

37 [0.2798;5.513] 97.1 0.0284 [-2.279;2.285] 100 >0.9999

vehicle group (n=9-10)therapy group (n=10)
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2.3: Linear mixed-effects model for comparison of body weight change 
between groups 

 

Correction for multiple comparisons: Bonferroni’s adjustment, see Table 2.4.  

 

Fixed effects 

(type III)
p value F (DFn, DFd)

Geisser-

Greenhouse's 

epsilon

summary

day <0.0001 F (6.378, 109.6) = 8.457 0.1724 ****

treatment 0.0041 F (1, 18) = 10.83 **

day x treatment <0.0001 F (37. 636) = 3.250 ****

Random effects SD Variance

animal 1.721 2.961

Residual 1.609 2.588



Manuscript 1 

73 

2.4: Bonferroni’s adjustment for multiple comparisons of body weight change 
between groups  

 

day
mean 

(therapy group)

mean 

(vehicle group)
DF 95% CI adjusted p  value

1 98.9 98.52 18 [-2.467;3.240] >0.9999

2 97.95 98.82 17.7 [-3.256;1.512] >0.9999

3 97.38 98.8 17.3 [-3.789;0.9434] >0.9999

4 97.61 98.56 17.8 [-2.983;1.076] >0.9999

5 93.53 97.76 14.9 [-7.720;-0.7445] 0.0095

6 98.17 100.3 15.2 [-4.523;0.2450] >0.9999

7 97.11 97.13 10.4 [-6.110;6.062] >0.9999

8 93.93 95.72 10.8 [-11.01;7.437] >0.9999

9 97.02 99.36 15.7 [-5.454;0.7692] >0.9999

10 96.33 99.38 16.9 [-6.142;0.03684] >0.9999

11 96.5 99.28 16.6 [-5.726;0.1683] >0.9999

12 95.57 98.49 15.9 [-6.015;0.1705] >0.9999

13 95.12 97.45 16.5 [-9.137;4.478] >0.9999

14 97.44 99.12 14.6 [-4.579;1.218] >0.9999

15 95.06 99.24 16.8 [-7.315;-1.060] >0.9999

16 96.91 100 17 [-7.051;0.7932] >0.9999

17 93.66 98.25 17 [-8.128;-1.047] 0.0572

18 95.54 97.85 15.5 [-6.011;1.394] >0.9999

19 94.92 98.74 14.4 [-7.623;-0.02793] >0.9999

20 95.3 98.1 15.5 [-6.479;0.8844] >0.9999

21 97.16 99.83 15.9 [-6.218;0.8777] >0.9999

22 93.96 99.28 16.2 [-8.841;-1.792] 0.2295

23 95.42 98.7 15.6 [-6.544;-0.01055] >0.9999

24 93.24 98.3 16.5 [-9.558;-0.5718] >0.9999

25 95.23 98.71 14.4 [-7.692;0.7352] >0.9999

26 95.31 98.77 16.9 [-6.042;-0.8786] >0.9999

27 95.85 98.78 14 [-6.852;0.9771] >0.9999

28 95.92 98.87 17 [-6.506;0.5981] >0.9999

29 95.37 99.75 16.9 [-8.711;-0.05657] >0.9999

30 96.75 99.78 12.7 [-7.982;1.916] >0.9999

31 94.25 100.4 13.5 [-9.939;-2.333] 0.0305

32 95.67 99.63 14.2 [-8.475;0.5515] >0.9999

33 95.04 99.12 16.3 [-8.646;0.4737] >0.9999

34 96.68 100.3 16.7 [-8.384;1.236] >0.9999

35 96.61 99.13 13.7 [-6.835;1.806] >0.9999

36 96.16 99.81 16 [-7.705;0.4055] >0.9999

37 97.1 100 16.9 [-6.300;0.5132] >0.9999
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VWR:  

3.1: Linear mixed-effects model for comparison of VWR change to baseline 

 

 

Posthoc test: Dunnett’s multiple comparisons test, see Table 3.2.  

  

Fixed effect 

(type III)

p  value

F (DFn, DFd)

Geisser-

Greenhouse's 

epsilon summary

therapy <0.0001 F (3.988, 35.90) = 13.12 0.1078 ****

vehicle 0.0092 F (3.922, 32.12) = 4.068 0.106 **

Random effects (therapy) SD Variance

Individual (between rows) 16.27 264.7

Residual 13.86 192

Random effects (vehicle) SD Variance

Individual (between rows) 9.146 83.64

Residual 13.24 175.4
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3.2: Dunnett’s multiple comparisons test for comparison of VWR change to 
baseline  

 

day 95% CI mean
adjusted 

p  value
95% CI mean

adjusted 

p  value

1 [11.61;65.25] 61.57 0.0055 [28.39;67.69] 51.96 0.0001

2 [-6.670;27.38] 89.64 0.3828 [-3.554;34.79] 84.38 0.1356

3 [-8.273;25.20] 91.54 0.5924 [-7.753;30.10] 88.83 0.4197

4 [-6.973;22.26] 92.36 0.5539 [-9.356;34.31] 87.52 0.4568

5 [43.16;102.0] 27.41 0.0001 [7.442;50.80] 70.88 0.0085

6 [2.149;36.25] 80.8 0.0257 [-5.472;32.64] 86.42 0.2315

7 [2.878;30.33] 83.4 0.0167 [-3.551;61.65] 70.95 0.09

8 [28.50;86.17] 42.66 0.0005 [7.075;71.76] 60.58 0.0158

9 [14.08;42.04] 71.94 0.0005 [4.239;40.46] 77.65 0.0158

10 [13.50;54.22] 66.14 0.0019 [13.44;33.80] 76.38 0.0002

11 [7.839;49.80] 71.18 0.0074 [7.833;40.05] 76.06 0.005

12 [0.8672;61.99] 68.57 0.043 [-3.889;45.45] 79.22 0.1125

13 [-5.272;42.08] 81.6 0.1643 [-6.608;36.38] 85.11 0.242

14 [-13.59;44.75] 84.42 0.5295 [-11.92;36.58] 87.67 0.5613

15 [16.89;77.77] 52.67 0.0031 [9.837;54.70] 67.73 0.0062

16 [-3.050;40.12] 81.46 0.1066 [0.09422;29.93] 84.99 0.0484

17 [28.65;74.84] 48.25 0.0002 [9.034;39.75] 75.61 0.0033

18 [11.16;56.37] 66.23 0.0042 [-3.644;41.53] 81.06 0.1147

19 [-3.174;77.91] 62.63 0.0761 [-0.6779;38.94] 80.87 0.0595

20 [-8.938;46.86] 81.04 0.2713 [-3.202;30.45] 86.38 0.1333

21 [-6.225;41.99] 82.12 0.1978 [-4.528;25.14] 89.69 0.2393

22 [25.59;92.17] 41.12 0.0012 [16.67;39.96] 71.69 0.0002

23 [4.356;55.16] 70.24 0.0203 [-2.808;38.16] 82.33 0.1012

24 [5.282;91.67] 51.53 0.0262 [-1.114;38.43] 81.34 0.0667

25 [4.695;63.24] 66.03 0.0215 [-1.366;39.04] 81.16 0.0707

26 [-3.429;65.52] 68.96 0.0853 [-5.987;46.74] 79.63 0.1611

27 [-4.034;53.35] 75.34 0.1062 [-7.757;46.05] 80.85 0.2199

28 [-4.212;50.66] 76.78 0.1138 [-7.043;34.97] 86.04 0.2776

29 [13.30;72.71] 56.99 0.0051 [2.149;50.20] 73.83 0.0319

30 [6.839;58.14] 67.51 0.0125 [2.130;32.57] 82.65 0.0261

31 [33.27;83.88] 41.42 0.0002 [8.173;43.61] 74.11 0.0056

32 [8.712;60.18] 65.55 0.0087 [-6.199;40.32] 82.94 0.1971

33 [18.48;76.83] 52.35 0.0022 [5.893;54.47] 69.82 0.0151

34 [3.004;60.19] 68.4 0.0287 [0.05349;40.69] 79.63 0.0493

35 [-2.153;56.78] 72.69 0.0739 [-8.712;46.89] 80.91 0.2493

36 [13.08;60.71] 63.11 0.0032 [6.195;51.62] 71.09 0.0131

37 [6.431;58.06] 67.75 0.0136 [5.834;39.76] 77.2 0.0094

therapy group (n=10) vehicle group (n=9-10)
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3.3: Linear mixed-effects model for comparison of VWR change between 
groups 

 

 

Multiple comparisons adjustment: Bonferroni, see Table 3.4.  

 

Fixed effects 

(type III)
p  value F (DFn, DFd)

Geisser-

Greenhouse's 

epsilon

summary

day <0.0001 F (6,029, 103,6) = 13,76 0.163 ****

treatment 0.0927 F (1, 18) = 3,153 ns

day x treatment <0.0001 F (37, 636) = 3,529 ****

Random effects SD Variance

Individual (between rows) 9.146 83.64

Residual 13.24 175.4
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3.4: Bonferroni’s adjustment for multiple comparisons of body weight change 
between groups 

  

day
mean

(therapy group)

mean

(vehicle group)
DF adjusted p  value 95% CI 

1 61.57 51.96 16.5 >0.9999 [-23.26;42.48]

2 89.64 84.38 17.8 >0.9999 [-19.69;30.21]

3 91.54 88.83 17.8 >0.9999 [-21.87;27.30]

4 92.36 87.52 15.8 >0.9999 [-21.30;30.97]

5 27.41 70.88 16.5 0.0095 [-79.58;-7.346]

6 80.8 86.42 17.8 >0.9999 [-30.49;19.26]

7 83.4 70.95 12.1 >0.9999 [-25.00;49.89]

8 42.66 60.58 17.8 >0.9999 [-60.07;24.23]

9 71.94 77.65 15.6 >0.9999 [-28.46;17.04]

10 66.14 76.38 13.1 >0.9999 [-33.95;13.47]

11 71.18 76.06 16.3 >0.9999 [-31.03;21.28]

12 68.57 79.22 16.6 >0.9999 [-49.34;28.04]

13 81.6 85.11 17 >0.9999 [-34.85;27.81]

14 84.42 87.67 16.7 >0.9999 [-40.56;34.05]

15 52.67 67.73 16 >0.9999 [-52.58;22.45]

16 81.46 84.99 15.6 >0.9999 [-29.73;22.68]

17 48.25 75.61 15.3 0.0572 [-55.17;0.4608]

18 66.23 81.06 17 >0.9999 [-46.12;16.47]

19 62.63 80.87 12.9 >0.9999 [-65.38;28.91]

20 81.04 86.38 14.5 >0.9999 [-38.41;27.73]

21 82.12 89.69 14.6 >0.9999 [-36.23;21.08]

22 41.12 71.69 11.1 0.2295 [-69.06;7.929]

23 70.24 82.33 16.6 >0.9999 [-44.23;20.06]

24 51.53 81.34 12.5 >0.9999 [-79.91;20.27]

25 66.03 81.16 15.5 >0.9999 [-50.65;20.39]

26 68.96 79.63 16.3 >0.9999 [-53.59;32.25]

27 75.34 80.85 17 >0.9999 [-44.03;33.01]

28 76.78 86.04 16.3 >0.9999 [-43.44;24.91]

29 56.99 73.83 16.6 >0.9999 [-54.46;20.80]

30 67.51 82.65 14 >0.9999 [-45.54;15.26]

31 41.42 74.11 15.6 0.0305 [-63.49;-1.882]

32 65.55 82.94 17 >0.9999 [-51.38;16.60]

33 52.35 69.82 16.7 >0.9999 [-54.80;19.86]

34 68.4 79.63 15.8 >0.9999 [-46.15;23.70]

35 72.69 80.91 17 >0.9999 [-47.89;31.44]

36 63.11 71.09 17 >0.9999 [-40.21;24.24]

37 67.75 77.2 15.2 >0.9999 [-40.47;21.57]
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3.5: Early period: two-way repeated measures ANOVA for comparison 
between group and injection frequency 

 

Posthoc test: Tukey’s multiple comparisons test, see Table 3.6.  

