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Abstract

The fine-scale grading of the severity experienced by animals used in research constitutes a

key element of the 3Rs (replace, reduce, and refine) principles and a legal requirement in

the European Union Directive 2010/63/EU. Particularly, the exact assessment of all signs of

pain, suffering, and distress experienced by laboratory animals represents a prerequisite to

develop refinement strategies. However, minimal and noninvasive methods for an evi-

dence-based severity assessment are scarce. Therefore, we investigated whether voluntary

wheel running (VWR) provides an observer-independent behaviour-centred approach to

grade severity experienced by C57BL/6J mice undergoing various treatments. In a mouse

model of chemically induced acute colitis, VWR behaviour was directly related to colitis

severity, whereas clinical scoring did not sensitively reflect severity but rather indicated mar-

ginal signs of compromised welfare. Unsupervised k-means algorithm–based cluster analy-

sis of body weight and VWR data enabled the discrimination of cluster borders and distinct

levels of severity. The validity of the cluster analysis was affirmed in a mouse model of acute

restraint stress. This method was also applicable to uncover and grade the impact of serial

blood sampling on the animal’s welfare, underlined by increased histological scores in the

colitis model. To reflect the entirety of severity in a multidimensional model, the presented

approach may have to be calibrated and validated in other animal models requiring the inte-

gration of further parameters. In this experimental set up, however, the automated assess-

ment of an emotional/motivational driven behaviour and subsequent integration of the data

into a mathematical model enabled unbiased individual severity grading in laboratory mice,

thereby providing an essential contribution to the 3Rs principles.

Author summary

Animal-based biomedical research is often accompanied by experience of discomfort or

pain by the animal. Recognition of disturbed animal welfare is mandatory, and the classifi-

cation and assessment of its severity is a crucial part of the legislative framework in the

European Union (EU). In the present study, we analysed voluntary wheel running (VWR)

behaviour as a measure of compromised welfare in a mouse colitis model. Unsupervised

mathematical clustering of clinical and VWR data enabled us to allocate and classify
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severity levels. This cluster model was verified using VWR data from a restraint stress

model and allowed us to uncover the impact of routine experimental procedures on these

mice. We propose that clustering of VWR behaviour provides a useful method for assess-

ing the severity level of experimental procedures conducted on mice.

Introduction

The 3Rs (replace, reduce, and refine) principles [1] provides a fundamental ethical and statutory

framework to embed animal welfare into biomedical research. Scientists, laboratory animal sci-

ence associations, journals, and countries around the globe committed themselves to this princi-

ple. With respect to the refinement approach, the fine-scale grading of severity in laboratory

animals undergoing scientific procedures is indispensable to improve welfare and minimize suf-

fering. Accordingly, the assessment of severity experienced by laboratory animals has become a

prerequisite for the project authorization process in the revision of the European Union (EU)

Directive on the protection of animals used for scientific purposes [2]. In particular, every proce-

dure performed on laboratory animals has to be allocated prospectively and retrospectively to the

categories ‘non-recovery’, ‘mild’, ‘moderate’, and ‘severe’ with regard to the respective pain, suffer-

ing, distress, or lasting harm to the animals (Article 38, 39, 54 and Annex VIII of Directive 2010/

63/EU). However, tools to assign an experimental procedure to a specific severity level are scarce

and abilities to assess the entire spectrum of severity are limited [3,4]. Particularly, there is a lack

of objective, standardized parameters that are routinely applicable and non- or minimally inva-

sive. Therefore, the development of evidence-based techniques and scales grading severity in labo-

ratory animals is crucial not only regarding the legal obligations and the demand for standardized

high-quality data but also with regard to the ethical justification of animal-based research [3].

Voluntary wheel running (VWR), an elective behaviour in wild mice [5], has been scientifi-

cally assessed as early as 1898 [6] and demonstrated to differ between mouse strains and gen-

der [7–9]. The effect of VWR has been investigated in numerous studies regarding inactivity-

related diseases such as obesity [10], cardiovascular disease [11], and type II diabetes [12]. It

also served as an outcome measure to monitor motor function deficits [13] and circadian

rhythm [14]. Furthermore, VWR has been utilized to determine pain-related mobility

impairment in a study investigating hind paw inflammation [15] and to characterize a chronic

pancreatitis model associated with persistent abdominal pain [16].

As VWR has been shown to be biologically distinct from general activity and is associated

with neuronal systems allocated to stress response, mood, and reward [17], it may reflect the

motivational, emotional, and cognitive state of animals. Therefore, we hypothesized that VWR

serves as a tool to assess and classify severity of a multidimensional nature in laboratory mice.

To evaluate VWR behaviour as a measure of treatment-associated discomfort, mice underwent

either finely graduated acute intestinal inflammation or restraint stress and/or different sam-

pling procedures. Subsequent k-means algorithm-based cluster analysis of VWR and body

weight data revealed distinct severity levels, providing a novel approach for objective individu-

alized severity grading in laboratory mice.

Results

Dose-dependent determination of colitis-induced severity progression by

monitoring of VWR behaviour

VWR was monitored in C57BL/6J (B6) mice that were treated with either 0%, 1%, or 1.5% dex-

tran sulfate sodium (DSS) to induce acute intestinal inflammation. Furthermore, VWR was

Monitoring of voluntary wheel running to assess severity in mice
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monitored in DSS-treated B6 mice that additionally underwent facial vein phlebotomy (for an

overview of groups and n values see S1 Table). All mice were single housed in cages supple-

mented with a running wheel (Revolyzer 3TS system, software DASY Lab 11.0) that allowed

monitoring of wheel rotations (WR20) and maximum velocity (Vmax20) of 20 hours/day. Dur-

ing the 14-day (d) adaptation phase, WR20 and Vmax20 increased continuously, reaching a

consistent plateau after 9 days (S1 Fig). Mean WR20 and Vmax20 of the last 3 days of the

respective adaption phases served as the baseline to calculate the relative change in %. Subse-

quent experimental procedures comprised faecal sampling (all groups, Fig 1A–1D); blood

sampling (selected groups, Fig 1C and 1D) on d 0, d 5, and d 14; DSS treatment (d 1–d 5), and

necropsy (d 14) (see S1 Table). Mice were monitored daily by clinical scoring and weighing.

Fig 1. Assessment of severity during acute intestinal inflammation. (a) Determination of body weight (% change from baseline) and (b) WR20 (percent change

from baseline) in mice receiving 0%, 1%, or 1.5% DSS. (c) Body weight and (d) WR20 over time in mice receiving 0%, 1%, or 1.5% DSS and additionally

undergoing facial vein phlebotomy on d 0, d 5, and d 14. All mice of (a–d) underwent faecal sampling. For n values see S1 Table. �P< 0.05, ��P< 0.01, and
���P< 0.001; colours indicate comparison between respective groups: medium grey between 0% and 1%, black between 0% and 1.5%, and light grey between 1%

and 1.5% (one-way ANOVA, subsequent Tukey posthoc test or Kruskal–Wallis test followed by Dunn’s multiple comparison test); underlined asterisks indicate

the comparison to baseline levels within a group (repeated measure ANOVA, subsequent Dunnett’s posthoc test or Friedman test followed by Dunn’s multiple

comparison test). (e) B6 mouse demonstrating VWR behaviour in a running wheel; WR20 of all mice (a–d) plotted against body weight in k-means cluster analysis

with cluster borders (solid lines) and 95% confidence borders (dashed lines). (f) Cluster analysis as in (e), DSS-treated mice at d 7 individually highlighted in black;

(g) the corresponding calculation of severity fractions. (h) Cluster analysis as in (e), DSS-treated mice at d 7 that were submitted to facial vein phlebotomy

individually highlighted in black; (i) the corresponding calculation of severity fractions. The underlying numerical data of each figure panel are provided in the

respective excel sheet of S1 Data; underlying numerical data of Fig 1F–1I are provided in the corresponding sheet of Fig 1E. B6, C57BL/6J; DSS, dextran sulfate

sodium; VWR, voluntary wheel running; WR20, wheel rotations during 20 hours/day.

https://doi.org/10.1371/journal.pbio.2006159.g001
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Significant weight loss up to 21.6% (mean 11.9% ±1.9% SEM) on d 7 was observed in mice

treated with 1.5% DSS but not 1% DSS, compared to controls (d 7, Kruskal–Wallis test statistic:

12.22, df = 2; Dunn’s test P< 0.01, Fig 1A). Accordingly, clinical scoring was solely but merely

marginally increased in the 1.5% treatment group (S2A Fig). In contrast, WR20 was reduced in

both treatment groups, rendering the monitoring of VWR behaviour more sensitive than clini-

cal scoring in determining disease progression in a dose-dependent manner (d 7, Kruskal–

Wallis test statistic: 11.97, df = 2; Dunn’s test P< 0.01 for 1.5% versus 0% DSS group, Fig 1B).