 

3.6: Early period: Tukey’s multiple comparisons test for comparison between 
group and injection frequency 

 

  

source of variation
% of total 

variation
p  value F (DFn. DFd) summary

Interaction 9.607 0.0005 F (1, 76) = 13.39 ***

Injection frequency 29.74 <0.0001 F (1, 76) = 41.46 ****

group 6.145 0.0045 F (1, 76) = 8.567 **

test details mean 1 mean 2 95% CI summary
adjusted p 

value

double injection:therapy vs. 

double injection:vehicle
35.04 65.73 [-48.00;-13.38] **** <0.0001

double injection:therapy vs. 

single injection:therapy
35.04 82.1 [-64.37;-29.75] **** <0.0001

double injection:therapy vs. 

single injection:vehicle
35.04 78.68 [-60.95;-26.33] **** <0.0001

double injection:vehicle vs. 

single injection:therapy
65.73 82.1 [-33.68;0.9445] ns 0.0707

double injection:vehicle vs. 

single injection:vehicle
65.73 78.68 [-30.26;4.359] ns 0.2103

single injection:therapy vs. 

single injection:vehicle
82.1 78.68 [-13.90;20.72] ns 0.9545
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3.7: Intermediate period: two-way repeated measures ANOVA for 
comparison between group and injection frequency 

 

 

Posthoc test: Tukey’s multiple comparisons test, see Table 3.8.  

 

3.8: Intermediate period: Tukey’s multiple comparisons test for comparison 
between group and injection frequency 

 

 

  

source of variation
% of total 

variation
p  value F (DFn. DFd) summary

Interaction 3.283 0.0675 F (1, 72) = 3.445 ns

Injection frequency 17.53 <0.0001 F (1, 72) = 18.40 ****

group 9.71 0.0021 F (1, 72) = 10.19 **

test details mean 1 mean 2 95% CI summary
adjusted p 

value

double injection:therapy vs. 

double injection:vehicle
51.88 76.28 [-42.38;-6.422] ** 0.0035

double injection:therapy vs. 

single injection:therapy
51.88 81.58 [-47.20;-12.20] *** 0.0002

double injection:therapy vs. 

single injection:vehicle
51.88 88.04 [-54.14;-18.18] **** <0.0001

double injection:vehicle vs. 

single injection:therapy
76.28 81.58 [-23.28;12.68] ns 0.8652

double injection:vehicle vs. 

single injection:vehicle
76.28 88.04 [-30.20;6.685] ns 0.3434

single injection:therapy vs. 

single injection:vehicle
81.58 88.04 [-24.43;11.52] ns 0.7809
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3.9: Late period: two-way repeated measures ANOVA for comparison between 
group and injection frequency 

 

Posthoc test: Tukey’s multiple comparisons test, see Table 3.10.  

 

3.10: Late period: Tukey’s multiple comparisons test for comparison 
between group and injection frequency 

  

 

  

source of variation
% of total 

variation
p  value F (DFn. DFd) summary

Interaction 0.1237 0.7483 F (1, 76) = 0,1156 ns

Injection frequency 7.02 0.0177 F (1, 76) = 6,561 *

group 6.908 0.0186 F (1, 76) = 6,456 *

test details mean 1 mean 2 95% CI summary
adjusted p 

value

double injection:therapy vs. 

double injection:vehicle
57.73 70.45 [-30.08;4.617] ns 0.2248

double injection:therapy vs. 

single injection:therapy
57.73 70.55 [-29.70;4.064] ns 0.1987

double injection:therapy vs. 

single injection:vehicle
57.73 80.27 [-39.89;-5.198] ** 0.0056

double injection:vehicle vs. 

single injection:therapy
70.45 70.55 [-17.44;17.26] ns >0.9999

double injection:vehicle vs. 

single injection:vehicle
70.45 80.27 [-27.61;7.982] ns 0.4726

single injection:therapy vs. 

single injection:vehicle
70.55 80.27 [-27.07;7.622] ns 0.4581
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Tumour weights:  

4.1: Table: Mann-Whitney U test of tumour weights 

 

 

S2 data: containing all raw data; these will be accessible online via the publication.  

 

median therapy 

(n=10)

median vehicle 

(n=6) U p  value

0.1038 0.083 26 0.7063
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Abstract 

Voluntary wheel running (VWR) behaviour is a sensitive indicator of disturbed 

wellbeing and used for the assessment of individual experimental severity levels in 

laboratory mice. However, monitoring individual VWR performance usually requires 

single-housing, which itself might have a negative effect on wellbeing. In 

consideration of the 3Rs principle, VWR behaviour was evaluated under group 

housing conditions. To test the applicability for severity assessment, this readout was 

evaluated in a dextran sodium sulphate (DSS) induced colitis model. For continuous 

monitoring, an automated system with integrated RFID (radio-frequency 

identification) technology was used, enabling detection of individual VWR.  

After a 14-day adaption period mice demonstrated a stable running performance. 

Analysis during DSS treatment in combination with repeated facial vein phlebotomy 

and faecal sampling procedure resulted in significantly reduced VWR behaviour 

during the course of colitis and increased VWR during disease recovery. Mice 

submitted to phlebotomy and faecal sampling but no DSS treatment showed less 

reduced VWR but a longer-lasting recovery. Application of a cluster model 

discriminating individual severity levels based on VWR and body weight data 

revealed the highest severity level in most of the DSS-treated mice on day 7, but a 

considerable number of control mice also showed elevated severity levels due to 

sampling procedures alone.  

In summary, VWR sensitively indicated the course of DSS colitis severity and the 

impact of sample collection. Therefore, monitoring of VWR is a suitable method for 

the detection of disturbed wellbeing due to DSS colitis and sampling procedure in 

group-housed female laboratory mice.  

Introduction 

Voluntary wheel running (VWR) behaviour is a frequently used measure of general 

activity, exploration, migration and is associated with mood and reward1, 2, but also 

serves as an indicator of pain in studies investigating inflammatory pain and nerve 

injury3, 4. Recently, on the basis of VWR behaviour, a cluster model has been 

established to define individual levels of severity during intestinal inflammation and 

stress in mice5. Here, decreased VWR was observed during the onset and course of 
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DSS-induced acute colitis with graded degrees of inflammation and also in a model 

of restraint stress. Combining the parameters VWR and body weight change 

provided a measure to assess the severity experienced by the animal. Analysis of 

these data with two independent mathematical algorithms revealed three severity 

levels, which might describe either no, mild, or moderate severity.  

The 3Rs principle (refine, reduce, replace) by Russell and Burch6 is the ethical and, 

in Europe, legal prerequisite for animal-based research. However, limiting severity for 

animals under experimentation to a minimum requires the unambiguous and 

objective definition of severity levels. Although the developed cluster model meets 

these requirements, mice of the above described study were single-housed which 

might impact the welfare of these animals7. Housing conditions have to be 

considered not only with regard to wellbeing but also as a potential confounder. Mice 

are social animals and group housing is recommended to avoid social isolation and 

to maximize wellbeing8. This topic, however, is controversially discussed. Many 

studies report altered physiological and behavioural responses as a consequence of 

social deprivation due to single-housing9. However, there are also studies showing 

that stress response and results of behavioural tests were not different between 

group- and single-housing and that there were no adverse effects resulting from 

single-housing after laparotomy10, 11. In preference tests, mice showed a high 

demand for social housing12. Thus, at least for female mice, social housing is 

generally recommended. In addition, space restrictions in most conventional housing 

systems would allow only a limited number of running wheels within one cage and 

individual performance would be almost impossible to track. In the present study, 

VWR behaviour in group-housed female mice was analysed in a system providing 

access to running wheels for each individual mouse.  

The main goal of the study was the evaluation of VWR behaviour in socially housed 

mice as a parameter for disturbed wellbeing. Therefore, a new running wheel system 

for group-housed mice with integrated RFID technology and automated monitoring of 

running performance was tested. Finally, the clinical and behavioural data were 

entered into a mathematical cluster model to define individual severity levels in mice.  
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Animals, materials and methods 

Ethics statement 

This study was conducted in accordance with German law for animal protection and 

the European Directive, 2010/63/EU. All experiments were approved and permitted 

by the Lower Saxony State Office for Consumer Protection and Food Safety (LAVES, 

license 16/2194).  

Mice and experimental set-up  

Female, 10 to 11 week-old C57BL/6J (B6) mice were obtained from the Central 

Animal Facility (Hannover Medical School, Hannover, Germany). Routine health 

surveillance and microbiologic monitoring according to the Federation of European 

Laboratory Animal Associations recommendations did not reveal any evidence of 

infection with common murine pathogens13. Mice were maintained in a room with 

controlled environment (21-23 °C; relative humidity 55 ± 5%; 14:10h light: dark cycle 

with lights on at 7 AM and lights out at 9 PM). Mice were housed in groups of seven 

mice in connected Macrolon® cages (360 cm2, Fig. 1A) with softwood granulate 

(poplar wood, AB 368P, AsBe-wood GmbH, Germany) and the bedding was changed 

once a week.  
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Figure 1: Group running system and wheel running parameters during 

adaption phase.  

Schematic illustration of the group running system and a close-up picture of cage 2 and 3 

(A); preference of running wheels (RW) depicted in a heat map (B); both outer wheels 

are used with very high frequency by all animals. Course of voluntary wheel running 

(VWR, C) and maximum velocity (Vmax, D) during adaption phase, showing a slight 

increase over time and stable baseline values (n = 21). 

Nesting material was omitted to decrease possibly confounding factors of activity 

apart from social interaction and wheel running. Pelleted diet (Altromin 1324, Lage, 

Germany) and autoclaved water were provided ad libitum.  

Transponder implantation  

After one week of habituation, RFID transponders were implanted under isoflurane 

anaesthesia on a warming pad after induction with 4 vol% isoflurane in a clear box 

and confirmed absence of withdrawal reflex. Anaesthesia was maintained at approx. 

2 vol% isoflurane. Cornea protection was provided by use of Bepanthen® eye 

ointment.  
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The animals’ fur in the cranial back was clipped, the skin disinfected and the RFID 

transponder was inserted subcutaneously via a minimal skin opening matching the 

diameter of the implant (2 mm). To prevent loss, a loosely applied U suture was 

added. The average duration of anaesthesia was approx. seven minutes in total. 

Animals were constantly monitored during and one hour after anaesthesia for any 

adverse clinical signs and daily following implantation. After one week of recovery, 

the cages were equipped with running wheels.  

Group running system 

For collection of individual VWR data, a running wheel system with integrated RFID 

technology was used (IDrevolyzer, by PhenoSys, (Berlin, Germany) and Preclinics, 

(Potsdam, Germany)) (Fig. 1A). Six standard cages (EU Type II), each harbouring a 

single running wheel, were interconnected via plastic tubes. Therefore group-housed 

mice within this system could freely choose between the wheels. RFID sensors were 

located outside the cages behind each running wheel, exclusively detecting the 

transponder of the mouse currently active in the wheel. As readout parameter for 

each individual mouse, number of wheel rotations in total between 1 PM and 8 AM 

were recorded (VWR(19)), therefore omitting five hours of the light phase during which 

procedures took place. Further parameters of running activity were the highest 

number of rotations within one minute (Maximum Velocity, Vmax) and duration of 

wheel occupation for each wheel.  

Experimental design, sample collection and DSS colitis 

Animals of the control group were continuously handled and weighed whereas 

animals of the 0% DSS group additionally underwent sample collections on day 0, 5 

and 14. Sample collection procedure consisted of facial vein phlebotomy (20 G 

cannula for skin puncture, alternating sites) to collect 15 µl of blood for preparation of 

dried blood spots followed by collection of faecal samples, for which animals spent 

two hours in separate cages lined with hydrophobic sand (Coastline Global Inc., Palo 

Alto, USA).  

Acute colitis was induced in the 1% DSS group by oral administration of a 1% DSS 

solution via the drinking water over five consecutive days (day 0 to day 4). The DSS-

treated mice were also submitted to sample collection procedure. All mice were 
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euthanized on day 14 of the experiment by CO2 inhalation and subsequent blood 

collection from the heart followed by dissection for organ harvesting.  

Clinical scoring 

Starting three days before transponder implantation, the animals’ condition was 

assessed daily around 8:30 AM by means of a previously published model-specific 

clinical score which utilizes parameters such as stool consistency, condition of the fur 

and behaviour14. Changes in body weight were evaluated separately. All handling 

and scoring procedures were confined to two designated experienced staff members 

not blinded to experimental group.  