Vmax20 was reduced solely in mice treated with 1.5% DSS (S3A Fig). Next, serial blood sam-

pling by facial vein phlebotomy, a sampling procedure frequently applied in animal-based

research, was performed on d 0, d 5, and d 14 in DSS-treated and control mice (see S1 Table

for groups and n values). Unexpectedly, WR20 was significantly reduced in DSS-treated and

control mice after blood sampling (d 5, repeated measure ANOVA F(6.221) = 21.47 [0% DSS],

F(19.84) = 21.90 [1% DSS]; Dunnett’s tests P< 0.001 compared to baseline; Friedman test statis-

tic: 83.05 [1.5% DSS]; Dunn’s test P< 0.001 compared to baseline, Fig 1D). Additionally,

blood sampling not only impacted VWR behaviour but also aggravated colitis progression, as

1% DSS-treated mice now displayed a similar course of body weight loss, WR20, and Vmax20

as 1.5% DSS-treated mice (Fig 1C and 1D and S3B Fig). The aggravated condition was not

detected by clinical scoring (S2B Fig) but was corroborated by histological analysis (S4 Fig).

Demarcation of individual severity levels by k-means algorithm-based

cluster analysis

To enable unbiased severity allocation, k-means cluster analysis based on behavioural data sets

(VWR performance) and clinical data sets (body weight measurements) derived from all DSS-

treated and respective control mice, including their baseline values, was determined to be suit-

able. Interestingly, an optimal cluster size of three clusters was obtained by scree plot analysis

as well as calculation of the Bayesian information criterion (S5A and S5B Fig). Cluster stability

was monitored by permutation analysis. Cluster borders were calculated to be WR20 = 87.37%

and WR20 = 50.16%, with 95% confidence borders (83.75; 90.39) and (46.43; 53.57), respec-

tively (Fig 1E and S5C Fig). Accordingly, three severity categories were classified as ‘severity

level 0, 1, and 2’, respectively (depicted in Fig 1E). Exemplary highlighting of mice at d 7 dem-

onstrated that all of the control mice (0% DSS) were allocated to severity level 0, whereas the

distribution of 1% and 1.5% DSS-treated mice shifted toward severity levels 1 and 2 (Fig 1F).

Calculation of the percental proportion of mice assigned to a particular severity category

(‘severity fraction’) for each treatment regime revealed that 100% of the control mice were allo-

cated to severity level 0 and none were assigned to severity level 2 (Fig 1G). However, this was

reversed in 1.5% DSS-treated mice, as 71% of mice were allocated to severity level 2 and none

to severity level 0. Highlighting of 1% and 1.5% DSS-treated mice that additionally underwent

facial vein phlebotomy revealed a shift in the distribution pattern toward severity levels 1 and

2, respectively (compare Fig 1F and Fig 1H), further corroborating an aggravated condition

due to this routine blood sampling procedure. Merely 38% of control mice (0% DSS) were allo-

cated to severity level 0 but 12% to severity level 2 following routine blood sampling (Fig 1I).

Derivation of distinct severity levels in a mouse model of restraint stress

affirms applicability of VWR behaviour–based k-means clustering for

individual severity grading

As a next step, the applicability of the cluster model as a tool for severity categorization was

tested in mice submitted to restraint stress. In this model, mice were immobilized using

restraint tubes for 1 hour from d 1 to d 10. These and respective control mice underwent faecal

Monitoring of voluntary wheel running to assess severity in mice
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sampling on d 0, d 7, and d 10. Clinical scoring and body weight were merely marginally

altered in restraint-stressed mice (S2C Fig and Fig 2B). However, WR20 was significantly

reduced to approximately 50% of baseline performance from d 1 to d 10 in restraint stressed

mice (repeated measure ANOVA F(7.15) = 7.337; Dunnett’s test P< 0.05–0.001, Fig 2C). Inter-

estingly, a drop in WR20 was also observed on days of faecal sampling (d 0, d 7, and d 10) in

both control and restraint-stressed mice (Fig 2C). Reduction of Vmax20 in restraint-stressed

mice was less pronounced than reduction of WR20 (S3 Fig). Next, these data were tested in the

cluster model, revealing an equal distribution of control mice into severity level 0 and 1 on d 1

(Fig 2D and 2E), which might be attributed to the impact of faecal sampling on d 0. This effect

of the sampling procedure was also discernible on d 7 and d 10, whereas all control mice on d

3 were categorized into severity level 0 (Fig 2D and 2E). However, the distribution pattern in

mice undergoing restraint stress markedly shifted into severity levels 1 and 2, with up to 62%

of restraint-stressed mice allocated to severity level 2 on d 7 (Fig 2F and 2G).

Discussion

VWR behaviour has been experimentally utilized as both a variable to detect its effect on meta-

bolic and cardiovascular models [10–12] as well as an index for pain-related or neurological

impairment [15,16,18]. It is a complex behaviour and has recently been used in mouse models

Fig 2. Assessment of severity during restraint stress. (a) Restrained mice in their home cage. (b) Determination of body weight (n = 8) and (c) WR20 (n = 8) in

control and restrained mice, all of which underwent faecal sampling (d 0, d 7, d 10). For groups and n values see also S1 Table. �P< 0.05, ��P< 0.01, and ���P< 0.001,

comparison between groups (Mann–Whitney or unpaired t test with Welch’s correction in case of unequal variance); underlined asterisks indicate the comparison to

baseline levels within a group (Friedman test followed by Dunn’s multiple comparison test). Incorporation of restraint stress data at d 1, d 3, d 7, and d 10 into the

cluster model; (d) control mice with (e) the corresponding calculation of severity fractions; and (f) restraint-stressed mice with (g) the corresponding calculation of

severity fractions. The underlying numerical data of each figure panel are provided in the respective excel sheet of S1 Data; underlying numerical data of Fig 2D–2G are

provided in the corresponding sheet of Fig 1E.

https://doi.org/10.1371/journal.pbio.2006159.g002
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of motor deficits to identify new factors delineating motor function previously not detected in

rotarod tests [19]. In addition, VWR has been demonstrated to alter neuronal circuity by

induction of neurogenesis [20,21]. With regard to the induction of these neuroanatomical and

physiological changes, VWR does not merely present a measure for general activity but may

rather serve as a behavioural readout, as it also has been demonstrated to decrease anxiety-

and depression-like behaviours [22,23]. Moreover, VWR represents a strongly motivated

behaviour and consequently reinforces learning capacities such as operant conditioning to

obtain access to a running wheel in rodents [24]. Additionally, this reinforcing effect has been

demonstrated to exceed the positive reinforcing effect of addictive drugs [25]. We therefore

speculated that VWR behaviour may not only be utilized as an indicator for pain-related

mobility impairment but rather as a measure to reflect various facets of severity in an emo-

tional/motivational behaviour-centred approach. To our knowledge, it has not yet been

addressed whether VWR behaviour can be utilized to assess severity conditions in laboratory

mice. Therefore, VWR behaviour was tested in the present study as an indicator of treatment-

associated discomfort during acute intestinal inflammation, acute stress, and sampling proce-

dures and was demonstrated to serve as an early and sensitive indicator of compromised wel-

fare in these conditions.

Chemical induction of intestinal inflammation via graded doses of DSS resulted in a dose-

dependent reduction in VWR behaviour in 1% and 1.5% DSS-treated mice (Fig 1B). In con-

trast, increased clinical scores and reduced body weights appeared delayed and occurred only

in the 1.5% treatment group, suggesting that VWR is an earlier and more sensitive indicator of

compromised welfare (Fig 1A and S2A Fig). Similarly, serial blood sampling by facial vein

phlebotomy led to reduced VWR behaviour in both control and DSS-treated mice but was not

discernible by clinical scoring (S2B Fig). In addition, and rather unexpectedly to this extent,

aggravation of the course of colitis as reflected by increased histological scores and a greater

reduction of body weight were also observed due to serial blood sampling (S4 Fig and Fig 1C

and 1D). In a recent study, facial vein phlebotomy had the mildest effect on animal welfare

when the impact of single sublingual vein puncture, tail vein puncture, retrobulbar plexus/

sinus puncture, and facial vein puncture were compared [26]. In another study, tail tip ampu-

tation was identified as the least compromising procedure when compared to facial vein punc-

ture and lateral tail vein incision [27]. Blood sampling is a common procedure in laboratory

animal-based research and may not only have a potential impact on the animal with regard to

compromised welfare but may also interfere with the research model of choice and the respec-

tive readouts. In the present study, the utilized blood-sampling routine was a complex proce-

dure comprising routine handling, restraining, and the actual transfer of the animals in itself.

Therefore, at this time, we cannot identify the most compromising act, and this needs to be

addressed in future investigations.

VWR behaviour not only served as indicator of compromised welfare during acute colitis

and serial blood sampling but also during acute stress. Immobilization stress led to an early (d

1) and substantial reduction of VWR behaviour but only resulted in a marginal increase in

clinical scores and a slight reduction of body weight (S2C Fig and Fig 2B and 2C). Interest-

ingly, another sampling procedure effect was detected as a drop in WR20 on days of faecal sam-

pling in both control and restraint-stressed mice (Fig 2C).

As a consequence, the potential interference of sampling procedures should be taken into

consideration in study design and experimental set up. This also applies to other factors that

have been demonstrated to induce stress and anxiety in mice, like the applied handling method

[28,29] or the presence of male experimenters [30]. In the present study, all animals were han-

dled identically and by females.

Monitoring of voluntary wheel running to assess severity in mice
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Regarding the suitability of VWR behaviour as an indicator of compromised welfare, moni-

toring of WR20 proved a more suitable parameter to detect treatment-associated differences

than changes in running velocity (Vmax20, S3 Fig), which were not as pronounced than those

observed in WR20 (Fig 1 and Fig 2).

K-means algorithm-based cluster analysis [31] has served as a tool for a variety of research

purposes, e.g., neuronal classification [32], differentiation of cell populations [33], and distinc-

tion of necrosis from viable tissue via MRI [34]. Cluster analysis has also been utilized for gene

expression analysis and associated disease outcomes [35] and recently to classify plantar pres-

sure distribution, which is critical for the prevention and/or treatment of the diabetic foot [36].

The DSS-induced acute mouse model of colitis represents a multidimensional model with var-

ious inherent features of severity such as anxiety/depression and pain [37,38]. Therefore, we

considered data derived from this model as an optimal ‘training data set.’ Consequently, VWR

and body weight as objective, observer independent data were used to develop a cluster model.

Cluster borders were calculated at WR20 = 87.37% and WR20 = 50.16%, defining severity levels

0, 1, and 2 (Fig 1E and S5C Fig). By identification of these three categories, an evidence-based

assessment into ‘no’, ‘low’, or ‘moderate’ severity grades may be possible. The applicability of

the cluster model was successfully tested in this study by introducing ‘unknown’ data from the

mouse model of acute stress. Here, restraint-stressed mice were constantly allocated to severity

level 1 or 2 over the duration of the restraint procedure (see Fig 2F and 2G). So far, experience-

and consensus-based approaches for assessing severity in laboratory mice substantially rely on

clinical score sheets. However, scoring may vary between observers [39], nuances of severity

may not be detected, especially in prey animals, and standardisation in clinical scoring has

been reported to be insufficient [40], underlining the need for observer-independent

approaches. A long-established, relevant parameter is the change of body weight [41]. Here, a

generally accepted criterion of a ‘severe’ condition is a body weight loss exceeding 20% that

may lead to euthanasia [42], although it does not reflect body composition or model specific

dynamics [43]. In this study, the majority of mice that reached up to 20% body weight loss

(defined as a humane endpoint) were allocated to severity level 2, indicating compromised

welfare according to cluster analysis of VWR behaviour (Fig 1E). However, during the analysis,

we noticed mice with a substantial body weight loss but without decreased VWR behaviour

that therefore clustered in severity level 0 (Fig 1). This clearly emphasizes that a combination

of robust parameters is needed to reflect the actual severity experienced by an animal.

To obtain automated individual data sets, mice were single housed in the present study,

which potentially represents another stressor. Nevertheless, mice were kept in clear open

cages, facilitating visual and auditory contact for the duration of the experiments. In general,

mice are recommended to be housed in groups to avoid social isolation and to maximize well-

being [2], but several studies have demonstrated that single housing did not lead to increased

stress markers compared to group housing [44–46]. Furthermore, in a study of postsurgical

behaviour, no distinct negative effect was discernible in single-housed mice [47]. In addition,

in a study of morphine withdrawal, the attenuation of the increase in thermal sensitivity was

actually greater in single-housed mice with access to a running wheel than in group-housed

mice without access to a wheel [48]. Meanwhile, novel wheel running systems that allow group

housing whilst accomplishing the simultaneous monitoring of individual VWR performances

are available and potentially applicable.

The categorization of severity has become a statutory requirement for the project authoriza-

tion process in European legislation. As appropriate methods for severity assessment and clas-

sification are missing, the resulting gap between current regulations and scientific knowledge

has to be filled. Our novel approach of unbiased individual severity grading enabled classifica-

tion of independent models or stressors in B6 mice, which we made available as an online tool

Monitoring of voluntary wheel running to assess severity in mice
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at https://calliope.shinyapps.io/severity_assessment/. Applicability to other mouse models and

strains is probable but needs to be tested in future studies. This might require adaptation of the

parameters to be involved in the assessment because of the multidimensional nature of severity

as well as particularities of animal models and mouse strains. In conclusion, VWR behaviour

served as a refinement tool in an easily implemented home-cage–based approach. It should

therefore be considered in future studies as a parameter in animal welfare and severity assess-

ment strategies to sensitively discriminate individual severity levels in mice.

Materials and methods

Ethics statement

This study was conducted in accordance with the 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 15/1905).

Mice and experimental set up

Ten–thirteen-week old female B6 mice were obtained from the Central Animal Facility (Han-

nover Medical School, Hannover, Germany). Routine health surveillance and microbiologic

monitoring according to the Federation of European Laboratory Animal Associations recom-

mendations did not reveal any evidence of infection with common murine pathogens [49,50].

Mice were maintained in a room with controlled environment (21˚C–23˚C; relative humidity

55% ± 5%; 14:10-hour light:dark cycle). Mice were housed in macrolon cages (360 cm2) with

softwood granulates (poplar wood, AB 368P, AsBe-wood GmbH, Germany) and cleaned once

per week. Pelleted diet (Altromin 1324, Lage, Germany) and autoclaved water were provided

ad libitum. During the 2-week habituation to the room, animals were merely handled for cage

cleaning.