Histology 

The colon was flushed immediately following removal and prepared as a “swiss 

roll” 15 before the colon was fixed in a 4% buffered formalin solution. After embedding 

in paraffin, the organs were sectioned and H&E stained for microscopic assessment 

of inflammation. The histological scoring was performed in a blinded manner using a 

previously published histological score for DSS colitis14 which separately evaluates 

the distal and proximal colon.  

Statistics 

All statistical procedures were run on GraphPad Prism 8® (v8.2.1, GraphPad 

Software, Inc., La Jolla, CA, USA). If not indicated otherwise, all values show 

mean ± SD. For one animal of the 1% DSS group, the experiment had to be 

terminated on day 8 due to high body weight loss (humane endpoint). The hypothesis 

of Gaussian distribution was tested by using the Shapiro-Wilk test. According to the 

results, comparison between all three groups was performed using one-way ANOVA 

with Tukey post-hoc test in the case of Gaussian distribution. In all other data sets, 

analysis was performed via Kruskal-Wallis and Dunn’s post hoc test. A Mann-

Whitney U test was run on the non-parametrically distributed data of the histological 

analysis (see also tabular results online supplement Table 1 to 4). For cluster 

analysis, a previously developed cluster model was used (5; 

https://calliope.shinyapps.io/severity_assessment/).  
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Results 

Adaption to the running wheels and frequencies of wheel occupation 

To estimate the time seven group-housed female mice need to reach a stable 

running performance, individual VWR was monitored from 1 PM to 8 PM (VWR(19)) 

over 14 days. The mice started to run immediately after getting access to the running 

wheels and demonstrated an average of ~4000 revolutions on the first day (Fig. 1C). 

Over the next five days the animals accomplished a stable running performance of 

approximately 7000 revolutions per day, which remained on this level until end of 

given adaption time. Detected maximum running velocities (Vmax) showed a similar 

course, in which mice accomplished a stable Vmax of ~72 revolutions per minute on 

day -6 (Fig. 1D).  

To analyse whether individual mice demonstrated spatial preferences for particular 

running wheels (RW), frequencies of wheel occupation were assessed. 

Quantification of spatial preferences revealed that mice most readily used the 

peripherally located running wheels 1 and 6 with approximately 35% of total usage, 

respectively (Fig. 1B). Running wheels in the centre (RW 2-5) were only used with 

frequencies of 5-8% of total usage.  

Reduction of wheel running behaviour due to DSS colitis and phlebotomy 

To assess the change of VWR behaviour mice were treated with 1% DSS via 

drinking water and additionally submitted to sampling procedures on day 0, 5 and 14 

(1% DSS, Fig. 2A; supplemental Fig. 1A).  
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Figure 2: Wheel running parameters during experimental phase.  

Comparison of VWR between all three groups (A; 1% DSS n=6-7; 0% DSS n=7; control: 

n=7) showed significant differences on day 0 (first sample collection) as well as on day 5 

through to day 8 under and following DSS treatment (1% DSS vs control: * = p <0.05, 

** = p <0.01; 0% DSS vs controls: ## = p<0.01; 1% DSS vs 0% DSS: $ = p <0.05). 

Statistically significant impact of DSS treatment on Vmax (B) is seen on day 7 and 8 

while sample collection fails to have any effect (1% DSS vs control: * = p <0.05). 

Distribution of RW preferences (C) shows no variation in comparison to the adaption 

phase and is not affected by DSS treatment or sample collection. (For detailed results of 

statistical analyses see Supplementary Material Table 1 and 2 online). bsl: baseline; d: 

day; arrows indicate sample collections.  

Analysis of proportional change to baseline revealed a first drop in VWR on day 0, 

after phlebotomy and faecal sample collection on this day. Changes in VWR under 

DSS treatment appeared from day 4 with a continuous decrease of wheel running 

until day 7. After reaching a maximum reduction of 77%, an increase of VWR was 

observed from day 8, exceeding baseline level on day 10. Mice submitted to 

phlebotomy and faecal collection alone (0% DSS group; Fig. 2A; supplemental 
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Fig. 1B), demonstrated a slightly decreased VWR behaviour on day 1 after sampling 

procedures, which sustained until day 4, and was followed by a further decrease after 

phlebotomy on day 5 with a reduction of VWR to 40% of baseline level. VWR started 

to increase again from day 10 on, reaching baseline VWR on day 13. In contrast, the 

animals in the control group (control; Fig. 2A; supplemental Fig. 1C), which were 

solely weighed each day, demonstrated wheel running behaviour varying around 

baseline level over the whole observation time.  

Level of Vmax remained at baseline for all but one time point in the 1% DSS group, 

which coincided with the day of maximum drop in running activity and showed a 

statistically significant reduction of 9% compared to control group (Fig. 2B). Both 0% 

DSS and control group displayed constant levels of Vmax (Fig. 2B).  

Preferences of running wheels are displayed similarly throughout all groups and 

show no variation during the experiments (Fig. 2C).  

Change of clinical score and body weight 

Body weight course of 1% DSS treated mice showed a slight increase until day 3 

followed by a continuous reduction from day 4 to day 7, similar to the observed 

course of VWR (Fig. 3A). After a maximum drop of 10.4% on day 7, body weight 

restored baseline level on day 9. Both 0% DSS and control group maintained a slow 

overall increase of body weight above baseline (Fig. 3A).  
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Figure 3: Body weight, clinical score and histological results.  

Change of body weight during the experiment showed a statistically significant reduction 

in mice treated with 1% DSS (n=6-7) compared to all other groups (0% DSS: n=7; 

control: n=7) from day 4 onwards with a maximum drop of 10.4% on day 7; (1% DSS vs 

control: * = p<0.05 ** = p<0.01 *** = p<0.001; 1% DSS vs 0% DSS: $ = p<0.05, 

$$$ = p<0.001, $$$$ = p<0.0001). Clinical signs (soft and/or bloody faeces) were subtle 

and only demonstrated in DSS treated animals (B; * = p<0.05). Histological analysis (C) 

revealed a statistically significant increase of score in the DSS treated animals compared 

to untreated mice (** = p<0.01). For detailed results of statistical analyses see suppl. 

Table 3-4. bsl: baseline; arrows indicate sample collections.  
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The clinical score displayed highest values in the 1% DSS group on day 4, which is 

attributable to most mice developing bloody faeces on the 5th day of DSS 

administration. After discontinuation of DSS treatment on day 5, the score decreased 

because faecal samples were soft but free of visible traces of blood (Fig. 3B). The 

animals did not show any further clinical signs of disturbed wellbeing. Neither animals 

of the 0% DSS nor the control group exhibited any clinical signs of compromised 

welfare (Fig. 3B).  

Histological analysis 

Histological analysis for evaluation of inflammatory changes in the colon of mice 

treated with 1% DSS at the end of the experiment still reached a score of 18 out of 

46 points maximal score, demonstrating ongoing inflammation without full recovery. 

Pathological changes were dominated by a moderate infiltration of inflammatory cells 

into lamina propria, submucosa and lamina muscularis, also leading to peritonitis in 

three out of six mice. Additionally, alterations of crypt architecture and minimal 

edema were found in DSS treated mice, while all respective non-treated mice 

depicted a physiological condition of the intestinal wall (Fig. 3C).  

Application of the cluster model 

Representative transfer of day-7-data to the above-mentioned cluster model5 

revealed distinct differences between all three groups. The cluster model had been 

developed based on body weight and VWR training data from another DSS colitis 

experiment and the utilisation of a k-means algorithm, resulting in the definition of two 

borders which allocate data points to one of three severity levels (level 0.1 and 2). 

These levels were suggested to be within the range of no to moderate impact on 

well-being.  

Clustering showed that most animals of the 1% DSS group allocated to severity level 

2, while 0% DSS treated animals predominantly clustered into level 1 and control 

animals mainly fall into level 0 (Fig. 4A-C). The percentage distribution into severity 

level 2 was 86% in the 1% DSS group, 28% in 0% DSS group and 14% in the control 

group (Fig. 4D).  



Manuscript 2 

94 

 

Figure 4: Cluster model application.  

All data points of the experiment based on VWR and body weight data (A): Allocation of 

individual mice of the 1% DSS group, the 0% DSS group  and the control group on day 7 

(B; n=7 each) to severity levels 0, 1 and 2. Percentage distribution in each group (C).  

Discussion 

Monitoring of VWR behaviour has been successfully used to assess individual 

severity levels in single-housed mice5. The rationale of this study was to investigate 

whether this approach is also applicable in group-housed mice. Therefore, the 
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impairment of wellbeing caused by DSS colitis was evaluated by VWR behaviour, 

clinical scoring and histological analysis of the colon. DSS treated mice showed a 

significant reduction in VWR and body weight and a significant elevation of the 

histological score, but very few signs of disturbed wellbeing when considering clinical 

scoring. Mice merely submitted to facial vein phlebotomy and faecal sampling also 

showed decreased VWR compared to control mice, while other parameters remained 

unaffected. Reduction of VWR has already been proven to indicate disturbed 

wellbeing, e.g. in a model of migraine in rats16, post-surgical pain after partial 

hepatectomy17 and in models of DSS colitis and restraint stress5. However, based on 

VWR and body weight data, the discrimination of individual levels of experimental 

severity was possible by integrating the data into a cluster model as described 

recently5. Applying this model, DSS-treated mice were allocated to the, within this 

study, highest severity level on day 7. However, a considerable number of mice that 

were solely subjected to sampling procedures did allocate to severity levels 1 and 2, 

also indicating a level of disturbed wellbeing. Therefore, the current study underlines 

and supports the applicability of a mathematical tool for severity assessment. 

Wheel running itself is an intensely studied, but not yet fully understood 

phenomenon, which has been attributed to various sources of intrinsic and extrinsic 

motivation, including exploration behaviour, escape, play and body weight 

maintenance1. Furthermore, there are concerns about VWR being a pathological, 

stereotypic behaviour because of its lack of purposeful function18, even though it is a 

behaviour also exerted by wild mice19. In this study, a stable use of RWs was 

observed despite the vast opportunity for social interaction and the large area 

provided, suggesting a non-stereotypic behaviour due to other intrinsic or extrinsic 

physiological factors. In addition, none of the animals showed an overly excessive 

use of RWs.  

Generally, in light of mice being gregarious animals, it is recommended to avoid 

individual housing whenever possible8,9. Indeed, many studies have compared 

individual vs group housing of rodents under laboratory conditions. Späni et al.20 

observed a higher heart rate in singly housed male mice compared to group-housed 

individuals, pointing to potential discomfort. However, regarding behavioural tests of 



Manuscript 2 

96 

group-vs individually housed mice, results are diverse. Female BALB/c mice housed 

without conspecifics have been reported to show higher levels of parameters related 

to anxiety in contrast to C57BL/6 females11. In addition, no effects of individual 

housing on behaviour were observed in the modified hole board test and single-

housing did not lead to increased stress markers10,11,21. Furthermore, in a study 

investigating behaviour and recovery after minor laparotomy, no negative effects 

related to single-housing were observed10. However, the fact that some studies did 

not report any negative effects of single-housing does not convincingly advocate for a 

recommendation of single-housing. In a preference study12 even subordinate male 

mice preferred companionship when presented with the choice between an empty 

cage and a cage inhabited by another male mouse. However, aggressive behaviour 

in male mice might undoubtedly require separation to prevent severe injury or even 

death. As this can even apply to female mice of certain strains, genetic influences on 

social behaviour should also be taken into consideration.  

Companionship itself has a marked influence on behaviour in mice with regard to 

home cage activity22 and social interaction has a profound effect on certain 

parameters. For example, in mice subjected to restraint stress, the presence of a 

conspecific diminishes the negative impact of the treatment on working memory23. 

Furthermore, significantly elevated stress hormone levels were detected in non-

tested members of a group, in which only some of the mice were submitted to 

behavioural testing11. Empathic behaviour has also been described in a three-

chambered social approach test24. Therefore, the condition of an individual might 

alter the behaviour of other group members and vice versa.  

However, for VWR, single-housing was required due to technical limitations to 

assess individual behaviour within a group. Moreover, the effects of social interaction 

or the deprivation thereof on VWR have not yet been characterised in depth. 

Interestingly, in this study, group-housed mice showed about 50% less VWR 

compared to single-housed mice analysed in a previous study5. This marked 

reduction in VWR related to social housing is also in accordance with results from 

Sherwin et al.22, who found a marked decrease in motivation of mice to access a 

running wheel when housed in groups. In addition, Dewan et al.25 observed a 
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reluctance to run in wheels, which had previously been used by other individuals. 