For each experimental set up, a different cohort of mice was used (as specified in S1 Table).

Sample size calculations were performed using the power analysis program G�Power 3.1 [51].

N values are given in S1 Table. Animals were then divided into treatment and control groups

by applying a random selection procedure (drawing lots).

All mice of this study had access to running wheels. Prior to study initiation, a 2-week adap-

tion phase to the running wheel was chosen as outlined below. In the cohorts, the experimental

set up was as follows: animals were treated with DSS (0% [control], 1%, or 1.5%) from d 1 to d

5. In these mice, faecal sampling was performed on d 0, d 5, and d 14. Additional DSS-treated

mice (0% [control], 1%, or 1.5%) underwent faecal sampling as well as phlebotomy on d 0, d 5,

and d 14. Additional mice were used in the restraint stress model. In these groups, restraint

stress was applied from d 1 to d 10. In these and respective control mice, faecal sampling was

performed on d 0, d 7, and d 10.

Handling during experimental procedures was performed in reference to Sorge and col-

leagues solely by females [30]. Mice were handled by the tail, i.e., the mice were grasped by the

base of the tail using the thumb and forefinger and then transported on the flat of the hand to

support the body.

VWR

Mice were single housed in home cages with free access to a running wheel (diameter of 11.5

cm, Revolyzer 3TS system, software DASY Lab 11.0 preclinics GmbH, Germany) that allowed

automatic and undisturbed 20-hour monitoring of wheel rotations (WR20) and maximum

velocity (Vmax20, referring to the maximal number of wheel rotations per minute recorded

Monitoring of voluntary wheel running to assess severity in mice
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during the 20-hour period) from 12:00 PM to 08:00 AM daily, leaving a 4-hour interval for

general maintenance and experimental procedures (depending on the cohort, e.g., weighing,

phlebotomy, restraint stress). To determine the steady state running performance, an adaption

phase of 14 days was chosen before subsequent experiments (see also S1 Fig). During the adap-

tion phase the health status of the animals was monitored twice per week. All B6 mice started

to run as soon as they were introduced into the cage supplemented with the running wheel.

The peak time of running expectedly occurred during the dark phase. For subsequent WR20

and Vmax20 analysis, the mean of the last 3 days of the respective adaption phases were set as

the baseline to calculate relative changes (%).

Induction of DSS colitis

To fully control the onset, duration, and degree of intestinal inflammation for relating severity

assessment parameters to the degree of colitis [52,53], an acute colitis model induced by DSS

(mol wt 36,000–50,000; MP Biomedicals, Eschwege, Germany) was chosen. Mice of the respec-

tive cohorts (see also S1 Table) were exposed to 0% (control group), 1%, and 1.5% DSS in

drinking water for 5 consecutive days (d 1–d 5) to induce a mild to moderate intestinal inflam-

mation. Mice were weighed and monitored daily according to the clinical score described

below. To prevent severe conditions, a body weight loss� 20% was defined as a humane

endpoint.

Restraint stress

To induce acute stress mice were inserted into restraint tubes on 10 consecutive days (d 1–d

10) for 60 minutes (from 09:00 to 10:00 AM) and placed in empty housing cages during the

restraint period. Restraint tubes (23-mm internal diameter, 93-mm length) consisted of clear

acrylic glass with ventilation holes (8-mm diameter) and a whole length spanning 7-mm–wide

opening along the upper side of the tube. The ends of the tube were sealed on one side by a

piece of acrylic glass with a slot for the mouse tail and on the other end by a screwable solid

plastic ring. Mice were able to rotate around their own axis but not to move horizontally.

Clinical scoring

Clinical scoring was performed daily by the same person between 08:00 AM and 09:00 AM, as

described recently [54] including the parameters stool consistency, posture, behaviour, and

the appearance of eyes and fur. Clinical scoring constituted a base parameter mandatory for

project authorization and was performed by an experienced veterinarian, which was not

blinded to the treatment groups. In addition, body weight was determined every day.

Faecal sampling

Mice in the DSS model (0%, 1%, or 1.5% DSS) were transferred from their home cage on d 0, d

5, and d 14 and mice from the stress model were transferred from their home cage on d 0, d 7,

and d 10 for a period of 2 hours to a new cage containing LabSand (Coastline Global Inc., Palo

Alto, United States) to collect a bulk sample of faecal pellets.

Facial vein phlebotomy

Facial vein phlebotomy was performed in the respective cohorts (as specified in S1 Table) at d

0, d 5, and d 14, as described recently [27]. For this, mice were grabbed by the scruff of the

neck to gently but firmly immobilize head, neck, and forelimbs without anaesthesia. The right

lateral facial vein was then punctured with a 20-gauge needle. Phlebotomy was performed by
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the same trained and experienced person throughout the study. Approximately 15 μl of blood

were collected with the Protein Saver Card (Whatman 903™, GE Healthcare Europe GmbH,

Freiburg, Germany) to be stored as dried blood spots at room temperature for further

analyses.

Histology

A ‘Swiss roll’ was prepared from the colon, as described previously [55]. Colon samples were

retrieved at d 14 and fixed in neutral buffered 4% formalin, processed routinely, embedded in

paraffin, sectioned at 5–6 μm, and stained with hematoxylin and eosin. Histology slides were

scored, as published recently, and by grading histopathologic lesions separately for the proxi-

mal and distal colon [54,56,57]. Scoring was performed blinded to sample identity/treatment

group. Evaluated parameters included the presence of infiltrating inflammatory cells (severity

and maximum extent); the intestinal architecture (epithelial and mucosal); the extent of

edema, erosion, and ulceration; and the involved area. Each parameter was graded from 0 (no

changes) to 4 (severe changes) in the proximal and distal colon sections, achieving a maximum

score of 46.

Statistics

Values are means ± standard error of the mean. All statistical analyses were performed using

Graph-Pad Prism 5 and 6 software (La Jolla, California). All data were analysed with the Sha-

piro Wilk test for normal distribution. For parametric data, an unpaired t test with Welch’s

correction in case of unequal variance or one-way analysis of variance (ANOVA) or repeated

measure ANOVA was carried out. In case of ANOVA, Bartlett’s test was applied to check for

homoscedasticity, and if the hypothesis of equal variance was rejected (P< 0.05), nonparamet-

ric methods were used. In inferential testing of multiple groups, p-values were adjusted for

multiplicity during their individual posthoc testing procedure (Tukey test or Dunnett’s multi-

ple comparison test). For nonparametric data, the Mann–Whitney or Wilcoxon test were per-

formed to compare 2 groups. Other nonparametric data were analysed by the Friedman or

Kruskal–Wallis test, both followed by Dunn’s multiple comparisons as posthoc test. P< 0.05

was considered significant. In all figures, � indicates P< 0.05, �� indicates P< 0.01, and ���

indicates P< 0.001.

K-means algorithm-based cluster analysis

To calculate clusters in order to assess and categorize severity, the R [58] software and unsu-

pervised k-means clustering were used [58]. Regarding the general k-means clustering proce-

dure, all data sets were retrieved from the experimental colitis group including standardized

WR20 and body weight (BW). Both variables were used to calculate k-means clusters (701 × 2

data points out of n = 54 mice). Different conditions and days were pooled to include all possi-

ble states in one model. To calculate the cluster thresholds, the 701 × 2 data points were ran-

domly divided into a training (80%) and a test set (20%). The training set was then used to

calculate the thresholds. For stratification, this was repeated 100 times (with q = 0.8 × 701 =

561 permutations) at each run. Cluster thresholds were determined by calculating the median

of the stratification data after filtering out extreme values; margins of 30% deviation in both

directions from the median were allowed. The result was set as the global cluster threshold.