Also, behavioural testing of single-housed male B6 and DBA mice showed varying 

results, but a distinguishable effect in terms of hyperactivity related to isolation26. 

Thus, group-housing may avoid confounding VWR data by hyperactivity or 

stereotypic behaviour. Therefore, a system that allows assessment of VWR on an 

individual level despite group-housing is highly desirable.  

In summary, the present study proves VWR as a suitable indicator of disturbed 

wellbeing, also in group-housed mice. The implementation of RFID technology into 

an automated wheel running system enables individual severity assessment without 

impairment of natural social behaviour of the animals.  

Funding: This work was supported by the Federal Ministry of Economics and 

Energy, Zentrales Innovationsprogramm Mittelstand (ZIM) (grant/award number: 

‘KF3465361TS4’), Deutsche Forschungsgemeinschaft (FOR 2591, grant/award 

number: ‘BL953/10-1’). 
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Supplements 

 

Suppl. Figure 1: Individual VWR behaviour.  
Individually depicted change of VWR(19). A: 1% DSS n = 6-7; B: 0% DSS n = 7; 

C: control: n = 7. 
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Suppl. Table 1: Statistical analysis of VWR change.  
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Suppl. Table 2: Statistical analysis of Vmax change.  
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Suppl. Table 3: Statistical analysis of body weight change.  
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Suppl. Table 4: Statistical analysis of clinical score and histological analysis.  
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6.5 Additional results for the DSS colitis model 

For the DSS colitis model conducted under group housing conditions, additional 

results of in-group VWR analyses are presented.  

 

Figure 12: VWR under DSS colitis (1% DSS group).  
In comparison to baseline: n = 6-7; linear mixed-effects model, fixed effect (type III): 

p = 0.0060, F (1.574, 8.772) = 10.64, Dunnett’s multiple comparisons test: * = p < 0.05, 

** = p < 0.01, *** = p < 0.001. bsl: baseline. Arrows indicate sample collections. 

When compared to baseline, 1% DSS mice showed a statistically significant 

reduction of VWR on day 0, 5, 6, 7 and 8 (Fig. 12). 0% DSS animals displayed 

reduced VWR on days 0 and 5 after sample collection and again on day 9 (Fig. 13).  
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Figure 13: VWR under sample collection (0% DSS group).  
In comparison to baseline: n = 7; Friedman test statistics: 33.46, p = 0.0025, Dunn’s 

multiple comparisons test: * = p < 0.05, ** = p < 0.0001. bsl: baseline. Arrows indicate 

sample collections. 

Control group values were not statistically significantly altered compared to baseline 

values (Fig. 14).  

 

Figure 14: VWR of control group in the DSS colitis model.  
N = 7; no statistically significant results in comparison to baseline (Friedman test 

statistics: 19.34, p = 0.1523, Dunn’s multiple comparisons test: p > 0.05). bsl: baseline. 
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7 Discussion 

Assessment of the severity of experimental procedures, as required by the EU 

directive 2010/63, is a challenging task in any animal experiment, as methods for 

objective evaluation of impaired well-being are still rare (FLECKNELL 2018). This 

thesis, therefore, investigated the voluntary use of a running wheel by mice in 

response to different experimental procedures. The aim was a differentiated 

evaluation of VWR as a measure of severity under regard of the quality of the 

impacting factor, housing conditions and the influence of running itself.  

Measuring the use of a running wheel by rodents has been investigated for many 

years and used for many different aspects of research, such as circadian rhythm 

(DECOURSEY 1986), or the effects of exercise, for instance in obesity models 

(PATTERSON and LEVIN 2008), on BDNF (ADLARD and COTMAN 2004) or on 

immune responses (LOWDER et al. 2006).  

In addition to using the exercise aspect of VWR as an influence on study outcome, 

VWR has been used as a parameter for well-being or distress experienced by the 

animals. This has been done in painful conditions such as migraine (KANDASAMY et 

al. 2017), hind paw inflammation (COBOS et al. 2012; KANDASAMY et al. 2016) and 

post-surgical recovery (CLARK et al. 2004; HELWIG et al. 2012), but also in 

response to psychological stress (DEVALLANCE et al. 2017). This study comprises 

different qualities of impact factors, including surgery, repeated routine procedures 

such as IP injections and a DSS colitis model, all being painful as well as stressful. In 

contrast to this, a restraint stress model with a mainly psychological impact was 

additionally employed.  

7.1 Spanning across three models I: General remarks and 

considerations 

VWR, as described above, has received a lot of attention in research. The underlying 

cause of VWR is still unknown, but a lot of influencing factors have been found and 

observations under various circumstances have led to different hypotheses and 

conclusions on when and why laboratory rodents express this prevalent motivation to 

run in a wheel. Concerns regarding stereotypic and addictive traits of the behaviour 
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have been discussed and, even though they remain somewhat inconclusive and 

cannot be generalised, researchers using running wheels should be aware of both 

possibilities.  

7.1.1 Stereotypy and addiction: “how normal” is running in a wheel?  

A basic prerequisite for discussion of both stereotypy and addiction is the very 

recently confirmed notion, that wheel running is a behaviour in itself (SHERWIN 

1998b; NOVAK et al. 2012; MEIJER and ROBBERS 2014). VWR does not correlate 

to general locomotor behaviour (KOTEJA et al. 1999; WEBER et al. 2009), is also 

performed by wild animals, even without reward (MEIJER and ROBBERS 2014) and 

is therefore not a substitute (SHERWIN 1998b; MASON 2006) or artificial behaviour. 

The generally low level of locomotion in captive laboratory mice compared to wild 

animals might nevertheless be a contributing factor to the amount of VWR 

performed.  

Stereotypy 

The most widely used definition of a stereotypy is that of a “repetitive, invariant and 

apparently goalless” behaviour (MASON 1991a; MASON 1991b). More recent in-

depth research and discussion have led to a different definition to shift the focus from 

phenotype to underlying cause. This definition states that “stereotypic behaviour is 

repetitive, induced by frustration, repeated attempts to cope, and/ or CNS 

dysfunction” (MASON 2006).  

Wheel running is by default a behaviour with only few possible variations and might 

therefore easily be characterised as repetitive and invariable (MASON and WURBEL 

2016), emphasising the need for recognition of the new cause-based definition. 

However, variability might be more present than assumed by most, as animals tend 

to leave the wheel, jump back in and climb on the outside ((RICHTER et al. 2014) 

and own observations). Additionally, stereotypic behaviour is often also perseverant 

or compulsive (BADNELL-WATERS et al. 2006), therefore not easily influenced or 

interrupted, while VWR, as shown in this study, is easily reduced by different factors. 

This suggests a conscious and voluntary behaviour related to the motivational or 

affective state rather than being merely pathological perseveration.  
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To address the characteristic of “goalless”, which is part of the generally accepted 

definition of a stereotypy, the self-rewarding properties of wheel running should be 

considered, which have been shown in several studies by using CCP or demanding 

‘work’ for access to wheels (SHERWIN 1998a; BELKE and WAGNER 2005; BRENÉ 

et al. 2007). These self-rewarding properties might in itself be the ‘goal’ as they 

improve the affective or emotional state of the animal. Improvement of well-being in 

animals by performing stereotypic behaviours has been widely discussed (LATHAM 

and MASON 2004; MASON 2006) and suggests that VWR can function as a coping 

strategy. In this and other studies, however, the reduction of VWR in response to 

negative impacts and the increase after cessation of those diminish the relevance of 

this function, at least under markedly adverse conditions. In contrast, VWR in these 

cases presents a more similar characteristic to self-rewarding behaviour mainly 

performed for pleasure, as these tend to be reduced with reduced well-being (this is 

discussed in more detail in the next section about addiction).  

There is a fluent transition between an activity such as VWR performed for pleasure, 

as a coping strategy or as a pathological stereotypy. Therefore, a clear confirmation 

or rejection of stereotypic characteristics in a behaviour is often not possible. 

However, certain causal or related factors probably contribute to one of these 

underlying motivations. One important factor is the housing condition. Stereotypies 

often seem to develop under conditions eliciting poor welfare, such as barren 

housing environments in rodents (LEWIS et al. 2006) and are therefore presumably 

the result of frustration and/or the inability to perform species-specific behaviour 

(MASON 2006). In two parts of the present study, individual housing of the animals 

was necessary. However, mice were first separated at the age of 11 weeks after 

having been kept in an environment enriched by both social contact with conspecifics 

as well as nesting material and shelter. As summarised by Lewis et al. (2006), 

findings from different studies point to a protective effect of enrichment during early 

periods of life. Animals raised and kept in barren environments tend to develop more 

stereotypies than animals from enriched environments, even if later transferred to 

barren ones. The mice of the current study were transferred to single-housing 
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enriched only with bedding and a wheel after reaching maturity. Therefore, the 

likelihood of developing stereotypies seems to be reduced.  

Comparison of single-to group-housing in the present study revealed an obvious 

difference in the amount of VWR with group-housed mice showing relatively low 

VWR activity. However, despite being reduced compared to single-housing, VWR 

was displayed at a constant level in group housing, suggesting an elective behaviour. 

The same consistency is observed in single-housing after adaption time, which 

contrasts with stereotypic behaviour, as stereotypies tend to increase with time 

(POWELL et al. 1999). Additionally, there are several other factors to be considered 

as possible causes for a lower performance in group housing. These factors are the 

effect of space, design of the cage system and group size. In the setup used in this 

study, the animals preferred both peripherally located wheels out of six wheels in 

total. They therefore virtually shared mainly two wheels in a group of seven mice, 

hereby possibly reducing the amount of time the individual animal was able to spend 

in the wheels. Other studies, on rats as well as on mice, have reported similar 

running performance in group- compared to single-housing. The main differences in 

the setup of this study are comparably less space and smaller group sizes 

(STRANAHAN et al. 2006; IERACI et al. 2015). Taken together, this might explain 

the low VWR performance under group-housing conditions in this study.  

Overall, neither the new nor the old definition of the term ‘stereotypy’ seem to fully fit 

the circumstances in the present study, even though it can be argued that lack of 

other environmental stimulation further increases the running performance. 

Additionally, as stereotypies often develop from normal behaviour (MASON 2006; 

MASON and WURBEL 2016), it cannot be excluded that wheel running has 

stereotypic characteristics in some animals without necessarily implying a negative 

effect on the animals’ well-being.  

Addiction: self-rewarding activity or already pathology?  

Addiction partially overlaps with stereotypic behaviour, for example in regard to 

increasing intake/use. The official criteria for addiction are derived from human 

medicine and refer to drug addiction (Diagnostic and Statistical Manual of Mental 

Disorders, DSM-5® (AMERICAN PSYCHIATRIC ASSOCIATION 2013)). Hence, they 
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are difficult to apply to animal behaviour, as for example “intentions to stop using” are 

hard to assess. Nevertheless, substance abuse and wheel running have similar 

features, which will be addressed in the following.  

The self-rewarding property of VWR behaviour has, as mentioned above, been 

demonstrated in several studies (LETT et al. 2000; BELKE and WAGNER 2005; 

BRENÉ et al. 2007) and might be the underlying cause for excessive use of wheels 

by rodents. Further links between addiction and wheel running have been made by 

showing that addiction-prone strains show a more excessive use of running wheels 

(WERME et al. 1999; BRENÉ et al. 2007). Food-restriction-induced excessive 

running has been observed in many studies (e.g. KANAREK et al. 2009; DUCLOS et 

al. 2013) and is also used as a model for activity-induced anorexia (SIEGFRIED et al. 

2003). This clearly emphasises the pathology behind this model and the high 

dependency on the circumstances, including genetics, under which wheel running is 

utilised.  

Tolerance is also often part of an addiction. However, VWR has been observed, also 

in the present study, to increase only during adaption, to reach a plateau and then 

subsequently decline in most animals, opposing mechanisms of tolerance (RICHTER 

et al. 2014).  

“Spending a lot of time” using the drug is another criterion for addiction, which cannot 

be denied being true for single-housed mice in barren environments. It has been 

shown that enriched environments lead to increased neurogenesis (KEMPERMANN 

et al. 1997; GARTHE et al. 2016) and such increase in neurogenesis has also been 

observed after wheel running (VAN PRAAG et al. 1999; VAN PRAAG et al. 2005; 

GARRETT et al. 2012), even though, they have not been directly compared. 