This was repeated for each cluster, also resulting in 95% confidence borders (CBs; calculated

by CB95% CI = meanthr ± 1.96 x SD(thr)/
p

561, with thr = all thresholds for each of the permu-

tations and SD = standard deviation). The number of permutations was chosen to limit a

potential overfitting of the resulting 95% CB and never exceeded the number of available data
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points per iteration. It was therefore considered to be fair. The 95% CBs reflect the randomness

due to seeding during the clustering process and indicate a transition zone between the condi-

tion borders. Test samples in the confidence regions can be seen as ambiguous and cannot

explicitly be allocated to either cluster.

For k-means optimization 2 methods, the scree plot and the Bayesian information criterion

(BIC) were used, and for subsequent cluster stabilization analysis, seeding permutations were

monitored. For scree plot analysis, the variation was analysed by the ‘within groups sum of

squares’ at different cluster sizes. In the scree plot, three clusters were identified as the optimal

size for a k-means clustering (S5A Fig). For validation, the R package Mclust [59] and the

Mclust function were used to calculate the BIC. The BIC was calculated for 20 components

(clusters) in 14 multivariate models. All multivariate models except EII and VII had a maxi-

mum BIC at three clusters. However, as EII and VII are both spherical models but the analysed

data are rather diagonal and ellipsoidal, these models were not included in the determination

of the optimal cluster size (S5B Fig). Cluster stability was also monitored by permutation anal-

ysis. For this, the median of 100 samples with 561 permutations, each with different seeding

positions, were analysed. The median upper threshold at random seeding over 100 iterations

was WR20 = 87.37% and the lower median threshold WR20 = 50.16%. Out of 100 iterations, no

cluster showed outliers above or below 1% deviation from the median. Therefore, the median

cluster thresholds from the random permutations can be considered stable (S5C Fig).

Supporting information

S1 Table. Experimental set up. After a 2-week habituation to the animal room, animals were

divided into treatment and control groups by applying a random selection procedure (drawing

lots). A 2-week adaption phase to wheel running was chosen.

(DOCX)

S1 Data. Underlying numerical data. Excel spreadsheet containing, in separate sheets, the

underlying numerical data for Figs 1A, 1B, 1C, 1D, 1E, 2B, 2C, S1A, S1B, S2A, S2B, S2C, S3A,

S3B, S3C and S4M. The underlying numerical data of Figs 1F, 1G, 1H and 1I, as well as 2D, 2E,

2F and 2G are provided in the corresponding sheet of Fig 1E.

(XLSX)

S1 Fig. Adaptation to the running wheel. (a) Monitoring of WR20 and (b) Vmax20 in B6 mice

during the 14-day adaption phase (n = 52). ���P< 0.001 compared to d 1 of monitoring by

Friedman test followed by Dunn’s multiple comparison test. The underlying numerical data

are provided in S1 Data. B6, C57BL/6J; Vmax20, maximum velocity during 20 hours/day;

WR20, wheel rotations during 20 hours/day

(TIF)

S2 Fig. Clinical scoring during colitis and restraint stress. (a) Clinical score determined in

DSS-treated and control mice and (b) DSS-treated and control mice additionally submitted to

facial vein phlebotomy (see S1 Table for groups and n values). (c) Clinical scoring in mice

undergoing repeated restraint stress (n = 8). �P< 0.05, ��P< 0.01, and ���P< 0.001; colours

indicate comparison between respective groups: medium grey between 0% and 1%, black

between 0% and 1.5%, and light grey between 1% and 1.5% (a, b Kruskal–Wallis test followed

by Dunn’s multiple comparison test, c Wilcoxon signed rank test) and underlined asterisks

indicate the comparison to baseline levels within a group (Friedman test followed by Dunn´s

multiple comparison test). The underlying numerical data are provided in S1 Data. DSS, dex-

tran sulfate sodium

(TIF)
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S3 Fig. Assessment of running velocities (Vmax20). (a) Monitoring of Vmax20 in DSS-treated

and control mice and (b) DSS-treated and control mice submitted to facial vein phlebotomy

(for n values see S1 Table); colours indicate comparison between respective groups: medium

grey between 0% and 1%, black between 0% and 1.5%, and light grey between 1% and 1.5%.

(c) Vmax20 in mice undergoing repeated restraint stress (n = 8). �P< 0.05, ��P< 0.01, and
���P< 0.001 comparison between groups (a, b one-way ANOVA, subsequent Tukey posthoc

test or Kruskal–Wallis test followed by Dunn’s multiple comparison test, c unpaired t test with

Welch’s correction in case of unequal variance or Mann–Whitney test) and underlined aster-

isks indicate the comparison to baseline levels within a group (repeated measure ANOVA fol-

lowed by Dunnett’s posthoc test or Friedman test followed by Dunn’s multiple comparison

test). The underlying numerical data are provided in S1 Data. DSS, dextran sulfate sodium

(TIF)

S4 Fig. Colon histology. (a–l) Histological analysis corroborates aggravated colitis course.

Colon tissue obtained from B6 mice treated with 0% (a–b), 1% (c–d) and 1.5% (e–f) DSS,

respectively. Histological alterations were not detected in the 0% DSS treatment groups with

or without blood sampling (a–b, g–h). All mice treated with DSS developed a mild to profound

colitis characterized by mixed cell infiltrates, abnormal crypt architecture, edema, and erosions

(d, f). Statistically significant differences in the histological score were detected between

untreated and 1.5% DSS treated mice (m); mice receiving 1% DSS displayed intermediate

scores (m). Blood sampling by facial vein phlebotomy led to enhanced histological scores in

mice receiving 1% and 1.5% DSS (i–j, k–l). Intestinal alterations were more pronounced and

characterized by mixed cell infiltration, abnormal crypt architecture, goblet cell and epithelial

loss, ulcerations, and transmural inflammatory processes (j, l). Original magnification 5x and

10x. (m) Histological score quantifying severity of colitis (Median ± min/max; for n values see

S1 Table and S1 Data, �P< 0.05 and ��P< 0.01 compared to other groups by one-way

ANOVA followed by Tukeys posthoc test or Kruskal–Wallis test followed by Dunn’s multiple

comparison test). The underlying numerical data are provided in S1 Data. B6, C57BL/6J; DSS,

dextran sulfate sodium

(TIF)

S5 Fig. Scree plot analysis, Bayesian information criterion, and seeding permutation for

clustering. (a) Determination of the cluster number by scree plot analysis. Within the scree

plot method, three clusters were identified as the optimal size for k-means clustering (dashed

line). (b) Utilization of the BIC to validate the number of clusters. All multivariate models

except EII and VII had a maximum BIC at three clusters (dashed line). (c) Monitoring of clus-

ter stability by seeding permutations. The median upper threshold at random seeding over 100

iterations was WR20 = 87.37% (95% CB [83.75; 90.39]), the lower median threshold WR20 =

50.16% (95% CB [46.43; 53.57]). BIC, Bayesian information criterion; CB, confidence border;

WR20, wheel rotations during 20 hours/day

(TIF)
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Funding acquisition: Christine Häger, André Bleich.

Investigation: Christine Häger.
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4. Keubler LM, Tolba RH, Bleich A, Häger C. Severity assessment in laboratory animals: a short overview

on potentially applicable parameters. Berl Münch Tierärztl Wochenschr. 2018; 131(7):299–303.

5. Meijer JH, Robbers Y. Wheel running in the wild. Proc Biol Sci. 2014; 281(1786). https://doi.org/10.

1098/rspb.2014.0210 PMID: 24850923; PubMed Central PMCID: PMC4046404.

6. Stewart CC. Variations in daily activity produced by alcohol and by changes in barometric pressure and

diet. Boston,1898. p. 40–56. illus., diagrs. p.