Nevertheless, especially when considering the stable but lower VWR performance of 

group-housed mice during the course of this study, it could be assumed that some of 

the stimulation elicited by the environment in group housing (space and conspecifics) 

might be compensated by increased running in single-housing and barren 

environments. As environment-related stimulation presumably is a natural event, 

VWR might present a mean for the animals to compensate for insufficient 

environmental stimulation.  
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Withdrawal, as another criterion for addiction diagnosis, has been scarcely 

evaluated, with one study reporting increases in aggressive behaviour after wheels 

were blocked (HOFFMANN et al. 1987). Impact on social life is another difficult 

criterion, which, due to single-housing in most cases of VWR, has not been deeply 

investigated. VWR has been shown to reduce time spent on climbing (HARRI et al. 

1999) but as seen in the current study with group-housed female mice, social 

behaviour seems to be highly important and wheel running is reduced compared to 

single-housing. Further, a reduced preference for access to a running wheel when 

housed with conspecifics has also been shown by Sherwin (2003). Another criterion 

is the continued use of the wheels despite negative consequences on well-being. 

This has been observed in several studies, including food-restriction-induced 

excessive running as stated above. In the present study, however, wheel running, in 

contrast, has been reduced during diminished states of well-being, such as after 

surgery or restraint stress. This observation is in line with Mellor’s assumption that 

especially (self-) rewarding behaviours are suitable indicators for well-being 

(MELLOR 2015; MELLOR 2016). Rewarding behaviours include burrowing 

(SHERWIN et al. 2004; BOISSY et al. 2007) and also feeding and drinking, which is 

employed in many studies using anhedonia as a measure of the animals’ willingness 

to take part in pleasurable activities (e.g. RADEMACHER and HILLARD 2007; 

BERGAMINI et al. 2018; GJENDAL et al. 2019). Taken together, VWR fulfils some 

criteria of addiction under certain circumstances, but cannot generally be regarded as 

such. In contrast, especially due to the self-rewarding properties, running might be 

very similar to other natural and rewarding activities, ensured that no factors 

triggering pathological extremes such as food restriction are present.  

7.1.2 The influence of single-housing 

Single-housing can have several adverse effects, depending on various factors such 

as sex, age and environmental enrichment. For male mice, which have been used in 

the model of pancreatic carcinoma for comparability reasons within the research 

consortium, group-housing is generally difficult. The natural group composition 

comprises only one adult male; therefore, even when fighting is not exhibited, some 

group members of an all-male mouse group are most likely adversely affected 
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(KAPPEL et al. 2017). It has been shown that single-housing of male mice, after a 

period of seven days, results in reduced CORT levels compared to group-housed 

mice (KAMAKURA et al. 2016), corroborating the hypothesis that single-housing 

does not negatively impact the well-being in males. Nevertheless, another study 

found a preference for male companionship in male mice (VAN LOO et al. 2004). 

This points to a basic need for a socially enriched environment. Nevertheless, this 

preference was abolished when nest material was offered in an empty cage which 

was thereupon preferred to the companionship (VAN LOO et al. 2004). The 

motivational background for seeking companionship has not yet been elucidated 

(KAPPEL et al. 2017). The provision of a running wheel to a group of male mice 

could even cause additional problems, as dominant mice might defend this resource 

as has been shown for food resources (NADIAH et al. 2014). A study by Howerton et 

al. (2008) found increased aggression after giving a group of five male mice access 

to one running wheel. Nevertheless, as resource distribution has been demonstrated 

to relieve heightened aggression and CORT levels in groups of male mice (NADIAH 

et al. 2014), the provision of several separated wheels might offer a viable solution. 

As no group-housing of male mice has been done in this study, effects of single-

housing remain speculative.  

In female mice, group-housing usually does not pose a problem and therefore, 

refinement of the VWR method by group-housing animals is strongly warranted and 

has been conducted as discussed above. Individual housing per se has been shown 

to alter behaviour with highly contrasting results. Võikar et al. (2005) found 

hyperactivity and a reduction of habituation but also reduced immobility and reduced 

anxiety in the EPM. Späni et al. (2003) revealed a higher heart rate due to single-

housing, while Arndt et al. (2009) found no behavioural differences between single-

and group-housed mice regardless of strain (C57BL/6 and BALB/c) and sex. A higher 

agreement can be found on the impact of social housing conditions on stress 

responses, which, in regard to severity assessment under experimental conditions, 

has greater influence on study outcomes. Altered stress responses on immunological 

(BARTOLOMUCCI et al. 2003), neuroendocrine and behavioural level (LIU et al. 

2013) have been demonstrated, pointing to a confounding influence of single-housing 
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on well-being as much as on study results. Even though the presence of a wheel 

under single-housing conditions has been shown to have a positive influence on the 

mice, e.g. by reducing morphine withdrawal symptoms (BALTER and DYKSTRA 

2012) or by reducing effects of intermittent single-housing (PHAM et al. 2005) or 

ameliorating the reduced neurogenesis after social isolation (STRANAHAN et al. 

2006), group-housing is still preferable for gregarious animals.  

In the third part of this study, housing conditions were therefore changed from single-

to group-housing. It has previously been shown that additional space is a highly 

valued resource in mice (SHERWIN 2003, 2004). By extending the floor area 

provided to the mice to six times of the area provided in a single wheel-running cage, 

exploratory behaviour, besides social interaction, is likely to affect the time spent on 

running in the wheel. Additionally, a study by Sherwin (2003) has shown that the 

presence of conspecifics altered the motivation to access a running wheel. Another 

study housing four mice in one spacious cage (1025 cm2) with two wheels found no 

marked reduction of VWR compared to data published by other researchers, but 

were not able to track mice individually (IERACI et al. 2015).  

In view of the above and our setup comprising greatly extended space and a higher 

number of animals per group, a reduction of wheel running compared to singly-

housed mice was expected, even though the ratio of running wheel number to mice 

was almost 1 (0.86). Results indicated a reduction of average total revolutions 

compared to single-housed female mice of the same strain and age. This 

demonstrates that social interaction and locomotion outside the wheel are also highly 

motivated behaviours and seem to interfere to a certain degree with the motivation to 

run. Nevertheless, all mice engaged in wheel-running activity.  

A comparison of this study to a very similar experiment using a DSS model in the 

same strain but under single-housing conditions (BIERNOT 2017) revealed a higher 

drop of body weight in single- (83.5% ± 4.6%) compared to group- (89.6 ± 6.8%) 

housed, DSS-treated mice. Single-housed DSS-treated animals also recovered their 

body weight later than did group-housed mice. Comparison of VWR depicts similar 

maximum reduction on day 7. However, single-housed mice did not recover to 

baseline level during the 14-day study, while group-housed mice exceeded baseline 
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values. This could be attributable to an overall better well-being, as the presence of 

conspecifics has a positive influence, which has also been highlighted by Mellor 

(2015). It has to be considered that the total amount of VWR needed to return to 

baseline levels is comparably lower in group-housed compared to single-housed 

mice. This facilitates a faster return to these baseline levels as the total amount of 

activity to achieve baseline is comparably lower. Furthermore, lower VWR might 

prevent a higher weight loss under colitis induction due to lower energy expenditure. 

Taken together, this seems to suggest an overall beneficial effect of group-housing 

while VWR still provides good indicative quality as conjunctive well-being parameter. 

Group-housing therefore offers a valuable opportunity to implement VWR into a 

multimodal severity assessment approach with a low risk of developing stereotypy or 

addiction. Both of these are often discussed as underlying causes for the motivation 

to run in a wheel and are closely related to environmental conditions (see above, 

section 7.1.1).  

7.2 Spanning across three models II: results and implications 

thereof 

7.2.1 Adaption period 

Though the typical onset and course of wheel running during the first days is strain-

dependent (FESTING 1977; LIGHTFOOT et al. 2004; CLARK et al. 2011), mice 

generally show fast adaption to the wheels with the reach of a plateau of activity (DE 

BONO et al. 2006; BASTERFIELD et al. 2009), as corroborated by the present data 

shown for single-housed male and female mice. However, in contrast to several 

studies showing higher VWR activity in female than in male mice (LIGHTFOOT et al. 

2004; CLARK et al. 2011), this thesis showed a significantly higher running 

performance in single-housed B6J males on the last two days of adaption compared 

to single-housed B6J female. As the impact of slight genetic differences have already 

been demonstrated (COLETTI et al. 2013), these differences could be explained by a 

slightly altered genetic profile, as the female mice are the correspondent wildtype to 

an interleukin-10 (IL-10) knockout strain with B6J background and the male mice are 

a standard C57BL/6J. Comparison between housing conditions revealed marked 
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differences, with group-housed mice showing almost no increase over the whole 14-

day adaption period. This difference is possibly caused by the extensive floor area 

and many opportunities for social contact in group-housing conditions, but of course 

also by the complete separation from conspecifics and the entailing consequences in 

single-housing as discussed above (see section 7.1.2).  

7.2.2 Main findings  

This study comprises three different parts utilizing VWR. In the first part, single-

housed female mice were subjected to restraint stress and sampling procedures. In 

the second part, single-housed male mice underwent surgery for tumour cell 

injection, followed by chemotherapy, and the third part comprised a DSS colitis 

model combined with a sample collection procedure in group-housed female mice.  

Main findings of the first part of this study were a reduction of VWR in response to 

sample collection and restraint stress, a reduction of body weight solely in response 

to stress, with recovery already starting during stress exposition. The clinical score 

did not demonstrate statistically significant changes in response to any experimental 

procedure.  

The severity assessment and classification of individual animals in the second part of 

this study shifted the focus from predominantly psychological stress to more pain-

related influences in order to establish VWR as a well-being parameter for a broader 

spectrum of research. The main findings of the experiment were a significant 

reduction of VWR after surgery and a rapid recovery. Decreased VWR was observed 

in both groups under treatment, with greater decrease in therapy group. Different 

impacts of substances were discernible by VWR analysis. Additionally, ROC curve 

analyses demonstrated a very high sensitivity of VWR to surgery and injection 

influences. Body weight was marginally impacted after surgery for all animals and 

only slightly indicative of impaired well-being in the vehicle group during the 

treatment period. Retrospectively, the therapy group was assigned a higher severity 

during treatment period. Application of the cluster model on VWR data revealed 

severity levels which differed from severity levels designated by body weight scores.  

The last part of the study, conducted in group-housed mice, revealed body weight 

loss correlating with onset and course of the DSS colitis and an elevated clinical 
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score, indicative of inflammation onset. VWR largely mirrored body weight change, 

but additionally showed a decrease after sample collection.  

7.2.3 Relating results of three models: a comparison of parameter sensitivity 

VWR was, in regard to sensitivity, compared to the commonly applied severity 

assessment methods clinical scoring and evaluation of body weight change. Neither 

clinical score nor body weight change were able to indicate the influence of any 

sample collection. Changes in the environment, however, have previously been 

shown to lead to increased heart rate, blood pressure and active behaviour (DUKE et 

al. 2001), possibly adversely affecting the animals' well-being. In contrast to both 

other parameters, this influence was delineated in VWR performance under both 

single-and group-housing conditions. In the restraint stress model, commonly used 

statistical analysis of VWR course detected the impact of sample collection on only 

two out of four days. In contrast, application of the severity cluster model (HÄGER et 

al. 2018) demonstrated an impact of all sampling procedures. For the majority of all 

animals in the restraint stress experiment, the impact was defined by the cluster 

model as being of mild severity when no additional procedures were conducted. 

Following the restraining procedure, sample collection did not have an additional 

impact on VWR, which negated a cumulative severity of both procedures.  

The clinical score was unaffected by restraint stress, which is in accordance with 

another study using the same procedure and strain of mice and demonstrates the 

insufficient sensitivity of the clinical score for low-impact procedures (HEIDER 2018). 

The course of body weight, however, depicted an impact of restraint stress treatment 

compared to the control group but also showed an early recovery. Increasing weights 

from day 7 onward, therefore, pointed to recovery during the stress treatment period. 

This is in contrast to results of other studies using restraint stress (JEONG et al. 

2013; HEIDER 2018), showing reduced body weight across all days of stress 

exposition in sedentary animals. Body weight reduction is a physiological response to 

stress, induced by different mechanisms. For example, corticotropin-releasing factor 

(CRF), a hormone of the HPA axis, is known to induce hypophagia (SEKINO et al. 