7. Bowen RS, Knab AM, Hamilton AT, McCall JR, Moore-Harrison TL, Lightfoot JT. Effects of Supraphy-

siological Doses of Sex Steroids on Wheel Running Activity in Mice. J Steroids Horm Sci. 2012; 3

(2):110. https://doi.org/10.4172/2157-7536.1000110 PMID: 25419484; PubMed Central PMCID:

PMC4236312.

8. Lightfoot JT, Turner MJ, Daves M, Vordermark A, Kleeberger SR. Genetic influence on daily wheel run-

ning activity level. Physiol Genomics. 2004; 19(3):270–6. https://doi.org/10.1152/physiolgenomics.

00125.2004 PMID: 15383638.

9. Turner MJ, Kleeberger SR, Lightfoot JT. Influence of genetic background on daily running-wheel activity

differs with aging. Physiol Genomics. 2005; 22(1):76–85. https://doi.org/10.1152/physiolgenomics.

00243.2004 PMID: 15855385.

10. de Carvalho FP, Benfato ID, Moretto TL, Barthichoto M, de Oliveira CA. Voluntary running decreases

nonexercise activity in lean and diet-induced obese mice. Physiol Behav. 2016; 165:249–56. https://doi.

org/10.1016/j.physbeh.2016.08.003 PMID: 27497922.

11. Pellegrin M, Aubert JF, Bouzourene K, Amstutz C, Mazzolai L. Voluntary Exercise Stabilizes Estab-

lished Angiotensin II-Dependent Atherosclerosis in Mice through Systemic Anti-Inflammatory Effects.

PLoS ONE. 2015; 10(11):e0143536. https://doi.org/10.1371/journal.pone.0143536 PMID: 26600018;

PubMed Central PMCID: PMC4658070.

12. Hicks JA, Hatzidis A, Arruda NL, Gelineau RR, De Pina IM, Adams KW, et al. Voluntary wheel-running

attenuates insulin and weight gain and affects anxiety-like behaviors in C57BL6/J mice exposed to a

Monitoring of voluntary wheel running to assess severity in mice

PLOS Biology | https://doi.org/10.1371/journal.pbio.2006159 October 18, 2018 13 / 16

https://doi.org/10.1177/0023677217733010
http://www.ncbi.nlm.nih.gov/pubmed/29160175
https://doi.org/10.1098/rspb.2014.0210
https://doi.org/10.1098/rspb.2014.0210
http://www.ncbi.nlm.nih.gov/pubmed/24850923
https://doi.org/10.4172/2157-7536.1000110
http://www.ncbi.nlm.nih.gov/pubmed/25419484
https://doi.org/10.1152/physiolgenomics.00125.2004
https://doi.org/10.1152/physiolgenomics.00125.2004
http://www.ncbi.nlm.nih.gov/pubmed/15383638
https://doi.org/10.1152/physiolgenomics.00243.2004
https://doi.org/10.1152/physiolgenomics.00243.2004
http://www.ncbi.nlm.nih.gov/pubmed/15855385
https://doi.org/10.1016/j.physbeh.2016.08.003
https://doi.org/10.1016/j.physbeh.2016.08.003
http://www.ncbi.nlm.nih.gov/pubmed/27497922
https://doi.org/10.1371/journal.pone.0143536
http://www.ncbi.nlm.nih.gov/pubmed/26600018
https://doi.org/10.1371/journal.pbio.2006159


high-fat diet. Behav Brain Res. 2016; 310:1–10. https://doi.org/10.1016/j.bbr.2016.04.051 PMID:

27154535.

13. Klinker F, Hasan K, Paulus W, Nitsche MA, Liebetanz D. Pharmacological blockade and genetic

absence of the dopamine D2 receptor specifically modulate voluntary locomotor activity in mice. Behav

Brain Res. 2013; 242:117–24. https://doi.org/10.1016/j.bbr.2012.12.038 PMID: 23291158.

14. Banks G, Heise I, Starbuck B, Osborne T, Wisby L, Potter P, et al. Genetic background influences age-

related decline in visual and nonvisual retinal responses, circadian rhythms, and sleep. Neurobiol

Aging. 2015; 36(1):380–93. https://doi.org/10.1016/j.neurobiolaging.2014.07.040 PMID: 25179226;

PubMed Central PMCID: PMC4270439.

15. Cobos EJ, Ghasemlou N, Araldi D, Segal D, Duong K, Woolf CJ. Inflammation-induced decrease in vol-

untary wheel running in mice: a nonreflexive test for evaluating inflammatory pain and analgesia. Pain.

2012; 153(4):876–84. https://doi.org/10.1016/j.pain.2012.01.016 PMID: 22341563; PubMed Central

PMCID: PMC3319437.

16. Cattaruzza F, Johnson C, Leggit A, Grady E, Schenk AK, Cevikbas F, et al. Transient receptor potential

ankyrin 1 mediates chronic pancreatitis pain in mice. Am J Physiol Gastrointest Liver Physiol. 2013; 304

(11):G1002–12. Epub 2013/04/06. https://doi.org/10.1152/ajpgi.00005.2013 PMID: 23558009; PubMed

Central PMCID: PMCPMC3680686.

17. Novak CM, Burghardt PR, Levine JA. The use of a running wheel to measure activity in rodents: rela-

tionship to energy balance, general activity, and reward. Neurosci Biobehav Rev. 2012; 36(3):1001–14.

https://doi.org/10.1016/j.neubiorev.2011.12.012 PMID: 22230703; PubMed Central PMCID:

PMC4455940.

18. Sheahan TD, Siuda ER, Bruchas MR, Shepherd AJ, Mohapatra DP, Gereau RWt, et al. Inflammation

and nerve injury minimally affect mouse voluntary behaviors proposed as indicators of pain. Neurobiol

Pain. 2017; 2:1–12. https://doi.org/10.1016/j.ynpai.2017.09.001 PMID: 29075674; PubMed Central

PMCID: PMC5653321.

19. Mandillo S, Heise I, Garbugino L, Tocchini-Valentini GP, Giuliani A, Wells S, et al. Early motor deficits in

mouse disease models are reliably uncovered using an automated home-cage wheel-running system:

a cross-laboratory validation. Dis Model Mech. 2014; 7(3):397–407. Epub 2014/01/16. https://doi.org/

10.1242/dmm.013946 PMID: 24423792; PubMed Central PMCID: PMCPMC3944499.

20. Adlard PA, Cotman CW. Voluntary exercise protects against stress-induced decreases in brain-derived

neurotrophic factor protein expression. Neuroscience. 2004; 124(4):985–92. Epub 2004/03/18. https://

doi.org/10.1016/j.neuroscience.2003.12.039 PMID: 15026138.

21. Van der Borght K, Kobor-Nyakas DE, Klauke K, Eggen BJ, Nyakas C, Van der Zee EA, et al. Physical

exercise leads to rapid adaptations in hippocampal vasculature: temporal dynamics and relationship to

cell proliferation and neurogenesis. Hippocampus. 2009; 19(10):928–36. Epub 2009/02/13. https://doi.

org/10.1002/hipo.20545 PMID: 19212941.

22. Solberg LC, Horton TH, Turek FW. Circadian rhythms and depression: effects of exercise in an animal

model. Am J Physiol. 1999; 276(1 Pt 2):R152–61. Epub 1999/01/14. PMID: 9887189.

23. Duman CH, Schlesinger L, Russell DS, Duman RS. Voluntary exercise produces antidepressant and

anxiolytic behavioral effects in mice. Brain Res. 2008; 1199:148–58. Epub 2008/02/13. https://doi.org/

10.1016/j.brainres.2007.12.047 PMID: 18267317; PubMed Central PMCID: PMCPMC2330082.

24. Belke TW, Wagner JP. The reinforcing property and the rewarding aftereffect of wheel running in rats: a

combination of two paradigms. Behav Processes. 2005; 68(2):165–72. Epub 2005/02/03. https://doi.

org/10.1016/j.beproc.2004.12.006 PMID: 15686826.

25. Smith MA, Schmidt KT, Iordanou JC, Mustroph ML. Aerobic exercise decreases the positive-reinforcing

effects of cocaine. Drug Alcohol Depend. 2008; 98(1–2):129–35. Epub 2008/07/01. https://doi.org/10.

1016/j.drugalcdep.2008.05.006 PMID: 18585870; PubMed Central PMCID: PMCPMC2613778.

26. Harikrishnan VS, Hansen AK, Abelson KS, Sorensen DB. A comparison of various methods of blood

sampling in mice and rats: Effects on animal welfare. Lab Anim. 2017:23677217741332. https://doi.org/

10.1177/0023677217741332 PMID: 29165033.

27. Moore ES, Cleland TA, Williams WO, Peterson CM, Singh B, Southard TL, et al. Comparing Phlebot-

omy by Tail Tip Amputation, Facial Vein Puncture, and Tail Vein Incision in C57BL/6 Mice by Using

Physiologic and Behavioral Metrics of Pain and Distress. J Am Assoc Lab Anim Sci. 2017; 56(3):307–

17. Epub 2017/05/26. PMID: 28535866; PubMed Central PMCID: PMCPMC5438925.

28. Hurst JL, West RS. Taming anxiety in laboratory mice. Nat Methods. 2010; 7(10):825–6. Epub 2010/09/

14. https://doi.org/10.1038/nmeth.1500 PMID: 20835246.

29. Gouveia K, Hurst JL. Reducing mouse anxiety during handling: effect of experience with handling tun-

nels. PLoS ONE. 2013; 8(6):e66401. Epub 2013/07/11. https://doi.org/10.1371/journal.pone.0066401

PMID: 23840458; PubMed Central PMCID: PMCPMC3688777.

Monitoring of voluntary wheel running to assess severity in mice

PLOS Biology | https://doi.org/10.1371/journal.pbio.2006159 October 18, 2018 14 / 16

https://doi.org/10.1016/j.bbr.2016.04.051
http://www.ncbi.nlm.nih.gov/pubmed/27154535
https://doi.org/10.1016/j.bbr.2012.12.038
http://www.ncbi.nlm.nih.gov/pubmed/23291158
https://doi.org/10.1016/j.neurobiolaging.2014.07.040
http://www.ncbi.nlm.nih.gov/pubmed/25179226
https://doi.org/10.1016/j.pain.2012.01.016
http://www.ncbi.nlm.nih.gov/pubmed/22341563
https://doi.org/10.1152/ajpgi.00005.2013
http://www.ncbi.nlm.nih.gov/pubmed/23558009
https://doi.org/10.1016/j.neubiorev.2011.12.012
http://www.ncbi.nlm.nih.gov/pubmed/22230703
https://doi.org/10.1016/j.ynpai.2017.09.001
http://www.ncbi.nlm.nih.gov/pubmed/29075674
https://doi.org/10.1242/dmm.013946
https://doi.org/10.1242/dmm.013946
http://www.ncbi.nlm.nih.gov/pubmed/24423792
https://doi.org/10.1016/j.neuroscience.2003.12.039
https://doi.org/10.1016/j.neuroscience.2003.12.039
http://www.ncbi.nlm.nih.gov/pubmed/15026138
https://doi.org/10.1002/hipo.20545
https://doi.org/10.1002/hipo.20545
http://www.ncbi.nlm.nih.gov/pubmed/19212941
http://www.ncbi.nlm.nih.gov/pubmed/9887189
https://doi.org/10.1016/j.brainres.2007.12.047
https://doi.org/10.1016/j.brainres.2007.12.047
http://www.ncbi.nlm.nih.gov/pubmed/18267317
https://doi.org/10.1016/j.beproc.2004.12.006
https://doi.org/10.1016/j.beproc.2004.12.006
http://www.ncbi.nlm.nih.gov/pubmed/15686826
https://doi.org/10.1016/j.drugalcdep.2008.05.006
https://doi.org/10.1016/j.drugalcdep.2008.05.006
http://www.ncbi.nlm.nih.gov/pubmed/18585870
https://doi.org/10.1177/0023677217741332
https://doi.org/10.1177/0023677217741332
http://www.ncbi.nlm.nih.gov/pubmed/29165033
http://www.ncbi.nlm.nih.gov/pubmed/28535866
https://doi.org/10.1038/nmeth.1500
http://www.ncbi.nlm.nih.gov/pubmed/20835246
https://doi.org/10.1371/journal.pone.0066401
http://www.ncbi.nlm.nih.gov/pubmed/23840458
https://doi.org/10.1371/journal.pbio.2006159


30. Sorge RE, Martin LJ, Isbester KA, Sotocinal SG, Rosen S, Tuttle AH, et al. Olfactory exposure to

males, including men, causes stress and related analgesia in rodents. Nat Methods. 2014; 11(6):629–

32. Epub 2014/04/30. https://doi.org/10.1038/nmeth.2935 PMID: 24776635.

31. MacQueen J, editor Some methods for classification and analysis of multivariate observations. Fifth

Berkeley Symposium on Mathematical Statistics and Probability; 1967. University of California Press,

Berkeley, California.

32. Martinez JJ, Rahsepar B, White JA. Anatomical and Electrophysiological Clustering of Superficial

Medial Entorhinal Cortex Interneurons. eNeuro. 2017; 4(5). Epub 2017/11/01. https://doi.org/10.1523/

ENEURO.0263-16.2017 PMID: 29085901; PubMed Central PMCID: PMCPMC5659260.

33. Liu M, Barton ES, Jennings RN, Oldenburg DG, Whirry JM, White DW, et al. Unsupervised learning

techniques reveal heterogeneity in memory CD8(+) T cell differentiation following acute, chronic and

latent viral infections. Virology. 2017; 509:266–79. Epub 2017/07/10. https://doi.org/10.1016/j.virol.

2017.06.018 PMID: 28689040.

34. Katiyar P, Divine MR, Kohlhofer U, Quintanilla-Martinez L, Scholkopf B, Pichler BJ, et al. A Novel Unsu-

pervised Segmentation Approach Quantifies Tumor Tissue Populations Using Multiparametric MRI:

First Results with Histological Validation. Mol Imaging Biol. 2017; 19(3):391–7. Epub 2016/10/14.

https://doi.org/10.1007/s11307-016-1009-y PMID: 27734253; PubMed Central PMCID:

PMCPMC5332060.

35. Das S, Idicula SM. KMeans greedy search hybrid algorithm for biclustering gene expression data. Adv

Exp Med Biol. 2010; 680:181–8. https://doi.org/10.1007/978-1-4419-5913-3_21 PMID: 20865500.

36. Deschamps K, Matricali GA, Roosen P, Desloovere K, Bruyninckx H, Spaepen P, et al. Classification of

forefoot plantar pressure distribution in persons with diabetes: a novel perspective for the mechanical

management of diabetic foot? PLoS ONE. 2013; 8(11):e79924. https://doi.org/10.1371/journal.pone.

0079924 PMID: 24278219; PubMed Central PMCID: PMC3838415.

37. Haj-Mirzaian A, Amiri S, Amini-Khoei H, Hosseini MJ, Haj-Mirzaian A, Momeny M, et al. Anxiety- and

Depressive-Like Behaviors are Associated with Altered Hippocampal Energy and Inflammatory Status

in a Mouse Model of Crohn’s Disease. Neuroscience. 2017; 366:124–37. Epub 2017/10/31. https://doi.

org/10.1016/j.neuroscience.2017.10.023 PMID: 29080717.