2004; HARRIS 2015) and the activation of the sympathetic nervous system reduces 

gastrointestinal activity (GOLDSTEIN 1987). Exercising mice, compared to 
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sedentary, are known to have altered HPA axis activity and stress responses. 

Several studies showed an increased CORT level in exercising mice in response to 

stress (DROSTE et al. 2003; CAMPBELL et al. 2009). However, a more detailed 

investigation into the course of hormone secretion revealed a faster and shorter HPA 

axis activation in response to stress (HARE et al. 2014) in wheel-running mice. This 

suggests a better adaption to stressful influences. Altered stress responsiveness 

could therefore be causal for the diverging course of body weight when comparing 

sedentary and exercising mice. As this study did not include sedentary controls, the 

effect remains speculative, but possible interactions need to be considered when 

applying body weight change as an indicator for experimental severity in running 

animals.  

Few other studies have investigated the effects of prolonged stress on running 

activity. In a study employing chronic unpredictable stress, mice showed a reduction 

of VWR in response to the stressors, with VWR activity returning to control levels 

after stress cessation (DEVALLANCE et al. 2017). The reduction in response to 

stress is in accordance with the results of this study: during the ten-day period of 

stress exposition, VWR stayed at a stable level of reduced activity, indicating ongoing 

distress. Recovery was first observed after stress cessation. The application of the 

cluster model indicated mild to moderate severity for restraint. The model further 

suggested that a higher body weight does not necessarily imply better well-being, as 

it allocated animals with a body weight of around or above 100% baseline to a 

moderate severity level. Severity levels indicated by VWR, therefore, opposed the 

severity levels designated by body weight course in this study and therefore also 

negated desensitisation against repeated stressors (GADEK-MICHALSKA and 

BUGAJSKI 2003; JAGGI et al. 2011) for the 10-day period chosen in this study. An 

explanation for this discrepancy is offered by the affective component of VWR 

behaviour, presuming that physical parameters such as the body weight or activation 

of the stress axis do not always fully overlap with the emotional or motivational state 

of an individual.  

Surgery comprises a different quality of impact compared to restraint. Besides being 

stressful, effects of anaesthesia and possibly post-surgical pain, despite pain 
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treatment, adversely influence the animals. VWR has been shown to be sensitive to 

the impact on well-being due to surgery (CLARK et al. 2004; ADAMSON et al. 2010; 

HELWIG et al. 2012). In general, also using other methods, a surgery comparable to 

the laparotomy conducted in the present study has been shown to have a 

considerable impact on the day of surgery, but is usually followed by a rapid 

recovery: Arras et al. (2007b) showed return of heart rate to control levels after 

laparotomy already by the end of day 1 when treated with the same analgesia used 

in this study (carprofen 5 mg/kg body weight). In another study, nest building scores 

were reported to be at baseline levels by 24 hours after a sham embryo transfer via 

laparotomy with the same analgesic regime (JIRKOF et al. 2013a). These results are 

in accordance with the findings of the present study, which revealed a marked drop 

of VWR and rapid recovery on the day after surgery. Emphasising the difference 

between general locomotor activity and VWR, in the study by Arras et al. (2007b), 

general locomotor activity remained unchanged by surgery.  

In contrast to VWR, body weight and clinical score were not able to detect this 

influence in its full extent, even though clinical scores were mildly elevated on day 

one. The severity levels designated by clinical score and body weight for the post-

surgical period were lower than levels allocated by the cluster model. The VWR-

based assignment of severity levels hereby indicates a moderate severity.  

After anaesthesia only, reduction of different well-being parameters have also been 

found in some (CLARK et al. 2004; JIRKOF et al. 2013a; HOHLBAUM et al. 2017) 

but not all (TUBBS et al. 2011) studies. Therefore, the VWR reduction is presumably 

not fully attributable to post-surgical pain, but also to anaesthesia and handling of the 

animals during the procedure. However, as a higher dose of carprofen (50 mg/kg 

body weight) in a study by Jirkof et al. (2013a) resulted in significantly higher nesting 

scores compared to 5 mg/kg body weight carprofen (which was the dosage used in 

the present study), an adverse pain-related influence might be involved and higher 

dosages of analgesia should be aspired for future studies using this model. As 

controls without analgesia and without surgery have not been conducted in this 

study, differentiation is not possible.  
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During the treatment period, the clinical score demonstrated very low sensitivity for 

the experimental procedure. The increase around days 22 to 26 in the therapy group 

could neither be correlated to any change in procedures or scoring person nor to 

marked changes in body weight or VWR. This underlines the necessity of a 

multivariate approach to severity assessment and additionally undermines the 

importance of objective evaluation methods. In retrospective analysis, body weight 

revealed a statistically significant reduction compared to baseline almost exclusively 

in the therapy group. Additionally, the actually observed body weight decrease, 

especially in the vehicle group receiving daily IP injections, rarely reached the level of 

clinical relevance (4% or more body weight loss) according to the clinical score. This 

resulted in a discrepancy of severity levels assumed by body weight and VWR 

change: levels designated to individual animals by body weight were in many cases 

lower than levels designated by VWR. These findings relativize the relevance of body 

weight loss as indicative for reduced well-being especially for the individual animals 

in this study.  

The course of VWR in response to the treatment by daily IP injection was highly 

variable when considering day-to-day changes. The application of the severity level 

cluster model (HÄGER et al. 2018) on data of the early treatment period suggested 

moderate severity for the therapy group on days with two injections. The same 

animals, however, were mainly allocated to severity level 1 (mild) after metformin 

injection only. Distribution within the intermediate and especially the late period was 

less markedly separated between single and double injection. This could indicate a 

desensitisation in some of the individuals to the influence of galloflavin. 

Desensitisation has been observed after repeated exposition to the same stressor 

(GADEK-MICHALSKA and BUGAJSKI 2003). This is in contrast to VWR under 

restraint stress (part one of this thesis), which stayed at a reduced level without 

showing habituation. However, IP injections are comparably short interventions and 

were additionally repeated over 37 days in total compared to 10 days of restraint 

stress exposure in this thesis.  

While desensitisation appears to develop against galloflavin injection, a slight 

reduction of VWR over time after metformin or PBS injection was observed for 
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several animals. An overall reduction of well-being relating to a cumulative severity of 

handling and injection might be causal. However, as a reduction of VWR over time 

has been shown in other studies (DE BONO et al. 2006; BASTERFIELD et al. 2009), 

the overall decrease could also be attributed to this not yet understood phenomenon. 

Very clear individual differences are depicted in the cluster model (HÄGER et al. 

2018). The model again demonstrates that VWR and body weight change are not 

linked tightly, as several animals in level 2, based on their VWR activity, had indeed 

recovered their baseline body weight. It can be argued that less time spent running 

equals more time spent feeding. This does not, however, contrast the assumption of 

a reduced motivational state but rather emphasises that a stringent correlation 

between body weight gain and well-being cannot be promoted. Also, for this 

particular model, body weight change might be influenced by systemic effects of the 

substances. Metformin interferes with glucose metabolism (DEFRONZO et al. 1991), 

and galloflavin inhibits the lactate dehydrogenase (MANERBA et al. 2012).  

Statistical analysis of VWR demonstrated that the distinct reduction of VWR after 

double injection in the therapy group was attributable to the substance galloflavin. 

Only a tendency for a greater reduction after DMSO compared to PBS and metformin 

was found. This could possibly also be due to the additional IP injection and the 

entailed handling and restraining procedure, as both handling and IP injections have 

been found to have adverse effects. For example, in a study investigating c-fos 

protein and CORT values as a stress marker after a single injection, a high response 

for both markers was demonstrated (RYABININ et al. 1999). Benedetti et al. (2012) 

demonstrated a high CORT response after handling for intrathecal (IT) injection, 

which was not markedly elevated by actual IT injection of saline. The allocation of 

animals into severity level 1 after a single injection of PBS and metformin could, 

therefore, be due to the handling and restraint rather than the substances. As IP 

DMSO injection has been found to distinctly increase CORT levels compared to an 

IP injection of PBS (KUMSTEL et al. 2019), the slightly greater reduction of VWR 

after DMSO is presumably due to the local substance effect. Taken together, VWR 

has depicted differences between the substances in accordance with results from 

other studies. Because the study design focused on therapeutic effects and did not 
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comprise control groups for handling or injection, a clear differentiation cannot be 

made. Nevertheless, an impact was demonstrated and is in agreement with the 

assumption of stressful interventions, which could not be delineated in body weight 

change.  

Due to its primarily inflammatory nature, DSS colitis differently affects well-being of 

the animals compared to restraint or surgery.  

In this model, conducted under group-housing condition, the clinical score was most 

indicative of impaired well-being compared to both other study parts. Elevation, 

mainly due to soft or bloody faeces, was a good parameter for disease onset but 

showed no distinct variations during the further course of the colitis.  

During recovery, VWR returned faster to pre-treatment levels compared to body 

weight or clinical score. This appears contrary to both previous studies, as those 

depicted recovery of physical parameters before recovery of VWR. This might 

indicate that the overall well-being after certain procedures is better reflected by 

VWR than by body weight, as VWR also reflects the emotional state. The body 

weight change under DSS colitis is a good parameter for inflammation onset and 

recovery. The full recovery to control animal levels represents reconstitution of the 

body, but might be delayed as an indicator of recovered well-being. This has to be 

taken into consideration, especially if animals are not fully grown and control animals 

naturally gain an advantage in absolute body weight.  

It can be argued that VWR, in this case, is predominately reduced in response to a 

disturbed energy homeostasis. VWR has been previously shown to be sensitive to 

painful conditions (COBOS et al. 2012; HELWIG et al. 2012; KANDASAMY et al. 

2017). As colitis with bloody diarrhoea can be assumed to be painful in animals due 

to a severe damage of the colonic epithelium (WIRTZ et al. 2017), it is reasonable to 

attribute at least some of the reduction in VWR to the painful conditions. Activity, in 

general, is also likely to be influenced due to associated high energy loss. 

Nonetheless, this represents an overall disturbed well-being in the animals and does 

not curtail the concept of VWR as an indicator for disturbed well-being due to 

experimental influences.  
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Application of the cluster model (HÄGER et al. 2018) in group-housed, DSS treated 

mice revealed a less constant correlation of a suggested severity level to 

experimental influences than in single-housed mice. For example, one animal of the 

control group was allocated to a moderate severity on day 7 but was only exposed to 

the gentle handling procedure for weighing. Therefore, the model and its borders 

need to be adapted if housing conditions are changed. In group-housing, a higher 

variability and markedly lower total VWR has been observed. Adjusting space and 

group size might in this case also improve results and increase individual VWR 

performance. For the design of future setups, the preference of wheels should also 

be taken into consideration. Mice of all groups showed consistent preferences for 

both peripherally located wheels. While the cause for this behaviour did not become 

apparent, it does give clues about the preferred structure of a cage, as additionally, 

the mice slept in one of the inner cages (this has been observed when entering the 

animal room in the morning). Also, as no correlation between body weight and VWR 

performance or preferred running wheel became apparent in undisturbed mice, 

dominance issues, at least in an all-female group, seem unlikely.  

7.2.4 Does VWR modify the experimental severity? 

Stress, in various forms, is entailed by almost all experimental procedures performed 

on laboratory rodents. While the effect of stress on wheel running is important 

regarding the validity of VWR as a severity parameter, the effect of wheel running on 

the stress response also needs to be considered. An altered reaction to stress 

caused by wheel running might confound comparison to studies without exercise, 

possibly either impairing or augmenting the animals’ well-being. Therefore, the 

method might alter the results this method is employed to obtain. Investigation into 

positive effects of VWR on stress revealed that the increase of BDNF in response to 

exercise can counteract stress-induced decrease of BDNF (ADLARD and COTMAN 

2004; IERACI et al. 2015), therefore diminishing the negative impact of stress 

entailed by many experimental procedures. VWR itself has nevertheless also been 

described as a stressor because of its activating influence on the HPA axis 

(STRANAHAN et al. 2008). An adaption to exercise has been shown by Campbell et 

al. (2009) who found elevated CORT levels in response to restraint stress after two, 
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but not after eight weeks of running. Dynamic changes can, therefore, be expected in 

studies utilising long-term VWR.  

7.2.5 Model-specific severity levels –summarising perception of different 

impact factors 

For the sample collection procedures in the restraint stress experiment, VWR, by 

means of the cluster model, suggested a mild severity for the majority of animals. 

This was not indicated by either body weight change or clinical score. The degree of 

severity indicated by VWR is nevertheless in agreement with other studies, showing 

an impact of comparable situations such as a novel environment after cage change 

(DUKE et al. 2001; BALCOMBE et al. 2004). Under restraint stress, animals showed 

an almost equal distribution between mild and moderate severity according to wheel 

running. As animals are likely not to experience pain under or following this 

procedure, this appears to be a comparably high severity. However, as restraint 

stress is also used in animal models for depression (e.g. SUN et al. 2015), moderate 

severity is not unlikely and demonstrates the influence of the affective state on VWR 

behaviour. The impact of stress on self-rewarding behaviour has recently 

corroborated by Bergamini (2018) by demonstrating reduced sucrose intake as 

behavioural output of reduced seeking of self-reward, further supporting the validity 

of VWR as measure of well-being.  

Surgery for orthotopic pancreatic cancer induction revealed a comparable severity, 

which is in accordance with Annex VIII of the EU directive 2010/63. The moderate 

severity designated after the first galloflavin injection cannot be compared to other 

results, as galloflavin has not previously been investigated in vivo, but it points to a 

low tolerability of the substance (at least via IP injection). This is supported by a mild 

severity allocated to most animals after all other injections. Annex VIII of the directive 

also allocates chemotherapy to a moderate severity, but only if less than five days of 

adverse effects are expected. On the other hand, frequently administered test 

substances with moderate clinical effect are designated to a moderate severity level. 

Also according to the EU directive, repeated injections (repeated mild severity) 

accumulates to an overall moderate severity. The present study, however, did not 

reveal cumulative effects of repeated IP injections.  
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The evaluation of VWR under group housing condition is limited by very different 

basic conditions regarding VWR activity compared to single-housing. Nevertheless, 

VWR change was in line with body weight results and for day 7 allocated DSS-

treated animals to a moderate severity level in accordance with licencing provisions. 

It can be argued that the reduction of VWR is, in this case, due to altered energy 

homeostasis. However, this does not oppose the assumption that well-being in these 

animals is reduced and this alteration is depicted by change in VWR activity.  

7.3 Spanning across three models III: Concluding discussion of 

hypotheses 

Taken together, VWR has in all three parts of this thesis demonstrated to be a 

sensitive indicator of impaired well-being. In the first part, it was able to depict 

diminished well-being due to restraint stress treatment as well as after sample 

collection procedures, both comprising mainly psychologically adverse effects and 

therefore clearly pointing to influences of the animals’ motivational and emotional 

state. VWR was furthermore able to distinctly depict changes due to painful 

procedures such as colitis and laparotomy and showed high compliance to changing 

states of well-being, for example during recovery after surgery, under repeated IP 

injections with different substances and after cessation of DSS treatment.  

Taken together, influence of psychological stress, pain and altered energy 

homeostasis due to additional physical impairment of body functions all result in 

sensitively altered VWR behaviour.  

Translatability of VWR as a severity parameter from single- to group-housing has 

been evaluated in a system housing seven mice in six cages equipped with one 

wheel each, providing additional space and opportunities for social interaction. This 

was reflected in reduced (compared to single-housing), but nevertheless surprisingly 

stable VWR, which was still able to serve as additional well-being parameter. Further 

research is needed to define influences of space allowance and group size, but the 

behaviour itself has proven to be stable enough to continue under enriched 

conditions, which are desirable for gregarious animals such as the mouse.  
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Considering the influence of VWR on a broad spectrum of variables, such as stress 

response, metabolism and immunity, careful evaluation of study design is warranted, 

as VWR itself might modify the results. Furthermore, a multivariate approach is 

necessary for severity assessment, regardless of the accuracy of any one parameter 

for certain influences. This is based on the complex behaviour and inter-individual 

differences, which will, in nuances, always be present. Additionally, possible negative 

effects of stereotypic behaviour in form of excessive running or addictive properties 

of the behaviour should be kept in mind. Given the vast literature on positive effects 

of exercise, however, modification by introducing a wheel has the potential to 

improve well-being. Further, validity of wheel running to confer the animals’ affective, 

emotional and motivational state to the researcher by means of an objective 

parameter has been strongly corroborated by the results of the present study. The 

method, therefore, has the potential to further pursue the aim of better severity 

assessment and promote animal protection in experiments by recognition of impaired 

well-being, enabling appropriate alleviation of pain or stress. It can additionally 

contribute to reduction and refinement in research, by making experimental effects 

visible and distinguishable and by decreasing the number of animals needed to 

reveal important scientific results.  
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8 Summary 

Nora Weegh 

Voluntary wheel running as a parameter for evidence-based assessment of 

disturbed well-being during experimental procedures in single- and group-

housed mice 

Assessing experimental severity in laboratory animals is becoming increasingly 

important for both ethical and scientific reasons. Therefore, implemented in the EU 

directive 2010/63, a prospective and actual assessment of experiment severity is a 

legal prerequisite of animal test proposals within the EU. However, even though the 

Annex VIII of the directive gives examples for the severity of some commonly used 

methods, the correct assessment of pain, suffering or distress in an animal is still 

challenging. This is especially true for the widely used laboratory rodents, as these 

flight animals conceal signs of weakness or distress. However, a variety of methods 

is being investigated for their validity regarding severity assessment. One of these 

methods is the monitoring of voluntary wheel running (VWR). VWR provides the 

great advantage of being a home-cage-based test, enabling observation of this 

activity in undisturbed animals. Furthermore, most laboratory rodents are highly 

motivated to engage in this behaviour.  

The aim of this thesis was the evaluation of VWR as an indicator for experimental 

severity. Therefore, VWR was analysed under different housing conditions and 

experimental procedures. Results were compared to body weight change and clinical 

score, both of which are commonly used methods for severity assessment. Further, 

the application of a cluster model for allocation of severity levels focused on the 

degree of individual severity.  

In the first part of this thesis, the impact of restraint stress and routine sample 

collection on single housed female C57BL/6J.129P2-Il10tm1Cgn+/+/JZtm (B6J IL10+/+) 

mice was evaluated, while the second part included a laparotomy for cancer cell 

injection into the pancreas in single housed male C57BL/6J mice. They were 

subsequently treated via intraperitoneal (IP) injections with therapeutic agents 

(galloflavin and metformin) or the respective vehicle substances (dimethyl sulfoxide 

(DMSO) and phosphate-buffered saline (PBS)). The experiment in the third part was 

conducted on group-housed female B6J IL10+/+ mice in a system utilizing radio 
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frequency identification transponders for recognition of the individual mouse when 

using a wheel. The influence of a dextran sulphate sodium-(DSS-) induced colitis, as 

well as the effects of a sample collection, was investigated.  

Results of the clinical score indicated no or low sensitivity across all three parts. Body 

weight change was affected by restraint stress, colitis and injection of therapeutic 

substances, but did not depict the impact of sample collection, laparotomy or 

repeated IP injection of vehicle substances. Analysis of VWR revealed advantages 

as severity assessment method over clinical score and body weight change. VWR 

reduction showed high sensitivity for stress treatment and was indicative of sample 

collection in single- and group-housing conditions. It furthermore depicted a high 

impact of laparotomy for tumour induction, followed by a rapid recovery. VWR also 

indicated compromised well-being due to repeated injection of both vehicle and 

therapy substances and even differentiated between the substances. Repeated IP 

injections of galloflavin, not having been tested before, demonstrated a low 

tolerability in mice. In response to DSS colitis in group-housed mice, VWR also 

sensitively indicated onset, severity and recovery.  

A previously developed cluster model (HÄGER et al. 2018), based on combined 

VWR and body weight data, suggested a differentiation into three levels of severity 

(no, mild, moderate) to classify the impact of procedures by VWR analysis. The 

model was applied to VWR data of this thesis. It indicated no to mild severity for 

sample collection and repeated IP injections of PBS and metformin. A mild to 

moderate severity level was depicted for restraint stress, comparable to the impact of 

laparotomy. A high proportion of moderate severity was depicted for DSS colitis and 

galloflavin injection, exceeding the peak severity levels of all other treatments. These 

results coincide with related examples from the Annex VIII of the EU directive 

2010/63 as well as with results of other studies.  

VWR has, in this thesis, demonstrated a high sensitivity for different degrees of 

severity in response to different impact factors in single- and group-housed mice. 

VWR can thus, within a multivariate approach, be a valuable indicator of 

experimental severity in laboratory mice.  
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9 Zusammenfassung 

Nora Weegh 

Die freiwillige Laufradnutzung nach experimentellen Eingriffen als Parameter 

zur evidenz-basierten Beurteilung des Wohlbefindens von Mäusen in Einzel- 

und Gruppenhaltung 

Der Beurteilung des Belastungsgrades bei Labortieren durch experimentelle Eingriffe 

kommt stetig wachsende Bedeutung zu, sowohl aus ethischen als auch aus 

wissenschaftlichen Gründen. Daher ist in der EU Direktive 2010/63 eine prospektive 

und tatsächliche Belastungsbeurteilung als gesetzliche Vorrausetzung für 

Tierversuchsanträge vorgeschrieben. Der Anhang VIII der Direktive gibt die 

Schweregrade einiger häufig experimentell genutzter Methoden an. Dennoch bereitet 

die tatsächliche Beurteilung von Schmerzen, Leiden und Schäden, die ein Tier 

erfährt, weiterhin große Schwierigkeiten. Dies gilt besonders für Labornager, die von 

Natur aus jegliches Verhalten, welches auf Schwäche hindeutet, verbergen.  

Für eine adäquate Beurteilung der Belastung sind Methoden erforderlich, die auf 

möglichst objektive Parameter zurückgreifen. Eine dieser Methoden ist die Messung 

der freiwilligen Laufradnutzung. Ein großer Vorteil hierbei ist die Überwachung dieses 

Verhaltens im Heimkäfig der Tiere in Abwesenheit des Wissenschaftlers, sodass eine 

störungsfreie Messung ermöglicht wird. Zudem zeigen die meisten Labornager eine 

hohe Motivation für die Nutzung eines Laufrads.  

Das Ziel der Doktorarbeit war die Beurteilung der freiwilligen Laufradnutzung von 

Mäusen als evidenz-basierter Parameter für gestörtes Wohlbefinden. Zu diesem 

Zweck wurde die Laufleistung unter unterschiedlich belastenden, experimentellen 

Faktoren analysiert. Zudem wurde der Einfluss unterschiedlicher Haltungs-

Bedingungen auf die Laufradaktivität untersucht. Die Ergebnisse wurden mit der 

täglich ermittelten Änderung des Körpergewichts und dem klinischen Score 

verglichen; beide Methoden werden üblicherweise zur Belastungsbeurteilung 

herangezogen.  

Im ersten Teil der Arbeit wurde der Einfluss von einstündigem Immobilisationsstress 

an zehn aufeinanderfolgenden Tagen sowie einer routinemäßig durchgeführten 

Probennahme auf einzeln gehaltene, weibliche C57BL/6J.129P2-Il10tm1Cgn+/+/JZtm-
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Mäuse untersucht. Im zweiten Teil der Arbeit mit männlichen, ebenfalls einzeln 

gehaltenen C57BL/6J-Mäusen wurde zunächst eine Laparotomie für die Injektion von 

Tumorzellen in das Pankreas durchgeführt. Nachfolgend wurden therapeutische 

(Galloflavin und Metformin) bzw. deren entsprechenden Vehikel-Substanzen 

(Dimethylsulfoxid (DMSO) und phosphat-gepufferte Salzlösung (PBS)) intraperitoneal 

(IP) injiziert. Im letzten Teil der Arbeit wurde ein Gruppenhaltungssystem mit 

weiblichen C57BL/6J.129P2-Il10tm1Cgn+/+/JZtm-Mäusen getestet, welches über 

implantierte RFID-(Radio Frequency Identification) Transponder die Erfassung der 

individuellen Laufleistung ermöglichte. Innerhalb dieses Experiments wurde der 

Einfluss einer Dextran-Sodiumsulfat-(DSS)-induzierten Kolitis sowie einer 

routinemäßigen Probennahme untersucht.  