38. Jain P, Hassan AM, Koyani CN, Mayerhofer R, Reichmann F, Farzi A, et al. Behavioral and molecular

processing of visceral pain in the brain of mice: impact of colitis and psychological stress. Front Behav

Neurosci. 2015; 9:177. Epub 2015/07/29. https://doi.org/10.3389/fnbeh.2015.00177 PMID: 26217204;

PubMed Central PMCID: PMCPMC4498125.

39. Hawkins P, Morton DB, Burman O, Dennison N, Honess P, Jennings M, et al. A guide to defining and

implementing protocols for the welfare assessment of laboratory animals: eleventh report of the

BVAAWF/FRAME/RSPCA/UFAW Joint Working Group on Refinement. Lab Anim. 2011; 45(1):1–13.

https://doi.org/10.1258/la.2010.010031 PMID: 21123303.

40. Palle P, Ferreira FM, Methner A, Buch T. The more the merrier? Scoring, statistics and animal welfare

in experimental autoimmune encephalomyelitis. Lab Anim. 2016; 50(6):427–32. Epub 2016/12/03.

https://doi.org/10.1177/0023677216675008 PMID: 27909192.

41. Morton DB, Griffiths PH. Guidelines on the recognition of pain, distress and discomfort in experimental

animals and an hypothesis for assessment. Vet Rec. 1985; 116(16):431–6. PMID: 3923690.

42. Workman P, Balmain A, Hickman JA, McNally NJ, Rohas AM, Mitchison NA, et al. UKCCCR guidelines

for the welfare of animals in experimental neoplasia. Lab Anim. 1988; 22(3):195–201. https://doi.org/10.

1258/002367788780746467 PMID: 3172698.

43. Ullman-Cullere MH, Foltz CJ. Body condition scoring: a rapid and accurate method for assessing health

status in mice. Lab Anim Sci. 1999; 49(3):319–23. PMID: 10403450.

44. Hunt C, Hambly C. Faecal corticosterone concentrations indicate that separately housed male mice are

not more stressed than group housed males. Physiol Behav. 2006; 87(3):519–26. Epub 2006/01/31.

https://doi.org/10.1016/j.physbeh.2005.11.013 PMID: 16442135.

45. Arndt SS, Laarakker MC, van Lith HA, van der Staay FJ, Gieling E, Salomons AR, et al. Individual hous-

ing of mice—impact on behaviour and stress responses. Physiol Behav. 2009; 97(3–4):385–93. Epub

2009/03/24. https://doi.org/10.1016/j.physbeh.2009.03.008 PMID: 19303031.

46. Kamakura R, Kovalainen M, Leppaluoto J, Herzig KH, Makela KA. The effects of group and single hous-

ing and automated animal monitoring on urinary corticosterone levels in male C57BL/6 mice. Physiol

Rep. 2016; 4(3). Epub 2016/02/13. https://doi.org/10.14814/phy2.12703 PMID: 26869685; PubMed

Central PMCID: PMCPMC4758932.

47. Jirkof P, Cesarovic N, Rettich A, Fleischmann T, Arras M. Individual housing of female mice: influence

on postsurgical behaviour and recovery. Lab Anim. 2012; 46(4):325–34. Epub 2012/10/26. https://doi.

org/10.1258/la.2012.012027 PMID: 23097566.

Monitoring of voluntary wheel running to assess severity in mice

PLOS Biology | https://doi.org/10.1371/journal.pbio.2006159 October 18, 2018 15 / 16

https://doi.org/10.1038/nmeth.2935
http://www.ncbi.nlm.nih.gov/pubmed/24776635
https://doi.org/10.1523/ENEURO.0263-16.2017
https://doi.org/10.1523/ENEURO.0263-16.2017
http://www.ncbi.nlm.nih.gov/pubmed/29085901
https://doi.org/10.1016/j.virol.2017.06.018
https://doi.org/10.1016/j.virol.2017.06.018
http://www.ncbi.nlm.nih.gov/pubmed/28689040
https://doi.org/10.1007/s11307-016-1009-y
http://www.ncbi.nlm.nih.gov/pubmed/27734253
https://doi.org/10.1007/978-1-4419-5913-3_21
http://www.ncbi.nlm.nih.gov/pubmed/20865500
https://doi.org/10.1371/journal.pone.0079924
https://doi.org/10.1371/journal.pone.0079924
http://www.ncbi.nlm.nih.gov/pubmed/24278219
https://doi.org/10.1016/j.neuroscience.2017.10.023
https://doi.org/10.1016/j.neuroscience.2017.10.023
http://www.ncbi.nlm.nih.gov/pubmed/29080717
https://doi.org/10.3389/fnbeh.2015.00177
http://www.ncbi.nlm.nih.gov/pubmed/26217204
https://doi.org/10.1258/la.2010.010031
http://www.ncbi.nlm.nih.gov/pubmed/21123303
https://doi.org/10.1177/0023677216675008
http://www.ncbi.nlm.nih.gov/pubmed/27909192
http://www.ncbi.nlm.nih.gov/pubmed/3923690
https://doi.org/10.1258/002367788780746467
https://doi.org/10.1258/002367788780746467
http://www.ncbi.nlm.nih.gov/pubmed/3172698
http://www.ncbi.nlm.nih.gov/pubmed/10403450
https://doi.org/10.1016/j.physbeh.2005.11.013
http://www.ncbi.nlm.nih.gov/pubmed/16442135
https://doi.org/10.1016/j.physbeh.2009.03.008
http://www.ncbi.nlm.nih.gov/pubmed/19303031
https://doi.org/10.14814/phy2.12703
http://www.ncbi.nlm.nih.gov/pubmed/26869685
https://doi.org/10.1258/la.2012.012027
https://doi.org/10.1258/la.2012.012027
http://www.ncbi.nlm.nih.gov/pubmed/23097566
https://doi.org/10.1371/journal.pbio.2006159


48. Balter RE, Dykstra LA. The effect of environmental factors on morphine withdrawal in C57BL/6J mice:

running wheel access and group housing. Psychopharmacology (Berl). 2012; 224(1):91–100. Epub

2012/08/21. https://doi.org/10.1007/s00213-012-2826-6 PMID: 22903388.

49. Mahler M, Berard M, Feinstein R, Gallagher A, Illgen-Wilcke B, Pritchett-Corning K, et al. FELASA rec-

ommendations for the health monitoring of mouse, rat, hamster, guinea pig and rabbit colonies in breed-

ing and experimental units. Laboratory animals. 2014; 48(3):178–92. https://doi.org/10.1177/

0023677213516312 PMID: 24496575.

50. Pritchett-Corning KR, Prins JB, Feinstein R, Goodwin J, Nicklas W, Riley L, et al. AALAS/FELASA

Working Group on Health Monitoring of rodents for animal transfer. J Am Assoc Lab Anim Sci. 2014; 53

(6):633–40. PMID: 25650968; PubMed Central PMCID: PMC4253575.

51. Faul F, Erdfelder E, Lang AG, Buchner A. G*Power 3: a flexible statistical power analysis program for

the social, behavioral, and biomedical sciences. Behav Res Methods. 2007; 39(2):175–91. Epub 2007/

08/19. PMID: 17695343.

52. Randhawa PK, Singh K, Singh N, Jaggi AS. A review on chemical-induced inflammatory bowel disease

models in rodents. Korean J Physiol Pharmacol. 2014; 18(4):279–88. https://doi.org/10.4196/kjpp.

2014.18.4.279 PMID: 25177159; PubMed Central PMCID: PMC4146629.

53. Wirtz S, Neufert C, Weigmann B, Neurath MF. Chemically induced mouse models of intestinal inflam-

mation. Nature protocols. 2007; 2(3):541–6. https://doi.org/10.1038/nprot.2007.41 PMID: 17406617.
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