Die Ergebnisse der klinischen Beurteilung zeigten in allen drei Teilen der Arbeit keine 

oder lediglich geringe Belastungen an. Die Reduktion des Körpergewichts hingegen 

konnte unter Immobilisationsstress und Injektionsbehandlung mit Therapeutika sowie 

nach Kolitis-Induktion eine Belastung aufzeigen. Eine Belastung durch die 

Probennahmen, die Laparotomie und die ip-Injektionen der Vehikel-Lösungen konnte 

jedoch nicht dargestellt werden.  

Die Laufleistung war sowohl der klinischen Beurteilung als auch der Änderung des 

Körpergewichts zur Erfassung einer Belastung überlegen. Sie war gegenüber dem 

Immobilisationsstress sensitiv und zeigte über den gesamten Zeitraum der 

Stressexposition ein beeinträchtigtes Wohlbefinden an. Zusätzlich konnte die 

Reduktion der Laufleistung nach der Probennahme eine Belastung durch diesen 

Eingriff aufzeigen. Der Einfluss der Laparotomie war durch eine starke reduzierte 

Laufleistung ersichtlich, welche am nachfolgenden Tag eine rasche Erholung zeigte. 

Des Weiteren konnte ein Einfluss der IP Injektionen dargestellt werden, wobei sogar 

eine Differenzierung der Substanzen möglich war. Ein besonders starker negativer 

Einfluss war hierbei in Folge der Galloflavin-Injektion zu beobachten.  

Ein mathematisches Cluster Modell (HÄGER et al. 2018), basierend auf kombinierten 

Körpergewichts- und Laufleistungsdaten, stellte die Hypothese einer objektiven 

Einteilung anhand der Laufleistung in die drei Schweregrade ‚keine‘, ‚geringgradige‘ 

und ‚mittelgradige‘ Belastung auf. Eine maximal geringgradige Belastung zeigte sich 
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bei der Anwendung des Cluster-Modells für die Probennahme. Für die wiederholte IP 

Injektion nicht-reizender Substanzen wie PBS und Metformin ergab sich das gleiche 

Ergebnis. Sowohl der Immobilisationsstress als auch die Laparotomie hingegen 

resultierten in gering- bis mittelgradiger Belastung. Ein großer Anteil an Tieren mit 

der Zuordnung einer mittelgradigen Belastung wurde bei der DSS-induzierten Kolitis 

sowie nach Galloflavin-Injektion beobachtet, welche somit im Vergleich aller Modelle 

die höchste Belastungseinstufung erhielten. Die Ergebnisse dieser Einordnung 

stimmen mit den Vorgaben aus dem Anhang VIII der EU-Direktive sowie mit den 

Ergebnissen anderer Studien an diesen und ähnlichen Modellen überein.  

Die Analyse der freiwilligen Laufradnutzung hat sich zusammenfassend als sensitiver 

und flexibler Parameter für die Erfassung verschiedener Belastungsschweregrade 

unter unterschiedlichen Einflussfaktoren und Haltungsbedingungen erwiesen. Somit 

stellt diese Methode, als Ergänzung einer multimodalen Herangehensweise, eine 

gute und einfach zu erfassende Möglichkeit der Belastungsbeurteilung in Mäusen 

dar.  
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11 Supplements 

11.1 Supplemental figures 

 

Suppl. Figure 1: Comparison of tumour weights between therapy and vehicle 
group.  
Mann-Whitney U test, U = 26, p = 0.7063. 
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11.2  Supplemental Tables:  

11.2.1 Score sheets 

Suppl. Table 1: Clinical score for DSS colitis model.  
Modified according to Häger et al. (2015). 

fur Score 

cleanliness, gloss, smoothness 0-3 

eyes   

clearness, openness 0-2 

body posture    

normal to hunched 0-2 

general appearance   

not disturbed 0 

mildly disturbed 1 

moderately disturbed 2 

severely disturbed 3 

spontaneous activity 
 

normal to no activity (before disturbing) 0-2 

provoked activity   

normal to no activity (after disturbing) 0-2 

consistency of faeces   

normal 0 

soft 1 

soft with blood 2 

total score 17 

 

Suppl. Table 2: Histological score for DSS colitis.  
Published in Bleich et al. (2004). 
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Parameter   Score 

inflammatory 
cells 

severity 0 = no changes 

  
1 = mild 

    2 = moderate 

  
3 = marked 

    4 = severe 

  
maximum 
extent 

0 = no changes 

  
1 = mucosa, Lamina propria 

    2 = 1 + submucosa 

  
3 = 2 + transmural, Lamina muscularis 

    4 = breakthrough, peritonitis 

intestinal 
architecture 

epithelial 0 = no changes 

  
1 = focal  

    2 = marked erosions 

  
3 = several erosions 

    4 = extended ulcerations 

  mucosal 0 = no changes 

  
1 = focal loss of architecture, blunted crypts 

    2 = moderate loss of architecture, mucine retention 

  
3 = marked loss of architecture, crypt necrosis 

    4 = complete loss of architecture 

oedema   0 = no changes 

  
1 = oedema in epithelial cells 

    2 = oedema in submucosa 

  
3 = oedema in muscular layers 

area involved   0 = no changes 

  
1 = 25% 

    2 = 50% 

  
3 = 75% 

    4 = 100% 
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11.2.2 List of materials 

Suppl. Table 3: Animals.  

Strain Sex Supplier 

C57BL/6J male Central Animal Facility, Hannover 

Medical School, Hannover, Germany 

C57BL/6J.129P2-

Il10tm1Cgn+/+ 

female Central Animal Facility, Hannover 

Medical School, Hannover, Germany 

 

Suppl. Table 4: Animal care products.  

Product Trade name Producer 

1 ml syringes Inject F Duo 1ml, 25G B Braun Melsungen AG, 

Melsungen Germany 

Cage bedding poplar wood  

AB 368P 

AsBe-wood GmbH, Buxtehude, 

Germany 

Rodent chow Pelleted diet  

Altromin 1324 

Altromin Spezialfutter GmbH & 

Co KG, Lage, Germany 

Scale Pocket scale CM 320-

1N,  

0.1-320 g 

KERN® + Sohn GmbH, Balingen, 

Germany 

 

Suppl. Table 5: Materials for sample collection.  

Product Trade name Producer 

Hydrophobic sand Labsand Coastline Global Inc., Palo Alto, 

USA 

Dried blood spots/ protein 

saver cards 

Whatman 903™ GE Healthcare Europe GmbH, 

Freiburg, Deutschland 
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Suppl. Table 6: Running wheel systems.  

Product Trade name Producer 

Group running wheel 

system 

IDRevolyzer Collaborative work by PhenoSys, 

(Berlin, Germany) and Preclinics, 

(Potsdam, Germany) 

Running wheel system  Revolyzer-3TS Preclinics (Potsdam, Germany) 
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Suppl. Table 7: Materials for surgical procedures.  

Product Trade name Producer 

Absorbable suture material Vicryl RapideTM 5-0 Ethicon, Johnson & Johnson 

Medical GmbH, Norderstedt, 

Germany 

Aluminium spray MeproVet® 

Aluminium-Spray 

mepro Dr. Jaeger und 

Bergmann GmbH, Vechta, 

Germany 

Anaesthetic vaporiser Dräger Vapor® 2000 Drägerwerk AG & Co KGaA, 

Lübeck, Germany 

Anaesthesia device PAM Portable 

Anaesthesia Machine 

AS-01-007 

mip anaesthesia technologies, 

Oregon, USA 

anaesthetic gas: isoflurane Isofluran CP® 1 

ml/ml 

cp-pharma®, Burgdorf, 

Germany 

Ductal pancreatic 

adenocarcinoma cells (for 

cell preparation see: 

ZECHNER et al. (2015a 

and 2015b) 

6606PDA provided by DZ and BV 

(originally a gift of Prof. 

Tuveson, University of 

Cambridge, UK) 

Electrical clippers Aesculap® Isis GT-

420 

B Braun, Aesculap Suhl 

GmbH, Suhl, Germany 

Eye ointment Bepanthen®  Bayer Vital GmbH, 

Leverkusen, Germany 

Non-absorbable suture 

material 

Prolene 5-0 Ethicon, Johnson & Johnson 

Medical GmbH, Norderstedt, 

Germany 

skin disinfectant Softasept® N B Braun Melsungen AG, 

Melsungen, Germany 
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sterile surgical gloves Latex Biogel® 

Surgeons 

Mölnlycke Health Care GmbH, 

Düsseldorf, Germany 

Surgical instruments  B Braun, Aesculap AG, 

Tuttlingen, Germany 

swabs Zelletten® Lohmann & Rauscher 

International GmbH & Co. KG, 

Rengsdorf, Germany 

Transponder, Ø 2,12 mm, 

12,0 mm length 

Passive 125 kHz (LF) 

Glastransponder, SID 

102/2;  

EURO I.D. 

Identifikationssysteme 

GmbH & Co. KG, 

Frechen/Köln, Germany 

warming pad PhysioSuite® Kent Scientific Corporation, 

Torrington, USA 
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Suppl. Table 8: Drugs.  

Product Trade name Producer 

Adjuvant anti-cancer 

treatment: metformin 

1,1-Dimethylbiguanide 

hydrochloride 

Lot # BCBT7573 

Sigma-Aldrich Chemie 

GmbH, Steinheim, 

Germany 

Analgesia for administration 

via drinking water: metamizol 

Novaminsulfon 500 mg 

Lichtenstein 

Zentiva Pharma GmbH, 

Frankfurt am Main, 

Germany 

Analgesia: carprofen Rimadyl® Zoetis Deutschland 

GmbH, Berlin, Germany 

Chemotherapeutic: galloflavin Galloflavin Potassium salt 

Batch #1 

Tocris Bioscience, 

Bristol, UK 

Solvent: dimethyl sulfoxide Dimethylsulfoxid ≥99.5%, 

Bio-Science Grade 

Carl Roth GmbH + Co. 

KG, Karlsruhe, 

Germany 

Solvent: phosphate buffered 

saline (PBS) 

PBS Dulbecco  Merck Biochrom GmbH, 

Berlin, Germany 

Solvent: sodium chloride 0.9% NaCl 0.9 % B Braun Melsungen AG, 

Melsungen Germany 

1 ml syringes Inject F Duo 1ml, 25G B Braun Melsungen AG, 

Melsungen Germany 
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Suppl. Table 9: Chemicals and solvents.  

Product Trade name Producer 

distilled water  Institute for Laboratory Animal Science, 

Hannover Medical School, Hannover, 

Germany 

DSS 

(molecular 

weight: 

36 000 - 50 

000) 

Dextran Sulphate 

Sodium Salt Reagent 

Grade  

Charge: Q7418 

MP Biomedicals, LLC, Illkirch, France;  

 

 

  

Formula for 1 l of 1% Dextran Sulphate Sodium solution 

Chemical amount 

DSS 10 g 

distilled water 990 ml 
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Suppl. Table 10: Software.  

Product Trade name Producer 

Data aquisition software 

for group running system 

Phenosoft Control, 

Version 1.0.6017.25946 

PhenoSys, Berlin, Germany 

Data aquisition software 

for running system 3-TS 

DASYLab 11.0 Ink. National Instruments 

Germany GmbH, Munich, 

Germany 

Software for data import 

for group running system  

WDConvert  PhenoSys, Berlin, Germany 

Statistical software GraphPad Prism® v5.06 GraphPad Software, Inc., La 

Jolla, CA, USA 

Writing, table analysis, 

presentation software 

Microsoft® Office  Microsoft Corporation, 

Redmond, USA 

 



Supplements 

171 

Suppl. Table 11: Histological slide preparation.  

Product Trade name Producer 

Cover glass  Gerhard Menzel GmbH, Braunschweig, 

Germany 

Formalin Formaldehyd 37% Firma Carl Roth, Karlsruhe, Germany 

Imbedding 

cartridge 

 Medite GmbH, Burgdorf, Germany 

Object slide  Gerhard Menzel GmbH, Braunschweig, 

Germany 

Optical 

microscope 

 Carl Zeiss Microscopy GmbH, Göttingen, 

Germany 

Paraffin Paraffin Histoplast Thermo Fischer, Walthan, USA 

   

Formula for 1 l of 1x phosphate buffered saline (pH 7.4) 

Chemical amount 

NaCl 8,0 g (137 mM) 

KCl 2,0 g (2,7 mM) 

Na2HPO4 1,44 g (8,1 mM) 

KH2PO4 0,24 g (1,5 mM) 

distilled water bring the total amount to 1 l 
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